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Abstract
The electron beam texturing (EBT) and Surfi-Sculpt® processes are transformative surface
modification technologies used to create customised complex geometrical surfaces rapidly
and at low-cost to improve the performance of a surface. These processes are neither
additive nor subtractive but rely on the interaction between a workpiece and a power
beam, with its subsequent deflection, to locally melt and move the parent material on the
surface in the opposite direction to the deflection to create protrusions and corresponding
intrusions. The complex novel surface textures and features produced, in many cases,
cannot viably be manufactured by other techniques. However, market barriers have
restricted the industrial adoption of these processes due to a limited amount of
performance data demonstrating the benefits in specific application areas. Furthermore, a
lack of fundamental understanding of how features are formed during the processes as
well as limited knowledge management had added technical barriers.
In seeking to address these issues, a series of studies and literature reviews were
conducted to support improved control of the EBT and Surfi-Sculpt processes and to
increase understanding of the physics. Data analysis resulted in the creation of formulas
for the prediction of feature heights in three materials. A bespoke technique was developed
to record high-speed video of the EB Surfi-Sculpt process from within the vacuum chamber
where five distinct phases of feature formation were identified: initial melt track;
expansion of feature base and height; increase of height; bridging; and over melting with
potential decrease of height. Fundamental analysis of the images was conducted before a
model was proposed enabling the prediction of the flow of molten material based upon
Marangoni effects, i.e. resulting from differences in surface tension across an interface
during the initial beam-material interaction and subsequent beam translation.
Two case studies investigated specific novel applications of the processes for use on liquid
cold plates (LCPs) and uncemented acetabular cups for orthopaedic implants. Prototype
components were manufactured through the development and optimisation of parameters
and resultant surfaces; these were assessed against existing technologies. The prototype
LCP demonstrated a reduction in manufacturing time of approximately 40 % per
component, increased heat transfer allowing more power in the electronic components
being cooled and increased efficiency by 100 % without size or weight penalties. This
indicated the ability to use a 50 % smaller LCP for the same cooling power. With the
uncemented acetabular cup, an increased coefficient of friction of over 50 % compared
with an existing technology was evidenced which created a self-rasping and bone graft
generating surface and demonstrated application of a surface to a prototype component
with 18.2 seconds beam on time.
A directory and selection tool (Surfi-Sculpt catalogue) was developed which captured all
required parameters for the manufacture of specific surfaces including geometrical
characterisation, an image of the resultant surface and a search capability to enhance
rapid identification and manufacture of surfaces. This improved knowledge management
and underpinned the advancement of these technologies.
A mathematical model was proposed to enhance the creation and optimisation of deflection
pattern files with associated deflection frequencies for the EBT and Surfi-Sculpt processes.
The effect of different materials on the penetration depth of the beam and subsequent
feature height variation was explored. The benefit of this work will be a reduction in
empirical development and the future creation of a framework for improved automation of
the processes which could embed this knowledge into pre-processing software.
In conclusion, this work has directly advanced the EBT and Surfi-Sculpt processes by
overcoming many of the market, technical and knowledge management barriers.
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Glossary of nomenclature associated with the electron beam texturing and Surfi-Sculpt
processes; adapted from Earl and Hilton (2012).
Term

Description

Amplitude
gain

The peak-to peak value of the arbitrary wave forms used in the deflection patterns
for the array and motif.

Array

The deflection pattern co-ordinates required to manipulate the beam to position the
locations of each feature. An array can consist of single legged or multi legged
motifs.

Feature

The result of the movement of material to create a protrusion with a corresponding
intrusion.

Intrusion

Volume from which material has been ‘harvested’ or relocated (usually from below
the surface of the parent material).

Jump

Movement of the beam position rapidly between the end of one swipe to the start
of the next.

Leg

A swipe that produces a protrusion and contributes towards a feature. This can be
a single swipe, in the case of a simple feature, or multiple swipes in different
positions for a more complex feature, e.g. a star motif.

Motif

The deflection pattern co-ordinates required to manipulate the beam to produce a
feature. Multiple features can form a motif and are usually produced in a
rectangular field, e.g. 2 x 2 or n x m.

Parent
material

Base material from which features are created using the electron beam texturing
and Surfi-Sculpt processes.

Pattern

A data file detailing the beam path through a series of Cartesian co-ordinates.

Protrusion

Volume of ‘feature’ to which material has been moved (usually above the original
surface of the parent material).

Repeat

The number of times the power beam travels along the same swipe.

Record

The complete information stored in the Surfi-Sculpt catalogue which details the
Surfi-Sculpt procedure specification as well as additional information such as the
project details and an image of the resultant surface.

Sample

Physical specimen demonstrating a specific surface modification resulting from the
Surfi-Sculpt process.

S-SPS

Surfi-Sculpt procedure specification. The parameters and recipe required to
reproduce a previously created surface. The S-SPS includes information for the
operator at what current and voltage (for example) to set the electron beam to
reproduce the surface; adapted from Moore and Booth (2015).

Single
(legged)
feature

A feature built from repeated swipes over one (linear) melt track.

Star
feature

A feature built from many legs (usually 8 or more).

Swipe

Movement of the power beam to interact with the material and create a melt track.

Swipe
delay

A time unit between each successive swipe in the same location. This can allow the
material to cool between successive swipes.

Tile / tiling

Repeating arrays in a systematic manner, i.e. one tile will be completed before
commencing another tile.
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EngD Innovation Report:
Introduction

1

Introduction

1.1

Overview
The manipulation of surface topography can enhance chemical, biological or
physical characteristics of a parent material (Fuentes, 2010). However, it is
critical to ensure sufficient ability to control the topography for technical
applications due to its influential role in the performance of a material or
component (Bodschwinna and Seewig, 2013). Where high functional demands
are imposed upon the material or component, surface modification technologies
providing high precision and control of the resultant topography of a material
are likely to have a competitive advantage over other such technologies
(Bodschwinna and Seewig, 2013).

Surface

modification

can

be

categorised

into

three

main

themes:

physical–chemical functional improvements, mechanical–structural functional
improvements and surface coating (Fuentes, 2010). This Innovation Report
focuses on two related novel technologies which use a power beam, either a
laser beam or an electron beam (EB), to elicit a physical–chemical and/or
mechanical–structural response on a surface.

The first use of an EB as a heat source for welding was by Dr Stohr in 1957
(Bakish and White, 1964). Meyer et al. (1965) noted that, during welding, a
keyhole or capillary is formed by pressure due to the impact of the beam of
electrons on the molten metal. Removal of this material is caused by evaporation
and the internal pressure generated by the metal vapour in the capillary.

Meleka (1971) was the first to observe a ‘bulge’ or protrusion, shown in
Figure 1.1, formed from re-solidified material at the top of the capillary caused
by the impingement of an EB. This peculiarity altered the surface topography of
the material.

1

Tom Pinto

EngD Innovation Report:
Introduction

Intense power beam

Bulge

Vapour
pressure

Surface
tension

Liquid

Solid
Figure 1.1 ‘Bulge’ or protrusion caused by the formation of a capillary during
impingement of an electron beam, adapted from Meleka (1971) © Courtesy
of TWI Ltd.

Exploiting this phenomenon, TWI Ltd, an independent research and technology
organisation established in 1946, developed and patented two surface
modification

technologies:

the

electron

beam

texturing

(EBT)

process

(Dance, 2002) and the Surfi-Sculpt® process (Dance and Kellar, 2003). Being
neither additive nor subtractive, these transformative processes rely on the
interaction between an EB and a workpiece to locally melt and move the parent
material on the surface. They are material processing technologies able to
produce complex surface textures and features which, in many cases, cannot
viably be manufactured by other techniques. Figure 1.2 shows the mechanism
of the EBT and Surfi-Sculpt processes and they are explored in more detail in
Chapters 2 and 3.
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Figure 1.2 Feature formation of the EBT and Surfi-Sculpt processes, taken from
Pinto (2013):
a) Initial beam material interaction – common to both processes;
b) Initial beam translation (swipe) – common to both processes;
c) Second beam translation (swipe) – unique to the Surfi-Sculpt process;
d) Third beam translation (swipe) – unique to the Surfi-Sculpt process.

Figure 1.3 shows a scanning electron microscope (SEM) image of a feature
created from a series of uni-directional beam swipes as described in Figure 1.2.
A feature with a height of 1.2 mm can be made from as few as four
uni-directional swipes of the beam as shown in Chapter 3.

200 µm

Figure 1.3 SEM image of an example feature formation using the Surfi-Sculpt process.
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Figure 1.4 shows a SEM image of a group of features created from a series of
uni-directional beam swipes across a surface.

1 mm

Figure 1.4 SEM image of an example group of features formed using the Surfi-Sculpt
process.

In order for the EBT and Surfi-Sculpt processes to work, customisable deflection
of the beam is necessary beyond standard pre-set deflections provided by EB
equipment manufacturers for EB welding (EBW) systems, shown in Figure 1.5,
such as a sine wave, a circle, an ellipse and a ‘figure of eight’ pattern.

Figure 1.5 Typical standard pre-set deflection patterns from an EB manufacturer,
adapted from Steigerwald Strahltechnik GmbH (2013).
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Figure 1.6 shows a diagram of the equipment and setup required for arbitrary
deflection of an EB which is essential for the EBT and EB Surfi-Sculpt processes.

Figure 1.6 Programmable beam deflection showing the mechanism of using a series of
function generators and amplifiers to achieve deflection of an electron beam.

An electro-magnetic field is formed perpendicular to the flow of the EB by the
deflection coils to cause beam translation. In order to control the required beam
manipulation, two pairs of deflection coils are utilised which are separated into
a high inductance and high impedance set (X,Y) and a low inductance and low
impedance set (U,V). The creation of a pattern of features can use both a motif
(U,V beam deflection) to define the geometry of the features produced and an
array (X,Y beam deflection) to define the position of the features. These are
described using a Cartesian coordinate system which generates a beam path
and the coordinates are transferred to two arbitrary waveform function
generators which supply voltage signal outputs for both the motif and array.
The voltage signal outputs are subsequently converted to current signals by
power amplifiers enabling the deflection coils to deflect the beam and ultimately
control the beam position. The existing software package to control the EBT and
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Surfi-Sculpt processes developed by TWI is entitled ‘Electron Beam Deflection
Control System Mark III’.

1.2

Research question, aims and objectives
The main research question guiding the author’s work was:

“How to develop further the EBT and Surfi-Sculpt processes to meet
industrial needs, achieve wider adoption and implementation and to
get return on investment for TWI?”

The

innovations

required

to

address

this

research

question

included

development of greater understanding of the fundamental mechanisms of the
processes, optimisation of the data management surrounding them, generation
of novel surfaces and application of the processes to specific industrial areas
demonstrated through case studies.

To achieve this, the author focused on the following aims:


Identify the state-of-the-art and gaps in knowledge of the EBT and
Surfi-Sculpt processes in order to establish research questions and future
development plans [Submissions 1 and 2].



Demonstrate benefit to a segment of the heat exchange industry with
improved performance compared to an existing technology [Submission 3].



Demonstrate that the EBT and Surfi-Sculpt processes can produce surfaces
which have a high coefficient of friction (COF) against a bone substitute to
enhance mechanical interlocking requirements of an uncemented acetabular
cup for next generation orthopaedic implants and manufacture prototype
uncemented acetabular cups using the EBT and Surfi-Sculpt processes
[Submission 6].
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Develop a directory and selection tool (Surfi-Sculpt catalogue) for improved
knowledge

management

of

the

EBT

and

Surfi-Sculpt

processes

[Submission 4].


Develop and define a model explaining the EBT and Surfi-Sculpt processes
and the formation of a feature [Submission 5].

This Engineering Doctorate (EngD) aimed to take a substantial step towards
industrial usage of the EBT and Surfi-Sculpt processes by overcoming the
existing market barriers and helping the technologies to cross the ‘Valley of
Death’ (Saxberg, 2005); this is explored further in Section 1.3.3.

There were three primary objectives of this EngD designed to overcome the
market barriers:


Establish a broader understanding of these material processing technologies.
This is explored in Chapter 3.



Overcome the lack of industrially relevant performance data thus reducing
the technical risk associated with adopting these technologies which is
currently the largest ‘barrier to entry’ for industrial uptake. This development
was focused on two primary markets/sectors:


Heat exchangers – increasing surface area and directing the flow in liquid
cold plates (LCPs) with phase change by manufacturing prototype LCP
components (over an area of approximately 95 x 31 mm) using the
Surfi-Sculpt process. This is explored in Chapter 4.



Orthopaedic implants – improved initial fixation by increasing the COF of
acetabular cups in uncemented total hip replacements (uTHRs) leading
to greater load transfer and bone ingrowth thus preventing bone
resorption and stress shielding. This is explored in Chapter 5.



Develop improved knowledge management supporting the EBT and
Surfi-Sculpt processes. This is explored in Chapter 6.
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The case studies in Chapters 4 and 5 were selected as a result of both the
industrial pull of the EBT and Surfi-Sculpt processes based upon sales and
technical work conducted by the author and through visits to companies to
promote the technologies.

1.3

Outline of EngD portfolio
Overview of the portfolio
The EngD portfolio comprises of six Submissions seeking to address the research
question stated in Section 1.2. This overview provides a summary of the content
of each Submission.

Submission 1 was a literature review which critically assessed the background
of the EBT and Surfi-Sculpt processes and discussed future development plans.
The review concluded that additional investigation was required to support the
development

of

the

manufacturing

processes

for

wider

adoption

and

implementation. This required extended understanding of the mechanism of the
processes, development of a directory and selection tool (Surfi-Sculpt
catalogue) detailing surfaces available and the creation of application specific
case studies. Since Submission 1, three new English language articles have been
published based upon work using the EBT and Surfi-Sculpt processes
(Li et al., 2018;

Painter et al., 2017;

Ramskogler et al., 2017);

these

are

discussed in Chapter 2. A further paper was published in 2017, based upon initial
work in 2015, regarding a competing technology closely related to the
EBT process, ‘WaveShape’, which uses a laser beam to melt and restructure
metals (Temmler et al., 2015; Temmler et al., 2017). This process demonstrates
the same redistribution of the molten material which is utilised by the EBT and
Surfi-Sculpt processes therefore rivalling the EBT process. Further competing
technologies are discussed in Section 2.2.
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Submission 2 identified the objectives and potential solutions for the production
of surfaces for orthopaedic implants using the EBT and Surfi-Sculpt processes.
The review of the literature concluded that the problem of bone resorption, seen
in uncemented implants, could be addressed by use of the EBT and Surfi-Sculpt
processes.

Submission 3 was a specific case study on LCPs which investigated the creation
of surfaces to promote heat transfer, assessed the surfaces using data received
from computational fluid dynamics (CFD), manufactured and tested LCP
prototypes and assessed the prototypes against existing technologies. It
resulted in relevant data demonstrating improved performance of the prototypes
LCPs with innovative surfaces applied using the Surfi-Sculpt process and
discussed the progression of the technology. The benefits over the state-of-the
art are reviewed in Chapter 4.

Submission 4 included the development of a directory and selection tool
(Surfi-Sculpt catalogue), creation of formal documentation surrounding the
‘Electron Beam Deflection Control System Mark III’ software, improved
electronic deflection pattern file storage in a structured manner and the creation
and collation of display samples demonstrating example features created using
the EBT and Surfi-Sculpt processes. These activities supported the knowledge
management to underpin the advancement of these technologies.

Submission 5 proposed models to predict the flow of molten material by
Marangoni effects (Lee et al., 1998; Mills et al., 1998) during the initial beammaterial interaction and subsequent beam translation through fundamental
analysis using high-speed videoing of the EB Surfi-Sculpt process.
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Submission 6 was a specific case study exploring the use of the EBT and
Surfi-Sculpt processes to manufacture bone interface surfaces for acetabular
cups in uTHRs. Prototype components were manufactured, tested and assessed
against existing technologies; an increase in the COF was evidenced thereby
increasing the load transfer with the aim of minimising bone resorption.

The individual Submissions that constitute the portfolio are represented in
Table 1.1 where the main aims and research methods are summarised and
outcomes, achievements and innovations are identified.
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Table 1.1 Overview of Submissions to the EngD portfolio.
Submission

Aims

Main Research
Methods

1. Background of
the Surfi-Sculpt
process and future
development
plans

To determine
mechanisms
producing feature
geometries using the
EBT and Surfi-Sculpt
processes

2. Fundamentals
of orthopaedic
implants, their
challenges and the
potential use of
the Surfi-Sculpt
process

Outcomes/
Achievements/
Innovations

Literature review
and critical
analysis

Identification of
state-of-the-art and
gaps in knowledge
and creation of
future development
plans

To identify
objectives and
potential solutions
for producing
surfaces for
orthopaedic implants

Literature review
and critical
analysis

Targets defined for
the Surfi-Sculpt
process to ensure
successful
implementation in an
industrial
environment

3. Liquid Cold
Plate Case Study

To evidence the
benefits of the
Surfi-Sculpt process
for manufacturing
novel LCPs and
assess the
performance of a
prototype

Processing trials,
metallurgical and
property
assessment,
manufacture of
prototypes,
analysis and
assessment of
performance

Demonstration that
the Surfi-Sculpt
process could
produce features
which performed
better than an
existing technology

4. Improved
knowledge
management of
the EBT and
Surfi-Sculpt
processes

To address the
challenge of
knowledge
management related
to the EBT and
Surfi-Sculpt
processes

Processing trials
and framework for
storing of data
relating to the
processes

Development of a
catalogue for the EBT
and Surfi-Sculpt
processes

5. Exploring the
fundamental
principles
(mechanics) of the
Surfi-Sculpt
process

To explore and
describe the
principles of the
process

Processing trials
and high-speed
video filming and
analysis

Development of a
model explaining the
Surfi-Sculpt process
and five phases of
the formation of a
feature

6. Orthopaedic
Implant Case
Study

To evidence the
benefits of using the
EBT and Surfi-Sculpt
processes for
manufacturing novel
uncemented
acetabular cup bone
interface surfaces

Processing trials,
metallurgical
assessment,
manufacture of
prototypes,
understanding and
collation of
industrial
requirements and
cost analysis

Demonstration that
the EBT and
Surfi-Sculpt
processes could
perform to the
requirements of
uTHRs

Application of innovation
The work towards the EngD portfolio has incorporated demonstrable application
of innovation and this Innovation Report draws together the separate
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innovations from the individual Submissions. It covers, in a publically reportable
context, the development of the EBT and Surfi-Sculpt processes and explores
how the work has progressed the technologies through the technology readiness
levels (TRLs) and manufacturing readiness levels (MRLs) to develop processes
which are mature for adoption in manufacturing environments. Collaborators
from the case studies summarised in this Innovation Report along with the
author are progressing the implementation of the EBT and Surfi-Sculpt
processes in their manufacturing facilities.

Figure 1.7 shows a map of the EngD portfolio structure (highlighted within the
blue box encompassing the six Submissions) alongside TRLs and MRLs and
therefore directs the reader as to the most coherent order to read the portfolio
Submissions.

Figure 1.7 Map of the EngD portfolio structure.
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Each TRL is defined by the European Commission in Annex G of the General
Annexes

to

the

Horizon

2020

Work

Programme

2016/17

(European Commission, 2016, p.29) as follows:


‘TRL 3 – experimental proof of concept.



TRL 4 – Technology validated in laboratory.



TRL 5 – Technology validated in a relevant environment (industrially relevant
environment in the case of key enabling technologies).



TRL 6 – Technology demonstrated in a relevant environment (industrially
relevant environment in the case of key enabling technologies).



TRL 7 – System prototype demonstration in operational environment’.

The MRLs are defined by the US Department of Defense Manufacturing
Technology (OSD Manufacturing Technology Program in collaboration with The
Joint Service/Industry MRL Working Group, 2017, p.11) as follows:


‘MRL 2: Manufacturing concepts identified.



MRL 3: Manufacturing proof of concept developed.



MRL 4: Capability to produce the technology in a laboratory environment.’

The OSD Manufacturing Technology Program in collaboration with The Joint
Service/Industry MRL Working Group (2017) concluded that together TRLs and
MRLs can be used to support risk management and to assess both the underlying
process technology and manufacturing system.

Therefore, this framework is used in the subsequent chapters of this Innovation
Report, following the structure laid out in Figure 1.8, to aid the adoption and
implementation of the EBT and Surfi-Sculpt processes.
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Figure 1.8 Outline of the structure of this Innovation Report.

Bridging the ‘Valley of Death’

‘Innovation is the application of new knowledge to the production
of goods and services; it means improved product quality and
enhanced process effectiveness. Innovation generates wide
improvements in productivity.’
(Department for Business, Innovation and Skills, 2011, p.7).

Within this Innovation Report, the case studies summarised in Chapters 4 and 5
demonstrate the application of the EBT and Surfi-Sculpt processes. Chapters 3,
6 and 7 provide an overview of the innovation generated through the EngD
namely the expanded understanding of the processes and creation of a directory
and selection tool. This applied research has helped to advance the processes.
Often innovations, such as the EBT and Surfi-Sculpt processes, can fail to
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progress due to the ‘Valley of Death’ defined by Saxberg (2005, p.244) as ‘a
research gap, and an information and trust gap between technical research and
the business model’. This term refers to the high risk of failure of innovations
until sufficient data has been validated and demonstrated in relevant industrial
environments.

This

gap

is

widely

agreed

to

be

between

TRL 4

and TRL 7 (Beard et al., 2009; Saxberg, 2005; Hug, 2009). Ehlers (1998) and
Auerswald and Branscomb (2003) explain that innovations require additional
financial support, often from Government funding, to demonstrate application
and meet industrial needs thus achieving adoption and implementation.

Prior to the author’s work, the EBT and Surfi-Sculpt processes were struggling
to cross the ‘Valley of Death’ and had stalled in their progression as innovative
transformative surface modification processes due to the market barriers
discussed in Section 1.2. Beard et al. (2009) argue that the ‘Valley of Death’ is
usually created at the basic research stage but is revealed at the applied
research stage as demonstrated in Figure 1.9. Fresh impetus was required to
drive

these

processes

forward

by

demonstrating

application

of

these

innovations. Figure 1.9 shows the EBT and Surfi-Sculpt processes currently at
TRL 7 having crossed the ‘Valley of Death’ as a direct result of the work of the
author, predominately through this EngD. This culminated in a system prototype
demonstration in an operational environment in the liquid cold plate case study.
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Stage 3
Commercialisation

Stage 1
Basic Research

Stage 2
Applied Research – ‘Valley of Death’

1

2

3

4

5

6

7

8

9

Technology Readiness Level (TRL)
Figure 1.9 Bridging the ‘Valley of Death’, adapted from Beard et al. (2009).

The author considers the work of this EngD, summarised in this Innovation
Report, to be the substructure of the suspension bridge that has provided the
framework for these processes to safely progress to TRL 7. The superstructure
has been the associated revenue generated by the author for TWI from project
work and income. This Innovation Report demonstrates the progression of the
technology from TRL 4 up to TRL 7 and from MRL 2 up to MRL 4.
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2

Electron Beam Texturing and Surfi-Sculpt Processes

2.1

Background to electron beam texturing and Surfi-Sculpt processes
Basic research investigating the EBT and Surfi-Sculpt processes was conducted
until 2010 up to and including the completion of TRL 3 with limited uptake of the
technologies in manufacturing environments. The uptake was not increased as a
result of the processes being progressed to validation in a laboratory (TRL 4),
where the author’s work commenced, thus the processes required further
validation and demonstration of application.

There

are

four

published

books

(Bakish and White, 1964;

Meleka, 1971;

Schiller et al., 1982; Schultz, 1993) forming the basis of current knowledge
surrounding EB processing and understanding of the fundamental principles,
which have not changed since Dr Stohr’s demonstration of EB welding (EBW) in
1954 (Bakish and White, 1964; Meleka, 1971). Dr Stohr’s demonstration was the
precursor for modern commercial EBW systems used by industrial manufacturers,
particularly aircraft and aerospace (American Welding Society, 2007). These
industrial systems have been modernised since the 1950s with the addition of
computer numerical control (CNC) and electrical software control replacing the
mechanical dial controls; however, the basic principles of the equipment have not
changed. With minor adaptations, such as the incorporation of the customisable
deflection of the beam, any EBW system is capable of the EBT and Surfi-Sculpt
processes. Equally, modified SEMs in the region of 30 kV could realise the EBT
and Surfi-Sculpt processes (Otten et al., 2012) if equipped with programmable
arbitrary waveform function generators controlling the deflection coils and a
beam current potential (60 mA) providing a power of 2 kW.

2.2

Literature review
Initial literature search
A systematic literature search was conducted using the Scopus database to
ensure that new literature generated since Submission 1 was identified. Since the
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EBT and Surfi-Sculpt processes are patented by TWI, much of the know-how
resides within the organisation and the aim of the systematic search was to
highlight any previously unknown articles; the results are shown in Table 2.1.

Table 2.1 Results from a systematic literature search using the Scopus database.

1
2
3
4
5
6
7
8
9
10

Search term (key words)
‘Electron beam’
TITLE-ABS-KEY (electron AND beam)
TITLE-ABS-KEY (‘Electron beam’ AND processing)
‘Electron beam’ and ‘processing’ and ‘surface modification’
‘Electron beam’ and ‘electron beam texturing’
‘Electron beam’ and ‘electron beam texturing’ or ‘Surfi-Sculpt’
‘Surfi-Sculpt’
‘Surfi-Sculpt’ and ‘laser’
‘Surfi-Sculpt’ and ‘electron beam’
‘Electron beam’ and ‘processing’ and ‘surface modification’ and
‘Surfi-Sculpt’

Results
740,358
236,404
129,198
20,159
406
428
57
31
39
19

Of the 19 key articles identified through the Scopus database search, twelve were
relevant to the author’s work (Blackburn and Hilton, 2011; Earl et al., 2012;
Earl et al., 2016; Hilton and Nguyen, 2008; Li et al., 2018; Painter et al., 2017;
Ramskogler et al., 2017; Taendl and Enzinger, 2014; Temmler et al., 2015;
Temmler et al., 2017; Wang et al., 2015; Weglowski et al., 2016). However,
Temmler et al. (2017) reported that the ‘WaveShape’ technology is currently only
capable of producing features of up to 300 µm in height. This means that it cannot
currently compete with the Surfi-Sculpt process in terms of feature heights
created but is a direct competitor to the EBT process.

