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Abstract

Additive manufacturing (AM) techniques provide engineering design flexibility not available
when manufacturing is constrained by the tool-path restrictions of conventional subtractive
techniques such as turning, milling and grinding. AM techniques allow the manufacture of
complex form, light weight components with optimised geometries and topographies,
including internal and re-entrant features. These features may greatly enhance the
components functional capability. The design flexibility may allow a reduction in assembly
part count, with a corresponding reduction in assembly time. Additionally, the ability to use
high performance engineering metals in the AM process, such as 316 stainless steel, titanium
Ti6Al4V and cobalt chrome provide the aerospace, medical and automotive industries with a
new manufacturing toolbox using familiar raw materials. These quality-driven industries are
fully aware of the potential of AM and are actively engaged and invested with the AM industry
and research community. The complex features and design freedom providing great potential
for these industries also presents challenges for surface measurement and characterisation.
Surface measurement is vital to assure compliance with designed sealing, bearing, flow and
adhesion properties of the component. Parts manufactured using AM are not exempt from the
stringent quality requirements applicable to other manufacturing processes and so surface
texture requirements will be incorporated into drawings and design specifications, imposed
by customers onto suppliers. There will need to be a common language and approved
standards. Compliance verification will be mandatory. If a feature is specified on a drawing
then these industries will require verification that the component complies with design
requirements. Traditionally, line-of-sight measuring devices were able to follow the tool
pathways to access and measure these surfaces. With the advent of additive processes, new
techniques will need to be developed. X-ray computed tomography (CT) has been used
successfully for dimensional and defect detection as it allows the measurement of internal

and re-entrant features. Thus far, there has been little research on the application of CT for



the measurement of surface texture. This thesis reports on the development of a novel
technique, detailing the first extraction of areal surface texture parameters per a recognised
standard (ISO 25178-2) from CT scans of AM components. Industry will require reproducibility
of measurements and so an interlaboratory comparison was performed to compare CT
measurement results using this technique from four laboratories. The repeatability and
accuracy of surface measurements is also vital for industrial applications and so the influence
on extracted surface texture parameter values of selected CT measurement and
reconstruction factors has been investigated. Extraction of true 3D data from CT requires the
generation of new surface characterisation parameters to take full advantage of the technique
and a new parameter has been developed to enable the true surface of re-entrant surfaces
to be characterised. The additive process itself is complex and verification of consistent
additive machine performance is vital for production. A series of small, inexpensive, surface-
specific measurement artefacts has been developed and built to characterise the build
chamber and provide production process verification. This series of inter-related experimental
investigations were chosen to be industrially relevant, to be linked closely to component
function and be used as practical measurement and surface characterisation techniques. This
work is intended, as far as possible, to not be machine-specific, but to be applicable to all
CT machines and all metal powder bed fusion (PBF) AM machines. As AM and CT machine
capability improves, as it inevitably will, the techniques and applications presented here are

designed to evolve with these changes.
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Chapter 1 Introduction

“Additive manufacturing—a third industrial revolution.”
The Economist (2012) [1]

1.1 Background and motivation

(b)

Figure 1-1: Hi'stoical additive nianufacturing.
(a) Japanese Jomon coil pot, reproduced from [2], (b) Inuit people and igloo,
reproduced from [3].

Additive manufacturing techniques have existed for millennia. The Japanese, during the
Jomon period, (ca. 10,500 B.C.-ca. 300 B.C.), created intricate coil pottery, see Figure
1-1:(a) [2]. Igloos, the traditional shelter of the Inuit people, are known to have existed from
at least the 16™ century, see Figure 1-1:(b) [3]. These two techniques are both examples of
additive manufacturing, where raw material is added piece-by-piece or layer-by-layer to
produce the final product, perhaps with some post-processing to improve aesthetics or
functional performance. However, additive manufacturing (AM) as referred to in the research
reported in this thesis, is the production of items built in layers from a computer aided design
(CAD) model. This method of additive manufacturing has a relatively short but dynamic
history. Since Chuck Hull received a patent for the first commercial AM technology (1986 U.S.
Patent 4,575,330 entitled “Apparatus for production of three-dimensional objects by stereo

lithography”) [4] there has been a continuing evolution of AM technology and a corresponding
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increase in industrial and commercial interest in applications of the technology in all its forms;
with some methods having, currently, more significant commercial and industrial application
than others. These processes have significant potential for the quality-driven aerospace,
medical and automotive industries, where these techniques, particularly using metal raw
material [5] may present significant advantages over conventional manufacturing techniques.
AM processes complement, but are not a substitute for, conventional subtractive
manufacturing methods, such as milling, turning and grinding. There are many applications,
for example high-volume production of hydraulic pistons, where turning and milling from
wrought bar stock will be more economical in terms of raw material and manufacturing costs,
material traceability and consistency. AM has generally been more viable as a manufacturing
technique for bespoke or small batch quantities, see Figure 1-2:, however, the costs of AM
are reducing and the number of manufactured parts at the AM break even cost-point is

gradually increasing.

Higher cost
per unit
o
@
5
©
o
=
C
©
E
£
=
g
= Breakeven point Additive manufacturing
5
Lower cost
perunit Conventional manufacturing

Units manufactured (volume) l

Fewer units More units

Figure 1-2: Breakeven analysis.

Comparing additive and conventional manufacturing, showing conventional
manufacturing techniques are more economical as the number of manufactured
units increases. Reproduced from [6].
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AM techniques provide another tool in the manufacturing toolbox. Importantly, AM processes,
even though they are in their infancy and not as well established or understood as
conventional machining process will not have an exemption from the stringent quality

requirements of safety-critical industries such as medical or aerospace:

“Additive manufacturing may be the new "“miracle process”, but there is no special
dispensation from complying with the requirements of quality-driven industries such as
medical or aerospace. Additionally, the old adage that “if it can’t be measured, it can’t be
made” applies and therefore developing suitable traceable metrology for potentially very
complex additive components is vital if the AM process is to become mainstream.”

Liam Blunt, Director, Centre for Precision Technologies, University of Huddersfield (2017)

Typical applications of AM techniques include the manufacture of components with complex
geometries and internal features that are either very difficult or impossible to produce using
conventional techniques. As an example, Sachs [7] reported on the manufacture of injection
molding tooling using additive manufacturing. Not restricted to the straight holes produced
by drilling operations, complex, curved flow channels can be manufactured using AM without
the need for a multi-part mold. The primary advantage of AM is that these processes are not
limited by tooling path restrictions inherent in subtractive techniques [8]. This permits novel
designs to be made and by potentially reducing the number of parts in an assembly, saving
on manufacturing time, assembly time, part storage and documentation, eliminating the need
for elastomeric seals with potential leakage paths for example. AM is currently being used in
high-value applications where customisation and complex geometries are required, such as
the shells for hearing aids [8]. The UK Forsight Report (2013) [9] highlighted applications
such as this: personalised but high-volume applications, as a potential game-changing
technology. AM has been called the third industrial revolution [1]. Perhaps it is a little early

to describe the technology this way, but AM does have significant enough advantages that
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the technological challenges, many of which will be discussed here, will be addressed and
resolved. AM is here to stay. Figure 1-3: shows three metal AM components incorporating

topology optimisation, and weight-saving design features.

Figure 1-3: Metal AM components.

(a) Airbus A380 bracket. Optimised AM [front] and conventional [rear] (S. Steel).
Reproduced from [10]. (b) Arup AM construction bracket (Maraging steel).
Reproduced from [11]. (c) GE LEAP fuel nozzle (Cobalt Chrome) Reproduced from
[12].

1.2 Scope of the thesis
1.2.1 Aim

The aim of this work is to characterise the surface texture of additively manufactured parts,
introducing and verifying the robustness of novel techniques and methods that, individually
or when combined, provide industry with tools for production development and process

control.