The remaining seven publications were excluded since two articles were TWI
authored review papers incorporating the Surfi-Sculpt process with one including
‘Comeld™’ which is the application of the Surfi-Sculpt process to a joint between
composite materials and metals (Smith, 2004). Comeld was outside the scope of
this Innovation Report therefore a further four results were excluded including a
book regarding engineering design rationales for hybrid ship hulls. One article
was written in Chinese and therefore was not included as it was not possible to
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translate. Li et al. (2018) published an English paper which considered the fluid
drag reduction of titanium alloys with surfaces textured to heights of 60 µm with
an EB. This work demonstrated a fluid-drag reduction efficiency of over 15 %;
however, no processing parameters were provided and the study did not consider
the

mechanism

of

feature

formation

beyond

that

previously

reported

(Buxton and Dance, 2005; Dance and Buxton, 2007; Buxton and Dance, 2010;
Blackburn and Hilton, 2010;

Blackburn and Hilton, 2011;

Pinto et al., 2014).

None of these studies detailed a model of the predicted flow of molten material
within the melt pool, which identified a gap in the knowledge. This prompted
literature searches on solidification kinetics in weld pools and effects driving these
kinetics such as the Marangoni effects. This effect is reviewed in Section 2.2.4
and

expanded

upon

to

create

a

model

specific

to

the

EBT

and

Surfi-Sculpt processes in Section 3.5.

The study by Painter et al. (2017) included the assessment of features produced
by the author using the Surfi-Sculpt process through impaction using a 50 mm
bore single stage gas gun fired at a velocity of 500 ms-1. The study found that
the ramp waves of the pressure and temperature generated by the impact could
be reduced by the use of features created by the Surfi-Sculpt process.
Ramskogler et al. (2017) investigated the application of the Surfi-Sculpt process
to cell growth and this is therefore discussed within the context of the orthopaedic
implant case study in Chapter 5.

Figure 2.1 shows a timeline of key activities and development of the EBT and
Surfi-Sculpt processes between 1986 and the present day (2020). The light blue
boxes summarise the key TWI work prior to the author commencing involvement,
including two granted patents (shown in the red boxes): Surface Modification
(termed EBT) in 2001, WO 2002/094497 (Dance, 2002), and Workpiece Structure
Modification

Method

(termed

Surfi-Sculpt)
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(Dance and Kellar, 2003). The green boxes are work external to TWI including
patents such as Popiolkowski et al. (2003) and West et al. (2009). The dark blue
boxes summarise the application of innovation by the author based upon work
within the EngD and wider activities. These have ensured progression of the
processes into further applications. A list of the author’s published papers can be
found in Appendix A.

Figure 2.1 Timeline of key events in the development of the electron beam texturing and
Surfi-Sculpt processes between 1986 and present day (2020).

A literature review of competing surface modification processes would support
comparison and identification of whether the EBT and Surfi-Sculpt processes
could be considered unique.

Specific literature reviews were therefore conducted in the following areas:


Surface modification.



Solidification kinetics in weld pools.



Marangoni effects.
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The latter two literature reviews support the development of a model (explored
in Section 3.5) which discusses the formation of features using the EBT and
Surfi-Sculpt processes.

Surface modification
Literature review of surface modification
The EBT and Surfi-Sculpt processes are surface modification techniques,
therefore a literature review was conducted into the surface modification of
titanium, the titanium alloy Ti-6Al-4V, aluminium 6000 series and stainless steel
alloys including 316L; since these were all materials investigated using the EBT
and Surfi-Sculpt processes during the scope of this EngD. Articles by
Cross and Spycher (2008) and Breme et al. (2008) were used to support the
creation of a framework for the literature search on surface modification.

Cross and Spycher (2008) highlighted the following two categories of current
research for surface modification:


Development of new surface materials.



Modification of existing surfaces to promote better bonding.

The development of new surface materials is excluded from this literature review
as

this

encompasses

surface

treatments,

films,

coatings,

chemical

additions or the physical removal or addition of material mechanically.
Additive manufacturing (AM) was excluded since it uses powder or deposited wire
to create a modified surface therefore it is not considered to use the existing
parent material unlike the EBT and Surfi-Sculpt processes. The scope and focus
of this literature review is on modification of existing surfaces through the
creation of geometric features.
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Breme et al. (2008) explained there are two broad categories to alter existing
surfaces:


Structural surface modification altering the surface topography; the EBT and
Surfi-Sculpt processes fall within this category.



Chemical surface modification using thermal, coating or etching techniques.

The search terms used in the surface modification literature search in
Weldasearch and Scopus on 18 March 2019 are listed in Table 2.2.

Table 2.2 Weldasearch and Scopus surface modification literature search terms.
Search terms
1

2

3

4

5

TITLE-ABS-KEY ((surface W/2 modification) AND
melt* AND (“Ti 6Al 4V” or Ti6Al4V) AND NOT TITLEABS-KEY (surface W/3 treatment) OR coating* OR
film* OR alumina OR Al2O3 OR “Al2 O3” OR “Al 2 O
3” OR CLAD*)
TITLE-ABS-KEY ((surface W/2 modification) AND
melt* AND (titanium OR Ti) AND NOT TITLE-ABS-KEY
(surface W/3 treatment) OR coating* OR film* OR
alumina OR Al2O3 OR “Al2 O3” OR “Al 2 O 3” OR
CLAD*) AND NOT (“Ti 6Al 4V” or Ti6Al4V) AND NOT
TITLE-ABS-KEY (surface W/3 treatment) OR coating*
OR film* OR CLAD*)
TITLE-ABS-KEY ((surface W/2 modification) AND
melt* AND (aluminium OR aluminium OR al OR aa)
AND KEY (Al Si Mg alloy) AND NOT TITLE-ABS-KEY
(surface W/3 treatment) OR coating* OR film* OR
alumina OR Al2O3 OR “Al2 O3” OR “Al 2 O 3” OR
CLAD*)
TITLE-ABS-KEY ((surface W/2 modification) AND
melt* AND (*316l or “316 L”) AND NOT TITLE-ABSKEY (surface W/3 treatment) OR coating* OR film*
OR CLAD*)
TITLE-ABS-KEY ((surface W/2 modification) AND
melt* AND (austenitic) AND NOT TITLE-ABS-KEY
(surface W/3 treatment) OR coating* OR film* OR
CLAD*) AND NOT TITLE-ABS-KEY ((surface W/2
modification) AND melt* AND (*316l or “316 L”) AND
NOT TITLE-ABS-KEY (surface W/3 treatment) OR
coating* OR film* OR CLAD*)

Search group
metals
Titanium alloy
(Ti-6Al-4V)
results

Titanium
results

Results
30

125

(with duplicates
from search 1
removed)

Aluminium
6000 series
(Al Mg Si
alloys) results

41

Stainless
steel (316L)
results

17

Austenitic
stainless
steels results

44

(with duplicates
from search 4
removed)

Figure 2.2 shows the breakdown of the wider search criteria to explore 22
relevant papers of which 10 papers were identified as being of interest and
relevant to the literature review on structural surface modification and had not
previously been reviewed. Other reasons for relevant papers to be discounted
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included being duplications of the same work and not being able to be obtained.
The 10 relevant papers identified and explored were Balla et al., 2014;
Blake, 1998; Breme et al., 2008; Chikarakara et al., 2012; Man et al., 2003;
Panin et al., 2018;

Rotshtein and Shulov,

2011;

Uno

et

al.,

2018;

Yang et al., 2006; Zou et al., 2008.

5 papers of
interest

4 papers of
interest

0 papers of
interest

1 paper of
interest

0 papers of
interest

5 relevant
papers

11 relevant
papers

1 relevant
paper

1 relevant
paper

4 relevant
papers

30 combined
results

125 combined
results

41 combined
results

17 combined
results

44 combined
results

'Ti 6Al 4V or
Ti6Al4V'

Titanium

Al Mg Si alloys

Stainless steel
316L

Austenitic
stainless steels

Titanium alloy (Ti-6Al-4V)
and titanium

Aluminium
6000 series

Stainless steels

Surface Modification
Figure 2.2 Breakdown of combined Weldasearch and Scopus results on surface
modification literature search.

Two of the papers identified (Man et al., 2003; Blake, 1998) incorporated a gas
during processing to achieve surface modification via chemical changes.
Man et al. (2003) used nitrogen gas to nitride the surface of Ti-6Al-4V whilst
Blake (1998) developed a surface modification process to produce metal surfaces
as part of the flexible laser automated intelligent research (FLAIR) programme
using a 50 W CO2 laser. These both fall within chemical surface modification and
not structural surface modification therefore they are unlike the EBT and EB
Surfi-Sculpt processes, which do not use any gas or additional material to alter
the surface, and were excluded from the literature review.
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Yang et al. (2006) explained that the ultimate success of an orthopaedic implant
is reliant upon the optimisation of the local surface structure due to the fact that
the resultant topology has the ability to transfer load and encourage bone
ingrowth, although other factors such as quality bone formation can also impact
on the success. Yang et al. (2006, p. 75) concluded that ‘the performance of
implant devices can be improved with better understanding of osseointegration
and its enhancement with surface-modified titanium implants’.

A Japanese company, Daicel, developed a competing mechanism to the EBT and
Surfi-Sculpt processes using a continuous wave Ytterbium fibre laser at 1070 nm
wavelength called DLAMP™. Figure 2.3 shows that the process creates anchor
features which are achieved by creating molten material which permeates
through the undercuts and tunnel-like structures (Uno et al., 2018).

Figure 2.3 Cross-section of jointed area of metal/plastics joining part using DLAMP™
(TWI Ltd, 2019).

Uno et al. (2018) presented work on aluminium alloy 5052, austenitic stainless
steel 304 and brass 2801. These wide range of materials were investigated for
application in the automotive industry. A galvo scanner was used to manipulate
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the beam (also used for the laser Surfi-Sculpt process) and the scanning speed
was 10 m/s. The scanning speed detailed was higher than those observed in the
EBT and Surfi-Sculpt processes (see Section 7.4). The surfaces were revisited by
the beam which is similar to the Surfi-Sculpt process; however, valleys and
trenches were created instead of protrusions because the high scanning speed
prevented molten material forming into features. The surfaces appear to be
irregular after the first pass and the maximum depth achieved using the DLAMP™
process was approximately 700 µm after 60 repetitions. Whilst the methodology
of manipulating molten material using a power beam is common with both the
EBT and Surfi-Sculpt processes, the resultant surfaces using the DLAMP™ process
appear to be more closely aligned to the EBT process than the Surfi-Sculpt
process. The high scanning speed (10 m/s) may explain why the depth of the
valleys and trenches were similar to those observed using the EBT process since
the beam is travelling faster than is required for allowing remelted material to
form features.

Rotshtein and Shulov (2011) explored the use of low-energy high current
electron beams (LEHCEBs) with an accelerating voltage of up to 40 kV and a
beam current of up to 50 kA at microsecond durations; the electrons were
reported to have penetrated ~1 µm into the surface. However, the author does
not agree with this calculated penetration depth; instead calculating the depth to
be 7 µm for Ti-6Al-4V using the formula to calculate the penetration depth of
electron beams, Equation 4, which is discussed in Section 2.4. At energy densities
of 2-5 J/cm2, it was observed that only a thin surface layer of the material
absorbed the electron energy. In the case of Ti-6Al-4V a layer of ~5 µm was
affected by the process resulting in globular alpha (𝛼) grains. Analysis of the
surfaces was performed by SEM, X-ray diffraction, layer-by-layer transmission
electron microscopy and Auger electron spectroscopy. The energy input was less
than the 100s of J/m observed in the EBT and Surfi-Sculpt process (see
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Section 7.4). Furthermore, the fact that no beam deflection was used, but rather
beam pulsing (forty times) at 0.1 Hz, explained why no protrusions and intrusions
were formed. Rotshtein and Shulov (2011) presented results for both the
aluminium alloy, Al6061, and the titanium alloy, Ti-6Al-4V, demonstrating
enhancement of the properties of the surface through improved corrosion
resistance which was the result of distributing the impurities uniformly through
the processed material. This is closer to the EBT process rather than the
Surfi-Sculpt process as distinct geometric features on a millimetre scale were not
formed from the parent material. The paper noted that the surface roughness
was decreased by up to 0.1 µm (with a reported maximum Ra of ~0.2 µm when
followed by vacuum annealing); this peculiarity led the author to consider that
the original surface roughness must have been higher than machined surfaces
that are typically used for the EBT and Surfi-Sculpt processes in order for it to
decrease as a result of processing. Similar work, using LEHCEBs, was also
reported by Zou et al. (2008, p. 4) using up to 10 pulses of the beam which
concluded that ‘as a result of the quasi-static thermal stresses and shock waves
produced

by

the

[EB]

treatment,

a

deformation

induced

martensitic

transformation is triggered in the sub-surface of the material’..

Panin et al. (2018) and Chikarakara et al. (2012) achieved similar thicknesses of
the modified molten layer below the surface (~70 µm) using either an EB or a
laser as a power beam source with powers ranging between 1.5 and 1.8 kW with
an energy density of 450 – 2,096 J/cm2 either continuously or, in the case of the
laser, pulsed at 3 kHz. Furthermore, Balla et al. (2014) achieved a melted depth
of 1.2 mm using a higher maximum energy density laser of 0.68 J/cm2 through
a single pass of the beam over the surface. None of these papers reported the
use of beam deflection to enhance the formation of features and none of these
processes demonstrated the creation of features as a result which is a
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fundamental aspect of the modification of surfaces using the EBT and Surfi-Sculpt
processes.

Surface modification summary
In conclusion, the Surfi-Sculpt process appears to be unique as literature
searches have not revealed any other processes which transform existing
material (with no addition to or subtraction from it) to create structural surface
modification with geometric features on a millimetre scale.

Conversely, the literature searches have revealed competing processes to the
EBT

process;

two

such

examples

are

‘WaveShape’

reported

by

Temmler et al., (2017) and DLAMP™ reported by Uno et al. (2018). These
processes can create structural features using only the parent material and no
additional material or subtractive processes on a sub millimetre scale.

Solidification kinetics in weld pools
Literature review on solidification kinetics in weld pools
The scope and focus of this literature review is on modification of existing surfaces
through the creation of geometric features. To achieve these features
microstructural changes occur i.e. the EB applies a heat treatment on the existing
material since it is a power beam process. The heat treatment is not the main
aim of the EBT and Surfi-Sculpt processes; instead it is a by-product of the
processes. However, a literature search and review was conducted to support the
development of a model of predicted flow of molten material within the melt pool
in the EBT and Surfi-Sculpt processes as this was identified as a gap in the
knowledge in Section 2.2 and increased knowledge in this area would support the
development of predictive modelling of the EBT and Surfi-Sculpt processes.
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The search terms used in the solidification kinetics in weld pools literature search
in Weldasearch and Scopus on 18 March 2019 are listed in Table 2.3.

Table 2.3 Solidification kinetics in weld pools literature search terms.
Search terms
1
2
3

TITLE-ABS-KEY ((solidification) AND melt* AND KEY
(molten pool) AND KEY (eb welding) AND KEY (titanium)
TITLE-ABS-KEY ((solidification) AND melt* AND KEY
(molten pool) AND KEY (eb welding) AND KEY (titanium)
TITLE-ABS-KEY ((solidification) AND melt* AND KEY
(molten pool) AND KEY (weld*) AND NOT TITLE-ABS-KEY
((solidification) AND melt* AND KEY (molten pool) AND
KEY (eb welding) AND KEY (titanium) AND NOT TITLEABS-KEY ((solidification) AND melt* AND KEY (molten
pool) AND KEY (eb welding) AND KEY (titanium)

Search
group title
Titanium
results
Aluminium
results
General
welding
results

Results
5
12
6

Figure 2.4 shows the breakdown of search criteria to explore 23 papers of which
nine papers were identified as relevant to the solidification kinetics in weld pools
literature review having not been reviewed in previous Submissions. Reasons for
papers from the search results to be excluded were not being directly relevant or
multiple editions of the same book being available. The nine relevant papers
identified
Brooks

and
and

explored

Mahin,

1990;

were

Arata et al., 1976;

Cooper, 2005;

Babu et al., 2001;

Cooper and Lambrakos, 2005;

David and Vitek, 1989; Kou, 2002; Short, 2009; Terentyev et al., 2015.

28

Tom Pinto

EngD Innovation Report:
Electron Beam Texturing and Surfi-Sculpt Processes

4 relevant
papers of
interest

5 relevant
papers of
interest

0 relevant
papers of
interest

5 results

12 results

6 results

Titanium
alloys

Aluminium
alloys

General
welding

Solidification kinetics in weld pools
Figure 2.4 Breakdown of combined Weldasearch and Scopus results on solidification
kinetics in weld pools literature search.

Terentyev et al. (2015) concluded that, in the 1G processing position (beam
interacting vertically down on the workpiece), conditions were optimal for
solidification of the molten material since at the weld root liquid melt is prohibited
from being discharged at higher welding speeds. The liquid metal at the front wall
of the beam workpiece interaction was displaced downwards during free
formation;

this

was

corroborated

by

a

review

paper

written

by

Weglowski et al. (2016). Terentyev et al. (2015) determined that, assuming a
constant solidification rate, the discharge of liquid metal is reduced by an increase
in the processing speed. The assumption that the solidification rate is constant
could be argued as appropriate for single pass EBW (although the material will
heat up and thus over time this will be incorrect), however, the multiple swipes
of the EBT and Surfi-Sculpt processes mean that the solidification rate decreases
as the temperature of the parent material increases. The liquid metal being
displaced downwards during formation supports the development of the model of
the predicted flow of molten material within the melt pool in Section 3.5.

29

Tom Pinto

EngD Innovation Report:
Electron Beam Texturing and Surfi-Sculpt Processes

There are four solidification modes (David and Vitek, 1989; Kou, 2002):


Cellular.



Planar.



Columnar dendritic.



Equiaxed dendritic.

Fine columnar solidification substructure is often observed in high precision EB
processing which is finer than other fusion processes such as metal inert gas
(MIG) or tungsten inert gas (TIG) welding (Babu et al., 2001). This is due
to the comparatively low heat input and thermal impact on the material.
Arata et al. (1976) stated that the thermal efficiency of the EB process was 0.8
which is higher than 0.6 for TIG therefore more of the energy is transferred into
the workpiece using EB than for TIG. This means that the EB process can be
considered more efficient at transferring energy and as such is well suited to the
EBT and Surfi-Sculpt processes.

Cooper (2005)

considered the

use of

wire-feed electron

beam

additive

manufacturing (W-EBAM) where a series of overlapped weld pools were observed
in each layer and the melt pool. The paper did not report any beam manipulation
to affect the melt pool geometry nor the melt pool being revisited rapidly after
initial solidification suggesting that the microstructure observed in Figure 2.5 had
more similarities to that in multi-pass welding and not the EBT and Surfi-Sculpt
processes. Figure 2.5 shows a TWI setup (not the same as Cooper, 2005) and
cross section of a build using W-EBAM which is a direct energy deposition (DED)
AM process using EB to create structures layer by layer through the introduction
of a wire under the electron gun and into the melt pool.
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b)

a)

Figure 2.5 Wire-feed electron beam additive manufacturing (W-EBAM):
a) Setup of introduction of a wire under the electron gun and into the melt pool;
b) Transverse microstructure of W-EBAM build created using two beads per layer.
© Courtesy of TWI Ltd

Ti-6Al-4V metallurgy
Ti-6Al4V is an alpha and beta (𝛼 and β) titanium alloy; therefore, at room
temperature, the microstructure is a mixture of hexagonally close packed 𝛼 phase
and body centred cubic β phase. During solidification and cooling to room
temperature, liquid Ti-6Al-4V solidifies as β phase and then transforms to a
mixture of 𝛼 and β via a solid state phase transformation once the temperature
falls below the β transus temperature which is approximately 995 °C for
Ti-6Al-4V (Lütjering and Williams, 2007). The 𝛼 and β phase fractions and
morphologies in the room temperature microstructure are dependent upon the
thermomechanical processing history of the material.

The columnar solidification substructure (David and Vitek, 1989; Kou, 2002) can
be observed in a geometric feature created using the Surfi-Sculpt process in
Ti-6Al-4V which is shown in Figure 2.6 and 2.7 (from Submission 6, the
orthopaedic implant case study). It is possible to observe the equiaxed 𝛼 with
intergranular β microstructure of the parent material in its conventional wrought
condition (mill annealed Ti-6Al-4V). The parent material used in Figure 2.6 had a
microstructure that consisted of recrystallised 𝛼/β grains; this was also witnessed
by Oluleke (2014).
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Figure 2.6 Macrostructure of Ti-6Al-4V feature created using the Surfi-Sculpt process
(blue square denotes location of Figure 2.7) etched in 0.4 % nitric acid and
0.7 % hydrofluoric acid.

(1)
Surfi-Sculpt
feature
(Acicular 𝛼)

(2)

(3)

Figure 2.7 Change in microstructure observed between the parent material (3),
heat affected zone (2) and the feature (1) in the protrusion created using the
Surfi-Sculpt process.
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There is evidently a change in microstructure caused by the EBT and Surfi-Sculpt
processes. The observed microstructure had acicular 𝛼 in the geometric feature
produced and a mixture of intergranular β grains and a fine lamellar 𝛼
transformation microstructure in the narrow (15 µm) heat affected zone (HAZ)
which was also observed by Ramskogler et al. (2017) and Oluleke (2014) for the
Surfi-Sculpt process. The latter study observed grains formed in the direction of
heat flow which can also be seen in Figure 2.7 as highlighted by the vertical
arrows. However, due to the multiple thermal cycles of the Surfi-Sculpt process,
it is not possible to ascertain the solidification morphology (whether it is dendritic
or not) since the thermal cycle caused by each subsequent swipe of the beam
remelts the material and, as such, creates a new (modified) morphology each
swipe.

Figure 2.8 (Oluleke, 2014) shows electron backscatter diffraction (EBSD)
mapping of a similar feature to that of Figure 2.6; the prior β grains ranged in
size from 32 μm and 67 μm at a height of 100 μm and 500 μm above the HAZ,
respectively. Oluleke (2014, p.322) concluded that the microstructure of the
β grains after the creation of the features demonstrated ‘coarse columnar β grains
that developed by epitaxial re-growth from the base plate’ rising vertically then
diverging in the direction of heat flow. This was specific to the orientation and
sequencing of the swipes used in a pattern.

33

Tom Pinto

EngD Innovation Report:
Electron Beam Texturing and Surfi-Sculpt Processes

Figure 2.8 EBSD mapping of a similar feature to that in Figure 2.6
(Taken from Oluleke, 2014, Figure 5.60, used with permission)
a) Raw data of the room temperature alpha;
b) A reconstructed high temperature EBSD Map of the prior beta grains;
c) Optical image of the sample with an insert of the EBSD area;
d) IPF colour legend for both the alpha phase and high temperature beta phase.

This substructure is as a result of the thermal cycle of the material at a given
location which determines the phase transformation (Short, 2009). Continuous
cooling transformation (CCT) diagrams are beneficial to understanding the effect
of the cooling rate on the transformation, however their application to the EBT
and Surfi-Sculpt processes is limited since CCT diagrams are for single heat cycles
and not multiple heat cycles, ie if subsequent heat treatments induce melting
then the CCT describes what happens upon resultant cooling. A swipe can be
processed in 1.35x10-4 seconds if the frequency is 10.55 Hz and there are
70 swipes in a motif. This means that traditional metallurgy models from arc
welding or power beam welding cannot be directly applied as the depth that each
swipe affects the thermal history of the material and preceding swipe is not
currently known. The estimated cooling rate ranges for traditional EB surface
modification process are 105 to 107 K/s (Elmer et al., 1989). With high precision
EBW, traditionally the cooling rate is considered to be higher (~550 K/s) than
other fusion processes, as stated by Brooks and Mahin (1990) and Short (2009),
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which leads to modified microstructures. However, for the Surfi-Sculpt process,
the EB revisits the same location multiple times unlike traditional EB surface
modification processes and thus an age hardening effect can be observed as a
result of the decreased cooling rate. Each swipe of the beam causes a heat
treatment on the material moved in the previous swipe and will alter the
microstructure of both the remelted material and the material beneath it in the
HAZ. Furthermore, the revisiting of the EB can also reduce the cracking noted by
Brooks and Mahin (1990) associated with high speed EB processing therefore
minimising the degree of cracking observed in features created using the
Surfi-Sculpt process.

Cooper and Lambrakos (2005) reported that the liquid-solid interface alloy
liquidus temperature for Ti-6Al-4V was ~ 1530 °C and that the melt temperature
below a heat source such as an EB was ~ 2500 °C. Therefore, each swipe of the
beam causes the material beneath to rise above the liquidus temperature
and

the

approximate

995 °C

β

transus

temperature

for

Ti-6Al-4V

(Lütjering and Williams, 2007). This is the temperature above which only
β transformed microstructures are formed; below this, both 𝛼 and β transformed
microstructures are formed. Coarse β grains form during the rapid cooling of the
feature between each swipe of the beam. The peak temperatures and cooling
rates experienced by the material influence the microstructures attained in the
protrusions. The peak temperatures also influence the grain size with higher peak
temperatures resulting in larger grain size typically. As described by CCT
diagrams, the cooling rate influences the microstructure that is formed in the
protrusion and the associated HAZ. Each protrusion experienced hundreds of
thermal cycles (dependent on the duration of processing and frequency of
deflection) with the effective preheat increasing for each cycle; thus the effective
inter pass temperature rose for each cycle.
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To understand the thermal cycling caused by the Surfi-Sculpt process, a type K
thermocouple was attached in the middle to the underside of a 10 mm thick
64 mm diameter coupon directly below where four solid cone features were
created, as shown in Figure 2.9. In order to calculate the number of heat cycles,
the UV frequency which controls the repeats for each feature (in this case
10.55 Hz) was used to determine the time period to return to a single feature (in
this case, 0.095 seconds). The total beam on time was 19.5 seconds compared
to a total 79.5 seconds processing time. Therefore, the total number of repeat
swipes of the beam (and thus heat cycles) for each feature was 206.

Figure 2.9 Location of thermocouple attached to the underside of the coupon in the
middle.

Figure 2.10 shows the temperatures recorded on the base of the coupon and the
thermal cycle for the 10 mm coupon demonstrating the relatively slow cooling
rate that was achieved through the multiple heats cycles.
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Figure 2.10 Thermocouple data on 10 mm thick coupon for cones created using the
Surfi-Sculpt process.
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The limitation of this work was that only the temperature of the base of the
coupon was recorded and not the features. The final peak temperature of 107 °C
was seen approximately 5 seconds after the processing was completed. It is
possible to only observe seven peaks of temperature rises over the 206 heat
cycles due to the delay of the thermal mass of the coupon.

The melting point and β transus can be influenced by elemental losses. A loss of
aluminium concentration was found to be affected by the build height, size, swipe
pattern and heat exposure to the EB as a result of the Surfi-Sculpt process
(Oluleke, 2014). Oluleke (2014, p.270) reported that ‘both the duration of beam
contact with the substrate and the movement of the beam had an impact on the
resulting

material

structure,

chemistry

and

properties’.

Therefore,

less

heterogeneity in composition and microstructure was achieved when beam
swipes from

multiple locations around

the

feature

were

utilised

since

Oluleke (2014) stated that uni-directional swipes resulted in more evaporation of
aluminium.

Figure 2.11 and 2.12 show a SEM image of simple uni-directional beam swipe
geometric features using secondary electron type 1 detection (SE1); it is possible
to see the unprocessed material between the features and the intrusions. Each
feature has a rounded tip due to the characteristic surface tension of the
solidifying molten material; this was as a result of the volume of material being
moved by each swipe of the beam. A more intense (high brightness) EB with a
smaller spot size could ensure the formation of features with sharper peaks due
to the smaller volume of material being melted, moved and re-cast with each
swipe.
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Figure 2.11 Scanning electron microscope image of simple uni-directional swipe pattern
protrusions (blue square denotes location of Figure 2.12).

Figure 2.12 Scanning electron microscope image of focussing on a single uni-directional
swipe pattern protrusion and associated intrusion.
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Solidification kinetics in weld pools summary
Previous work on solidification kinetics in EB weld pools has considered single
pass processing or slow cycle multi-pass welding such as MIG and TIG. The
example Ti-6Al-4V feature created using the Surfi-Sculpt process displayed
acicular 𝛼 whereas, in the narrow (15 µm) HAZ, a mixture of intergranular
β grains and a fine lamellar 𝛼 transformation microstructure was observed.
However, due to age hardening of the Surfi-Sculpt process caused by the multiple
rapid thermal cycles, it was not possible to establish whether the solidification
morphology was dendritic or not. This was because each subsequent swipe of the
beam remelts the material forming a new (modified) morphology after each
swipe. The morphology of the feature will be governed by the duration of
processing and frequency of deflection with the effective preheat increasing for
each swipe and thus the effective inter pass temperature rising for each cycle.

Marangoni effects
In order to model the predicted flow of molten material within the melt pool using
the EBT and Surfi-Sculpt processes, a literature search and review of the
Marangoni effects in relation to welding was performed since this was highlighted
as a gap in the knowledge in Section 2.2. The search terms used in Weldasearch
and Scopus on 18 March 2019 are listed in Table 2.4.
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Table 2.4 Marangoni effects literature search terms.
Search terms
1

2

TITLE-ABS-KEY ((marangoni W/2 (effect* OR force*)
AND “surface tension*” AND (aluminium OR aluminum
OR titanium OR Al OR Ti) AND NOT TITLE-ABS-KEY
((marangoni W/2 (effect* OR force*) AND “surface
tension*” AND (aluminium OR aluminum OR titanium)
AND TITLE-ABS-KEY (eb OR “electron beam*”) OR
weld*)
TITLE-ABS-KEY ((marangoni W/2 (effect* OR force*)
AND “surface tension*” AND (aluminium OR aluminum
OR titanium OR Al OR Ti) AND NOT TITLE-ABS-KEY
((marangoni W/2 (effect* OR force*) AND “surface
tension*” AND (aluminium OR aluminum OR titanium)
AND TITLE-ABS-KEY (eb OR “electron beam*”) OR
weld*)

Search
group title
Weldasearch
results

Scopus
results

Results
6

20

Figure 2.13 shows the breakdown of the wider search criteria to explore 26
papers of which seven papers were identified as being of interest and relevant to
the literature review on the Marangoni effects. Reasons for papers to be excluded
were that they considered the use of drilling or AM techniques, such as using the
addition of wire or coatings, or where there were multiple editions of the same
book or article including those published in multiple languages such as English
and Japanese. The seven relevant papers identified and explored were Abbott,
2017; Bruyere et al., 2013; Khorasani et al., 2018; Ohmura et al., 2000;
Pang et al., 2009; Prűss et al., 2016; Tseng and Li, 2019.

3 unique papers
of interest

4 unique papers
of interest

6 results

20 results

Weldasearch

Scopus

Marangoni effects
Figure 2.13 Breakdown of combined Weldasearch and Scopus results on Marangoni
effects literature search.
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Bruyere et al. (2013) studied the thermohydraulic evolution of laser welding on
Ti-6Al-4V and considered the Marangoni effects in their numerical model. Their
model predicted the temperature at t = 1 and 5 ms and showed that the edge of
the melt pool, away from the beam, had the highest velocity vectors since the
liquid accumulated at the melt pool periphery as it was ejected. This ejection of
material is not observed in either the EBT or the EB Surfi-Sculpt processes; it has
however been observed in laser Surfi-Sculpt, as discussed further in Section 2.4.
At t = 10 ms a keyhole was being formed in which Bruyere et al. (2013) predicted
large velocity vectors adjacent to the vapour column; however, this can no longer
be considered representative of the EBT and Surfi-Sculpt processes since there
is no vapour column present during these processes.

Prűss et al. (2016) reported that the Marangoni effects which result from the
temperature dependence of the surface tension have not been previously
considered in thermodynamic models. The paper concluded that a continuous or
‘global existence solution’ model was created which could calculate the Marangoni
force even to the extremities of the model. The mathematical assumptions used
in the paper are complex and cannot be verified or robustly argued by the author;
thus the model cannot be directly applied to the real world processing of the EBT
and Surfi-Sculpt processes and, as such, it was not incorporated into this EngD.

The surface tension coefficient of liquid metal in a vacuum (of ~6x10-3 mbar),
present in the EBT and Surfi-Sculpt processes, is unknown but this can be
considered to be lower than that of air (or argon, if a gas shield is used) which is
present for lasers. In the case of EB processing occurring in a vacuum, a
decreased surface tension results from the greater attraction of liquid molecules
to each other than the attraction to a vacuum. As the temperature increases the
surface tension decreases and therefore the propensity of the molten material to
flow increases. This however is in opposition to the viscosity of the liquid metal
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which is greater in air than in a vacuum. Work completed in Submission 3
concluded that an increase in the viscosity of the molten material (for example,
via a change in chemical composition of the parent material such as a decrease
in Si content of 0.30 - 0.60 % compared to 0.70 - 1.30 %) improves the
material’s stability during the Surfi-Sculpt process and higher features can be
produced. In this example, feature heights of up to 6.1 mm were successfully
created in the lower Si content material compared to 3.3 mm height achieved
with a higher Si content.

The Marangoni number is the ratio between the thermocapillary effect and the
viscous forces (Comsol, 2017). Abbott (2017, p. 245) calculated the Marangoni
number (Ma) using the following formula in Equation 1 for ‘a liquid layer of
thickness L, viscosity η, and thermal diffusivity ∝, with a surface tension γ which
changes with temperature at a rate ∂γ/∂T’:

𝑴𝒂 = −

𝜹𝜸
𝜹𝑻

×

𝑳∆𝑻
𝜼∙∝

Equation 1

Pang et al. (2009) simulated the creation of a keyhole in laser welding.
Section 2.3.1 discusses the mode by which the EBT and Surfi-Sculpt processes
occur,

which

is

not

the

keyhole

mode,

and

thus

the

conclusion

by

Pang et al. (2009, p.75150T-9) that ‘the surface tension forces play negligible
effects after the keyhole starts to form’ cannot be applied. Instead it may be
possible to infer from the conclusion that surface tension forces have a significant
role prior to the keyhole forming when there is a melt pool; however, this is not
explicitly stated by Pang et al. (2009).

Tseng and Li (2019) considered the melt pool dynamics for the AM process,
selective laser melting. This AM process consolidates powder through use of a
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laser beam as a power beam heat source. Despite the differences (and therefore
limitations in applicability) to the EBT and EB Surfi-Sculpt processes, namely
application of the beam to powder rather than parent material and the fact that
a laser was used (whereby the ejection of material was observed by
Bruyere et al., 2013), several key points can be considered applicable to the EBT
and EB Surfi-Sculpt processes. A key point from the modelling work by
Tseng and Li (2019) were that two stages were reported in the melt pool
dynamics on Ti-6Al-4V at beam scanning speeds of 1.25 m/s in the first ~60 µs
of beam-material interaction. The first was dominated by the Marangoni effects
which supported the melt pool suppression causing movement of the boundary
of the melt pool upwards and subsequent capillary force of the melt flow of
4 – 8 m/s. The author considers this a primary driver as to why the bulge is
observed in the EBT and Surfi-Sculpt processes and supports the formation of the
protrusion from the upwards movement of the boundary of the melt pool and
intrusion from the melt pool suppression respectively.

The second stage (between ~60 µs and 320 µs of beam-material interaction)
reported by Tseng and Li (2019) detailed that the Marangoni effects weakened
and the surface tension of the molten material had the greater influence on the
melt pool morphology causing circulation within the melt pool. The author reflects
that the interaction time between the beam and the material for the EBT and
Surfi-Sculpt processes cannot currently be reported but use of higher speed
filming than that discussed in Chapter 3 should allow for this interaction time to
be calculated more precisely.

Furthermore, Tseng and Li (2019) considered the melt pool dynamics in relation
to uniformly packed powder particles not the parent material as well as
processing in an argon environment and not a vacuum which additionally
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differentiates the work that was completed from its application to the EBT and
Surfi-Sculpt processes.

Khorasani et al. (2018) reported ‘excessive’ Marangoni effects in the AM process,
electron beam melting (EBM®) which was supported by Rai et al. (2009).
However, this ‘excess’ is not quantified and is considered an issue for the EBM
process leading to surface quality issues and unstable melting pool. Conversely,
it is an unstable melt pool which drives the formation of features in the EBT and
Surfi-Sculpt processes. The same limitations described for the work by
Tseng and Li (2019) can be considered since Khorasani et al. (2018) also
discussed the melt pool dynamics for the AM process, selective laser melting.
Khorasani et al. (2018) observed ‘irregularities’ (~10 µm in height) on the surface
similar in geometry but not in scale to protrusions created by the Surfi-Sculpt
process. These irregularities were caused by a higher motion of melting pool as
a

result

of

the

higher

temperatures

observed

(up

to

1050 °C).

Khorasani et al. (2018) concluded that energy density influences temperature
distribution as, when a higher energy density was applied, the material was
locally heated to create a melt pool and surface tension was reduced. ‘The
gradient of surface tension induced at the interface from the hotter to the cooler
area then propagates toward the [parent material below the] melting pool’
(Khorasani et al., 2018, p.3764). This identification of ‘irregularities’, which
demonstrate a similar geometry to features created using the EBT and
Surfi-Sculpt processes albeit with a significantly smaller feature height, supports
the assertion of the author that it is the Marangoni effects that are the driving
force in the EBT and Surfi-Sculpt processes. The fact that the beam was being
specifically deflected to fuse the powder but not in a repetitive manner with the
correct parameters to enhance the ‘irregularities’ is the significant reason for the
difference in feature height.
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Ohmura et al. (2000) discussed the formation of bumps on the surface of
aluminium using laser texturing and reported reaching maximum temperature
(boiling of the material) in 10 ns The bump could not be observed during
processing but a feature height of less than 50 nm was formed after 55.35 ns.
Ohmura et al. (2000, p.246) concluded, ‘Marangoni force [effect] is most effective
to the surface rise when the solidification starts outside of the bump’. However,
the scale of features produced by Ohmura et al. (2000) are considerably smaller
than even the EBT process. Furthermore, there was no discussion as to the impact
of high speed deflection of the beam over the surface of the material which is
fundamental to both the EBT and Surfi-Sculpt processes.

Marangoni effects summary
The impact of Marangoni effects has been proven to be a significant driver in the
melt pool dynamics for power beam processes, in particular EB processing.
Application of the Marangoni effects and surface tension to the EBT and
Surfi-Sculpt processes are further explored in Section 3.5 where the author
develops and proposes a model predicting the flow of liquid metal as a result of
the Marangoni effects and surface tension.

2.3

The effects of parameters on features
Certain machine specific parameters are known to affect features created using
the EBT and Surfi-Sculpt processes. The American Welding Society (2007) and
Swift and Booker (2003) state that EB processes are controlled by four key
variables, namely beam accelerating voltage (kV), beam current (mA), focal
beam spot size (µm) and speed of workpiece manipulation (mm/min). In addition
to

these

variables,

the

following

parameters

affect

the

processes:

focus current (A); working distance (mm); vacuum pressure (mbar); beam
deflection parameters i.e. pattern, amplitude gain and frequency (Hz); gun
design; and filament life (hours). For the EBT and Surfi-Sculpt processes, the
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cumulative length of beam swipes in the pattern and the associated frequency of
this deflection would determine the beam swipe speed (mm/s). The relationship
between key process parameters is explored further in Section 3.6.

Beam accelerating voltage and beam current
The beam power is the single most significant parameter to affect EB processes
(Meleka, 1971; Schiller et al., 1982) and is a product of the beam accelerating
voltage and beam current. Atkinson and Chapman (2007) reported that the
optimal

power

approximately

densities

for

the

250 – 500 W/cm2.

EBT
During

and

Surfi-Sculpt

experimental

processes

work,

the

were
author

demonstrated power ranges between 50 W and 1.5 kW. The EBT and Surfi-Sculpt
processes use a moderate amount of power (~102 – 103 W) and a relatively low
power density (~104 – 105 W/cm2) compared with primary melting techniques,
EBW and EB thermal processing. This is because only a localised region of the
material is melted and redistributed as a result of the interaction with the EB and
therefore this does not require the same power and power density as the other
processes. Short (2009) stated that there are various modes of operation during
EB processing depending upon the power density; these are the keyhole mode
(between 106 W/cm2 and 109 W/cm2) whereby there is a mixture of vaporisation
and conduction and the conduction mode (below 106 W/cm2) where the process
is conduction dominated with negligible vapourisation. This establishes that the
EBT and Surfi-Sculpt processes do not operate in the keyhole mode but rather
the conduction mode and therefore the author argues that a previous assertion
by Dance (2007) of the significant role of vapour pressure is incorrect.
Figure 2.14 shows the approximate values for the power and power per unit area.
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Figure 2.14 Power and power density for various EB processes with specific accelerating
voltages (V) and beam diameters (do), adapted from Schiller et al. (1982)
and Short (2009).

Wang et al. (2015) found that, at a constant accelerating voltage of 150 kV and
a deflection frequency of 1,500 Hz, an increase in the beam current from 1.5 to
3.5 and 5 mA resulted in the average feature height increasing from 0.2 to 1.6
and 2.0 mm respectively when using the Surfi-Sculpt process for 20 seconds
beam on time processing Ti–6Al–4V. This meant that each feature was created
from 30,000 beam swipes which was greater than the amount used by the author
at significantly lower frequencies in the creation of similar height features.
Wang et al. (2015) did not provide information regarding the swipe length used
and therefore it cannot be determined whether a different approach to feature
creation was utilised from that used by the author to optimise the swipe speed,
discussed in Section 2.3.5. However, it is possible to conclude that less material
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was being moved with each beam swipe compared with the author’s work. This
is similar to the laser Surfi-Sculpt process reviewed in Section 2.4.

Heat input
The

heat

input

for

processing

can

be

calculated

using

Equation

2

(Arata et al., 1976, p. 48) whereby Q is the heat input, Ω is the thermal efficiency
of the process to the metal (in the case of EB, Arata et al. (1976) stated this as
0.8), 𝑈𝐵 is the accelerating voltage and I is the beam current in amperes.

𝑸 = 𝟎. 𝟐𝟒 × 𝛀 × 𝑼𝑩 × 𝑰

Equation 2

Focus current
To ensure maximum intensity of the beam during the EBT and Surfi-Sculpt
processes, the beam should be at sharp focus on the surface of the workpiece
(Atkinson and Chapman, 2007). This results in a small melt pool and ensures that
the beam energy is targeted to a specific area. If the beam is either over or under
focused by as little as <±1 %, whereby the focal point is positioned above or
below the surface of the workpiece respectively, the intensity of the beam is
reduced and smaller features will be formed by the EBT and Surfi-Sculpt
processes; this is supported by the data generated within this EngD in Appendix D
(Al6xxx Dataset 2 and 3). This is also due to the increased beam diameter leading
to a reduction in the power density (American Welding Society, 2007).

Figure 2.15 shows an example resultant plot of the of beam shape in X and Y
axes calculated in Submission 6 using TWI’s BeamAssure system. It can be seen
that, at lower beam currents, the shape of the beam changes from being circular
to an ellipse in the Y axis. In addition, the beam width, or spot size, is proportional
to the beam current. This change in beam profile can affect the quality of EB
welds (Kaur, 2016). As a result, these changes lead to a variation in the features
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being produced using the EBT and Surfi-Sculpt processes. The larger the beam
width, the larger the melt pool created during the process.

Figure 2.15 Plot of beam shape in X and Y axes calculated from TWI’s BeamAssure
system.

As demonstrated in Figure 2.15, operation of the EB machine at beam currents
in excess of 10 mA will ensure that the beam profile is sufficient for the EBT and
Surfi-Sculpt processes whilst maintaining the smallest spot size possible
(approximately 140 µm).

Working distance
Meleka (1971) detailed that working distance, i.e. the distance from the filament
to the workpiece, had a significant impact on EB processing. For ease of
measurement, the distance between the top of the chamber and the workpiece
is measured and reported since the distance between the filament and top of the
chamber is constant and would be difficult to measure due to the components
within the electron gun column. The study by Meleka (1971) reported that the
penetration of an EB weld increased as the working distance decreased. This was
due to a reduction in the beam spread caused by the decrease in beam path
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within the chamber leading to fewer collisions of the electrons with molecules in
the vacuum and increased intensity of the beam.

Vacuum pressure
Whilst there is no reported data on the effect of vacuum pressure on the EBT and
Surfi-Sculpt processes, Schiller et al. (1982) and Meleka (1971) investigated the
impact

of

vacuum

pressure

on

penetration

depths

during

EBW.

Schiller et al. (1982) processed an austenitic stainless steel (X12CrNi18) at
125 kV using a beam current of 8 mA. Meleka (1971) performed the study using
a steel alloy (AISI 4340) at 100 kV using a beam current of 9 mA. The results,
shown in Figure 2.16, demonstrated that there would be minimal reduction in the
penetration depth of an EB weld until a vacuum pressure of greater than
6x10-3 mbar was reached. Above this pressure, both Schiller et al. (1982) and
Meleka (1971) observed that the penetration of the EB weld was significantly
reduced as a result of the additional collisions of the electrons with molecules
scattering the beam. Since different parameters and materials were used in these
studies, there was a discrepancy in the values reported; however, the black
dashed line in Figure 2.16 shows the trend for these datasets which is the key
aspect highlighting the drop off of penetration at 6x10 -3 mbar. Therefore, all EBT
and Surfi-Sculpt processing should be conducted at vacuum pressures of less
than 6x10-3 mbar to ensure the penetration depth of the beam is not affected
and thus the volume of material moved with each swipe is not minimised.
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Figure 2.16 Relationship between vacuum pressure and penetration depth, adapted from
Meleka (1971) and Schiller et al. (1982).

Beam deflection parameters: pattern, amplitude and frequency
As described in Section 1.1, TWI utilises two sets of deflection coils which are
oriented in an orthogonal plane to the beam. These deflection coils are offset by
45 degrees to one another to minimise their interference. An arbitrary waveform
drives each set of coils through a series of positions describing the beam path,
known as the ‘pattern’ in the EBT and Surfi-Sculpt processes. The U,V pattern
defines the overall geometry of the features whilst the X,Y pattern defines the
overall positions or locations of the features.

For a set working distance and pattern, the size of each feature is dictated by the
amplitude gain of the U,V pattern. Similarly, the positions of the features are
governed by the amplitude gain of the X,Y pattern when the working distance
and pattern remain constant.

If the working distance is increased, the U,V and X,Y amplitude gains will need to
be increased to maintain the same swipe length in the feature or spacing of
features respectively with the converse occurring for a decrease in working
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distance. The amplitude gain is defined as the peak-to peak value of the arbitrary
wave forms used in the deflection patterns.

The beam swipe speed, 𝜗 (mm/s), is key to the success of the EBT and
Surfi-Sculpt processes, particularly for the creation of each feature (i.e. the U,V
motif in most cases) since this dictates whether the processes work through the
melting and moving of material. The beam swipe speed is calculated, Equation 3,
as the product of the swipe length, 𝑙 (mm), total number of legs (swipes)
processed per feature, 𝑇𝑙 , and the pattern frequency, 𝜆 (Hz). Example beam
swipe speeds for 6000 series Al and Ti-6Al-4V are given in Section 7.4. Aluminium
alloys, for example, generally require higher beam swipe speeds than Ti-6Al-4V
as a result of their lower melting point, density and greater penetration depth of
the EB into the material to achieve similar geometric features using the EBT and
Surfi-Sculpt processes. This is discussed further in Section 7.3.

𝝑 = 𝒍 × 𝑻𝒍 × 𝝀

Equation 3

When setting the amplitude gain, the wider the angle of deflection the greater
the working distance of the beam, shown in Figure 2.17 and indicated by the arc
described by the dotted blue line. This highlights that the beam is not at sharp
focus thus its intensity is reduced leading to the formation of small or no features.
The restriction to this deflection is approximately 3 degrees either side of the free
fall beam position. For a working distance of 405 mm, this equates to a beam
translation distance of 21.55 mm on a stationary workpiece. With 95 %
confidence limits, it was confirmed that a significant difference in feature height
was created beyond this deflection of the beam (Pinto, 2013). This study is
detailed further in Section 2.3.8.
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Intense electron beam
Solid line – free fall
Dotted lines – deflected
3 degrees
405 mm

21.55 mm
Stationary workpiece
Figure 2.17 Deflection angle of EB affecting working distance and focus.

This limits the area of the surface that can be processed whilst the workpiece is
stationary. Therefore, to overcome this issue, there are two strategies which can
be utilised: either to ‘tile’ the array by completing it in one location on the surface
before moving to another location and repeating the processing; or to continually
move the workpiece at the same time as deflecting the beam within the
constraints of the area that can be processed. The advantages of ‘tiling’ are that
the parameters are not affected by the stationary workpiece and are therefore
easier to optimise; however, ensuring the correct positioning of the tiles and
patching them together can be time consuming, difficult and ‘joints’ may still be
visible upon completion. The advantages of moving the workpiece are that there
are no ‘joints’ in the creation of the surfaces and the processing time can be
shortened; however, the optimisation of the parameters are affected by the
speed of the workpiece movement. This means that the deflection of the beam
must ensure that each repeated swipe used to create a feature is in the same
position as the previous one by offsetting it to account for the workpiece motion.
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Gun design
The design of the electron gun dictates the profile of the field of electrons which
are accelerated towards the anode and hence determines the shape (or
geometry) of the beam. There are several designs of gun including diode (twoelectrode) and triode (three-electrode) guns. A diode gun consists of a cathode
and an anode whilst a triode gun has an additional electrode of a bias grid cup.
Examples of different commercially used gun designs include Pierce, Steigerwald
and Rogowski. Triode guns are typically used since they create a focusing action
on the beam (Schiller et al., 1982) and the Rogowski gun allows control of the
beam current without affecting the focus setting (Schiller et al., 1982). TWI
utilises a modified Rogowski gun which increases the intensity (or brightness) of
the beam, as described in Submission 1. It also decreases the convergence angle
of the beam as a result of the design.

Filament life
The filament in the cathode does not directly impact the features produced using
the EBT and Surfi-Sculpt processes; however, Schultz (1993) noted that it is the
only consumable in EB processing. Over time, through thermionic emission, the
filament material evaporates and, when the diameter of the material is reduced
by 5 %, failure occurs in the filament stopping the generation of electrons
(Schiller et al., 1982; Meleka, 1971). As a high emission current density
(approximately 5 – 10 Acm-2) is required for the EBT and Surfi-Sculpt processes,
a tungsten filament is used which typically lasts tens of hours.

Beam deflection offset study
Introduction to beam deflection offset study
One of the key characteristics of the EBT and Surfi-Sculpt processes is that they
are anecdotally considered to have ‘machine tool’ reproducibility and accuracy. It
is well-known that this key characteristic is currently limited by how far the beam
can be deflected before the features no longer demonstrate this accuracy and
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reproducibility without the need to manipulate the workpiece which adds further
complexity to the process. However, this limit has never been calculated
statistically as, when TWI used the Surfi-Sculpt process, the area over which
the

pattern

was

considered

accurately

reproducible

was

estimated.

Koleva and Mladenov (2011) applied statistical analysis to the change in focus
and power required for EBW and the effect on the weld depth and widths achieved
when varying working distances.

Figure 2.18 shows a schematic diagram of how the EBT and Surfi-Sculpt
processes are achieved through the deflection of an EB. The deflection is created
using deflection coils to induce an electro-magnetic field in the EB. Fast focus
coils allow for the beam to be in focus on the workpiece once the beam has been
deflected.