1.2.2 Objectives

To meet this aim the following objectives were set:
e Develop a non-destructive technique for measuring and characterising internal
surfaces of metal powder bed fusion (PBF) AM components.

e Verify reproducibility of the technique by performing an interlaboratory comparison.
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e Investigate parameters that may impact the accuracy of the extracted data.

e Develop a non-destructive technique for measuring and characterising re-entrant AM
surfaces.

e Develop novel surface-specific AM artefacts for industrial process verification and use
these as part of an artefact measurement suite to characterise the PBF AM machine

manufacturing envelope (the build chamber).

This work is not concerned with monitoring or in-situ AM metrology, discussed here [13] or
with form or shape inspection, discussed here [14]. Because of its industrial importance, this
work focusses on metal AM surface metrology. However, the techniques and methods
specified here may have application for polymer AM measurement (and indeed application for

surface measurement and characterisation outside the AM field).

1.3 Thesis layout

The thesis consists of nine chapters including the introduction, plus references and
appendices. A synopsis of chapter numbers two to nine is provided here. A brief rationale for
the experimental work, together with novelty, are discussed. Detailed explanations are

included in the specific chapters.

1.3.1 Chapter 2 Literature review

Chapter two is a review of current literature and state-of-the-art, comprising of three sections.
Section 2.1 is an overview of additive manufacturing. Section 2.2 is a review of literature
pertaining to metal AM surfaces and their measurement. A review paper [15] (the author of
this thesis is the first author), indicated that there had been very limited application of
computed tomography (CT) for the measurement, extraction and characterisation of data
from AM surfaces. This lack of research was surprising as the author had seen potential for

creating CT reconstructions with useable surface texture data. During unrelated work, using

23



the Nikon XT H 225 CT at Huddersfield University, this author had imaged the head of a brown
house moth (hofmannophila pseudospretella). When sectioned in the analysis software,
significant detail was visible on the inside of the moth’s eyes and antennae (Figure 1-4:(a)).
It was realised that the scale of the surface texture was significantly less than that of standard
as-built PBF AM surfaces (Figure 1-4:(b)) and so there seemed potential for the extraction of
meaningful surface data from CT. This led to a literature review of the current research into

the application of CT for the measurement of AM components, included here as Chapter 2.3.

AMSAT Build 1

Figure 1-4: Moth eye and AM surface.
(a) Head of Hofmannophila pseudospretella, sectioned in VGStudio MAX 3.0. Voxel
size 7.5 ym, (b) SEM image of an EBM AM as-built side surface (similar scale).

1.3.2 Chapter 3 Surface from CT

Prior to the work reported here, there had been no published areal AM surface extraction and
characterisation from CT reconstructions of AM components. This chapter discusses the
development of measurement artefacts, including a dimensional artefact scanned with the AM
surface measurement artefact. This chapter also presents the extraction technique, the
generation of areal parameter data per ISO 25178-2 [16], the evaluation of repeatability and
comparison with results obtained from a focus variation instrument. The results were
presented at conference [17] and a journal paper reporting this work has been published

[18].
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1.3.3 Chapter 4 CT-STARR (Surface Texture from Additive Round
Robin)

The surface extraction technique, as presented in Chapter 3, had been shown to be robust—
but the work had been performed on one CT machine, a Nikon XT H 225 at Huddersfield
University. This technique, to have industrial application, would need to be applicable to other
machines, so an interlaboratory comparison (round robin [RR]) was planned to evaluate
reproducibility. RR evaluations of AM dimensional extraction from CT has been performed
[19-21] but, as the base technique here is novel, this is the first RR investigating the
extraction and characterisation of surface texture from an AM component. A multi-machine,
worldwide round robin was considered, but it was decided that an initial (Stage 1) round
robin, including a limited number of participants (four) using similar machines (one Nikon XT
H 225 commercial machine and three Nikon MCT225 metrology machines) would be more
expeditious and the lessons learned about measurement technique, sample preparation and
data analysis would provide a solid foundation for an expanded Stage 2 RR with a larger
cohort of CT machines and with greater machine configuration variation. The development of

Stage 1 was presented at conference [22], as were the initial results [23].

1.3.4 Chapter 5 Factors affecting the accuracy of CT surface
measurement

For industrial applications it is important to know the potential effect of measurement process
variation. The effect of changing the electron-generation filament in the X-ray generation
assembly is discussed in Chapter 3. The effects of three additional factors on the extracted
surface texture parameter data are investigated in this chapter. These factors are CT surface
determination, which is the computation of the location of the surface based on the grey-
scale values of the re-constructed voxels. The second factor is the magnification and
measurement voxel size and the third factor investigated was the influence of measuring a
surface as an internal surface compared with the same surface as an external surface. The

results of this study were presented at conference and published as a journal paper [24].
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1.3.5 Chapter 6 CT measurement of re-entrant surfaces

The PBF additive process often produces an as-built surface with re-entrant (overhanging)
features. Additionally, the process presents the opportunity to intentionally produce designed
surfaces with overhanging or re-entrant features to improve component functionality.
Measurement of these features is important, as a process verification and functional
optimisation tool. These features can be imaged using the CT process. It will be shown in
Chapter 5 that there is insignificant difference between CT measurements of the same surface
as an external surface and as an internal surface, so the data for re-entrant surfaces should
be a true representation of the surface. CT measurements generate true 3D (x,y,z) data,
including internal features and surfaces. Line-of-sight measurement techniques, such as
optical focus variation and mechanical stylus cannot be used to measure re-entrant features.
The output of these line-of-sight processes is generally height map information: a single
z value created for any given x,y coordinate. If the data from CT is processed as a height map
then valuable measured data is lost. This lost data may have significant information that may
relate to the required part function. This Chapter reports on the novel measurement and
characterisation of re-entrant features using CT and a new surface parameter is proposed,

Sdrprime. The work was presented at conference [25].

1.3.6 Chapter 7 Surface-specific artefacts and build chamber
characterisation

Collaborations with industrial partners have shown that AM components with functional as-
build surfaces are now being used in critical applications, for example percutaneous (through-
the-skin) medical implants. In addition to the requirement to measure any re-entrant surfaces
correctly, as discussed in Chapter 6, these critical applications require consistent production
quality across the build chamber and between successive builds. This chapter reports on the
characterisation of an EBM chamber used for manufacturing medical implants, through
analysis of four builds using powder with differing re-use cycles. Included in the artefacts in

each build is a novel set of surface-specific measurement artefacts. Design rationale is
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discussed for these artefacts and the methodology and results for the characterisation is

reported. The surface-specific artefact work was presented at conference [26].

1.3.7 Chapter 8 Discussion and conclusions

The conclusions drawn from each experimental section and general conclusions are presented.

1.3.8 Chapter 9 Future work
On-going and future work are presented, together with an outlook of possible future trends

and opportunities.
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Chapter 2 Literature review

“Surfaces cover everything.”
Christopher A. Brown [27]

This chapter provides a review of the background literature and current state-of-the-art
research applicable to this thesis. The chapter is divided into three sections: section 2.1 is an
overview of AM, section 2.2 is a review of surface texture metrology for metal AM and section

2.3 is a review of the application of CT for metrology.

2.1 Additive manufacturing

The ASTM Committee F42 on Additive Manufacturing Technologies has defined seven methods

of additive manufacturing [28]:

e Vat photo polymerisation
This method uses a vat of photopolymer resin that is selectively cured using ultraviolet (UV)
light. The build platform is lowered by the layer thickness and the process is repeated.

e Material extrusion
This process, often called fused deposition modelling (FDM), involves the layer-by-layer
deposition of material heated and extruded through a nozzle.

e Powder bed fusion
PBF techniques use a raw material powder that is spread over the build plate surface. The
powder is selectively melted, the build plate is lowered by the layer thickness and then
another layer is applied and selectively melted. The two most common melting processes are
electron beam melting (EBM) and laser-based processes, including selective laser melting
(SLM), selective laser sintering (SLS) and direct metal laser sintering (DMLS) [29]. The
majority of metal metal powder bed processes (laser or electron beam bases) involve full

melting of the raw material powder [8].
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e Material jetting
In this process raw material is jetted, layer by layer, onto the build plate. This process is
similar to two-dimensional, single layer, ink-jet printing.

e Binder jetting
Liquid binder material is selectively jetted onto a powder bed layer. The build plate is lowered,
another layer of powder is applied and a further layer of binder liquid is applied. The powder
is glued by the adhesive binder to the layer below.

e Directed energy deposition
Directed energy deposition (DED) involves feeding the raw material stock (wire or powder)
into the heat source (such as a laser beam) near or on the material surface. A liquid pool of
molten material forms on the surface. This process is often used for repair or cladding of
existing components.

e Sheet lamination
Sheet layers are positioned onto the machine bed, bonded (glue or ultrasonic welding) to the

previous layers. The layer is then trimmed to the required shape and the process is repeated.