Figure 2.18 Schematic showing the mechanism of using a series of function generators
and amplifiers (shown by letters U, V, X, Y and Z) to achieve a deflection of
an electron beam.

A beam offset study was designed, developed and conducted including statistical
analysis of the results in to order to support discussion of the following
investigation since no suitable data was available to support the analysis of this
statement: ‘To state (with confidence limits) whether offsetting an electron beam
causes a statistically significant difference in the height of features created using
the Surfi-Sculpt process.’
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Beam deflection offset study experiment
Surface modification features were created using a deflection pattern (beam
offset study) on seven 15 mm thick plates of a titanium alloy, Ti-6Al-4V, using a
150 kV, 6 kW electron beam machine (3EB). The normalised parameters that
were used to create the features are listed in Appendix D. The patterns covering
1,600 mm2 were created using the Surfi-Sculpt process on the centre of samples
that were 4,900 mm2. The reason for the relatively large thickness and size of
the samples, compared to the pattern size and feature height, was to ensure that
the effects of distortion and poor heat transfer were minimised as these are
factors which are known problems with the Surfi-Sculpt process (Dance, 2007).

The beam was deflected in the X and Y axis respectively and then both the X and
Y axis combined. Table 2.5 below details the relationship between the beam offset
value and the distance the beam was deflected in the X and Y axis. Each of the
seven samples were numbered as follows:

Table 2.5 Beam ‘offset’ values used for each sample.
Sample
number
0
1
2
3
4
5
6

Beam ‘offset’ value in Y axis
(physical distance, mm)
0.00
21.55
43.10
0.00
0.00
21.55
43.10

Beam ‘offset’ value in X axis
(physical distance, mm)
0.00
0.00
0.00
22.00
44.00
22.00
44.00

A calibrated Mitutoyo FJ300 projector shadowgraph was used to measure the
following parameters (in millimetres to 3 decimal places) to examine the impact
of using an offset to determine any changes in the height characteristic of the
Surfi-Sculpt features created.

Figure 2.19 shows a schematic layout of the experiment to investigate the beam
deflection offset study.
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Figure 2.19 Schematic diagram representing experiment details.

In order to make the experiment easier to conduct, the samples were laid out as
per Figure 2.20 and a CNC table was used to locate the centre of the sample at
the offset beam position.

y

0

x

Figure 2.20 Layout of seven samples (0 – 6) on a larger 210 mm2 plate.
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Each feature can be described by an X axis coordinate, labelled by letters a – l,
and a Y axis coordinate, labelled by numbers 1 – 9 (see Figure 2.21). The pattern
was produced a column at a time starting from column ‘a’ and then working
across the X axis. The electron beam was controlled by a programme which
turned on the beam for 4 seconds to produce the pattern. Given that the
frequency of the pattern was 7 Hz, each column would be expected to be
processed 28 times. However, they did not receive an equal amount of power
since the beam ramped up to 14 mA over 0.5 seconds and the pattern was
processed 3.5 times in this duration; therefore not all columns were processed at
full power 28 times.

Figure 2.21 Schematic diagram of features created by beam offset study pattern showing
how samples were sectioned.

The features were nominally spread 4 mm apart in the pattern; this was to aid
the cutting process for sectioning the samples. However, it was not possible to
isolate each column of features (X axis) and therefore every third column of
features (columns c, f, i and l) were cut through to provide specimens with two
columns of features for analysis. The height of the feature from the original base
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plate surface to the tip of the feature was measured using a calibrated Mitutoyo
FJ300 projector shadowgraph. A source of error could come from assuming that
the surface of the samples had been machined flat since the machining tolerance
of the surface of samples was unknown.

Because of the positioning of the features, it was possible to accurately measure
their height when a specimen had only two columns of features. The main
limitation of this approach was the loss of data due to four columns of features
having to be cut through; hence the population data could not be recorded but
instead sampling was introduced, which was not random but followed a set
pattern, as shown in Figure 2.21. The sectioning process may have also led to
some features being disturbed or broken and this could be a factor in the variation
of feature heights.

Beam deflection offset study results
Figure 2.22 shows the mean feature height of the seven samples and the error
bars show the measured standard deviation. Sample 1 was processed with no
offset and created the highest feature height as well as the largest variation. This
was due to the large features created at the centre of the pattern compared with
the edges, since the beam was most intense near free fall and less intense once
deflected off axis. Samples 1, 3 and 5 all had a beam offset of approximately
22 mm in either the X or Y or both axes. The mean heights were statistically
similar and had a lower standard deviation as the beam was less intense thus
forming smaller features. The same explanation is true for the further reduction
in mean heights and standard deviation was true for Samples 2, 4 and 6, which
all had a beam offset of approximately 44 mm in either the X or Y or both axes.
A summary of the data generated in the beam offset study is listed in Appendix C.
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Figure 2.22 Mean feature height created using the Surfi-Sculpt process.

Beam deflection offset study review of results and plots
Figures 2.23 to 2.29 plot the results of the data for the seven samples using a
surface plot. This was the best method of representing the data in a graphic form
that was easy to understand. The scale on the feature height axis remains
constant so that these figures can easily be compared against one another.

Figure 2.23 Sample 0 feature height plot.
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Figure 2.24 Sample 1 feature height plot.

Figure 2.25 Sample 2 feature height plot.
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Figure 2.26 Sample 3 feature height plot.

Figure 2.27 Sample 4 feature height plot.
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Figure 2.28 Sample 5 feature height plot.

Figure 2.29 Sample 6 feature height plot.
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Beam deflection offset study statistical analysis
The aim of this study was to understand if the offset of the EB exerted an
influence on the feature height; therefore a tool was needed which performed a
comparison of the spread of distributions within groups against the spread of
means. Since there were a total of seven samples of continuous data, a single
factor analysis of variance (ANOVA) was used.

To begin with, a null hypothesis (𝐻0 ) was set up:

𝐻0 : 𝜎𝑐 2 = 0, which states mathematically that there is equal variance in the feature
heights between samples 0 – 6 (no change).

Then an alternative hypothesis (𝐻1 ) was devised:
𝐻1 : 𝜎𝑐 2 > 0, which states mathematically that there is unequal variance in the
feature heights between samples 0 – 6.

Below is Table 2.6 which shows the single factor ANOVA.

Table 2.6 Single factor ANOVA
Source (of
variation)
Between samples
(S)
Within each
sample (Residual)
Total

Sum of
Squares
0.470269

Degrees of
Freedom
6

Mean Square
(M.S.)
0.078378

0.392819

49

0.008017

0.863089

55

-

Quantity
Estimated by M.S.
𝜎0 2 + 6𝜎𝑐 2
𝜎0 2 + 49𝜎𝑐 2
-

The single factor ANOVA calculated between samples is shown below and
represented in Figure 2.30:
Fcalc =

0.078378
0.008017

= 9.78 (3 s.f.)

Fcrit = 2.29 (3 s.f.)
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Accept H0

Reject H0

Fcrit (5%) = 2.29

Fcalc = 9.78

Figure 2.30 ANOVA F-test result for beam offset study.

Since Fcalc was greater than Fcrit, H0 (the null hypothesis) was rejected for the
variation in feature heights and H1 (the alternative hypothesis) was accepted for
the variation in feature heights; therefore there is statistically significant variation
in feature heights between samples.

Beam deflection offset study discussion and sources of potential error
Measurement is a process and therefore will introduce variation much like the
Surfi-Sculpt process which is also introducing variation. A challenge of using a
shadowgraph to measure the feature heights was ensuring that the surface of
the specimen was presented parallel with the X axis so that the true perpendicular
height of the features created using the Surfi-Sculpt process were measured. Any
errors in the flatness of the sample would have also introduced errors into the
data collected. The data collection method assumed that the features ‘grew’
vertically and that therefore using the profile of the feature would give an
accurate measurement of the feature height. There is also the possibility that the
features could have been damaged by sectioning the samples which would have
led to a source of error. This could potentially be addressed by performing a
non-destructive test to measure the feature heights such as using ultrasonics.

The calibration sheet (Appendix B) detailed that there was an error in the X axis
micrometer of 0.004 mm (which was beyond the allowed error of ±0.003 mm)
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when a value of above 12.6 mm was measured. Therefore, to counteract this
error, the samples were orientated such that traversing along the specimens used
the Y axis micrometer on the shadowgraph whilst the feature heights were
measured using the transverse of the X axis micrometer. This ensured that values
of 12.6 mm were not exceeded.

Beam deflection offset study conclusion
The main aim of the study was to see if there was a significant difference in the
heights of the features by only varying the offset values used.

The statistical analysis shows that there was a significant difference in the means
between the samples as H0 was rejected. Relating this back to the original
investigation means that with 95 % confidence limits it is possible to state that
offsetting the beam by approximately 22 mm when using a working distance of
405 mm creates a statically significant difference in feature height. Therefore it
is recommended to not deflect the beam more than 3 ° from the free fall position.
However, if feature height can be sacrificed for a lower value then offsetting the
beam will reduce the variation of heights achieved.

To manufacture large areas processed by the EBT or Surfi-Sculpt processes, the
use of ‘tiling’ is required or the creation of a travelling pattern whereby the
workpiece is moved simultaneously under the beam. The latter approach is more
complex since it is important to ensure that the timing of workpiece movement
and beam deflection is synchronised so that the swipes are revisited at the exact
same location to create defined features.

2.4

Comparison between a laser beam and an electron beam
Several studies (Hilton and Nguyen, 2008; Blackburn and Hilton, 2011;
Earl et al., 2012; Earl et al., 2016) have investigated the use of a laser beam as
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a power source for the Surfi-Sculpt process. The main differences between a laser
beam and an EB used for the Surfi-Sculpt process, other than the power source,
are the deflection control used and the processing environment. A galvanometer
driven beam scanner is used for deflection of the laser beam, in comparison with
magnetic coils used to deflect the EB, and no vacuum is required for the laser
beam. However, shielding gas is often required to prevent oxidation of the surface
during processing of materials such as Ti-6Al-4V.

In comparison to an EB, the energy from the laser beam only interacts with the
surface of the material initially. This was discussed in Submission 5 where the
author proposed that this difference led to the ejection of molten material
observed using a laser compared to no such observation with the EB Surfi-Sculpt
process.

Unlike

the

observations

of

the

laser

Surfi-Sculpt

process

by

Earl et al. (2016), the material during the EB Surfi-Sculpt process does not suffer
from the expelling of molten material and there is little evidence of the initial
molten material being ejected. The energy of a laser beam is absorbed at the
surface of the material. This explains why Earl et al. (2016, p. 214) observed ‘a
protruding liquid filament (jet) is produced in response to the laser power and
translation speed [between 0.3330 m/s and 0.1999 m/s] which in turn solidifies
producing a material feature’; this is shown in Figure 2.31. Earl et al. (2016)
defined this laser phenomenon as the capillary action.
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Figure 2.31 Protruding liquid filaments (jets) observed in laser Surfi-Sculpt. The beam
is travelling left to right in each figure, taken from Earl et al. (2016, p.217).

This phenomenon was not witnessed during slow motion analysis of the EB
Surfi-Sculpt process with the beam travelling an order of magnitude faster
despite the fact that the process occurs in vacuum. The author considers this
laser phenomenon to be as a result of excess vapour pressure being generated
as a result of the beam interacting with a small area of material on the surface
initially. However, as described in Equation 4, within the EB Surfi-Sculpt process
the EB energy is absorbed by a volume of material which is determined by the
electron range, S, below the surface of the material rather than at the surface
alone. As described in Submission 1, an EB causes volumetric heating as the
kinetic energy from the electrons in the beam is converted into heat and
excitation energy within a certain depth of the material (Schiller et al., 1982).
Equation 4, defined by Stohr in 1957 (cited in Schiller et al., 1982, p. 39), shows
the variables affecting the depth of interaction of the EB for the accelerating
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voltages used by the EBT and Surfi-Sculpt processes. Penetration depths for
materials used in this EngD are calculated in Section 7.3.

𝑺 ≈ 𝟔. 𝟔𝟕 × 𝟏𝟎−𝟏𝟏 𝑼𝑩 𝟓/𝟑 𝝆−𝟏

Equation 4

Where S (cm) is the electron range, UB (V) is the accelerating voltage (in the range of 10 – 1000 kV),
and ρ (gcm-3) is the material density.

Therefore, a greater volume of material (than with a laser) becomes molten as
the electrons convert their kinetic energy into heat or atomic or molecular
excitation energy (Adam et al., 2011; Schultz, 1993). The author argues that the
EB Surfi-Sculpt process will not result in material being ejected as a jet since the
vapour pressure is moving a larger volume of material with an EB compared to a
laser beam. The ratio between the surface of the molten material and its volume
during the Surfi-Sculpt process is smaller in EB (compared with lasers) and
therefore the surface tension exerts a smaller force on the mass of molten metal
which does not result in the jet of material.

There are distinct advantages as well as potential limitations for using either an
EB or a laser beam for the Surfi-Sculpt process. These have been summarised in
Table 2.7.
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Table 2.7 Comparison of the advantages and limitations of using an EB or a laser beam
for the Surfi-Sculpt process.

Advantages

Electron beam
Rapid beam movement due to
the use of magnetic deflection
coils (Meleka, 1971;
Dance and Kellar, 2003)
More developed and mature
process; exemplar application
case studies available
(Dance, 2007)
High intensity EB has the
potential to generate fine scale
features (e.g. 10 µm)
(Ribton and Atkinson, 2007)
Little oxidation retaining
chemical purity of material due
to the use of a vacuum
(Meleka, 1971)

Limitations

More suited to the creation of
larger features due to larger
melt pool as a result of the
interaction between the EB and
the workpiece
Vacuum is required so cost and
throughput issues are possible
(Meleka, 1971; Calder, 2006)
X-ray source therefore lead
shielding is required
(Meleka, 1971) as discussed in
Section 2.5
High capital equipment costs
(Meleka, 1971)

Laser beam
Power and wavelength of laser
source can be selected
according to the material being
processed
(Blackburn and Hilton, 2011)
Low powers can be used;
particularly suitable for
processing polymers and for
reducing capital equipment
costs
(Blackburn and Hilton, 2011)
No vacuum is required hence
faster throughput may be
possible
More suited to the creation of
smaller features due to larger
melt pool as a result of the
interaction between the laser
and the workpiece

Mechanisms for deflecting the
beam with respect to the
material, or vice versa, require
development
Shielding gas may be required
to prevent oxidation of
surfaces (Schultz, 1993)
Slower processing times

Power of the beam is likely to
degrade polymers

The power beam utilised for the Surfi-Sculpt process should be considered on a
case-by-case basis and result from either the requirement of a specific key
advantage or negation of a particular limitation. For example, if processing with
a vacuum chamber is unacceptable then a laser beam should be used whilst if
oxidation is an issue and a high speed of processing is required then an EB should
be selected.
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2.5

X-rays and regulations
X-rays

are

generated

when

electrons

impinge

upon

a

metal

(Weglowski et al., 2016; Schiller et al., 1982). This is due to Bremsstrahlung or
‘braking radiation’ (Haug and Nakel, 2004) caused by the deceleration of the
primary electrons in the beam. In addition to Bremsstrahlung, characteristic
radiation results from the expulsion of secondary electrons caused by the primary
electrons from the beam colliding with atoms and emitting photons in the X-ray
spectrum. This is specific to the material being processed and is dependent on its
atomic number. For example, tungsten has a higher atomic number (74) than
titanium (22) and aluminium (13), the alloys of which were investigated within
this EngD in Submissions 3 and 6. Therefore, the X-rays from tungsten require
greater attenuation than those from aluminium or titanium which affects the
amount of shielding required. This risk of X-ray radiation is adequately managed
outside the gun column and vacuum chamber using shielding (normally lead or
thick steel panels) and should not pose a danger to the machine operator if these
vital precautions are taken (Bakish and White, 1964).

The Ionising Radiations Regulations (1999) impacted on the use of an EB, as
discussed in Submission 1; subsequently, the Health and Safety Executive has
published updated regulations which came into force on 1 January 2018
(The Ionising Radiations Regulations, 2017). However, this has not affected the
legal requirements for any electrical equipment emitting ionising radiation
(including EB machines) beyond the regulations set out in 1999. An effective dose
greater than 1 mSv results in the designation of a ‘supervised area’ which is
within the EB machine operator’s location. The regulations recommend a principle
of ‘as low as reasonably practicable’ (ALARP); this has not affected TWI local
house rules which stipulate that the maximum radiation level observed during an
X-ray assessment should be 1.0 µSv/hr. This is calculated from a worst case
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scenario of 1 mSv spread across 5 hours beam on time per day for 200 days a
year.

To support the calculation of adequate biological shielding for an electron gun
system, a British Standard was issued which details the thicknesses of a range of
materials in attenuating X-rays (The British Standards Institution, 1971).
Typically martensitic stainless steel or mild steel, used to manufacture the gun
column and vacuum chamber respectively, or lead, which has a high attenuation
rate resulting in a small thickness of a few mm, are used as biological shielding.

2.6

Early electron beam texturing work
Hamilius and de Soete (1997) demonstrated the application of the EBT process
for texturing cold mill rolls used by steel-making companies and identified that it
was developed in Kiel, Germany by the company Linotype-Hell AG for use in the
printing industry. This development was undertaken as part of an 18 month
European Commission funded project ‘Compact bearing housings for rolls on EBT
machines’ between 1991 and 1992 (EU Publications Office Top, 2002). The setup
of

the

setup

system
as

was

described

very
in

similar

to

Submission 1.

that
The

of

a

key

standard
differences

EB

machine

being

that

Hamilius and de Soete (1997) used a continuously operational defocused EB that
was only focused to create textures using simple circular beam deflection
available on an EBW machine. In contrast, TWI utilises arbitrary waveform
generators to create complex beam deflections (up to 1 million points can be
described per pair of axes) during which the beam is switched on and off. This
has enabled the manufacture of more complex features and geometries for
surface modification using the EBT and Surfi-Sculpt processes.
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2.7

Summary of the electron beam texturing and Surfi-Sculpt processes
There are a limited number of published articles on the EBT and Surfi-Sculpt
processes which was a contributory factor in the lack of industrial adoption of the
processes. This resulted in the author extending the review of principles to
pre-existing work with similar EB processing techniques. Given the range of
parameters affecting the EBT and Surfi-Sculpt processes, development to date
has been empirical.
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3

Feature Formation

3.1

Background of feature formation
Two different theories for the formation of a feature using the EBT and
Surfi-Sculpt

processes

have

been

proposed

by

Dance (2007)

and

Earl et al. (2016). Dance (2007) concluded that surface tension and vapour
pressure control the processes based upon the principal mechanism of deep
welding defined by Meleka (1971). In comparison, Earl et al. (2016) advocated
capillary action as the mechanism by which the processes occur. However, these
theories are limited since they require the formation of a capillary by the vapour
pressure generated and characteristic keyhole welding rather than the melting
which occurs during processing. Neither Dance (2007) nor Earl et al. (2016)
provide schematics offering a model of the material flow within the formation of
a feature. This model is needed to support the fundamental understanding of how
the molten material is transported to form a feature from a series of beam swipes
and thus be able to computationally predict the geometry of a feature based upon
the number and position of beam swipes used.

In order to achieve the objective set out in Section 1.2 regarding the underlying
mechanism of the EBT and Surfi-Sculpt processes, high-speed filming was
undertaken with the aim of providing evidence either to support the theories
advocated by Dance (2007) and Earl et al. (2016) or to provide an alternative
hypothesis.

3.2

Challenges to high-speed filming of the EB Surfi-Sculpt process
Various challenges had prevented a high-speed filming technique from being used
previously for the EB Surfi-Sculpt process. The X-rays present within the vacuum
chamber, discussed in Section 2.5, resulted in a challenging environment in which
to record high-speed video due to interference with imaging equipment leading
to deterioration of image quality. Furthermore, the risk of damage to the glass
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optics required protection of these components in the camera via the addition of
lead glass to attenuate the X-rays.

Additional challenges associated with this work were the need to provide
adequate illumination to allow image capture of the processing and the
subsequent removal of heat generated by the lights and camera. The generation
of excess heat prevented the lights from working and caused further deterioration
of the image quality in the camera. This limited the operating duration for the
lights and camera before the chamber needed to be vented and electrical fans
achieved forced air cooling of the high-speed video setup through the length of
the vacuum chamber. The operating duration was later found by the author to be
approximately 3 minutes before the quality of the image capture deteriorated and
the lights switched off as a result of an over temperature protection mode.

3.3

High-speed video method
TWI’s Hawker Siddeley Dynamics 150 kV, 6 kW beam power EB machine,
designated 3EB, was used for the filming of the EB Surfi-Sculpt process. The
high-speed video setup is shown in Figure 3.1. To prevent damage from X-rays
to the Os7 camera, it was shielded in a lead-covered box section and lead glass
was placed in front of the lens. The initial step was to activate the video record
function at 2,000 fps using 1280 x 720 pixel resolution on the Os7 high-speed
camera. Light emitting diode (LED) illumination was provided by two 120 W LEDs
which were turned on prior to the beam generation and deflection. A 15 mm
thickness Ti-6Al-4V grade 5 plate was used as the substrate material to ensure
that no distortion or effects of the substrate due to the thickness, such as thermal
stresses, would affect the image capture since the position of the feature would
alter as the substrate material moved and therefore would not allow suitable
image capture for analysis.

75

Tom Pinto

EngD Innovation Report:
Feature Formation

Beam deflection coils

EB

Lead glass to protect
camera from X-rays
Os7 Camera

Vacuum chamber
Power cable
Lead-covered
box section

Lenses

Ethernet cable
X-ray radiation monitor
120 W
LED light

Workpiece with feature
being created

Power cable

Chamber
feedthroughs

Figure 3.1 The high-speed video setup.

Table 3.1 details the parameters used to create a series of single direction beam
swipe features using the EB Surfi-Sculpt process. A series of uni-directional EB
swipes (based upon the most simplistic pattern) was used to create features to
ensure that the fundamental aspects of the mechanism were observed without
considering other factors such as optimisation of the swipes from multiple
positions and their impact upon one another. To enable the beam workpiece
interaction to be viewed easily, the beam swipes were normal (90 degrees) to
the camera.
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Table 3.1 Parameters used for the high-speed video of the EB Surfi-Sculpt process.
Parameter
Accelerating voltage
Beam current
Processing time
Gun type
Focus coil current
Working distance (from base of coils to top of workpiece)
Power
Vacuum chamber pressure
X / Y EB deflection (Surfi-Sculpt) pattern file name

(a series of unidirectional beam swipe
features)

Amplitude gain
Frequency
Total number of swipes in the pattern
Material
Thickness of material

0.7 mA
10 Hz
22
Ti-6Al-4V grade 5
15 mm

X/Y

3.4

Value
130 kV
2.9 mA
5 seconds total time
R40 RC1
3.46 mA
245 mm
377 W
1x10-4 mbar
22964_HS_Video

Results from the high-speed video
As detailed in Submission 5, this was the first time that the interaction between
the EB and the material, a key mechanism of the EBT and Surfi-Sculpt processes,
was captured from within the vacuum chamber. Analysis of the high-speed video
enabled the representation of the processes to be verified by still image frames.
The movement of the molten material did not result in the observation of
protruding liquid filaments (jets) which were noted in laser Surfi-Sculpt by
Earl et al. (2016). However, due to the restricted frame rate available, 2,000 fps
at 0.5 ms frame intervals (calculated from 2,000 fps), it was only possible to
observe the translation of the beam across the surface of the Ti-6Al-4V over a
distance of 2 mm. Therefore, the constant beam speed was calculated to be
approximately 29.3 m/s and the author observed that the molten material
appeared on the feature in the opposite direction during the same time period. It
was not possible to confirm whether the material was translated at a faster speed
than the beam yet the movement of the material must have been at least the
same speed as the beam or faster and therefore a minimum speed of 4 m/s can
be determined. According to Earl et al. (2016, p.215), ‘the melt flow around the
keyhole exceeds the laser traverse speed by 2.5 – 10.0 times due to constriction
between the cavity sides and the remaining solid material’. Therefore, if the

77

Tom Pinto

EngD Innovation Report:
Feature Formation

findings of Earl et al. (2016) were correct, the molten metal in the EB high-speed
video was flowing at a minimum speed of 73 – 293 m/s. However, this provides
a wide range of speeds of the molten material and therefore limits the conclusions
that can be drawn.

Figure 3.2 shows the production of a simple single direction beam swipe feature
using three ‘repeat’ swipes (horizontal orange arrows) of the beam (vertical black
and red arrows). The author was the first to relate and validate the previous
schematic of feature formation (Buxton et al., 2012) achieved using the EBT and
Surfi-Sculpt processes.

1mm

1mm

1mm

1mm
Figure 3.2 Feature formation of the EBT and Surfi-Sculpt processes, adapted from
Pinto (2013):
a) Initial beam-material interaction – common to both processes;
b) First beam translation (swipe) – common to both processes;
c) Second beam translation (swipe) – unique to the Surfi-Sculpt process;
d) Third beam translation (swipe) – unique to the Surfi-Sculpt process.
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The high-speed video has allowed a greater understanding of the process by
enabling identification of five phases of the formation of a uni-directional swipe
feature. The distinct phases in the formation of a feature are:


Phase 1: Melt track.



Phase 2: Expansion of feature base and height.



Phase 3: Increase of feature height.



Phase 4: Bridging occurring during feature formation.



Repetition of Phase 3: Increase of feature height.



Phase 5: Over melting and potential decrease of feature height.

Phase 1: Melt track
As shown in Figure 3.3, the video demonstrated that the initial interaction of the
beam with the workpiece created a melt track as it translated across the surface.
There was minimal height to the feature at this stage.

Beam start position

Beam stop position

1mm
Figure 3.3 First beam translation with melt track (Phase 1).