2.1.1 Powder bed fusion

The work reported in the present thesis will specifically involve research into one of these
processes: powder bed fusion. This process has seen the most widespread adoption and there
has been significant investment by the aerospace and medical industries in PBF AM, primarily
metal AM. As an example General Electric, a company with significant involvement in both
the aviation [30] and medical [31] industries has purchased a controlling share (76.1% as of
January 2017 [32]) of Swedish company, Arcam, the leading EBM machine manufacturer.
The PBF process involves the thermal fusion of a base material powder. Typical particle size
range for metal PBF powders is 15-45 um for laser-based systems [33] and 45-100 pm for

electro-beam based systems [34]. The particle size for electron-beam systems is generally
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larger to reduce the effect of particle charging and repulsion caused by the flow of electrons

through the powder during e-beam application [8].

2.1.1.1 Laser-based AM

A schematic of a typical laser-based PBF system is shown in Figure 2-1: [29].

Laser -

Powder Roller
\ ObjectPart . Powder Bed

Figure 2-1: Laser-based PBF system.

Reproduced from [29].

Laser-based PBF systems include a laser system to provide the thermal energy necessary to
melt the powder. The laser beam is scanned across the powder surface by a mechanical
galvanometer system. Between each layer the build platform is lowered by the layer thickness
and the next layer of powder is applied using a blade or roller. The build chamber typically
has an inert gas atmosphere (usually argon or nitrogen). This minimises oxidisation of the

powder [29].

2.1.1.2 Electron-beam based AM

EBM systems operate in a vacuum or partial vacuum and at high temperature. The base
vacuum level in the Arcam Q10 is maintained at 1 x 10> mbar. Helium gas at a partial pressure
of 2 x 1073 mbar is introduced during the melting process [35]. The electron beam is scanned

across the entire build after the addition of each powder layer, maintaining the entire build at
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an optimal ambient temperature (dependent upon the raw material used). This process
reduces the residual stresses within the finished component and reduces powder displacement
due to the charge-repulsion caused by the electron flow. The build process is achieved by
scanning the beam using a greater energy flux over just the areas required to be melted for
that build layer. One significant advantage of EBM process is the fast scanning speed, as the
electron beam is deflected using magnetic coils, similar to those incorporated in cathode ray
tubes and scanning electron microscopes, see Figure 2-2:. This electronic scanning is faster

than the mechanical scanning of the optical laser beam in laser PBF systems.

Electron Beam
Column

Filament

Astigmatism lens

Focus lens

Heat shield

Vacuum chamber s

Blectron Beam

Figure 2-2: EBM system configuration (Arcam).
Reproduced from [36].
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2.2 Surface texture metrology for metal AM

A review paper by Townsend et al., “Surface texture metrology for metal additive
manufacturing: a review” [15] underpins this section. This review paper includes analysis of
120 references from 1997 [37] to the publication submission date: May 29, 2016. More recent
references have been discussed here as applicable. A copy of the review paper is included in

Appendix 1.

2.2.1 Surface metrology

Surface metrology is defined as the measurement and characterisation of surface topography
[38]. The measurement of the surface is a separate, but inter-related, function from the
surface characterisation. Measurement is the process of acquiring surface data.
Characterisation is the process of extracting useful quantitative information from the data.
The measurement process has to be configured to acquire the necessary data to allow correct
characterisation of the surface. The required data may be specified by reference standards,
based on the surface configuration, measurement technique and the characterisation to be
performed. Measurement and characterisation will be discussed separately. The word
topography typically describes the geometric information for the surface, at all measurement
scales. This includes the surface form (shape), waviness and texture. Form is of longer
wavelength than waviness, which in turn is of longer wavelength than texture. The work
discussed in this review is focussed primarily on surface texture. The actual wavelengths

corresponding to waviness and texture (roughness) are surface dependent, see Figure 2-3:.
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Figure 2-3: Waviness and roughness of a machined surface.
Reproduced from [39].
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The final scale-of-interest (wavelengths) chosen for measurement and characterisation should
ideally be those that are most sensitive to component function. If, however, a relationship
between function and specific wavelengths has not been developed, there are standard
surface-scale values that may be generated based on the surface roughness. Interestingly,
this means that an approximate value of the surface roughness needs to be known to enable

correct settings for the final measurement and characterisation.

2.2.2 Scale-of-interest

M iroaphs. o
(a) Side surface, (b) detail of side surface, (c) top surface.

Figure 2-4:(a,b) show current work analysing a typical as-built SLM side surface (Ti6Al4V).
The surface has a high degree of irregularity at different observation scales. Partially melted
powder grains can be observed, together with melt flow waves and ripples. Figure 2-4:(b)
shows a surface pocket. Perhaps this pocket is an indicator of internal porosity within the
component: the material surrounding such pockets may not be fullly re-melted during
subsequent layer deposition, so creating a void that becomes embedded within the
component. Figure 2-4:(c) shows the top surface of the same component. The melt path
strategy is visible on the surface. There are asperities and globules on the surface that are of
different configuration to those on the side surface. Figure 2-5:, by comparison shows an

image of a machine-turned component. This surface is characterised by generally repeating
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features of similar pitch based on the machine feeds and speeds, with smaller scale features,

perhaps caused by tool edge irregulaties.

350
wm

Figure 2-5: Typical machine turned component.

Showing repeating features based on the machine feed rate and rotational speed,
together with smaller features from tool edge irregularities. Reproduced from
[40].

As has been discussed, the driving factor for the measurement scale-of-interest should be
component function, which may dictate very specific measurement and characterisation
parameters. A simple example to illustrate the importance of measurement scale-of-interest
is shown in Figure 2-6:. This desert landscape has several distinct surface scales. If the
surface is to be used as a track for dune buggies then the tuning of the car suspension may
be based on large wavelengths, up to perhaps 500 m. This may give an arithmentic mean
deviation of the surface of 10 m. If the interest is in the formation and characterisation of
wind-induced rippling then perhaps the largest scale of interest may be 0.2 m. If all
wavelengths above 0.2 m are filtered then the arithmeitc mean deviation of the surface may
be 2 cm. Finally, if the abrasivenesss of the surface is the imprtant function, then the
maximum scale-of-interest may be 0.2 cm, which, after filtering all wavelengths above this
value, may result in a roughness value of 0.1 mm. These arithmetic mean height deviation

values are all for the same suface, the 10 m to 0.1 mm difference (a 100,000 : 1 ratio) is

purely due to the filtering applied, which in turn is based on the scale-of-interest.
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DEFECT?

Abrasiveness?
Cut-off 0.2 cm
Arithmetic mean height 0.1 mm?

Figure 2-6: What is the correct scale of interest?

Sand dune with features at different scales-of-interest, based on function.

It should be noted that visual evaluation of surface may not always give an indication of the
correct measurement scale. Figure 2-7: shows two images of visually, fairly similar features.

However, the difference in the scale bar length is 1:1,000,000,000.