Phase 2: Expansion of feature base and height
The subsequent two swipes, shown in Figure 3.4, began to expand the length of
the base with an increase in the height of the feature.
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a)

Beam start position

Beam stop position

1mm

b)

Beam start position

Beam stop position

1mm
Figure 3.4 Expansion of feature base and height (Phase 2):
a) Second beam translation (swipe);
b) Third beam translation (swipe).

Phase 3: Increase of feature height
With subsequent translations, the height of the feature increased more rapidly
without any increase in the length of the feature base, as shown in Figure 3.5.
After four beam swipes the feature was approximately 1.2 mm in height.

a)

Beam start position

Beam stop position

1mm

b)

Beam start position

Beam stop position

1mm
Figure 3.5 Increase of feature height (Phase 3):
a) Fourth beam translation (swipe);
b) Fifth beam translation (swipe).
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Phase 4: Bridging occurring during feature formation
Figure 3.6 shows the sixth beam translation (swipe) where bridging of material
occurred across the forming feature; this resulted in a distinct phase. The bridging
is highlighted by the white dotted line showing the cross section of the feature
after the fifth beam translation.

Material forming a ‘bridge’ across
the two raised regions

Beam start position

Beam stop position

1mm
Figure 3.6 Bridging occurring during feature formation (Phase 4) – sixth beam translation
(swipe).

Repetition of Phase 3: Increase of feature height
Figure 3.7 shows that additional beam translations from swipe seven onwards
resulted in increases in height with the base of the feature remaining constant,
as in the Phase 3 mechanism. The shape of the feature altered as a result of the
additional molten material moving to the top of the feature and re-solidifying as
it cooled.
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a)

Beam start position

Beam stop position

1mm
b)

Beam start position

Beam stop position

1mm
c)

Beam start position

1mm
Figure
a)
b)
c)

Beam stop position

3.7 Repeated increase of feature height (Phase 3):
Seventh beam translation (swipe);
Eighth beam translation (swipe);
Ninth beam translation (swipe).

This phase, with the increase in feature height, continued up to and included
swipe 19.

Phase 5: Over melting and potential decrease of feature height
From swipes 20-23 inclusive there was no longer an increase in feature height
associated with each beam swipe; the top of the feature was observed to plateau.
Figure 3.8 shows the complete feature formed after 20 beam swipes.
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Beam start position

Beam stop position

1mm

Figure 3.8 Feature height – 20th beam translation (swipe).

3.5

Discussion of feature formation
Movement of molten material via Marangoni effects
Huang (2011) concluded that there was currently no literature on the movement
of molten material caused during EB processing. Furthermore, this has not been
specified for the deflection of the EB used in the EBT and Surfi-Sculpt process.
However, Lee et al. (1998) stated the following four key forces affected the fluid
flow during localised EB heating: thermocapillary (Marangoni); buoyancy;
aerodynamic drag; and electro-magnetic (Lorentz). The thermocapillary force
was considered the dominant force (Heiple and Roper, 1982; Lee et al., 1998)
as, in weld pools of less than 10 mm, the buoyancy forces are negligible
(Mills et al., 1998). Within the vacuum chamber, the aerodynamic drag would
also be minimal and Lee et al. (1998) determine that the Lorentz force was not
critical. Therefore, the Marangoni effects on the formation of a feature using the
EBT and Surfi-Sculpt processes will be explored further in this section.

Marangoni effects cause the movement of molten material (liquid) as a result of
differences

in

surface

tension

across

an

interface

(Lee et al., 1998;

Mills et al., 1998; Rogers et al., 1993). The molten material flows from areas of
low surface tension to those with high surface tension. For Ti-6Al-4V, an increase
in the material temperature leads to a decrease in surface tension resulting in an
outward flow in the melt pool on the top surface. This is termed a negative
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temperature

coefficient

of

surface

tension

(TCST)

(Rai et al., 2009;

Huang, 2011). TCST ‘is calculated taking into account two contributions:
(i) a term resulting from the decrease with temperature of superficial atomic
density and calculated from the value of thermal expansion coefficient of liquids,
and (ii) an entropic term resulting from the excess entropy of surface atoms with
respect to bulk atoms’ (Eustathopoulos et al., 1998, p.274). Simultaneously, an
inward counter clockwise flow is formed beneath the surface of the melt pool in
the plane perpendicular to the EB and in the opposite direction to the translation
of the EB (Dworak, 1992; cited in Weglowski et al. 2016). This cycles the molten
material from the edge to the centre point (Jamshidinia et al., 2013). The
concentration of surface-active elements present in the alloy, particularly the
common group VI elements in the periodic table namely oxygen and sulphur,
determine the direction and magnitude of the thermocapillary flow in the molten
pool (Lee et al., 1998).

Figure 3.9 shows the author’s prediction of the flow of molten material in
Ti-6Al-4V by the Marangoni effects (shown by the use of the black arrows) during
the initial beam-material interaction and the first beam translation. This
prediction is further supported by Mills et al. (1998) who considered the forces
applied to molten materials for gas tungsten arc (GTA) / tungsten inert gas (TIG)
welding based upon Heiple and Roper (1982). Whilst the GTA/TIG welding
process is very different to the EBT and Surfi-Sculpt processes, the principles are
transferrable between GTA/TIG and EBW (Heiple et al., 1983).
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Figure 3.9 Marangoni effects on the fluid flow in a melt pool with a negative
temperature coefficient for the EBT and Surfi-Sculpt processes, adapted
from Mills et al. (1998):
a) Initial beam-material interaction;
b) First beam translation (swipe) shown by orange arrow.

This model is based upon the melting front, freezing front and material transport
in the fused peripheral zone of welding as described by Schiller et al. (1982). The
high beam speed of the EBT and Surfi-Sculpt processes leads to ‘the melting front
increasingly

shifting

directly

below

the

beam,

while

the

freezing

front increasingly lags behind the beam’ (Leskov and Živaga, 1978; cited in
Schiller et al., 1982, p.292). This was also observed in EBW when the relative
speed of the workpiece and the beam is high. It is this phenomenon which gives
rise to the characteristic profile of the feature for a uni-directional beam swipe.

85

Tom Pinto

EngD Innovation Report:
Feature Formation

During analysis by the author of the high speed video, ‘wobbling’ of the material
on the tip of the protrusion was observed once the beam had translated over the
feature suggesting that the material in this location was the last region to solidify.
This is supported by this region being a cherry red colour once the beam had
completely translated over it further supporting the author’s assertion that this
region was the last to solidify and ‘freeze’.

3.6

Relationship between processing parameters and other variables
affecting the electron beam texturing and Surfi-Sculpt processes
Overview
The geometry, shape and position of features after each swipe are based upon
the following variables in Table 3.2. These are compiled from the review in
Chapter 2 and based upon the work conducted within this EngD (data can be
found in Appendix D).

These variables are split into three groups of parameters: material specific, EB
machine, and EBT and Surfi-Sculpt process parameters. The quantity of variables
highlights the complexity of the processes. In order to support wider adoption of
the processes, these variables should be used as the basis for predictive
modelling of the EBT and Surfi-Sculpt processes.
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Table 3.2 Parameters affecting the EBT and Surfi-Sculpt processes.
Material
parameters

Density

Factor
affected by
the
parameter
Mean electron
range into
substrate

EB machine
parameters

Heat input
(accelerating
voltage and
beam current
- power of
EB)
Beam
diameter –
determines
the heat
input per cm2
Beam
shape/power
density
distribution
Beam focus needs to be
<±1 % of
sharp focus,
i.e. most
intense beam

Factor
affected by
the
parameter
EBT and
Surfi-Sculpt
processes

EBT and
Surfi-Sculpt
processes
parameters
Direction of
beam swipe

Factor
affected by
the
parameter
EBT and
Surfi-Sculpt
processes

EBT and
Surfi-Sculpt
processes

Beam swipe
length

EBT and
Surfi-Sculpt
processes

EBT and
Surfi-Sculpt
processes

Beam
interaction
duration at
each location
Deflection
pattern
frequency (or
relative
motion of the
workpiece
and beam)
Number of
repeats of the
beam swipe
over the
same location
Processing
order of
beam swipes
(if multiple
swipes in a
motif – see
Section 7.2)
Beam
interaction
position
spacing
Beam speed

EBT and
Surfi-Sculpt
processes

Melting
temperature

Solidification
kinetics

Boiling
temperature

Solidification
kinetics

Solidification
temperature

Solidification
kinetics

Thermal
conductivity

Solidification
kinetics

Vacuum
pressure in
process
chamber

EBT and
Surfi-Sculpt
processes

Temperature
coefficient of
surface
tension
(TCST)

Marangoni
effects

Working
distance

EBT and
Surfi-Sculpt
processes

Thermal
diffusivity
coefficient

Marangoni
effects

Angle of
beam to the
workpiece

EBT and
Surfi-Sculpt
processes

Cooling rate

Solidification
kinetics

Beam
convergence
angle – this is
unique to
each gun
design and
the working
distance

EBT and
Surfi-Sculpt
processes

Viscosity of
liquid
Latent heat of
fusion
Freezing
range

Marangoni
effects
Solidification
kinetics
Solidification
kinetics

EBT and
Surfi-Sculpt
processes

EBT and
Surfi-Sculpt
processes

EBT and
Surfi-Sculpt
processes

EBT and
Surfi-Sculpt
processes

EBT and
Surfi-Sculpt
processes
EBT and
Surfi-Sculpt
processes

The relationships between several of these variables were discussed in Chapter 2.
The first two columns of variables in Table 3.2, namely the material parameters
and EB machine parameters, have been researched since welding was first
conducted via EB in 1957 (Bakish and White, 1964).
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However, Koleva and Mladenov (2011) discussed that the relationships between
key variables affecting EB techniques (such as the EBT and Surfi-Sculpt
processes) are hindered by the unknown values of material characteristics, the
limited mathematical models and lack of detailed understanding regarding the
EB-material interaction. Koleva and Mladenov (2011, p. 111) assert that ‘the
physical and mathematical models proposed in the literature are very simplified’
which highlights the complexity of studying and defining any EB-material
interaction.

Table

3.3

lists

material

properties

for

Al6082,

Al6xxx

and

Ti-6Al-4V for the EBT and Surfi-Sculpt processes at their respective melting
points. However, work by Mills (2002, p.17) has concluded that the ‘mushy’
region (between the solid and liquid phases) is complex and therefore it is difficult
to quantify the value accurately with uncertainties of up to ±30 %. An example
of this uncertainty is the calculated thermal conductivity as this was determined
from a static liquid and not, as is the case for the EBT and Surfi-Sculpt processes,
accounting for convective heat flow during solidification.
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Table 3.3 Material properties for Al6082, Al6xxx and Ti-6Al-4V, compiled from
Mills (2002)a, Bruyere et al. (2013)b, Tseng and Li (2019)c and datasheets from
suppliersd.
Material properties at melting temperature
(other than where stated*)
Density (g/cm3)
Melting temperature (°C)
Boiling temperature* (°C)
Solidification temperature* (°C)
Thermal conductivity (W/m.K)
Temperature coefficient of surface tension (N.m-1)
Thermal diffusivity coefficient – 106 a(m2.s-1)
Viscosity of liquid (mPa.s)
Latent heat of fusion (kJ/kg)

Al6082

Al6xxx

Ti-6Al-4V

2.580d
555d
2357
180d**
1.11a
-

2.415d
665
2467
600
218 d**
32
1.15a
-

3.920a
1650b
3327b
1604c
33.4a
1.35b
9.0a
3250a
390b

Where – is an unknown value.
* temperature as stated, not melting temperature
** value at room temperature

Mills (2002, p. 17) calculated property values for the ‘mushy’ region in Equation 5
for aluminium alloys; however, a limitation with this equation is that it does not
factor in the variable of different cooling rates which may be achieved. It is known
that the cooling rate of the Surfi-Sculpt process is lower than traditional EBW
given the repeat visits of the EB over the surface as discussed in Section 2.2.3.

𝑷𝑻 = 𝒇𝒔(𝑻) × 𝑷𝑻𝒔𝒐𝒍 + (𝟏 − 𝒇𝒔(𝑻) ) × 𝑷𝑻𝒍𝒊𝒒
Where P is the required property at temperature T,

𝑃𝑇𝑠𝑜𝑙 𝑎𝑛𝑑 𝑃𝑇𝑙𝑖𝑞

𝑓𝑠(𝑇)

Equation 5
is the fraction at solid at T, and

are values of the property at the solidus temperature and the liquid at the liquidus

temperature, respectively (Mills, 2002, p.17)

Figure 3.10 shows the primary action(s) required to cause a modification to the
geometry of features created using the EBT and Surfi-Sculpt process parameters
and the consequential actions required.
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INCREASE FEATURE
HEIGHT

Increase accelerating
voltage

Pattern area will change - alter XY amplitude accordingly

Increase beam current

Refocus beam

Increase process time

Check UV frequency - if time for UV repeat is
close to processing time, reduce UV frequency
and make corresponding increase to UV
amplitude, so amp. x freq. = same as before

Check for beat
due to high
voltage ripple on
EB machines

Increase UV amplitude
Zero = upright

Use approach set out in Section 7.2.5 for
increasing aspect ratio of feature

Check heat input;
ensure no over
melting occurs

Decrease X or Y
amplitude or both

May need to increase height as heat input per area will be reduced

Decrease working
distance

Refocus beam to sharp focus ±1 % - need to increase height as heat input
per area will be reduced

Alter heat input based
upon calculation of
difference in material
parameters – see
Sections 3.6.2 and 7.3

Alter processing time and/or processing order of beam swipes – see
Section 7.3. Use golden angle to support distribution of the heat input to
prevent over melting

Use relationships
detailed in Section 3.6.2
INCREASE ANGLE OF
FEATURE

INCREASE DENSITY
OF FEATURES

CHANGE OF PARENT
MATERIAL

CHANGE IN GEOMETRY
OF FEATURE

Modification Required

Check heat input; ensure no over melting occurs

Beam swipe speed may need to vary based upon the specific material used
Heat input will need to vary to ensure no over melting occurs
E.g.: for Al6xxx, decrease power by 20 % but increase beam on time by
100 % compared with Ti-6Al-4V

Redesign deflection
pattern

Consequential Actions

Primary Action

Figure 3.10 EBT and Surfi-Sculpt process parameter optimisation chart.
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Within Figure 3.10, the deflection parameters can be described as the following:
XY Amplitude: Scaling parameters for patch area or array
UV Amplitude: Scaling factor for movement of motif
(different scale to that of XY amplitude)
XY Frequency: Number of array repeats per second
UV Frequency: Repetition rate of the UV pattern (motif)

For example:
If UV Amplitude = 0.5 and UV Frequency = 0.1 Hz
Then the pattern moves a distance of 0.5, 0.1 times per second, so in 10 seconds
it has moved x 0.5

Furthermore, the ability to computationally predict the geometry and height of
the resultant features created would allow further development and integration
into manufacturing environments.

Regression analysis and prediction of feature height
Regression analysis was completed to consider the relationship between the
feature height (Λ) and the following key variables from Table 3.2 for three
materials, Al6082, Al6xxx and Ti-6Al-4V, for the EBT and Surfi-Sculpt processes:


Number of swipes in the motif – 𝜂𝑠 .



Swipe length (mm) – 𝑙.



Beam swipe speed in the motif (m/s) – 𝜗.



Processing time (s) – 𝑃𝑡 (where appropriate trials were performed).



Beam on time (s) – 𝛽.



Heat input (W) – 𝜔.



Beam energy input (J/m) – 𝛽𝐸 .
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The regression analysis (see Table D2 in Appendix D) was conducted using data
generated from successfully processed surfaces and therefore is intended solely
to be used within the optimised processing parameter window.

Equation 6 calculates the predicted feature height based upon the regression
analysis for Al6082. The main parameter affecting the feature height in Al6082
was the swipe length.

Λ (𝑓𝑜𝑟 𝐴𝑙6082) = −4.442 × 0.024𝜂𝑠 × 0.775𝑙 × 0.048𝜗 × 0.028𝛽 × −0.038𝜔 × 0.464𝛽𝐸

Equation 6

Figure 3.11 shows the residual difference between the predicted and actual
feature height for Al6082 based upon Equation 6.

Figure 3.11 Residuals for Al6082.

The R2 value was 0.928 giving a confidence level of approximately 93 % for the
data. This supports the fact that Equation 6 can be used to accurately calculate
the feature height for Al6082.

Equation 7 calculates the predicted feature height based upon the regression
analysis for Al6xxx.

Λ (𝑓𝑜𝑟 𝐴𝑙6𝑥𝑥𝑥) = 5.529 × −0.075𝜂𝑠 × −0.289𝑙 × 0.022𝜗 × 0.022𝑃𝑡 × −0.005𝛽 × 0.004𝜔
× −0.009𝛽𝐸

Equation 7
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Figure 3.12 shows the residual difference between the predicted and actual
feature height for Al6xxx based upon Equation 7.

Figure 3.12 Residuals for Al6xxx.

The R2 value was 0.891 giving a confidence level of close to 90 % for the
predicted data. This means that Equation 7 is not statistically accurate within
±10 % for calculating the feature height for Al6xxx.

However, data points 8, 9 and 15 are significantly lower than predicted due two
separate factors: i) a change in beam focus setting away from sharp focus by
less than 1 % (data points 8 and 9) and ii) over melting occurring with
data point 15 as a result of higher power and heat input. The reduction of up to
approximately 70 % in the feature height resulted when the beam was not set at
sharp focus. The larger spread of higher than predicted feature heights in Al6xxx
were as a result of the lower Si content (making the molten material more
viscous). This meant that the Marangoni effects had a greater opportunity to
support the ‘growth’ of the features and allow the molten material to solidify and
freeze before the gravitational pull and surface tension drew the material down
the feature. This explains why there is a variation since the Marangoni effects
have greater influence on this material.

Equation 8 calculates the predicted feature height based upon the regression
analysis for Ti-6Al-4V.
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Λ (𝑓𝑜𝑟 𝑇𝑖 − 6𝐴𝑙 − 4𝑉)
= −0.358 × −0.001𝜂𝑠 × 0.878𝑙 × −0.005𝜗 × 0.017𝛽 × 0.008𝜔 × −0.001𝛽𝐸

Equation 8

Figure 3.13 shows the residual difference between the predicted and actual
feature height for Ti-6Al-4V based upon Equation 8.

Figure 3.13 Residuals for Ti-6Al-4V.

The R2 value was 0.985 giving a confidence level of over 98 % for the predicted
data. This supports the fact that Equation 8 can be used to accurately calculate
the feature height for Ti-6Al-4V.

3.7

Summary of the feature formation
A bespoke technique was developed to record high-speed video of the EB
Surfi-Sculpt process from within the vacuum chamber where five distinct phases
of feature formation were observed: initial melt track; expansion of feature base
and height; increase of height; bridging; and over melting with potential decrease
of height.

It was not possible to ascertain the movement of molten material from the
high-speed video, only the resultant feature geometry after each beam swipe;
therefore the theories of Dance (2007) and Earl et al. (2016) could not be
validated. However, the author extended the knowledge through the review of
principles to pre-existing work with similar fusion welding processes and
proposed a model determining that the most critical force in the flow of molten

94

Tom Pinto

EngD Innovation Report:
Feature Formation

material in the EBT and Surfi-Sculpt processes was from the Marangoni effects.
This extension of the knowledge concerning the formation of features created by
the EBT and Surfi-Sculpt processes has supported the bridging of the ‘Valley of
Death’ and progression towards TRL 5.

It has been demonstrated that it is possible to accurately predict the feature
height for two materials, Al6082 and Ti-6Al-4V, based upon key variables for the
EBT and Surfi-Sculpt processes. The lack of accuracy on the prediction of the
feature height for Al6xxx was due to the beam not being at sharp focus for some
processing and over melting occurring as a result of higher power and heat input
demonstrating the importance of these variables. However, the complexity of
studying and defining any EB-material interaction highlights why there is a lack
of predictive modelling and defined relationships between all parameters and
variables listed in Table 3.2.
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4

Liquid Cold Plate Case Study

4.1

Background to liquid cold plates
This case study investigated the use of the Surfi-Sculpt process to improve
thermal performance of liquid cold plates (LCPs) by creating features to enhance
the heat transfer coefficient.

When air-cooling does not provide the requisite performance, LCPs use liquid
cooling to remove heat from devices such as temperature control systems, laser
cooling and medical equipment. A LCP is typically fabricated from a machined
plate (body), to form flow paths for the liquid, which is assembled with a cover
to capture the flow of liquid. The flow path can be made from holes drilled into
the plate, an embedded tube inside the plate or channels machined into the plate.
Extended features, shown in Figure 4.1, can be created within the channel of the
plate, or folded fins can be used, shown in Section 4.3, to further enhance heat
transfer (Wakefield-Vette Inc, 2017). This enables liquid to flow through the
channels or tubes in such a way as to maximise heat transfer and to remove the
heat from the plate in contact with the device (heat load).

Figure 4.1 Typical plate fin extended surface geometries, used with permission
© (Reay, 1991).
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The Surfi-Sculpt process has the ability to create complex geometries of features
through the manipulation of their shape, height and/or spacing. Existing
extended surfaces may be in the form of pin-fins, ellipses, cylinders and squares
(Zeren et al., 2017), as well as micro channels, grooves, louvre fins, or ridges
(Buxton and Dance, 2010). Ferhati et al. (2015) recognised the potential to
apply the Surfi-Sculpt process to heat exchangers, in particular LCPs, as it has
the capability to increase the surface area and engineer the flow of liquid.

This case study was based upon a collaborative project, entitled ‘Novel Electron
Beam Surface Sculpting for Efficient Heat Exchange (HeatSculptor)’. The project
received funding from the European Union’s Seventh Framework Programme for
research, technological development and demonstration under grant agreement
No. 606172. The author was the Technical Manager for the overall project and
the Project Leader for TWI’s contribution. The consortium was led by
COOLTECH Srl, a designer and manufacturer of heat exchangers, and included,
alongside TWI: Aquasium Technology, an EB equipment manufacturer; Cenaero,
a non-profit, private research organisation aimed at providing state-of-the-art
simulation tools, such as CFD, to industry; DTK Electronics, an example end user;
and WLB, an industrial software design and supply company. COOLTECH provided
the designs of the surfaces for the LCPs, as discussed in Submission 3.

The author applied the Surfi-Sculpt process to a LCP with a surface area of
95 x 31 mm (total area of 2,945 mm2) which was over three times the area of
previous studies (Buxton and Dance, 2010; Ferhati et al., 2015). This was a
particular challenge because it extended the state-of-the-art beyond the previous
work which created small height features (approximately 2 mm in height) on
copper over a small area (31 x 35 mm), shown in Figure 4.2. The benefit of this
would be the ability to generate a higher heat transfer coefficient and thus cool
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larger heat loads with the LCPs providing a wider range of applications. The heat
transfer coefficient is calculated using Equation 9 (Ferhati et al., 2015, p. 1170).

𝒉𝒂𝒗 =

𝒎̇𝒄𝒑 (𝑻𝒆 − 𝑻𝒊 )
𝑨𝒔 ∆𝑻𝑳𝑴𝑻𝑫

Equation 9

Where ℎ𝑎𝑣 is the average convection heat transfer coefficient, 𝑚̇ is the mass flow rate of the cooling
fluid, 𝒄𝒑 is specific heat capacity of the cooling fluid, 𝑇𝑒 is the exit temperature of the cooling fluid,
𝑇𝑖 is the inlet temperature of the cooling fluid, 𝑨𝒔 is the surface area of heat transfer (in this case the
area where the features created by the Surfi-Sculpt process are located) and ∆𝑻𝑳𝑴𝑻𝑫 is the logarithmic
mean temperature difference between the surface temperature and the cooling fluid inlet and exit
temperatures respectively.

Alternatively, a reduction in the size of the LCP could be achieved, a reduction in
temperature difference between the inlet temperature in the LCP and the heat
load could be realised or the capacity of an LCP could be increased
(Bergles, 1999; Reay et al., 2013). These applications would address the need of
increasing cooling capacity for high power density applications that use liquid
cooled solutions. This need stems from the trend of decreasing die sizes and
thicknesses with an associated increase in power density and power output in
power electronics such as insulated-gate bipolar transistors (IGBTs).
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Figure 4.2 Previous LCP (left) manufactured using the Surfi-Sculpt process in copper by
Ferhati et al. (2015) and the LCP produced as part of HeatSculptor (right) in
aluminium.

The component was manufactured in 6000 series aluminium, detailed in
Submission 3, and the Surfi-Sculpt process was carried out over the complete
area in approximately 120 seconds beam on time. The author demonstrated that
the lower silicon (Si) content of this alloy compared to Al6082 increased the
viscosity in the molten material and, as a consequence, improved the material’s
stability during the Surfi-Sculpt process. As a result, it was possible to produce
higher feature heights, in excess of 6 mm, compared to the 3.3 mm height
achieved with Al6082. The external dimensions of the assembled LCP were
76 x 170 x 20 mm. The dimension of the features and the internal channel size
of the test LCPs were chosen to be similar to typical situations for the most
common electronic devices used in power electronics markets, e.g. IGBTs,
resistors and inductors. Due to commercial confidentiality, the images of the
internal structures and specific grade of material are shown in Submission 3 only.
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4.2

Heat exchanger competing technologies
A wide range of other surface texturing techniques are available for heat
exchangers; Table 4.1 shows a comparison of the most common state-of-the-art
surface modification techniques. The comparison explores the size of features
that can be produced, either described as macro or micro, along with the ease of
manufacture of each process, the respective speed, associated cost and, finally,
an overview of the main limitations.