I_. = ek . .\‘-
- ) Ao
Figure 2-7: Visually similar surfaces.
Approximately 1 billion times scale difference. (a) SLM AM surface (b) surface of
the planet Pluto. Modified from [41].
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Many surface metrology instruments can be configured to measure surfaces at a wide range
of scales of interest, for example a typical focus variation instrument may have selectable
objective lenses with magnifications from x2.5 to x100. The machine operator is responsible
for configuring the measuring instrument system based upon the scales-of-interest, filtering

and characterisation requirements.

2.2.3 Importance of AM surfaces

Subtractive manufacturing methods remove surface to create a new surface. This is not the
case with PBF AM. A surface is first created and then re-melted. Surface texture may relate
to the internal structure of the component. Surface defects may become embedded in the
body of the component when subsequent layers are added. This may produce porosity that
may reduce fatigue life and material strength. The porosity may be exposed on a critical
sealing surface during later post-processing, rendering the component un-useable. Surface
texture measurement, in addition to providing accept/reject data during production, may
provide significant insight into the manufacturing process and, in the case of
AM manufacturing, the physical phenomena occurring during the manufacturing process.
There are many input parameters and physical processes in the metal PBF AM process,
see Table 1. As can be seen in Figure 2-4:, there is a wealth of information at the surface to

aid in process analysis and correction.
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Input Parameters

Powder size (e.g. d10, d50, d90)
Powder packing

Material composition & properties
Laser or e-beam spot size

Pulse v CW energy deposition

Power level

Pulse spacing (if pulsed)

Scan speed

Atmosphere (air, inert gas)

Material homogeneity

(variations in O, or alloy constituents)
Linear track separation

Vertical step height

Powder age & re-use

Part geometry, STL file characteristics
Scanning strategy

(contour-fill, checker board, random)
Scan to powder-wiper orientation
Errors (e.g. motion, energy deposition)

Table 1: Metal PBF AM input parameters and physical processes.
Reproduced from [42].

Physical Processes

Conduction heat transfer
Phase changes
Radiation heat transfer
Denuding effect
Balling effect

Spatter

Melt pool size (3D)
Pore formation
Hydrodynamics
Raleigh instability
Marangoni circulation
Grain Structure

Spatial variations in temperature
(e.g. proximity to heat sinks)

Variations in energy deposition
(e.g. variations in absorptance)

Staircase effect
Thermal expansion & Shrinkage
Residual stress

To illustrate the potential impact of the surface texture on an AM component a calculation
was performed of the approximate total surface area created during the build, compared to

the surface area remaining on the outside of the component after build completion.
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Figure 2-8: Picture of typical PBF build configuration.
Showing build layers and line-spacings. Modified from [43].

Figure 2-8: shows a typical build configuration. The approximate embedded surface (Semb)

was calculated using Equation 1 (developed by this author). This example is for a PBF AM
cube, assuming orthogonal scan pattern and rectangular (or square) bead cross section for

each pass.
Sempb =12((M-1)+(N-1)) Equation 1
Where:
L = Part width, length, depth
M= Laser passes on each layer
N = Number of layers
Therefore:
12 = the area of each embedded horizontal or vertical surface

(M—l) = the number of embedded vertical surfaces

(N—l) = the number of embedded horizontal surfaces

The external surface of a cube,sext , is given by:

—6/2 i
Sext =6L Equation 2
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Figure 2-9: Diagramatic side view of 4 mm cube showing scan pattern.
Representing 1 mm layer thickness and 1 mm line-spacing.

For a 4 mm cube, 4 passes per layer (each pass 1 mm wide), 4 layers (each 1 mm thick):
Embedded surface = 42 x (3+3) = 96 mm?

This is three embedded horizontal surfaces, each with an area of 4 mm x 4 mm in addition to
three embedded vertical surfaces, each with an area of 4 mm x 4 mm, see Figure 2-9.
External surface =6 x 42 = 96 mm?

Percentage of “total surface” remaining 96 / (96+96) = 50%

Similarly, for a 10 mm cube, 100 passes per layer, 100 layers:
Embedded surface = 102 x (99 + 99) = 19,800 mm?

6 x 102 = 600 mm?2

External surface

Percentage of “total surface” remaining 600 / (600+19,800) = 3%

So in this example, for a 10 mm cube with 100 pm layers and 100 pm scan spacing, the final
surface is less than 3% of the total surface area produced during the build. The vast majority
(97%) of the surface manufactured during the build is re-melted as further layers are applied.

This illustrates the possible catastrophic impact of surface defects on the internal structure of
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the component. The as-built AM surface may be post-processed by machining for example.
Additional material needs to be added to the design prior to the build in specific areas that
will be post processed to improve sealing, bearing areas or mounting surfaces. This is similar
to the allowances provided on casting dawings. Design of datums on the part shouild be
considered to allow correct mounting and orientation prior to this machining. The depth of
surface defects and possible surface destortions produced during the build is critical in
deciding the additional material allowance required to ensure complete clean-up of the
surface. Characterisation of the build chamber using artefacts that can be compared to the
nominal CAD drawing using a deviation analysis will provide significant information on the

required allowance, see 7.4.4.

2.2.4 Profile and areal surface measurement

The review paper, Townsend et al., “Surface tecture for metal additive manufacturing: a
review” [15], Appendix 1, contained an analysis of literature pertaining to surface texture
metrology of metal additively manufactured parts. The review paper was divided into sections
based on area-of-interest. The following section of the thesis are based upon those sections,
with additional explanation where applicable. Industrial applications, build technology and raw
materials, surface measurement and characterisation and surface texture parameters are
discussed. Surface measurement and characterisation can broadly be divided into two
methods: profile and areal. Profile measurement is the extraction of two-dimensional data
from the surface: linear position along a straight line (x) and a corresponding surface height
(z) at that position. Areal surface measurement data is generally of height map format,
consisting of an (x,y) location on a plane with a corresponding height value (z). Measurement
and characterisation of true 3D data (x,y,z) will be discussed in later chapters. ISO standards
4287 [44] and ISO 25178-2 define the most frequently used surface texture parameters in
academia and industry. ISO 4287 defines terms, definitions and surface texture parameters

for profile measurements and ISO 25178-2 defines terms, definitions and surface texture
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parameters for areal measurements. While profile parameters still see more application in the
reviewed research (80%), with areal parameters reported in approximately 20% of the
research, areal parameters have distinct advantages over profile parameters for the
characterisation of surfaces. Surfaces topography is three dimensional in nature and so
analysis using profiles (two dimensional data) will not fully describe the surface and may give
misleading results when taken in isolation, leading to components that may not function as
required. Figure 2-10: shows a surface with an extracted profile measurement. The profile
measurement may be interpreted as a pit or a scratch. The measured surface shows this is a
scratch. Functionally, for fluid sealing for example, a pit may be acceptable whereas as scratch

may lead to leakage.
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Figure 2-10: Profile measurement extracted from a ground surface.
Profile trace “"A"” could be a pit or a scratch. "B” surface image indicates this is a
scratch. Reproduced from [45].
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2.2.5 Industrial applications, AM methods and build materials

The aerospace and medical industries have been early adopters of AM manufacturing [46]. In
part, this interest is because of the ability to manufacture components using standard high-
performance metal material types currently used in these industries, such as titanium alloys
(34% of references that specified material used titanium, with Ti6Al4V and Ti6Al4V ELI
comprising 95% of those references) and stainless steels (39% of references, 316L SS
comprising 70% of those references). Other steels, such as alloy and maraging steels
comprise 10% of the literature. Refractory materials, such as cobalt chrome and alumina,
together with tool steels and copper alloys comprise only 7% of the analysed references.
Nickel alloys were the subject of 5% of references (with Inconel 625 being the subject of 75%
of the research). Aluminium alloys, such as AISi10Mg were the subject of 5% of the research.
At this point the metal AM build process with the greatest economic impact has been PBF
[42]. As a result there has been greater research into metal PBF processes than other metal
AM processes, such as DED, material extrusion and material jetting. While literature
references the importance of AM surface texture for industrial applications, currently the
published AM surface texture research shows limited connection to application-specific
industrial applications. Generally, AM surface texture research is at an infant stage, where
surface texture metrology is being used to understand the manufacturing process capability
and the effect of build parameter variation. There has been some investigation into the use
of bio-compatible materials, such as cobalt chrome and Ti6Al4V ELI, using AM techniques
[47, 48]. The effect of AM surface roughness on electromagnetic horn antennae performance
[49] and the effect of texture (as-built, machined and polished) on fatigue performance has
been investigated [50].