Enhanced heat transfer surfaces for the majority of heat exchangers are
generated through etching, machining or extrusion. As indicated in Table 4.1,
currently all manufacturing practices have limitations and some require timeconsuming and expensive processes; in the case of chemical etching, may have
environmental impacts. Many processes are limited in the geometry of features
and surfaces which can be produced as shown with typical tube fin geometries in
Figure 4.3. The attribution of a high, medium and low grading for each category
in Table 4.1, used to assess the various technologies, was subjective but relative
to the benchmark of the EBT and Surfi-Sculpt processes; each grading was
allocated with support from the HeatSculptor project partners. A limitation was
that data was not readily available to allow exhaustive quantification of all the
categories.
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Table 4.1 Heat exchanger state-of-the-art competing technologies overview.
Surface
modification
technique
Machining

Feature
size

Ease of
manufacture
(H,M,L)
M–H

Speed
(H,M,L)

Cost
(H,M,L)

Limitations

M

L-H

H
M-H

M
H

L-M
L-M

Material wastage
Some materials are difficult to machine e.g. titanium
Limited geometries
Limited geometries
Limited geometries to constant cross section e.g. ridges
(Black, 2015)
Limited geometries
Physical contact required
Slow process
Limited range of materials possible
Use of high power lasers

Folded fin (FF)
Extrusion

Macro
and
micro
Macro
Macro

Knurling

Macro

L–M

H

L

Ball sintering
Foam metal coatings
3D Printing such as
direct metal
deposition / powder
bed techniques
Grit blasting and
shot peening

Macro
Macro
Macro

L
L
M–H

L
H
L

H
M
H

Micro

L

H

L

Chemical photoetching

Micro

L–M

L

M

Electro-discharge
texturing
Micro-machining

Micro

L

L

L

Micro

M–H

M

L-H

Ink jet printing
Power beam
micro-processing
EBT and Surfi-Sculpt
processes

Micro
Micro

M
L–M

H
H

M
M-H

Macro
and
micro

H

H

L-H

Potential distortion
Contamination due to embedded grit particles
Masks sometimes necessary creating waste
Environmental and health issues with use of hazardous
chemicals
Limited geometries
Relatively slow
Use of consumables
Speed dependent on complexity
Not suitable for mass/batch production
(Prakash and Kumar, 2014)
Mask usually required creating waste
Limited to simple indentation features

Developmental processes
Limited data on the benefits
Limited fundamental knowledge
Relatively high capital cost for equipment
Features >100 µm
Key: L - low, M – medium and H – high with respect to the EBT and Surfi-Sculpt processes
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Figure
a)
b)
c)
d)
e)
f)

4.3 Typical examples of tube fins, used with permission © (Reay, 1991):
Longitudinal fins;
Radial fins;
Tube with spines;
Continuous fins;
Fins with elliptical cross section;
Wound-wire fins.

This review of existing micro-manufacturing technologies highlights the unique
position of the Surfi-Sculpt process in offering a manufacturing route for complex,
bespoke textured surfaces at high production speeds.

To achieve reliability and safety in heat exchange processes, enhancement
techniques are continuously being investigated; these may be divided into three
groups (Webb and Kim, 2005; Reay et al., 2013; Ferhati et al., 2015):


Active techniques which require external power.



Passive techniques which apply surface enhancement or additives.



Combined techniques which provide better enhancement than a single
technique.

Active techniques require either: the use of an agitator such as a turbine,
propeller or paddle to stir and mix the fluid; vibration of either the LCP or the
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fluid; jet impingement; induced flow instabilities; or rotation of the heat transfer
surface (Reay et al., 2013). All of these techniques, whilst providing improved
performance, require additional space, power and cost associated with the active
element. Since the features created using the Surfi-Sculpt process are passive
(Reay et al., 2013), the active techniques are outside the scope of the EngD.

Passive techniques have the advantage of low operation and maintenance costs.
These techniques include textured surfaces achieved using fine scale coatings or
those created by conventional or chemical processes. Rough surfaces of this type
increase convection and condensation by forming artificial nucleation sites and
hence provide better heat transfer than non-textured surfaces. Engineered
(extended) passive surfaces are introduced into many heat exchangers to further
improve performance. Surfaces are designed to encourage greater heat transfer
by increasing both the surface area and the convection coefficient. These surfaces
are generally manufactured using conventional methods such as wire erosion,
machining and chemical processes. However, these methods restrict the
complexity of the surface that can be manufactured. For the most efficient heat
transfer, the ability to make a range of shape profiles which encourage efficient
heat transfer without introducing high drag (high pressure drop) into the working
fluid is preferred. An increase in pressure drop requires additional pumping power
to overcome this loss in the system.

A number of new technologies have recently emerged for heat exchanger surface
structuring. Wong et al. (2009) investigated laser melting technology (LMT)
which utilises a high-power laser beam to melt metal powders and create
structures. LMT is a slow process and requires raw material in the form of powder.
Intensive

research

has

been

carried

out

into

microelectronics

cooling

(Wang et al., 2007; Posew et al., 2009; Honda and Wei, 2004); however, this
has yet to result in improved LCP products.
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A mechanical displacement process (sometimes known as ‘skiving’) may also be
used to make ribs, pins and fins for cooling purposes. This process works in
ductile materials by using sharp tooling to gouge into a surface leaving the
displaced material as an upstand. This process can be well-controlled but is
limited to the manufacture of a narrow range of features in ductile materials
which are typically low strength. In addition, if the process is to be acceptably
low cost, it is best utilised to make the same features over an entire surface;
therefore, variable cooling requirements over a single surface are not always met
using this approach. Workpiece loading during skiving is necessarily high so heat
sink designs with delicate base sections are not favoured when using this
approach. Smooth fin-type surfaces can be made using skiving; however, these
surfaces are known to produce limited heat transfer per unit area under laminar
flow conditions and somewhat high fluid pressure drops under turbulent flow
conditions when the heat transfer per unit area is high enough for some cooling
applications. Pin-fin type structures provide higher heat transfer per unit area but
give higher (and variable) pressure drops depending on the pin geometry.
Although skiving can produce pin-fin type geometries with high densities, the
range of geometries is limited as the features created appear to be exclusively
those with sharp edges and corners. Sharp edges on features can give higher
fluid pressure drops without a proportional increase in heat transfer which may
ultimately limit the efficiency of the cooling system. Skiving technologies have
many appealing characteristics but may be limited in this respect to the sharp
edges in addition to their inability to process higher strength materials.

Combined techniques are the utilisation of multiple active and/or passive
enhancements as described previously in this chapter.
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4.3

Aim of the liquid cold plate case study
The aim of the LCP case study, based upon the HeatSculptor project, was to
achieve improved cooling at the points of highest temperature with the potential
to allow components to be reduced in size for a given thermal performance
requirement if enhanced effective heat transfer could be realised. The
specification for the LCP features in this case study was that they should have a
heat transfer coefficient of at least 800 W/cm2 and that they should not be easily
generated or imitated by a competing technology. The height of the features must
be at least 2.0 mm to fit between the body and cover of the LCP. The LCP
produced using the Surfi-Sculpt process was benchmarked against COOLTECH’s
folded fin (FF) series as shown in Figure 4.4.

1mm

Figure 4.4 COOLTECH’s FF (folded fin) series LCP, provided by COOLTECH.

Objectives of the liquid cold plate project
The objectives of the author’s work were to:


Develop surfaces suitable for investigating initial feasibility of increasing
thermal performance using the Surfi-Sculpt process.



Optimise the Surfi-Sculpt process for a representative prototype component
over a specified processing area (approximately 95 x 31 mm).



Manufacture prototype LCP components.
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4.4

Manufacture of the liquid cold plate
After the initial development and optimisation work was completed, the prototype
LCP was milled to create a blank prior to applying the Surfi-Sculpt process. The
blank was loaded into an EB machine capable of the Surfi-Sculpt process and
features were produced on the LCP within approximately 120 seconds beam on
time using proprietary EB deflection patterns and parameters created by the
author. A final machining stage was required for the LCP prior to it being
hermetically sealed by vacuum brazing the cover plate. The details of the
manufacture were discussed in Submission 3.

4.5

Method of testing the liquid cold plates
The testing was performed by TWI Member Company, COOLTECH, and the test
rig is shown in Figure 4.5. The liquid was a 50:50 mixture of demineralised water
and ethylene glycol. The flow was regulated to between two and twelve litres per
minute through the LCP and was measured using a flowmeter. The power supply
generated the load on the system and was measured by the power meter. The
power input to the copper heat blocks via the cartridge heaters (load) was
between 750 and 1300 W. Each test was repeated three times and mean values
were calculated from the three tests. The standard deviation of the results was
less than 3 % of the mean values.

The temperature and pressure of the water were measured at the inlet and outlet
of the LCP. This data provided the enthalpy rise and pressure drop within the test
part.
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Pressure meter
and thermometer
on fluid side
Figure 4.5 Overview of test setup © HeatSculptor, used with kind permission.

The heat load was composed of two LPS800 power resistors manufactured by
Vishay, Figure 4.6; these were selected as suitable electronic devices that require
cooling using LCPs.

Figure 4.6 Power resistors (heat load) placed upon LCPs © HeatSculptor, used with kind
permission.

There are various assembly methods utilised within manufacturing for the body
and cover, including welding or brazing, but these depend upon the requirements
of

the

operating

environment

and

performance

requirements

(Wakefield-Vette Inc, 2017).

An EB machine is appropriate for ‘all-in-one manufacturing’ of LCPs as the
equipment can utilise the Surfi-Sculpt process to both create the features and
braze and seal the lid onto the assembly using the EB. A quick response (QR)
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code (or similar) can be marked onto the component alongside a logo or any
desired mark on the products or parts for easy tracking and traceability. This
could allow increased after-market service and support to customers. These
manufacturing steps are shown in Figure 4.7.

Figure 4.7 Proposed production process of an LCP using the Surfi-Sculpt process with an
EB machine.

The current manufacturing time of COOLTECH’s Design FF and the expected
manufacturing time of an LCP using the ‘all-in-one manufacturing’ by an EB
system are shown in Figure 4.8; this represents a time saving of 40 minutes
(approximately 40 %) per component. The cost for each component is dependent
on the throughput and volume of production required and how this would be
achieved. This is discussed further in Sections 5.8 and 6.8.
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Figure 4.8 Comparison between the manufacturing of an existing machined and vacuum
brazed LCP and one manufactured using the Surfi-Sculpt process on an ‘allin-one’ EB machine.

4.6

Heat transfer results
Due to commercial confidentiality, the images of the internal structures and
specific grade of material are shown in Submission 3 only. The heat transfer
results in Figure 4.9 (with each test repeated three times) show an increase in
the heat transfer coefficient for a LCP manufactured using the Surfi-Sculpt
process compared to COOLTECH’s Design FF of approximately 100 % at similar
pressure drops for a 1300 W heat load. However, in order to achieve these
results, approximately seven times more pumping power was required to
overcome the increased pressure drop associated with this performance increase.
In applications where this would not be restrictive or prohibitive to usage or cost,
the use of the Surfi-Sculpt process to produce features in the heat exchange area
would be advantageous compared to the FF technology. For example, this may
be where space is restricted and a higher performance LCP is required such as
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data projectors where there is a need for increased efficiency, low cost, good
performance, high reliability, brighter and bigger bulbs and miniaturisation.

Figure 4.9 Heat transfer coefficient at various pressure drops for Design FF and the LCP
with the Surfi-Sculpt process, data provided by COOLTECH.

The performance results in Table 4.2 show temperature measurements during
testing for Design FF and a LCP manufactured using the Surfi-Sculpt process.

Table 4.2 Comparison of a LCP manufactured using the Surfi-Sculpt process to Design FF
for cooling two LPS800 power resistors, provided by COOLTECH.
Liquid cold plate

Design FF
LCP produced using
the Surfi-Sculpt
process

4.7

Inlet liquid
temperature
(°C)
30.0
30.0

Temperature at the
base of the power
resistor (°C)
93.1
60.6

Difference

Reference
32.5 °C cooler

Discussion of the heat transfer results
The maximum working condition of the power resistor, as listed by the
manufacturer Vishay, was 95 °C on the base of the power resistor case. The
comparison against Design FF showed that the LCP produced using the
Surfi-Sculpt process maintained the two LPS800 power resistors at a temperature
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a third cooler than Design FF. This result means that there are two options
available for the LCP produced using the Surfi-Sculpt process; either it could be
designed smaller to achieve the same performance as Design FF or power
resistors with a greater heat load could be cooled. This is advantageous since it
would represent the potential for substantial energy saving costs based upon this
improved performance (Reay, 1991).

The ability of the EB system to be able to braze and part mark the component
highlights its flexibility. However, the consequence of this improved performance
is the requirement to increase the pumping power. Furthermore, the capital cost
of the EB equipment and the associated operator training and health and safety
implications mean that a relatively high volume of production is required to offset
the initial cost. To address the cost issue, initial low volume production could be
provided by an EB jobbing shop until such a time as production rates have
reached a viable position when equipment purchase and the manufacturing could
be brought in-house.

4.8

Dissemination activities of the liquid cold plate case study
A project video (HeatSculptor - Novel Electron Beam Surface Sculpting for
Efficient Heat Exchange, 2015) was scripted and narrated by the author to aid
the dissemination of the project. The video included the test setup, partner
interviews conducted by the author and the author’s operation of an EB machine
(60 kV, 4 kW) showcasing the use of the Surfi-Sculpt process to produce a
prototype LCP in an operational environment. The video can be found at:
www.youtube.com/watch?v=LoGwhucUO28.
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4.9

Conclusions from the liquid cold plate case study
The LCP case study, detailed in Submission 3, proved that a lower thermal
resistance could be achieved with the Surfi-Sculpt process compared with an
existing product. The HeatSculptor project was able to demonstrate that the heat
transfer coefficient could be increased by approximately a factor of two compared
with an existing technology (COOLTECH Srl, 2015).

The value proposition and unique selling points (USPs) of the LCP manufactured
using the Surfi-Sculpt process are that it:


Enables more power in the electronic components being cooled.



Increases efficiency by 100 % without size or weight penalties.



Enables use of a 50 % smaller LCP for the same cooling power as an existing
technology.



Reduces manufacturing time by over 40 % allowing rapid response to orders
at low cost.

The case study and resultant USPs have evidenced the demonstration of the
Surfi-Sculpt process in a relevant environment and thus further contributed to
crossing the ‘Valley of Death’ bridge to TRL 6 and MRL 3.
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5

Orthopaedic Implant Case Study

5.1

Background to orthopaedic implants
Submission 2 highlighted the problem of bone resorption (Horowitz et al., 1993)
whereby implants can cause bone loss and reduced bone mineral density in a
total hip replacement (THR). Uncemented implants rely on enhancing the fixation
to the bone directly through the process of osseointegration, defined by
Pakos and Xenakis (2014, p.68) as ‘the formation of a direct interface between
an implant and bone’. This is achieved through surface textures or structures
which give the interface its strength by relying on mechanical interlocking into
which

the

bone

infiltrates

(Karachalios et al., 2014;

Jones et al., 2012;

Park et al., 2000).

Galvani (1791, translated 1953) first noted that physiological activity resulted
from the insertion of metals into frogs. Despite this, the first use of an
uncemented implant in a clinical trial was a porous stainless steel coating in 1969
(Pegg et al., 2014). In September 1985, the first commercially available
uncemented

THR

(uTHR)

was

performed

(Furlong and Osborn, 1991;

Epinette and Manley, 2013). Since then, there has been a drive to improve the
design of the interface between the surface of an implant and the host bone in
order to reduce the stress shielding (Kohn, 2011). Matsushita (2010) and
Park et al. (2000) defined ‘stress shielding’ as the prevention of bone being
loaded continually which shelters it from the stress required for growth.
Submission 2 highlighted that the EBT and Surfi-Sculpt processes were suited to
the creation of surfaces on the implant to reduce stress shielding and that these
processes would also be cheaper than existing technologies. Currently, the
additional cost of existing surface modification processes for uTHRs is why
cemented THRs are cheaper.
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Morshed et al. (2007) noted that the survivorship for uncemented implants
continues to improve; however, Briggs (2015) and Lord Carter of Coles (2016)
recommended a reduction in their use in the NHS based upon the associated
higher costs. Therefore, any solution for uncemented implants must not result in
additional manufacturing costs and must be achieved within the constraints of
materials able to realise the mechanical demands and be tolerated biologically.
Cross and Spycher (2008) concluded that the interface is the key factor in
determining the survivorship of load bearing orthopaedic implants; therefore,
Pegg et al. (2014)

recognised

an

opportunity

for

potentially

disruptive

technologies which can increase the survivorship.

The author proposed that the EBT and Surfi-Sculpt processes were suitable
candidates as lower cost disruptive technologies based upon the fact that the
parent material is used and therefore, no additional challenges would result from
the introduction of multiple materials. This led directly to the work in
Submission 6 based upon a collaborative project, OrthoSculpt, funded by
Innovate UK. The author was the Project Leader for the TWI project, in
collaboration with the lead partner, JRI Orthopaedics Ltd, a British orthopaedic
manufacturer.

5.2

Orthopaedic implant competing technologies
There

are

methods

for

a

range
uTHRs

of
with

commercially
good

available

survivorship

surface
at

both

modification
ten

years

(Norwegian Arthroplasty Register, 2016) and 15 years (Hailer et al., 2010).
However, these methods are currently limited in their ability to produce new
complex designed geometries of structures to load match the mechanical
properties of bone (Macheras et al., 2014; Karachalios et al., 2014). An overview
of the competing commercial technologies is shown in Table 5.1.
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Table 5.1 Comparison of the advantages and limitations of commercially available surface
modification methods for uncemented implants.
Implant surface
modification method
Fibre mesh created by
diffusion bonding.

Electron beam
melting (EBM®) – an
additive manufacturing
(AM) process.
Hydroxyapatite (HA)
coating mimics
naturally occurring
bone mineral.

Metal foam
Tantalum (Ta) surface
coating is applied by
physical vapour
deposition (PVD) to
polymer skeleton on
the implant surface.

Porous plasma spray
coating
Thickness ranges
between 625 and
900 µm; average
porosity of
approximately 35 %.
(Biomet Orthopaedics
Inc., 2007).
Sintered beads
Small or large spherical
balls sintered together
directly on the implant
surface. The interstices
between the balls form
an open cell structure.

Benefits compared to EBT
and Surfi-Sculpt
processes
Good clinical history.
Adds porosity.
More appropriate size of
features for enhanced bone
ingrowth.
10 years clinical history
(Lima Corporate, 2017).
Adds porosity.

Limitations compared to
EBT and Surfi-Sculpt
processes
Not flexible.
Slow process – diffusion
bonding is slow and
requires time consuming
pre-processing.
Slow process – requires the
whole component to be
manufactured using EBM®.

Good clinical history.
Adds porosity.
Enhances bone growth
across a gap.
Longest clinical history for a
coating
(Daugaard et al., 2014).
Good clinical history.
Adds porosity.
More appropriate size of
features for enhanced bone
ingrowth.

Time-consuming to apply.
Not suited for in-line or
single batch manufacturing.

Good clinical history.
Adds porosity.
A study comparing the
scratch-fit stability of
acetabular shells concluded
that porous plasma sprayed
cups were twice as strong in
resistance to rim failure as
sintered beads or fibre mesh
cups (Markel et al., 2002).
Good clinical history.
Adds porosity.
More appropriate size of
features for bony response.

Ta is an expensive material
(Bencharit et al., 2014).
Polymer skeleton, PVD
processing and removal is
slow, and thus expensive
manufacturing method
(Bargiotas, 2014).
Difficult to tailor the surface
porosity at different regions
– each region processed
separately to give desired
porosity.
Time-consuming.
Difficult to achieve
consistent results as relies
on operator ability.

Balls can detach from the
implant during use possibly
causing infection and
loosening of the
surrounding bone.
Slow - can take up to 12
hours.

The EBT and Surfi-Sculpt processes are quicker than those listed in Table 5.1;
this means that they offer a cost reduction compared to existing technologies
based upon the required manufacturing time duration. A further advantage is the
ability to tailor the surface features at different regions during processing.

115

Tom Pinto

EngD Innovation Report:
Orthopaedic Implant Case Study

However, there was no data pertaining to the performance of these features and
the processes have no clinical history.

5.3

Aim of the orthopaedic implant case study
The aim of the orthopaedic implant case study was to investigate the application
of the EBT and Surfi-Sculpt processes to next generation uncemented acetabular
cups for uTHRs based upon the OrthoSculpt project.

Objectives of the orthopaedic implant case study
The objectives of the author’s work were to:


Develop a range of surfaces suitable for investigating initial feasibility using
the EBT and Surfi-Sculpt processes.



Increase the coefficient of friction (COF) when the developed surfaces are
pushed in and pulled out of simulated bone.



Optimise a design using the EBT and Surfi-Sculpt processes on a
representative prototype acetabular component.



Manufacture demonstrator prototype acetabular cups.



Evaluate the resources and infrastructure required to scale up the surface
modification processes for commercialisation.

5.4

Manufacture of the orthopaedic implant features
The author developed and optimised four designs of geometrical features to
engage with the simulated bone and increase the COF, namely Maltese cross
(Design 1), Sawtooth (Design 2), Honeycomb (Design 3) and Dimpled texture
pattern (Design 4); these were based upon the designs provided by JRI and were
explored in detail in Submission 6. According to JRI, successful outcome of the
OrthoSculpt project should enable them to increase their sales of THRs by 4 %
by 2021 (Draper, 2016) with more patients being treated with uTHR.
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The concept for the designs was to improve load transfer by increasing the COF
thus addressing the problem of stress shielding. This would ensure load-matching
to the host bone and the biomaterial and therefore provide a region for the
formation of osteoblasts which are responsible for the growth of new bone
(Caetano-Lopes et al., 2007).

Due to budgetary and time constraints within the OrthoSculpt project, the
following two designs were progressed to mechanical testing: Design 2
(Sawtooth) and Design 4 (Dimpled texture pattern) as both achieved higher
feature densities compared to the other designs which was the most significant
requirement set out by JRI in their design guidelines. The wide intrusions
associated with the large features of Design 1 (Maltese cross) limited the
achievable feature density due to the inability to closely pack the features. The
features in Design 3 (Honeycomb) had shallow side walls and rounded tips which
did not match the requirements from JRI for steep side walls and sharp edges of
the features needed to increase the COF and allow enhanced load transfer.

The Design 2 (Sawtooth) rationale was to create a surface which demonstrated
directionality to the COF so that the push-in and pull-out characteristics of the
surface were different with closely packed features to maximise their density and
the initial contact points between the implant and the bone.

The Design 4 (Dimpled texture pattern) concept was to mimic JRI’s existing
Supravit® Zoned vacuum plasma sprayed hydroxyapatite (HA) coating whilst also
aiming to achieve less ordered anisotropic features in the region of 200 µm.
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5.5

Analysis of feature hardness
Design 2 (Sawtooth) was tested using a micro Vickers hardness tester applying
a 0.1 kg load to assess the hardness of the features created using the EBT and
Surfi-Sculpt processes compared to the parent material; the results are shown in
Table 5.2. Due to the small size of the features created in Design 4
(Dimpled texture pattern) which could not accommodate the impactor, hardness
testing was not conducted on this design.

Table 5.2 Micro Vickers hardness results from OrthoSculpt Design 2 (Sawtooth).
Mean feature
hardness (HV0.1)
226 ± 12 HV0.1

Mean parent material
hardness (HV0.1)
172 ± 8 HV0.1

Increase in feature
hardness
31.0 %

The hardening observed was as a result of the fine martensitic 𝛼 microstructure
formed by the high cooling rates during the EBT and Surfi-Sculpt processing
which confirmed the observations of Ramskogler et al. (2017) who also noted
hardening of features. However, this hardening of the material did not adversely
affect the performance of the features.

5.6

Method of testing for increased coefficient of friction
Damm et al. (2015) described a series of tests which modified standard testing
to replicate loading conditions observed during implant insertion utilising push-in
motion to simulate the contact between the metal surface and the bone.
Measurement of COF in both push-in and pull-out directions show that surfaces
which displayed high COF on insertion subsequently demonstrated a greater drop
in COF readings in the pull-out direction. This means that the implantation COF
calculated during the push-in would be greater than the stability of the implant
COF calculated during the pull-out (Bishop et al., 2014). However, this
measurement would be for the initial mechanical interlock between the boneimplant interface created prior to any bone growth stimulated after implantation
which should enhance the stability.
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The

friction

test

procedure

observed

the

protocol

described

by

Bishop et al. (2014) within the constraints of using an adapted universal
mechanical tester system, Figure 5.1. FRadial describes the force on an acetabular
cup which is hemispherical and hence the force on the actual product would be
radial. Departures from this protocol involved the substitution of cellular rigid
polyurethane

20 pcf

foam

‘Sawbone’

for

bone,

produced

by

Sawbones

(Malmö, Sweden), in addition to reduced loads and a different mounting system.
The change in material was made so that ethical approval was not required to
use bone in the testing; however, as a result of using Sawbone, lower loads were
recorded. The setup of the test machine necessitated the modification from
horizontal to vertical therefore requiring an altered mounting system.

Specimen fixture
Specimen (inclined
at 3.5 degrees)
Sawbone
Sawbone fixture

10 mm

Figure 5.1 Friction testing specimen setup, adapted from JRI.

Figure 5.2 shows the four designs of surfaces investigated in the friction testing:


Polished (blank control) sample.



JRI’s existing Supravit Zoned HA coating; used as the commercial benchmark.



Design 4 (Dimpled texture pattern).



Design 2 (Sawtooth) and Design 2 reverse (Sawtooth.rev).
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Design 2 (Sawtooth) and Design 2 reverse (Sawtooth.rev) were identical except
for the direction of mounting.

10 mm

a)

b)

c)

d)

Figure 5.2 Friction test specimens, provided by JRI:
a) Polished (blank control) sample;
b) JRI’s Supravit Zoned HA coating;
c) Design 4 (Dimpled texture pattern);
d) Design 2 (Sawtooth pattern) – tested both with normal and reversed
(opposite direction) loading.

As discussed in Section 5.4, the size of features between Designs 2 and 4 were
significantly different in geometry since they were focused on creating anisotropic
COF (and thus generated anisotropic friction) and mimicking JRI’s existing
Supravit Zoned HA coating respectively. However, Design 4 was limited by the
spot size of the EB (140 µm) and hence the features were larger than JRI’s
existing Supravit Zoned HA coating.