A review of the literature indicated that, of the two most significant metal AM processes, PBF
and DED, PBF was the subject of greater research, with 44 published references
([47, 48, 50-91]). There were seven published references for DED research ([92]). Table 2

shows the AM technique used for each of the material groups used in the AM surface research.
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The research included in this thesis will be focussed on PBF techniques, using aerospace and
medical grade materials, Ti6Al4V ELI, AISI10Mg using EBM and SLM build systems, to ensure

the maximum relevance of the research.

Table 2: Reviewed research papers for each material group.
Showing percentage of AM technique (EBM, laser and DED) used in the research.

AM process
Material EBM Laser DED
Nickel Alloys 0 100% 0
Aluminium alloys 0 100% 0
Stainless steels 0 87% 13%
Other steels 0 83% 17%
Titanium alloys 35% 50% 15%
Others 0 100% 0

2.2.6 Measurement technologies

Historically, surface texture has been measured using contact styli profilometers. Stylus
profile texture measurement and characterisation are still ubiquitous in industrial situations,
the systems are generally low-cost and there is a comfort-level due to familiarity. In the
reviewed literature, 40% of the references used stylus profile measurements. Contact styli
may be raster-scanned across the surface and the individual profile measurements may be
combined to create an areal height map of the surface, so providing the advantages discussed
for areal measurements; however, this raster-scan process tends to be very time consuming.
There were no areal raster-scanned stylus measurements in the reviewed literature.
Additionally, the typical powder-based AM surface, see Figure 2-4:, presents significant
measurement challenges due to re-entrant features, discontinuities, high slope angles and
vertical walls. The contact styli may jam and be damaged when traversing the steep slopes,
there may be shank contact and also loss of contact. The progressive realisation that areal
measurements now provide more information in general [93], but especially for complex AM

surfaces, is leading to greater adoption of non-contact (optical) areal measurement systems.
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2.2.7 Focus variation

The machine used for reference measurements in this work (an Alicona G4) is an optical areal
measurement system using the focus variation measurement method. This method has
previously been used for AM areal surface texture measurement [62, 94]. The focus variation
process is a combination of narrow depth of field optical elements and vertical scanning of
the optics. This process acquires areal surface texture information, with the option, of course,
to extract profile data from the areal data sets. A schematic of a typical focus variation system

is shown in Figure 2-11: [95]. The Alicona G4 system is shown in Figure 2-12:.
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1 array detector

2 optical components

3 white light source

4 illumination beam splitter
5 objective

6 specimen

7 vertical scan

8 focus information curve with maximum position
9 light beam (...)

10 analyzer

11 polarizer

12 ring light

13 optical axis (.-.-.)

Figure 2-11: Schematic of a typical focus variation system.
Reproduced from [95].
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Figure 2-12: Alicona G4 focus variation surface measurement system.

Reproduced from [96].

The focus variation system includes an integrated turret with selectable objective lenses, with
magnifications typically ranging between x2.5 and x100 [97], are selected to provide the
surface resolution suitable for the sample under test. The following numbered references refer
to Figure 2-11:. A beam-splitter (4) is used to insert white light (from the white light source
(3)) into the optical path [98]. This light is focussed onto the surface (6) by the objective lens
(5). Light reflecting from the surface and onto the objective lens is projected onto a planar
detector (1). This is similar to the operation of a digital camera. Generally with a digital
camera a particular object in the photograph, or perhaps all areas of the image, would ideally
be in focus. The lens system in the focus variation system intentionally has a narrow depth
of field, so only small areas of the measured object are sharply imaged [98]. The image
gathering assembly is mounted on a motorised vertical (z) stage. The plane of focus is
positioned just below the lowest point on the sample. An image is acquired, the stage is then
lowered a known distance, based on the lens system and resolution, and another image is
acquired. This process is repeated until the plane of focus is above the highest point in the
sample. This will ensure that every lateral measurement point on the surface (again defined
by the selected resolution) will be, or near, full focus at a known height. This technique uses

image contrast to verify focus and therefore the height for a particular area: the higher the
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image contrast the more focussed the image. To ascertain contrast for a particular location
the neighbouring pixels are compared to the pixel at the location of interest [95, 99]. The
highest contrast image has the greatest standard deviation for the local pixel grey-scale

values, see Figure 2-13:.

Scan position Surface image Standard deviation
o ﬁ m
Almost in focus ﬁ 20
- ﬁ 50
Almost in focus ﬁ 20
o ﬁ m
1 Point of interest for which the focus information is calculated.
2 5x5 neighbourhood of points used to calculate the focus information (standard
deviation).

Figure 2-13: Focus variation information at a position of interest.
(1) position of interest, (2) quantification of focus based on the standard deviation
of the intensities of neighbouring points. Reproduced from [99].
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The acquired height and location data is used to generate height map data for the component
under test. Through-the-lens illumination may be supplemented by additional lighting
sources, such as a ring light (12) which preferentially illuminates the sides, rather than the
top, of the surface being measured. This reduces the contrast between to top and sides and

permits measurement of surfaces with slopes greater than 80° [100]. The focus variation

system includes an (x,y) stage that allows the sample to be moved beneath the optical
measurement system. This is used to locate the region of interest, but also allows image
stacks to be acquired from adjacent (overlapping) areas. The data from all measurements is
then combined to produce height map data for a larger measurement area. This stitching may
be required to comply with the measurement resolution and sampling area requirements
defined by standards such as ISO 25178. Focus variation is not suitable for very reflective or
specular surfaces as there will generally be too much contrast between the specular and non-
specular areas. Transparent surfaces will also present a problem as the system is unable to
differentiate between outer and inner surfaces. The surfaces of as-built powder bed fusion
metal AM components generally are well within the measurement capability of focus variation

systems [101].

2.2.8 Surface characterisation

Once the surface has been measured then meaningful, quantitative, data needs to be
extracted. As discussed in 2.2.2, selecting the correct scale-of-interest of the surface is critical
for obtaining the most useful information from the surface measurement. This selection
governs the filtering to be applied to the data, so only the data of relevant scales is evaluated,
and is not swamped by (primarily longer wavelength, larger amplitude) non-critical data. The
function of the surface will also dictate the type of surface texture parameter extracted from
the data: amplitude, spatial, hybrid for example [93, 102]. As has been discussed in section
2.2.4,1S0O 25178-2 defines areal parameters. ASME B46=1-2009 [103] and JIS B 0601:2013

[104] also define areal parameter sets, but a review of the standards used for the

47



characterisation of AM surfaces [15] showed the literature referenced only the ISO standard

for area measurement and characterisation.

2.2.9 Parameters sensitive to AM surface and component
performance

2.2.9.1 Profile parameters

Within the references reviewed, approximately 20% used areal parameters for surface
analysis. The majority (80%) of AM surface measurement references used profile parameters,
with, by far, the most commonly used parameter being the ISO 4287 profile parameters Ra,
the arithmetic mean deviation of the assessed profile [52, 63, 65, 81, 85, 105, 106]. Another
ISO 4287 profile parameter, Rg, is the second most used parameter. Rqg is the root mean
square of the ordinate values within the sampling length, that is, the sample standard
deviation [59, 67, 107]. Other profile parameters have also been used successfully to
characterise AM surfaces: Rz, the maximum peak-to-valley height of the measured profile
[59, 67] and the material ratio curve [53]. The material ratio curve is also known as the
Abbott-Firestone curve. This curve is the material ratio as a function of height down from the
highest peak to the deepest valley (at the peak the value is zero; at the deepest valley the
value is 100%). The predominant application of profile parameters (and Ra in particular) for
AM surface texture metrology is perhaps not surprising. Ra is the standard surface
measurement parameter in non-AM engineering manufacturing, where the advantages of

areal measurement (see 2.2.4) are still gaining acceptance.

2.2.9.2 Areal parameters
Perhaps, not surprisingly, the most widely adopted ISO 25178-2 areal parameter is Sa, which

is the arithmetic mean height of the scale-limited surface. Sa is the areal equivalent of the
profile parameter Ra. It should be noted that the majority of definitions of the areal
parameters in ISO 25178-2 specify a scale-limited-surface, that is, surface texture date after

the application of hi-pass and low-pass filtration to remove non-relevant wavelengths, see
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section 2.2.2. Results for these parameters will vary considerably at different scales (i.e. afer
application of different filter sets), so definintion and reporting of the these filtration values is
imperative. The parameter Sa was used in 90% of the references where areal parameter data

was reported.

2.2.9.2.1 Sa

Sa, as defined in ISO 25178-2, is the arithmetic mean of the absolute of the ordinate values

within a definition area, ( A ), see Equation 3.

1
Sa :KJ,I\‘ z (X, Y)‘dXdy Equation 3

2.2.9.3 Surface and function

The parameters chosen to characterise the AM surface need to be sensitive to changes in the
surface texture. These changes can be caused either by modification of the AM build
parameters or through post-processing of the as-built AM surface. Figure 2-14: shows false-
colour height maps of the surfaces of SLM Ti6Al4V components pre and post vibro-finishing.
The areal parameters most sensitive to the changes produced by the vibro-finishing process
were peak material volume (Vmp), developed interfacial area ration (Sdr), reduced peak
height (Spk) skewness (Ssk), autocorrelation length (Sal), material ratio (dales) Smr2.
Moylan [108] proposed using a combination of mean roughness (that is Ra or Sa), peak to
valley height (Rz or Sz), skewness (Rsk or Ssk) and kurtosis (Rku or Sku) as a parameter set
to be used to characterise the surfaces of AM components. Skewness and kurtosis are the
third and forth order moments of the probability distribution for the surface height. Skewness
is an indicator of the bias of the surface material in relation to the mean line between the
peak and valley. Kurtosis is an indicator of the “peakedness” of the surface. The greater the

kurtosis the greater the “peakedness”.
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Figure 2-14: Focus variation height maps of a Ti6AL4V SLM part side surface.
(a) as-built, Sa 21 pm (b) post vibro-finishing, Sa 12 pm. Modified from [15].

Research has related surface texture to fatigue life [50, 109, 110]. In Ref. [109] Ti6Al4V SLM
and EBM components were analysed and fatigue life was correlated to Ra. It was found that
as the Ra increased from 3 ym to 1000 um the fatigue life decreased from 10° to 10% cycles.
This work also reported that surface defects had the most impact on reducing the high-cycle
fatigue life. Generally, research into the surface texture of powder bed fusion AM components
has been performed to gain an understanding of the physics and to optimise individual process
parameters for PBF processes [15]. A bullet-point list of conclusions drawn for specific AM

build variation is reported here.

e Beard[111] found that lower scan speed and higher power tend to improve top surface
roughness.

e Grimm [112] found a correlation between the surface orientation of SLM parts and Sdr
(developed interfacial area ratio).

e Mumtaz [63] investigating SLM Inconel 625 parts, found that adjusting parameters to
achieve minimum top surface and bottom surface Ra values concurrently was not
possible. Parameters that promote a reduction in top surface Ra: increased overlap,

reduced scan speed, tend to increase the balling effect (surface tension produces round
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beads of melted material) and increase side surface Ra. Increasing peak power (to the
point of significant material vaporisation) reduces both top and side Ra.

Safdar [52] researching EBM Ti6Al4V artefacts noted Ra values increased with
increasing beam current and decreased with an increase in offset focus (moving the
plane of focus of the electon beam vertically in relation to the powder layer) and scan
speed.

Strano [85] noted SLM upskin (upward facing) surface roughness was influenced by
build orientation and layer thickness and downskin surfaces were additionally
influenced by laser power.

Triantaphyllou [62] found that Sa and Sg were suitable measurement parameters for
SLM and EBM Ti6AL4V components and that Ssk (skewness) differentiated upskin from

downskin surfaces.

Example surface texture parameters used in AM research are shown in Table 3.

Table 3: Examples of surface texture parameters used in AM research, from [15].

Author Ref. Surface texture parameter Area of research
Frazier [109] | Ra EBM and SLM Ti6Al4V fatigue life
Grimm [112] | Sdr SLM Hastelloy X surface build angle (hemi-sphere)
Jamshidinia [53] Rk, Rpk, Sa, Material ratio EBM Ti6AI4V heat accumulation
Moylan [108] | Ra, Sa, Rz, Sz, Rsk, Ssk, Rku, Sku AM surface and build angle (platens)
Mumtaz [63] Ra SLM Inconel 625
build parameters to optimise horizontal and vertical surfaces
Pyka [59] Ra, Rq, Rz SLM Ti6Al4V lattice surface treatment
Safdar [52] Ra EBM Ti6Al4V build parameters
Triantaphyllou | [62] Sa, Sq, Ssk SLM and EBM Ti6Al4V build angle (platens)
University of | - Vmp, Sdr, Spk, Ssk, Sal, Smr2 SLM T6AI4V vibro-finishing
Huddersfield

Unfortunately, it is difficult to generalise AM machine setup parameters as each machine

design

density

and each powder configuration are different. However, in general there is an energy

“sweet-spot” below which insufficient melting occurs and above which there is powder

vaporisation and spatter [63]. One conclusion from Ref. [62] was that the direction of profile

measurement in relation to the laser scan direction had little effect on the calculated surface

roughn

ess for the EMB or SLM test samples. Similarly, the ASTM F42/ISO TC 261 Joint Group
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for Standard Test Artefacts (STAR) concluded that the stair-step effect (the approximation of
an angled surface due to the finite build layer thickness) was not the dominating factor
influencing the surface roughness of PBF platens built at different angles to the plane of the
build plate [108]. Indeed, Taylor [42] found that, with certain build conditions, the primary

surface lay was not parallel to the laser scanning direction.

2.2.9.4 Process modelling

The AM build process is complex with many interactions between build parameters and
physical processes, see Table 1. The importance of computer simulation and modelling of the
AM process, to help understand this relationship between the build process and the surface
topography, has been recognised [42, 84, 113, 114]. There are many factors to be modelled
to accurately represent the physical process. King et al. [115] have modelled the PBF process
and have reported that a simulation of a 1 mm laser pass may take many days on a multi-
processor computer. The validity of these modelling operations can now be verified by
comparison to real-time monitoring of the PBF build process using synchrotron X-ray imaging
and diffraction [116]. There are now commercial organisations, such as 3D SIM, developing
process-solvers that combine simulation with a priori data to analyse build data and
component configuration to optimise build parameters on a part-by-part basis [117]. This
complexity highlights the importance of having a target, based on function, to assure

optimisation of the build for the intended use of the part.