The bespoke fixtures introduced a 3.5 degree angle (𝜽) between the lateral stage
motion and the orientation test pieces which resulted in them being wedged
against one another. As a consequence, the pressure increased with the
translation distance as proposed by Damm et al. (2015). A 0.5 mm/s translation
rate was set in the tests and the system recorded the axial and radial forces. The
normal and shear stresses were calculated for the Sawbone foam-metal interface
using the 3.5 degree rotated frame of reference. The COF was calculated
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using

a

ratio

of

shear

to

normal

stresses

as

shown

in

Equation 10

(Damm et al. 2015, p. 3518).

𝑪𝒐𝒆𝒇𝒇𝒊𝒆𝒄𝒊𝒆𝒏𝒕 𝒐𝒇 𝒇𝒓𝒊𝒄𝒕𝒊𝒐𝒏 (𝑪𝑶𝑭) =

𝑭𝒔𝒉𝒆𝒂𝒓
𝑭𝒏𝒐𝒓𝒎𝒂𝒍

=

−𝑭𝑹𝒂𝒅𝒊𝒂𝒍 𝐬𝐢𝐧(𝜽)+𝑭𝑨𝒙𝒊𝒂𝒍 𝐜𝐨𝐬(𝜽)
+𝑭𝑹𝒂𝒅𝒊𝒂𝒍 𝐜𝐨𝐬(𝜽)+𝑭𝑨𝒙𝒊𝒂𝒍 𝐬𝐢𝐧(𝜽)

Equation 10

Figure 5.3 shows the mean protrusion height and intrusion depth for the 560 data
points generated from each of the six Design 2 (Sawtooth) specimens for the
shear testing created using the Alicona Infinite Focus SL 3D non-contact
profilometer. It was then possible to analyse the data generated to consider the
distribution of heights and their subsequent location on the sample.
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Average Height (µm)

900
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300
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Height

Sample 4

Sample 5

Sample 6

Depth

Figure 5.3 Protrusion height and intrusion depth of Design 2 (Sawtooth) for six friction
samples.

Figure 5.4 shows that the distribution of feature heights on the six samples
appear to conform to a normal distribution. However, the spread of the data
ranges, grouped into 25 µm clusters from 350 µm at the lowest up to in excess
of 750 µm at the highest, indicated that the Surfi-Sculpt process parameters were
causing a large spread of feature heights.

121

Tom Pinto

EngD Innovation Report:
Orthopaedic Implant Case Study

Figure 5.4 OrthoSculpt friction sample Design 2 (Sawtooth) protrusion height distribution.

Figure 5.5 shows that the highest feature height was closest to the centre of the
pattern and that, as the features of the pattern extend radially towards the edges,
the maximum height decreased. This principle was discussed in Section 2.3.8.
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Figure 5.5 OrthoSculpt friction sample Design 2 (Sawtooth) protrusion height and radial
distribution from the centre of the pattern.

5.7

Results from the friction testing
The main aim of the friction tests was to calculate COF values for the four
specimen types. As the interference increased, the COF values varied throughout
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the tests. For Design 2 (Sawtooth) and Design 2 reverse (Sawtooth.rev), this
fluctuation was due to deformation and wear caused to the Sawbone foam by the
specimens. Figure 5.6 shows the COF plotted against the interference calculated
between the Sawbone foam and the specimen demonstrating that Design 4
(Dimpled texture pattern) and the polished (blank control) specimens generated
minimal amounts of friction. The test results are shown by the dark red and blue
lines calculated by a local regression method for the push-in and pull-out
respectively. The lighter red and blue coloured areas shows the data generated
for all five test specimens.

Figure 5.6 COF plotted against interference for all tested specimens, provided by JRI.
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Design 2 (Sawtooth) and Design 2 reverse (Sawtooth.rev) generated high COF,
of approximately 1.25 and 1.38 respectively, and hence were the best results.
Both Design 2 (Sawtooth) and Design 2 reverse (Sawtooth.rev) generated higher
friction and a different profile than the HA coating during push-in as well as
pull-out. JRI’s HA coating generated a maximum COF of approximately 0.95 after
200 µm of interference. This increase in COF compared with JRI’s HA coating was
anticipated given the geometry of the features which were designed to provide a
mechanical interlock into the Sawbone foam.

Approximately 1 mm of radial interference is equivalent to 15 mm axial
implantation displacement which is typically used in mechanical testing of implant
surface structures (Bishop et al., 2014).

Comparison between Design 2 (Sawtooth) and Design 2 reverse (Sawtooth.rev),
showed that the latter generated the highest COF during the mid-point of the
test. The orientation of the features in Design 2 reverse (Sawtooth.rev) resulted
in the engagement of a larger cross-sectional area of the feature with the
Sawbone foam. However, by the end of the test, the COF for both Design 2
(Sawtooth) and Design 2 reverse (Sawtooth.rev) had aligned due to the Sawbone
foam debris reaching an equilibrium state.
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As the interference reached approximately 250 µm, the COF for the specimens
with the HA coating demonstrated a small increase compared to Design 2
(Sawtooth) and Design 2 reverse (Sawtooth.rev). Subsequently, the COF
decreased for the remaining duration of the push-in tests. These results were in
contrast to those reported by Damm et al. (2015); this difference is due to a film
of debris being generated by the abraded particulate debris. This abrasion may
be advantageous if the implant was also considered to be part of the surgical tool
set for implantation since it cuts into the bone; this is discussed further in
Section 5.8.

Figure 5.7 shows the COF plotted against normal pressure and the results
demonstrated validation of the above observations. They also highlighted an
additional

difference

in

that

Design 2

(Sawtooth)

and

Design 2 reverse

(Sawtooth.rev) generated approximately 0.65 MPa of pressure which was close
to half of that demonstrated by the other surfaces. Since the specimens were all
tested up to 1,200 µm interference, the difference in pressure was as a result of
Sawbone foam abrasion. In comparison, the HA coating achieved pressure values
of approximately 1.25 MPa; Design 4 (Dimpled texture pattern) and the polished
(blank control) specimen exhibited comparative pressure values in excess of
1.25 MPa.
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Figure 5.7 COF plotted against pressure for all tested specimens, provided by JRI.

Figure 5.8 shows the absolute values of shear force compared to the interference.
The specimens with the HA coating generated approximately 85 N of fixation
force which was the highest recorded. A high COF and fixation force was
calculated from the dataset for Design 2 (Sawtooth) and Design 2 reverse
(Sawtooth.rev) despite a lower contact pressure compared to that of the HA
coating. The results show that the kinetic mode of friction (sliding) was occurring
during the testing.
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Figure 5.8 Shear force plotted against interference for all tested specimens, provided by
JRI.

5.8

Discussion of the orthopaedic implant case study
Similarly to JRI’s existing HA coating, Design 2 (Sawtooth) exhibited a high COF;
however, it was accompanied by a higher amount of abrasion of the Sawbone
foam thus creating debris. Since bone is harder than the Sawbone foam utilised
in the testing, the author predicts that less debris would be formed when tested
with bone. This small amount of debris would be beneficial when applied to bone
since bone tissue has an open-cell structure causing the abraded debris to be
pushed deeper between trabeculae therefore acting as an advantageous bone
graft by creating fragments through the provision of a scaffold to support the
deposition of new bone (Revell 2008; Daugaard et al., 2014). Furthermore, in
bone, this debris would be less prone to yield and remain at the bone-implant
interface generating a debris layer as observed with the Sawbone foam. As a
result, the self-rasping and bone grafting aspects of Design 2 (Sawtooth) could
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be beneficial and, correctly harnessed, would reduce the surgical tools required
during surgery.

In order to realise smaller features, similar in size to JRI’s Supravit Zoned HA
coating using the EBT and Surfi-Sculpt processes, a higher brightness EB is
required, as discussed in Section 2.2.3. Focus GmbH (2017) manufacture EB
machines with a reported beam diameter of less than 50 μm at 1 mA beam
current and down to 30 μm for lower currents which may be modified and utilised
to create smaller features with the EBT and Surfi-Sculpt processes.

To aid the commercialisation of the outcomes of the OrthoSculpt project, unit
processing costs for using the EBT and Surfi-Sculpt parameters, developed on
JRI’s Furlong® CSF Plus cup, were calculated in Table 5.3. This was compiled to
detail the associated unit processing cost and to determine if it could be
considered commercially viable. The total cost was less than the cost of the HA
coating process; the calculations and saving comparison are detailed in
Submission 6. This highlighted that the EBT and Surfi-Sculpt processes could
address the problem of higher associated costs of uTHRs detailed by
Briggs (2015) and Lord Carter of Coles (2016); thus contributing to the £200m
saving over 5 years (£40m per annum) proposed by Briggs (2015). However,
further clinical trials and work are required to confirm that the processes are
suitable for adoption in the orthopaedic industry.
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Table 5.3 Unit processing cost of using the EBT and Surfi-Sculpt parameters developed
in the OrthoSculpt project on JRI’s Furlong® CSF Plus cup.
Category
Value
Manufacturing method
Single piece batch
Loading time (s)
20
Unload time (s)
20
Parts per cycle
1
Pump time (s)
40
Beam on time per unit (s)
18.2
Time per cycle (s)
98
Unit cycle time (s)
98
Units per 37 hr capacity
1,359
Units based upon 85 % utilisation and 85 % availability
982
Annual capacity per shift
49,101
Capital cost (£)
409,000
Operator cost £30 per hr
1
Annual demand^
15,000
Demand / capacity ratio*
5.89
Cost of loan per unit over 5 years 6 % interest (£)
7.09
Labour per unit (£)
0.82
Unit processing cost (£)
7.91
^ Assuming 3 % share of the available European market of approximately 500,000 uTHRs
* Exceeds 3 = single shift has capacity; less than 1 = not enough capacity

5.9

Cell response to features and intrusions
Previous studies have demonstrated that both stem cells (Otten et al., 2012) and
pre-osteoblast cells (Ramskogler et al., 2017) can be successfully cultivated on
surfaces created using the EBT and Surfi-Sculpt processes.

5.10

Demonstrator acetabular cup
The demonstrator acetabular cup created within OrthoSculpt utilised Design 4
(Dimpled texture pattern). The component was based upon the blank metallic
shell used to manufacture JRI’s primary acetabular replacement Furlong® CSF
Plus cup, shown in Figure 5.9, which took 18.2 seconds beam on time to process.
The deflection patterns used required modification to allow for the rotation of the
hemispherical cup under the beam whilst processing. Prior to this work, the EBT
and Surfi-Sculpt processes had only been applied to flat surfaces or cylinders;
therefore, the author created an X,Y deflection pattern from the equator to the
pole of the hemisphere and a U,V deflection pattern which accommodated the
rotation of the cup.
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Figure 5.9 Demonstrator acetabular cup produced using the EBT process.

5.11

Conclusions from the orthopaedic implant case study
The work conducted has shown that the EBT and Surfi-Sculpt processes have the
capability to create a range of surfaces suitable for demonstrating initial feasibility
for increasing the COF for uTHRs. It has been possible to create a self-rasping
and bone graft generating surface which provides new design possibilities for
uTHRs. Unique to the EBT and Surfi-Sculpt processes are the facts that the
protrusion supports an increase in the COF whilst the corresponding intrusion
provides a region for bone in-growth and cell growth.

The resources and infrastructure required to scale up the surfacing process for
commercialisation were discussed and evaluated and a unit processing cost of
£7.91 was calculated for the EBT and Surfi-Sculpt processes. This demonstrated
a significant cost and time saving compared with JRI’s HA coating.

The USPs in this case study have been the creation of suitable surfaces using the
EBT process on a prototype acetabular cup requiring only 18.2 seconds beam on
time on a hemispherical component for the first time and the increase in COF
using the Surfi-Sculpt process. Similar to the LCP case study, the manufacturing
time has been shortened significantly compared to existing technologies at a
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lower cost. The ability to process workpieces with more complex geometries will
facilitate greater possibilities of applications and potential industrial adoption.
These USPs have further evidenced the demonstration of the EBT and Surfi-Sculpt
processes in a relevant environment thus crossing the ‘Valley of Death’ bridge to
TRL 6 and MRL 3.
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6

Surfi-Sculpt Directory and Selection Tool

6.1

Background and challenges to the directory and selection tool
Successful

knowledge

management

is

critical

to

thriving

organisations

(Hawley, 2012) and allows the transfer of information and expertise to ensure
retention and access by non-expert personnel. It ultimately aims to remove the
need for an expert by enabling distribution of the expertise. Effective knowledge
management of the EBT and Surfi-Sculpt processes was limited by the
comprehensive understanding of the processes being retained by a few key
experts, parameter records being stored in paper form without clear links to the
resultant surfaces and samples, and unstructured electronic storage of deflection
pattern files. Effective knowledge is summarised by Brooking (1999, p.5) as:

‘Knowledge = Information in Context + Understanding’.

In addition to the challenges surrounding the knowledge management, a licensee
of the EBT and Surfi-Sculpt processes using the technology in an industrial setting
reported that in excess of 500 parameters per day could be required to be input
manually with their current production levels and setup. This volume of manual
input can result in data entry errors potentially leading to the scrapping of high
value components. Therefore, systems and tools which can minimise this would
be beneficial in supporting the industrial application and uptake of the EBT and
Surfi-Sculpt processes.

TWI had previously developed software for controlling the EBT and Surfi-Sculpt
processes entitled ‘Electron Beam Deflection Control System Mark III’. However,
it was not developed to current standards such as TickITplus, which is based upon
ISO 9001:2008, ISO/IEC 20000-1, ISO/IEC 27001, ISO/IEC 25030, IEC 61508
and BS 25999. This means that its development was not adequately controlled
and recorded and therefore it was unsuitable for industrial use.
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6.2

Aims of the Surfi-Sculpt directory and selection tool
The aims of the author’s work were to:


Decrease the development time for creating new records, patterns and
parameters for the EBT and Surfi-Sculpt processes.



Reduce the potential for operator errors when inputting the parameters and
patterns.



Increase the efficiency during implementation of the processes.



Increase the quality of record keeping of Surfi-Sculpt procedure specifications
(S-SPS) which detail the parameters and recipe required to reproduce a
previously created surface.

The ultimate aim of this work was to embed into software the required expertise,
knowledge and knowhow for the EBT and Surfi-Sculpt processes to enable
increased industrial deployment.

Objectives of the Surfi-Sculpt directory and selection tool
The objectives of this work were to:


Enhance the effectiveness of TWI’s knowledge management for the EBT and
Surfi-Sculpt processes to improve storage, access and information sharing.



Develop a directory and selection tool, the ‘Surfi-Sculpt catalogue’, as a
repository for the S-SPS for the EBT and Surfi-Sculpt processes.



Store existing electronic deflection pattern files associated with parameters in
a methodical and controlled manner to enable easy access and to ensure that
they are not altered without the correct permissions.



Store the complete S-SPS required to replicate surfaces created using the EBT
and Surfi-Sculpt processes in the Surfi-Sculpt catalogue.



Provide a framework to explore additional automation of the EBT and
Surfi-Sculpt processes enabling application in production environments and
allowing transfer of records to licensees.
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Business needs for the directory and selection tool
The three main business needs for the Surfi-Sculpt catalogue were to: provide a
directory and selection tool accessible for clients, TWI research staff or anyone
interested in the EBT and Surfi-Sculpt processes; allow people with the right
credentials and permissions to access the technical data to reproduce records of
the EBT and Surfi-Sculpt processes; and centralise the technical knowledge from
all completed research.

TWI is a knowledge based organisation; therefore, addressing these business
needs will benefit the company especially since the EBT and Surfi-Sculpt
processes are developing technologies which require evidence to support their
industrial adoption along with an initial directory of publically available S-SPS.

6.3

Development of manuals for existing software
No formal documentation previously existed to guide new users in effective use
of the software needed to utilise the EBT and Surfi-Sculpt processes. To address
this issue, the author created a comprehensive suite of manuals for the Mark III
software: a user manual; a technical manual; and a maintenance manual for the
deflection control system as a whole. These were included in the appendices in
Submission 4.

6.4

Surfi-Sculpt catalogue
Figure 6.1 shows a screenshot of the homepage of the Surfi-Sculpt catalogue that
was created by the author based upon the requirements detailed in Submission 4.
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Figure 6.1 Home page of the Surfi-Sculpt catalogue.

To address intellectual property (IP) concerns for the catalogue and to ensure
appropriate knowledge management, the catalogue grouped data for each S-SPS
into three distinct sections relevant to specific audiences. Figure 6.2 shows the
accessible public view of a record in the Surfi-Sculpt catalogue.

Figure 6.2 ‘Guest’ user Surfi-Sculpt catalogue public view providing the top level
summary of the record.

An additional two sections are available to users with the relevant access: one
contains all the information and parameters, pattern files and machine setup data
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to recreate the surfaces; whilst the last section, for TWI employees only, contains
specific information regarding the client it was used for, the associated project
number and the date it was last used. This is all confidential information and
hence it has not been disclosed in this Innovation Report but is detailed in
Submission 4.

The vision and exploitation plan for the Surfi-Sculpt catalogue is discussed in
Section 6.6.

6.5

Search function of the Surfi-Sculpt catalogue
A search function was created within the Surfi-Sculpt catalogue to enable specific
records to be located quickly or to generate a list of records that met specific
requirements. Results of the initial search could be restricted further by applying
search filters using fields as shown in Figure 6.3. The orange boxes represent
fields that are confidential and therefore only available as search options
depending on user privileges i.e. whether they are a TWI or a Guest user.
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Figure 6.3 Fields available as search filters in the Surfi-Sculpt catalogue.

Specific records can be found within the Surfi-Sculpt catalogue by inputting the
unique record ID into the search function, if known. Broader results can be
returned by searching for desired fields within the public record details using the
following options:


Technique: EB, laser beam or both techniques.



Category: Type of feature created selected from a pre-populated drop down
list.



Material: Selected from a pre-populated drop down list.



Thickness: From min to max.



Feature height: From min to max.



Feature spacing: From min to max in both X and Y axis.

In the current format of the directory and selection tool, the user needs to know
the different category types which are available based upon the geometrical
shape of the features, such as cone, pyramid, pin, and honeycomb. It is planned
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that a future development could be that users may not need to know the
geometry of the features created, instead a search criteria will be performance
related for example COF or heat transfer coefficient.

6.6

Exploitation plans for the Surfi-Sculpt catalogue
The exploitation plans for the Surfi-Sculpt catalogue, shown in Figure 6.4, were
based around three distinct phases:


Phase 1 was the population of data within the Surfi-Sculpt catalogue (both
that which existed prior to the author’s involvement and that created by the
author) to establish sufficient records.



Phase 2 plans to roll out the Surfi-Sculpt catalogue as a sales tool in 2021 to
promote the EBT and Surfi-Sculpt processes and showcase example surfaces
that can be generated.



Phase 3 intends to make the catalogue (or part of the records) available as
part of licence agreements for the EBT and Surfi-Sculpt processes from 2022
onwards.

Figure 6.4 Exploitation plan for the Surfi-Sculpt catalogue.
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6.7

Benefits of the Surfi-Sculpt catalogue
The

Surfi-Sculpt

catalogue

stores

detailed information

for

each

record

incorporating the S-SPS, an image of the resultant surface and the electronic
deflection pattern file which can be uploaded directly into the deflection control
software. Each record can be found easily using a variety of search criteria and
therefore samples can be reproduced quickly without having to search through
paper-based records. These solutions addressed the challenges discussed in
Section 6.1. Additionally, the Surfi-Sculpt catalogue can be used to demonstrate
available surfaces without releasing confidential information and IP and enable
new patterns to be developed more quickly using information on existing
successful patterns as a starting point.

6.8

Servitisation of electron beam texturing and Surfi-Sculpt processes

‘The cornerstone for new service adoption is the customer firm’s
actual need for the service.’
(Vaittinen et al., 2018, p.52).

Matthyssens and Vandenbempt (2008) and Sawhney (2006) reported that, to
increase returns and create additional growth opportunities, manufacturers have
changed

their

focus

towards

customer

solutions

and

away

from

traditional products, defined as ‘servitisation’ (Vandermerwe and Rada, 1988).
Gebauer et al. (2005) and Lee et al. (2016; cited in Rabetino et al., 2017)
concluded that this was not a straightforward process and that a beneficial
outcome could not be guaranteed.

Currently, the EBT and Surfi-Sculpt processes are most suited to a traditional
jobbing shop business model but further consideration should be given when
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implementing the processes to investigate the most appropriate business model
for their provision as a service or to provide licences for the servitisation of the
processes in order to add value to the technology.

6.9

Conclusions from the directory and selection tool
The effectiveness of the knowledge management for the EBT and Surfi-Sculpt
processes has been greatly improved by the author through the creation of a
comprehensive Surfi-Sculpt catalogue and development of formal documentation
for the Electron Beam Deflection Control System Mark III software. Consequently,
promotion of the innovative technologies has developed alongside increased
industrial interest in the EBT and Surfi-Sculpt processes. The information no
longer resides with individual experts but is accessible to the appropriate
audience at a corporate level. This directory and selection tool has contributed to
bridging the ‘Valley of Death’ through improved knowledge management and the
ability to control the storage, access and manipulation of data and parameters
demonstrating the processes in a relevant environment (TRL 7).
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7

Discussion

7.1

Introduction
The work discussed in Chapters 2 to 6 addressed many of the market, technical
and knowledge management barriers that existed and thus has supported the
progression of the EBT and Surfi-Sculpt processes across the ‘Valley of Death’ to
TRL 7 and MRL 4. However, apart from the model by the author in Section 3.5,
the work conducted previously on the EBT and Surfi-Sculpt processes has not
provided models, methodologies or discussed approaches to its automation.

Therefore, to address an implementation barrier resulting from the advances in
this EngD, the author has proposed models and methodologies to reduce
empirical developments. These enhance the creation and optimisation of
deflection pattern files and the associated deflection frequencies and predict the
variation associated with different materials used for the EBT and Surfi-Sculpt
processes which are affected by the penetration depth. The deflection pattern
files and frequencies used in Chapters 3, 4 and 5 were calculated empirically with
the development work to date utilising this methodology. However, for a
manufacturing process to be adopted, there must be predictable machine and
process flexibility when making changes (Kristianto et al. 2012). Therefore, since
applying

the

EBT

and

Surfi-Sculpt

processes

in

industrial

applications

(Chapters 4 and 5), the author has explored how the parameters for the
processes can be calculated mathematically. This would support the creation of
pre-processing software discussed in Section 8.1.3 and also prevent the
occurrence of over melting of features observed in Section 3.4.6 by ensuring an
even distribution of beam energy and thus heat input.
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7.2

Optimisation of deflection pattern files and deflection frequencies
Process strategy
The basic process strategy for the Surfi-Sculpt process is to displace material in
the liquid phase to build up protrusions from the base material. Both the heat
required to melt the material and the displacement actions are generated by the
precise EB. The process is only possible by moving the beam at high speed in a
complex path of swipes over the workpiece surface; this was achieved via a digital
programmable beam deflection system discussed in Section 1.1.

Pattern building using arrays and motifs
Figure 7.1 shows a simple process strategy and would give repeats of a simple
‘motif’ of n2 legs (swipes) at various positions defined in an ‘array’ of n1 points.
For maximum choice in parameters, n2 = (N x n1) ±1 where N is an integer.
Alternatively the converse relationship may apply, f2 = (N x f1) ±1, where f is the
frequency or number of repeats.

Array (X,Y) n1 f1

x

Motif (U,V) n2 f2

=

Pattern

Figure 7.1 Simple array (5 x 5) and eight legged (swipe) motif.

If the processes were as simple as marking the surface with no deflection of the
beam, the direction and sequence of the beam movements would not alter the
process outcome. However, the exact sequence and path of beam motion has a
profound effect on the resultant surface with the Surfi-Sculpt process.

The use of separate X,Y and U,V deflections allows increased pattern complexity
as well as the improved control and optimisation of process strategy. Given that
material is displaced in the reverse direction of the beam movement, the same
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pattern in reverse will either build protrusions (spikes) or make walls as
represented by the arrows in Figure 7.2. The arrow head represents the end of
the swipe and the tail the start of the swipe.

a)

Protrusion

b)

Walls

Figure 7.2 Directionality of swipes alters the geometry of features:
a) Builds protrusions centrally within the swipes;
b) Makes walls radially outside the swipes.

Pattern sequencing
Previous pattern and sequence work on the Surfi-Sculpt process was achieved by
experimentation, as reported by Dance (2007). Therefore, consideration was
made by the author as to how this could be calculated and mathematical models
proposed to support the development of new pattern and sequence work.

The motif describes the shape of the feature created whilst the array describes
the locations of the features. Both the motif and array are controlled by their
amplitude and frequency which define the size (based upon the working distance)
and the time period to complete the beam deflection. There is process variation
that comes from the ripple in accelerating voltage and beam current as well as
the noise from the function generators which affect the deflection of the beam
and hence its position. This affects the features on a microscopic level unless
these are significant variations and the EB machine is out of tolerance.
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Sequential swipes
The most obvious sequence where the swipes are created sequentially in each
motif, as shown in Figure 7.3, is often the least likely to work correctly for most
patterns since the heat input is too high based upon the next beam swipe being
adjacent to the previous. Distribution of the heat input evenly across the features
is critical to the success of the EBT and Surfi-Sculpt processes.

a) Motif sequence

b) Pattern (array) sequence for f2 = n1f1

Sequence
Figure Motif
7.3 Basic
motif sequence and pattern (array) sequence:
a) Motif sequence;
b) Pattern (array) sequence.

Skipping swipes
The concept of skipping swipes onto the next position in the array and sequence
in the motif addresses the heat input challenge as the beam swipes are not
adjacent to one another thus reducing the build-up of heat in the features.
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8

2
7
3
6
5

4

a) Motif sequence

b) Skipping pattern sequence for f2 = f1n2/n1

Figure 7.4 Skipping motif sequence and pattern (array) sequence:
a) Motif sequence;
b) Skipping pattern (array) to the next swipe in the motif sequence.

Grouped skipping swipes
Figure 7.5 shows the application of a sequence where the swipes are ‘grouped’
and implemented as adjacent pairs. This may be acceptable in a material where
there is high thermal conductivity and greater heat input can be absorbed by the
material before the features over melt.
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a) Motif sequence

b) Group skipping pattern sequence for f2 = 2f1n2/n1

Figure 7.5 Grouped skipping motif sequence and pattern (array) sequence:
a) Motif sequence;
b) Grouped skipping pattern (array) sequence.

Non-adjacent skipping swipes using the golden ratio
To calculate the optimum frequencies and sequence of swipes for features created
using the Surfi-Sculpt process with multiple degrees of rotational symmetry, such
as a cone, pyramid or honeycomb, the golden angle should be applied to support
the even distribution of heat input from a series of EB swipes. This is based upon
the principle observed in nature where leaves are spread on a stem to capture
maximum sunlight and support photosynthesis without overlapping one another
(Vogel, 1979) and provides a mathematical model with which to base the spread
of a series of EB swipes in a feature.

To find the golden angle, first the golden ratio (𝜑) needs to be defined; this is
shown in Equation 11 (Abbas, 2017, p. 55; Livio, 2003).

𝝋=

𝟏+√𝟓
𝟐

≈ 𝟏. 𝟔𝟏𝟖 (𝟒 𝒔𝒊𝒈. 𝒇𝒊𝒈. )
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Figure 7.6 shows the golden angle subtended by the arc generated between
swipes 1 and 2 when a circle is divided using the golden ratio (𝜑).

1

2
Figure 7.6 Golden angle shown by the red arc subtended between swipes 1 and 2.

Equation 12 (Vogel, 1979) shows that the golden angle between swipes 1 and 2
can be calculated using the golden ratio ( 𝜑).

𝑮𝒐𝒍𝒅𝒆𝒏 𝒂𝒏𝒈𝒍𝒆 = 𝟑𝟔𝟎° 𝒙 (

𝟏

) ≈ 𝟏𝟑𝟕. 𝟓° (𝟒 𝒔𝒊𝒈. 𝒇𝒊𝒈. )

𝟏+𝝋

Equation 12

Use of the golden angle to offset the processing of legs in a feature means that
the power from the EB can be distributed consistently over the surface of the
material. This addresses the problem of over melting of the feature, discussed
earlier in Section 7.2.3, as it ensures that the EB evenly processes the parent
material taking the longest possible time period to return to the original beam
swipe; this is represented in Figure 7.7.

Figure 7.7 Eight legged motif highlighting the order of beam swipes when using an
approximation of the golden angle.

Figure 7.8 shows an example of a motif pattern that sequences around each leg.
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2 mm
Figure 7.8 Example of sequencing of swipes in a motif pattern across an array.

Figure 7.9 shows a simple eight swipe U,V motif and a nine position X,Y array.

Figure 7.9 Example motif with eight swipes and an array of nine positions, adapted from
Pinto (2017).

The sequence of positions in the array is important because, if the ‘jump’ between
them is too large, the beam is required to move a large distance in a short time
period which causes an error in its positional accuracy, typically by overshooting.
This is observed in moving from position ‘i’ to ‘a’ in the example in Figure 7.9 and
is known as a ‘flyback’ error, shown in Figure 7.10, when the movement of the
EB occurs at a very high speed potentially causing it to overshoot and not be in
the correct location.
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Figure 7.10 ‘Flyback’ issue (highlighted in red) marking the surface of the material
caused by the locations set in the array.

Due to the design of the electro-magnetic coils, it is not possible to actively drive
the beam to the freefall position in the centre of the coil set. To return to this
position, the voltage output from the function generators will be zero which
effectively disables the deflection. Therefore, it is best practice to offset all
patterns away from the 0,0 Cartesian position.

After the motif frequency (𝑓𝑚 ) has been set, Equation 13 determines how much
of a feature (F) is processed during one complete cycle of the array based upon
the number of positions in the array (p).

𝑭=

𝒇𝒎
𝒇𝒎 𝒙 𝒑

Equation 13

Using an example of 9 Hz for the U,V motif frequency (𝑓𝑚 ) and 8 Hz for the X,Y
array frequency (𝑓𝑎 ), it will take 1/8th of a second to complete a cycle of the array
compared to 1/9th of a second to complete a single motif. An example of this is
shown in Figure 7.11.
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Figure 7.11 Sequence of first nine beam swipes used in the example from Figure 7.9.

Swipes 1 and 2 (of the motif) are sequential when moving between positions
a and b (of the array) because both the motif and array are running in parallel
and therefore the swipes translate around the feature as they process through
the array.

In this example, it would take eight repeats to complete the motifs in the array
in 1 second. Since the motif in this example is made from 8 legs (swipes), one
leg will be completed per cycle. The frequency of the motif (𝑓𝑚 ) and the amplitude
of the motif determine the beam speed of each swipe. Since the beam speed for
optimal EBT and Surfi-Sculpt processing is known, 𝑓𝑚 must be altered in line with
the size of the motif. From this, the frequency of the array (𝑓𝑎 ) can be calculated
by applying the golden ratio (𝜑) using an integer (r); this is equivalent to the
number of swipes completed in the motif per cycle of the array. Equation 14
shows the relationship between the frequencies of the array and motif.

𝒇𝒂 =

𝒇𝒎

𝟏
𝒓+
𝟏+𝝋

𝒇

𝒎
= 𝒓+𝟎.𝟑𝟖𝟏𝟗𝟕
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Based upon the use of the golden ratio ( 𝜑), it can be concluded that a 6.51 Hz
frequency should be used for the array if one swipe of the motif is completed in
the array cycle when the frequency for the motif is set to 9 Hz.

However, the golden angle rule cannot be applied to features with fewer than
eight legs such as Sawtooth, created by a single swipe, or a textured pattern, as
the amount of beam swipes would not create an evenly processed feature.

In summary, the methodology for using the golden ratio (𝜑) to calculate the
optimal frequency for 𝑓𝑎 is:
1 Calculate the frequency of the motif (𝑓𝑚 ) to achieve the optimum swipe speed
for the EBT and Surfi-Sculpt processes based upon the swipe length. This
ensures that a suitable fraction of a feature per cycle is completed.
2 Determine the equivalent number of swipes completed in the motif per cycle
of the array to calculate the frequency of the array (𝑓𝑎 ) using the golden ratio
(𝜑) in Equation 11 and determine the r + 0.38197. From this, the frequencies
should then be altered so that the ratio of

𝑓𝑚
𝑓𝑎

should be close to where r is an

integer to ensure the golden ratio (𝜑) is achieved.

The purpose of this methodology is to ensure that a mathematical calculation of
the deflection pattern frequencies is used rather than an empirical approach.

Additional processing considerations include the following:
1 To completely cover a surface area (with no unprocessed regions on the
surface), motifs must be square, rectangular, triangular, or hexagonal
symmetry.
2 On 3D curved surfaces, occasional pentagonal features may be combined with
hexagonal features, or triangles with squares, to give surface area coverage.
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3 Radial swipes (or swipe groups) in motifs must be the same speed and the
same duration to be effective and to synchronise correctly. This leads to
increasing compromise in beam swipe speed and duration unless short and
long swipes are paired in hexagonal motifs (~18 % difference in swipe length
between longest and shortest), square motifs (~41 %), and triangular motifs
(~73 %).

Example creation of a pattern
Figure 7.12 shows the outline of a 96 leg square motif (the majority of swipes
have been omitted for clarity) which would create a square based pyramid
feature. This is effectively a 48 leg motif, as swipes 1 and 2 are designed to be a
pair, as are 3 and 4, and so on. By pairing swipes in this way as well as adjusting
the lengths, a constant swipe speed can be obtained. Angular swipe spacing can
be adjusted to give a uniform effect if required with this pattern type.

This motif can be used

This treatment motif can be used
withpaired
paired
double
with
or or
double-paired
swipe repeats.

paired swipe repeats

Figure 7.12 Sequence of beam swipes on a 96 leg motif using the golden angle principle.
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Progression of feature building
When creating features with high aspect ratio, it is required to reduce the U,V
amplitude processing parameters to move less material but concentrate it closer
to the centre of the feature. Figure 7.13 shows how three stages of processing
can be utilised to support the creation of these features using the Surfi-Sculpt
process.

Stage 1: Initial build

Stage 2: Centre shape; leaves ‘notch’ around protrusion base

Stage 3: Smoothing treatment
Figure 7.13 Stages of a build to minimise the intrusions whilst achieving a higher feature
(protrusion) height.

For more sophisticated patterns, for example the LCP produced using the
Surfi-Sculpt process, discussed in Chapter 4, a trigger signal can be generated
and used to provide accurate timing points for parameter changes as described
in Section 7.2.5.1.

Example stages in processing
Table 7.1 shows an example of how Surfi-Sculpt process parameters can be
varied to optimise the formation of features and ensure that the geometry is as
desired, for example achieving a high aspect ratio.

153

Tom Pinto

EngD Innovation Report:
Discussion

Table 7.1 Example process stages for feature building.
Increment
(#)
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Stage

Time (s)

0
1
1
1
1
2
2
2
2
2
2
2
3
3
3
3
3
3

00.00
02.38
04.76
07.14
09.52
11.90
14.28
16.66
19.04
21.04
23.80
26.18
28.56
30.94
33.32
35.70
38.08
40.46

Beam
current
0
H
H
H
H
H
H
H
H
H
0
H
0
0
H
H
>
0

Beam focus
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF

–
–
–
–
–
–

5
5
5
5
5
5

%
%
%
%
%
%

SF
SF
SF
SF
SF
SF

Beam
deflection
100 %
100 %
100 %
100 %
93 %
86 %
79 %
72 %
65 %
58 %
58 %
58 %
100 %
100 %
100 %
100 %
100 %
100 %

Where SF – Sharp focus, H – processing current, 0 – beam off, > indicates a slope out in beam power
over ~1.5 seconds, and beam defection amplitudes vary from full size to 0.58 x full size for the motif.

7.3

Electron beam interaction with materials
Currently a S-SPS is material specific and there are no conversion or look-up
tables to support the translation to a different material. Schiller et al. (1982)
noted that the maximum power of the EB absorbed by the material is at a third
of the total penetration depth. However, this is material specific and
consequently, as detailed in Equation 4, the beam energy must be aligned to the
density of the material to generate a similar sized melt pool and move a similar
volume of material with each beam swipe.

The orthopaedic industry commonly uses the titanium alloy Ti-6Al-4V, which has
a density of 4429 kg/m3, as it is biocompatible and meets the mechanical
requirements for use in the body. Therefore, this was the material used in the
orthopaedic implant case study (Chapter 5 and Submission 6). In comparison, an
aluminium alloy, with a lower density of 2700 kg/m3, was used in the LCP case
study (Chapter 4 and Submission 3) for application on heat exchangers as it has
a high thermal conductivity.
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Using Equation 4, the penetration depth of an EB using an accelerating voltage
of 130 kV for Ti-6Al-4V and Al6xxx (specific grade not stated due to commercial
sensitivity; this is listed in Submission 3) would be 50 µm and 82 µm respectively
as shown in Figure 7.14. Consequently, Al6xxx has a larger melt pool than
Ti-6Al-4V so each swipe of the beam translates a larger volume of material.
Therefore, in order to achieve the same penetration depth in Al6xxx as with
Ti-6Al-4V, approximately 100 kV (approximately 75 %) would be required since
100 kV achieves a 53 µm penetration depth.

Figure 7.14 Penetration depth plotted against accelerating voltage for SS316, Al6xxx and
Ti-6Al-4V using Equation 4.

A comprehensive conversion or look-up table based upon the penetration depth
of the material for a range of frequently used materials would be beneficial for
the EBT and Surfi-Sculpt processes such as aluminium, copper, titanium and its
alloys e.g. Ti-6Al-4V, stainless steel alloys and carbon manganese steels.
Additionally, regression analysis and prediction of feature height for a more
extensive list of materials would further enhance the understanding of the
processes.
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7.4

Beam deflection speeds in the motif
Table 7.2 shows a summary of beam deflection requirements expressed as beam
swipe speeds and beam energy input from the parameters (some of which are
normalised for confidentiality reasons) for 35 of the S-SPS used in this EngD and
three records from Ramskogler et al. (2017).

In comparison to the author’s work, which utilised beam swipe speeds of
predominately greater than 20 ms-1 resulting in beam energy input values
ranging from 2.5 up to approximately 180 Jm-1, Ramskogler et al. (2017) used
beam swipe speeds of approximately 0.34 and 0.68 ms-1 and observed melting
of the material at the lower beam swipe speed with a beam power of 120 W
(355 and 555 Jm-1 respectively). The author considered that the slower beam
swipe speeds recorded by Ramskogler et al. (2017) were associated with the
creation of smaller features at lower beam currents over a longer processing time
period; however, it is unknown if the parameters had been optimised. This
resulted in similar beam energy input values with the exception of a single value
of 555 Jm-1 which was described as having solidification lines on the surface that
were too strong and distinct (Ramskogler et al., 2017).
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Table 7.2 Summary of beam deflection requirements expressed as beam swipe speeds.

Description

LCP Design 1
LCP Design 2
LCP Design 3
LCP Design 4
LCP Design 5
LCP Design 6
LCP Design 7
LCP Design 8
HeatSculptor Design 6 - Curved
Ridges
HeatSculptor Design 5 - Inclined
cones
HeatSculptor Design 5 - Prototype
HeatSculptor Design 5 - Final
prototype
EngD Al6xxx* Dataset 1
EngD Al6xxx* Dataset 2
EngD Al6xxx* Dataset 3
EngD Al6xxx* Dataset 4
EngD Al6xxx* Dataset 5
EngD Al6xxx* Dataset 6
EngD Al6xxx* Dataset 7
EngD Al6xxx* Dataset 8
EngD Al6xxx* Dataset 9
Beam Deflection Offset Study
High-Speed Video
OrthoSculpt Design 4
OrthoSculpt Friction Test Samples
Ramskogler et al. (2017) Data 1

Material

Heat
input
(W)

Swipe
length
(mm)

Number of
swipes in
the motif

Al6082
Al6082
Al6082
Al6082
Al6082
Al6082
Al6082
Al6082

170
275
275
150
212
187
175
125

3.03
3.03
3.03
3.03
2.96
2.89
1.67
2.25

70
96
96
24
70
70
96
22

10.55
12.25
12.50
63.30
10.55
16.2
8.00
27.00

Beam motif
swipe
speed
(ms-1)
67.02
177.87
181.50
137.87
65.50
98.23
64.28
40.10

Al6xxx*

187

3.09

160

10.55

68.54

Al6xxx*

212

1.86

70

16.2

241.59

3.7

Al6xxx*

212

1.75

70

16.2

226.80

3.7

Al6xxx*

212

3.30

70

16.2

73.11

12.1

Al6xxx*
Al6xxx*
Al6xxx*
Al6xxx*
Al6xxx*
Al6xxx*
Al6xxx*
Al6xxx*
Al6xxx*
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V

187
187
92
92
115
115
138
207
207
72
377
270
1,200
270

3.30
3.30
1.97
1.97
1.97
1.97
1.97
1.97
1.97
4.44
4.44
1.57
1.26
1.00^

70
70
70
70
70
70
70
70
70
22
22
1
560
504

10.55
10.55
10.55
10.55
10.55
10.55
10.55
10.55
10.55
7.00
10.00
3,000.00
1.45
3.54‡

73.11
73.11
19.81
19.81
19.81
19.81
19.81
19.81
19.81
29.30
29.30
378.00
1.21
0.34

3.9
10.7
12.1
19.4
10.7
24.2
19.4
43.6
19.4
13.9
10.3
2.5
179.1
355
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Beam energy
input (Jm-1)

13.2
6.4
6.3
4.5
13.5
7.9
11.3
13.0
11.4
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Description

Ramskogler et al. (2017) Data 2
Ramskogler et al. (2017) Data 3
EngD Ti-6Al-4V Dataset 1
EngD Ti-6Al-4V Dataset 2
EngD Ti-6Al-4V Dataset 3
EngD Ti-6Al-4V Dataset 4
EngD Ti-6Al-4V Dataset 5
EngD Ti-6Al-4V Dataset 6
EngD Ti-6Al-4V Dataset 7
EngD Ti-6Al-4V Dataset 8

Material

Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V
Ti-6Al-4V

Heat
input
(W)

Swipe
length
(mm)

Number of
swipes in
the motif

120
375
104
138
81
81
138
138
138
138

1.00^
1.00^
1.92
1.92
1.92
1.92
1.92
1.92
1.92
1.92

96
96
70
70
70
70
70
70
70
70

Pattern
frequency
(Hz)
7.08‡
7.08‡
10.55
10.55
10.55
10.55
10.55
10.55
10.55
10.55

Beam motif
swipe
speed
(ms-1)
0.68
0.68
19.30
19.30
19.30
19.30
19.30
19.30
19.30
19.30

Beam energy
input (Jm-1)

555
555
22.4
29.8
17.4
17.4
29.8
29.8
29.8
29.8

* Specific grade used listed in Submission 3 – commercially sensitive.
^ Assumed by the author based upon polygon figure (motif) diameter being 2.00 mm in Ramskogler et al. (2017).
‡ Calculated by the author based upon information in Ramskogler et al. (2017).
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7.5

Summary of the discussion
The principles discussed in Chapter 7 have identified data and knowledge which
could support the creation of a ‘CAD to Surfi-Sculpt’ pre-processing platform tool.
The mathematical calculation of the beam path and parameters between different
materials would further enhance the adoption and implementation of the EBT and
Surfi-Sculpt processes to meet industrial needs. The ability to embed the
expertise, knowledge, methodologies and calculations required to use the EBT
and Surfi-Sculpt processes in software is critical since these are key aspects which
hinder their adoption into manufacturing environments.
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8

Further Work

8.1

Developments planned beyond this EngD
Automation of the parameter inputs
Work is planned, led by the author, to commence the automation of parameter
input from the Surfi-Sculpt catalogue records and to load them into the Mark III
deflection control software in response to the problem statement in Chapter 6 as
detailed by a current licensee of the EBT and Surfi-Sculpt processes. The author
is currently detailing a specification document to define the framework for the
automation element of the software.

High-speed filming
In order to observe the movement of material in the EB Surfi-Sculpt process, a
camera with a higher frame rate (e.g. 40,000 fps) would need to be used that
could operate within the challenging environment stated in Section 3.2. This
could confirm the author’s prediction regarding the flow of molten material.
Currently, the author is not aware of any suitable camera for this particular
application and therefore technical developments in high speed cameras must
occur before this work can be realised. The only option available to the author at
this time is to use the Os7 high-speed camera but to reduce the vertical resolution
to 128 pixels. This would mean that only the initial swipes of the beam could be
videoed before the feature became too large to fit in the frame or the image
quality would be too pixelated for analysis.

Pre-processing software developments
Pre-processing software was not considered within the scope of this EngD but
further work is planned by the author to develop a ‘CAD to Surfi-Sculpt’ platform.
To develop this platform, the beam-material interaction, as discussed in
Section 7.3 and studied in Chapter 3, would need to be considered and
incorporated into the software. An example of where this could be developed is
considering existing computer aided manufacturing (CAM) software used to
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provide ‘toolpath’ strategies for subtractive and additive manufacturing such as
Autodesk’s PowerMill®. The ‘toolpath’ for the EBT and Surfi-Sculpt processes is
the beam deflection path. This should also include a comprehensive conversion
or look-up table for a range of frequently used materials for the EBT and
Surfi-Sculpt processes.

Further development of the Surfi-Sculpt catalogue
The author’s future plans for the Surfi-Sculpt catalogue in 2021 / 2022 are to
generate additional performance data to ensure sufficient volume of knowledge
to support categories which are performance-based such as chemical, biological
or physical characteristics. This would add more selections of appropriate records
for search purposes.

Commercialisation of components from the case studies
The specific commercialisation plans for the acetabular cup were discussed in
Submission 6 whereby the clinical investigation and regulatory approval phase of
work would run from 2022 - 2026. Prior to this, a follow-on large grant would be
prepared, secured and delivered in which the EBT and Surfi-Sculpt processes
would be further developed and tested in vivo to the point where they would be
ready for a 1st in-human study prior to a product launch in 2026.

Future plans for the processes
All of the further work outlined in this Chapter will continue to develop the EBT
and Surfi-Sculpt processes through the TRLs and MRLs and enable them to be
ready for adoption in manufacturing environments.
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9

Conclusions

9.1

Technical conclusions
As demonstrated through the work of this EngD, the electron beam texturing
(EBT) and Surfi-Sculpt processes have progressed up the technology readiness
levels (TRLs) and manufacturing readiness levels (MRLs). The author has
evidenced the following technical conclusions:


Creation of a framework to increase fundamental understanding of the
influence of parameters controlling the geometry and shape of a feature after
each swipe.


The feature heights in two materials, Al6082 and Ti-6Al-4V, can now be
successfully predicted using the following key parameters for the EBT and
Surfi-Sculpt processes: number of swipes in the motif, swipe length, beam
swipe speed in the motif, beam on time, heat input and beam energy
input.



The importance of a specific parameter, beam focus, to the feature height
achieved with the processes has been quantified showing the loss of actual
feature height, up to approximately 70 %, compared with predicted
feature height when there is less than 1 % variation from sharp focus.



Production of slow motion footage from inside the electron beam (EB) vacuum
chamber enabling details of the process to be observed for the first time.


This involved the development of a bespoke technique for the setup,
analysis and discussion of the resultant footage.



The author identified five distinct phases of feature formation: initial melt
track; expansion of feature base and height; increase of height; bridging;
and over melting with potential decrease of height.



Application of the golden angle rule to the beam path in the motif (U,V)
deflection pattern file and associated deflection frequencies for both the array
and motif, to features with more than or equal to eight legs, to support the
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automation of the EBT and Surfi-Sculpt processes and creation of preprocessing software via mathematical calculation.


Development and definition of a model of the flow of molten material
explaining the Surfi-Sculpt process and the formation of a feature using
Marangoni effects.



Recommendation that a comprehensive conversion or look-up table for a
range of frequently used materials is required for the EBT and Surfi-Sculpt
processes.

9.2

Business conclusions
The EBT and Surfi-Sculpt processes have clear industrial application in heat
exchangers, particularly liquid cold plates (LCPs), and orthopaedic implants,
specifically the acetabular cups in uncemented total hip replacements (uTHRs);
other applications are still in development. During this EngD, the author has
demonstrated the following innovations for industrial application:


Manufacture of prototype LCP components with a novel surface over an area
of approximately 95 x 31 mm using the EB Surfi-Sculpt process.


Demonstration

of approximately 100 % increase in heat transfer

coefficient performance compared with an existing technology.


Enabling use of a 50 % smaller LCP for the same cooling power as an
existing technology.



Reduction of 40 % in the manufacturing time compared with an existing
technology.



Demonstration that the EBT and Surfi-Sculpt processes can produce novel
surfaces which enhance the coefficient of friction (COF) and perform to the
requirements of an acetabular cup for next generation uTHRs.


Manufacture of prototype acetabular cup using the EBT process with a
novel surface in 18.2 seconds beam on time.
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Development of a directory and selection tool (Surfi-Sculpt catalogue) for
improved knowledge management of the EBT and Surfi-Sculpt processes with
38 entries currently stored.


The creation of a search capability to enhance rapid identification and
manufacture of surfaces.



The controlled storage, access and manipulation of data and parameters
within the Surfi-Sculpt catalogue based upon user access levels.

It is recommended that the EBT and Surfi-Sculpt processes should be considered
for adoption within the applications identified as they are precise, rapid and
flexible manufacturing techniques which demonstrate zero waste as only the
parent material is utilised. These developments have supported progression to
TRL 7 – ‘System prototype demonstration in operational environment’.

9.3

Contribution to TWI business
The work undertaken for this EngD has contributed significantly to TWI; in six
years working with the EBT and Surfi-Sculpt processes, the author has generated
approximately £780k of external income for his employer. Alongside project
work, this has included the recruitment of three new TWI Member companies as
a result of the development of the processes.

The contribution (allowing for costs) to TWI’s business from the EBT and
Surfi-Sculpt processes has been approximately £1m in the duration of the EngD,
of which the author is directly responsible for approximately £590k.
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Appendix C
Data from Deflection Offset Study
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Table C1 Summary of data collected from beam offset study conducted in Section 2.3.8.
Sample

Column

0

a
b
d
e
g
h
j
k
a
b
d
e
g
h
j
k
a
b
d
e
g
h
j
k
a
b
d
e
g
h
j
k
a
b
d
e
g
h
j
k
a
b
d
e
g
h
j
k
a
b
d
e
g
h
j
k

1

2

3

4

5

6

Mean feature
height (mm)
0.528
0.613
0.810
0.730
0.910
0.931
0.960
0.999
0.550
0.557
0.486
0.641
0.575
0.570
0.772
0.795
0.454
0.541
0.426
0.505
0.578
0.509
0.593
0.589
0.743
0.660
0.654
0.658
0.592
0.611
0.622
0.616
0.625
0.664
0.561
0.514
0.491
0.511
0.487
0.510
0.599
0.689
0.633
0.628
0.695
0.669
0.629
0.665
0.579
0.622
0.552
0.580
0.509
0.518
0.477
0.486
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Variance
(mm)
0.005
0.009
0.026
0.015
0.067
0.049
0.048
0.057
0.006
0.008
0.019
0.037
0.010
0.006
0.016
0.003
0.002
0.010
0.001
0.006
0.016
0.009
0.013
0.005
0.010
0.019
0.010
0.003
0.006
0.006
0.008
0.002
0.003
0.010
0.005
0.003
0.003
0.002
0.002
0.001
0.002
0.010
0.012
0.007
0.006
0.020
0.002
0.002
0.014
0.013
0.006
0.003
0.006
0.006
0.007
0.003

Mean feature
height (mm)

Variance
(mm)

0.810

0.057

0.618

0.023

0.524

0.010

0.645

0.009

0.545

0.007

0.651

0.008

0.540

0.009
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Appendix D
Normalised S-SPS Record Data from EngD
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TableD1NormalisedS-SPS record data fromEngD.
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TableD2Regression analysis of normalisedS-SPS record data fromEngD.
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