2.2.9.5 Feature extraction

An advantage of areal surface measurement is the ability to image complete surface features
(as opposed to cross-section information obtained from profile measurements). There are
established pattern recognition and segmentation systems [16, 118-120] for feature
extraction. The process described in ISO 25178-2 includes terms relating to topological

geographical features to aid understanding: hills (peaks), ridgelines, dales (pits), courses and

52



saddles. The surface is segmented based on these boundaries and a change tree based on
these segmented areas is developed. This initial segmentation typically produces an over-
segmented surface, so segmented areas are combined by “pruning”. This process involves
combining adjacent segments, starting with adjacent segments with the smallest peak-to-
saddle or pit-to-saddle distance. This can be visualised by filling all dales with water to the
same pit to water surface level. At some height the water will overflow from the dale with the
smallest pit-to-saddle distance and the water will flow into the adjacent dale. These adjacent
dales will then be combined. The process continues until a specified threshold is reached, such
as a defined number of peaks or a defined peak-to-saddle distance. The final segmentation
map may then be used as a map applied to the original surface texture data to extract, for
instance, only significant hills (peaks). By selecting map configurations the extracted surface
features or the underlying surface without features may be independently analysed. This
analysis technique has application to PBF AM surfaces, where the surface asperities may be
extracted and analysed independently from the base surface. Similarly the asperities may be
extracted and removed, allowing analysis of the underlying surface [121]. There may be
significant information about the build process contained in the surface texture data of the
underlying surface that would otherwise be overwhelmed with data from the asperities. Post-
processing applications to remove the asperities may significantly damage the underlying
surface, potentially destroying this useful information. The surface of an SLM ALSi10Mg
component is shown in Figure 2-15:(a) shows the false colour height map of the surface
section after measurement on a focus variation instrument. Figure 2-15:(b) shows the surface
after application of a global threshold to the surface: all surface texture information below the
threshold height is removed. Figure 2-15:(c) shows watershed segmentation, as described
above, followed by Wolf pruning per ISO 25178-2 at a threshold of 1% Sz. Figure 2-15:(d)
shows the surface after watershed segmentation followed by 8% Sz Wolf pruning. The surface
features remaining may now be extracted and analysis, or the surface features may be

removed to allow analysis of the remaining surface.
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Figure 2-15: Surface feature extraction from and SLM part top surface.

(a) False colour height map (original data), (b) After levelling and thresholding,
(c) Watershed segmentation followed by 1 % Sz Wolf pruning, (d) After 8 % Sz
Wolf pruning. Reproduced from [15].

2.2.10 Areal surface data processing
Surface texture has been defined in ISO 25178-2 as the scale-limited surface that remains

after the application of a series of operations applied to the primary extracted surface. Per
ISO 25178-2 the F-operation removes the form (as required). This is followed by an L-filter
nesting index (high-pass filter) and S-filter nesting index (low-pass filter) that remove the
long wavelength and short wavelength features respectively. The S-L (L-filter nesting index

and S-filter nesting index) process was used for all surface samples reported here, see Figure

2-16:.
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Figure 2-16: ISO 25178-2 Surface filtering.

Showing the S-L (L-filter nesting index and S-filter nesting index) filtering system.
Reproduced from [16].

The values of the parameters extracted from surface data are dependent upon the
measurement and processing techniques. As has been discussed, in general the
measurement, scale-of-interest, filtering and parameter selection should be based, if possible,
on the surface function [38]. If this is not possible then the filtering recommendations of the
ISO standards should be applied. It is important, if possible, to have an understanding of this
relationship between function and surface texture, in particular finding scales of interest
(hence filtering) and parameters that provide maximum sensitivity to the surface changes
that will most influence functional performance. The results will vary significantly depending
upon the filtering applied. As an example, Figure 2-17: shows the effect of changing the
L-filter nesting index value for an 8 mm x 8 mm measurement of the top (upskin) surface of
an SLM AISi10Mg aluminium block. Figure 2-18: shows the effect of changing the L-filter
nesting index value for an 8 mm x 8 mm measurement of the side surface of an EBM Ti6Al4V
titanium block. The S-filter nesting index was 0.025 mm for both data sets. It can be seen
that there is significant reduction in Sa value below an L-filter nesting index value of

approximately 2 mm.
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Figure 2-17: Effect of changing L-filter nesting index on Sa value, SLM sample.
Surface extracted from the top surface of an ALSi10Mg SLM sample.
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Figure 2-18: Effect of changing L-filter nesting index on Sa value, EBM sample.
Surface extracted from the side surface of a Ti6Al4V EBM side sample.
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Filtering is normally a combination of a low-pass and high pass filter. The choice of high-pass
filter (Ac per ISO 4288 for profile measurements, L-filter nesting index per ISO 25178-3 for
areal measurements) will generally have a greater effect on the extracted parameter data.
The low-pass filter is often considered a noise filter. ISO 25178-3 suggests an L-filter nesting
index value of 5x the largest scale of interest: "The value of the L-filter nesting index is
typically five times the scale of the coarsest structure of interest”. Often, however, the exact
scale of interest is not known and the choice may be arbritary. The profile standards do define
a cutoff (Ac) value, based on the surface roughness value. This is based on the type of surface.
For a stochastic surface, such as a ground or additively manufactured surface, Table 1 of

ISO 4288 [122] defines the high-pass filter to be used, see Table 4.

Table 4: ISO 4288, table 1.
Showing sample and evaluation lengths for measured profile Ra values.

Ra Roughness | Roughness
sampling evaluation
length length
Ir I
[m mm mm
(0,006) < Ra = 0,02 0,08 0.4
(0,02) < Ra = 0,1 0,25 1,25
0,1<Ra =2 0.8 1
2<Ra=10 2,5 12,5
10 < Ra = 80 8 40

For example, a surface roughness of Ra 5 pm would require a sampling length of 2.5 mm with
equivalent cut-off value (Ac) of 2.5 mm. The evaluation length in the table are five times the
sampling length. Five individual measurement results, each with a sampling length as
specified in the table are averaged. This cut-off filtering value corresponds to an areal filter
(L-filter nesting index) of the same value (so that the same wavelength information is
removed). Per ISO 251278-3, the required surface, if possible, should be a square with sides
with a length equivalent to the L-filter nesting index value. Per ISO 25178-3, the default

L-filter is an areal Gaussian filter. This default filter has been used for all the research reported
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here. The low-pass filter (S-filter nesting index) can be selected from 1SO25178-3 table 1,

see Table 5.

Table 5: ISO 25178-3 table 1.
Showing the relationship between areal L-filter nesting index, S-filter nesting
index and bandwidth ratio.

F-operation or S-filter nesting index | Approximate bandwidth ratio between
L-filter nesting value the
index value F-operation or L-filter and S-filter
nesting index values
mm mm
0,001 100:1
0,000 5 200:1
o 0,000 2 500:1
0,000 1 1000:1
0,002 100:1
0.2 0,001 200:1
0,000 5 400:1
0,000 2 10001
0,002 5 100:1
0,25 0,000 8 300:1
0,000 25 10001
0,005 100:1
0.5 0,002 250:1
0,001 500:1
0,000 5 1000:1
0,008 100:1
08 0,002 5 3001
0,000 8 1000:1
0,01 100:1
0,005 200:1
! 0,002 500:1
0,001 10001
0,02 100:1
0,01 2001
4 0,005 400:1
0,002 1000:1
0,025 100:1
2,5 0,008 300:1
0,002 5 1000:1
0,05 100:1
0,02 250:1
° 0,01 500:1
0,005 1000:1
0,08 100:1
8 0,025 300:1
0,008 1000:1
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The S-filter value is based on the L-filter nesting index. ISO 25178-3 table 3, see Table 6,
requires that the sampling distance for optical instruments should be a maximum of one third
of value the chosen S-filter nesting index. Optical instruments, such as the Alcona G4, require
that the lateral resolution is selected prior to a surface measurement (the lateral resolution
value is equivalent to the S-filter nesting index value). The sampling distance is then

automatically set to one third this value.

Table 6: ISO 25178-3 table 3.
Showing the relationship between S-filter nesting index, sampling distance and
lateral period limit for optical surfaces.

S-filter nesting index value 2 Maximum sampling Maximum lateral period
distance limit
mm mm mm

0,000 1 0,000 03 0,000 1

0,000 2 0,000 06 0,000 2

0,000 25 0,000 08 0,000 25

0,000 5 0,000 15 0,000 5

0,000 8 0,000 25 0,000 8

0,001 0,000 3 0,001

0,002 0,0006 0,002

0,002 5 0,000 8 0,002 5

0,005 0,001 5 0,005

0,008 0,002 5 0,008

0,01 0,003 0,01

0,02 0,006 0,02

0,025 0,008 0,025

0,05 0,015 0,05

0,08 0,025 0,08

0.1 0,03 0.1

0,2 0,06 0,2

0,25 0,08 0,25
a Alternatively, the optical method used to probe the surface may provide an inherent
filter giving rise to the lateral period limit that approximates a Gaussian filter; in these
cases, the lateral period limit may be used to define the short-wavelength nesting index
instead of a digital S-filter.
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In the researched literature, 70% of the references report values of the nesting indexes. This
reporting is very important as it will allow others to duplicate the measurements and
characterisation techniques. Work has been performed to evaluate whether cut off values
required by ISO 4288 are applicable to additively manufactured surfaces. Triantaphyllou [62]
manufactured SLM and EBM Ti6Al4V components, both with surface Ra values that would
require a high-pass filter (Ac) per ISO 4288 of 8 mm. The areal measurement area was a
square with sides 8 mm. The value of L-filter nesting index was established by using area-
scale analysis techniques developed by Brown [123]. The results obtained showed that, for
their samples, the L-filter nesting index, and hence the length of the sides of the measurement
square needed to be no more than 2.5 mm to characterise the surface (i.e. the majority of
the information about the surface was contained within the wavelengths less than 2.5 mm,
there was little significant data with wavelengths between 2.5 mm and 8 mm). This is a
promising technique, and would allow a significant reduction in required measurement area
and processing time, however the area-scale analysis would need to be applied and results
obtained on a case by case basis. If the measurement is taken using a smaller area it may be
difficult to re-measure with a larger area if larger scales are found to be of interest.
Conversely, measuring and characterising data extracted from the larger area (for example

8 mm x 8 mm), of course means that a selected, smaller area may be analysed later.

2.2.11 Conclusions

There has been some investigation into the effect of surface texture on functional
performance, but the majority has been AM build parameter optimisation. Areal surface
texture measurements provide significant advantages over profile measurements and areal
techniques are becoming adopted by industry and academia. Areal cut-off filtering selection,
per ISO 25178-3, can be based on 5x the largest scale of interest. If the scale of interest is
not known, as in the work performed here, then the default position is that the L-filter nesting

index can be set to the profile cut-off filter value specified in ISO 4288. These values will be
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used in the work that follows. Similarly, the default filter type, as specified in ISO 25178-3,

is Gaussian and will be used in the work that follows.

2.3 CT for AM metrology

2.3.1 Computed tomography
Computed tomography imaging was invented in 1972 by Godfrey Hounsfield (EMI) and Allan

Cormack (Tufts University). The invention won them both the Nobel prize in physiology or
medicine, 1979 “for the development of computer assisted tomography” [124]. The word
“Tomography” derives from the Greek words “tomos” which means slice and “graphia”
meaning describing. CT is the computational combination of individual X-ray images, taken
of the subject at different angles, to produce cross-sectional image slices of the subject. The
data is then processed to create 3D volume information. Initial applications were medical,
with commercial machines available in the 1970s. CT machines for industrial inspection
applications began to appear in the early 1990s. The fundamental difference between medical
and industrial machines is the imaging technique: through necessity, the X-ray source and
detector incorporated in medical CT machines rotate around the patient. The majority of
industrial machines operate with the X-ray source and detector at fixed, known, positions and
the component being inspected mounted on a stage with known centre of rotation between
the two. The stage then rotates around the axis and an X-ray image is taken at known
rotational intervals (for this research the number of individual rotational images ranged from
1583 to 3142). The CT machines used in this research have a cone-beam configuration with

a planar detector, see Figure 2-19:.

61



X-ray source sample detector

rotation g
step by step<_§, ™
]
M :
__,_.a-—-*""rﬂg_ X-roys

~N
N\
.—-“.?-.- .
J
x

Figure 2-19: Cone beam CT schematic.
Showing the X-ray source “gun”, rotating sample under test and the image
projected onto the detector. Reproduced from [125].

The detector panel in the CT has pixels, similar to a camera sensor. When the X-ray image
data is processed to produce 3D information, voxel information is produced. Voxels
(volumetric pixels) are the 3D equivalent of pixels. The source-to-detector distance is fixed
in these applications and so the magnification is adjusted by varying the position of the sample
between the source and detector. Some of the X-rays from the source are absorbed as they
pass through the component, the air, the fixture etc. The absorption equation is (Beer-

Lambert law):

| = Ioe_'”t Equation 4

Where | is the intensity of the X-rays, p is the attenuation coefficient and t is the thickness
of the material. The voxel information is generally calculated from the projection information
using the exponential decay of the X-ray beam penetrating the material. This requires that

the logarithm of data be taken to linearize the decay characteristic, so the attenuation for
each ray is calculated as In( |0/ |). After this process the pixel values in the images are the

sum of the density values along the beam path from source to detector. The individual X-ray
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images (grey-scale images) are then combined to produce a 3D grey-scale volume of the
component and background. This is done using filtered back projection. This process can be
envisaged as projecting back from the pixel data towards the focal spot location (so in a cone
shape, equivalent to the cone-beam). Each projection image has no depth information, just
a single grey value for each pixel projected back toward the source. One way to visualise the
combination of each of the projection images is to consider the volume stationary and each
projection rotating around the stationary volume, the information for each projection adding
to all previous projections. Prior to the back projection each of the views is convolved with a
filter kernel (convolution matrix) to correct blurring that will occur with simple back projection,

see Figure 2-20:.
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Figure 2-20: CT reconstruction from multiple projections.

(a) unfiltered back projection, showing generation of the final image from multiple
projections (b) filtered back projection, showing the correction of image blurring.
Reproduced from [126].

2.3.1.1 Resolution
In general, the higher the magnification, the greater the resolution. However, the resolution

is effected by the X-ray spot size. Above a certain energy per unit area, the electron beam is
de-focussed to maintain energy density below a maximum value and therefore prevent target
damage. The power used in all machines in this research was maintained below 10 W to avoid

having to defocus the electron beam. This defocussing of the electron beam produces a
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defocussed (blurred) X-ray beam. This is similar to the umbra and penumbra shadow effect
produced by the sun, because the sun, just as is the case with the X-ray source is not a single
point. The nominal (fully focussed) electron beam spot size for the machines used in this

research is 3 pm.

2.3.1.2 Beam hardening

X-ray generation leads to the production of polychromatic beams. This means the absorption
becomes non-linear, weak X-rays are readily absorbed, “hardening” the beam. This leads to
apparent density differences within the component, particularly on the outside where a ring
of apparently denser material may be apparent. One method to compensate for beam
hardening is with mechanical filtering, such as using aluminium or copper filters, usually
placed just in front of the X-ray gun, see Figure 3-7: and Figure 4-4:. These filters attenuate
the X-ray beam and will preferentially remove low-energy (low kV) X-rays. This increases the
mean energy of the beam and tends to make the beam monochromatic. In many applications
this mechanical filtering is sufficient to alleviate the effects of beam hardening [127].
Depending upon application, perhaps where mechanical filtering is not possible, complex
computational correction may be required. Mechanical filters, importantly, also reduce the
contrast in the image. This contrast reduction may be necessary to maintain a suitable
intensity range between background and sample intensity levels at the detector, avoiding

over-exposing the background image and under-exposing the sample image.

2.3.2 X-ray generation

The CT X-ray source consists of an evacuated tube containing a target (such as tungsten). A
filament within the tube, also normally tungsten, is heated electrically. Free electrons are
generated through thermionic emission. The electrons are accelerated by an electrical field
generated between the filament (cathode [-ve]) and an electrode (anode [+ve]) within the

chamber. The generated electron beam is focussed as it passes through the magnetic field
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generated by focussing coils. The current flowing through the filament determines the
quantity of electrons generated and the acceleration voltage determines the energy the
electrons have when they hit the target. Two types of X-ray are produced when the electrons
hit the target. Characteristic radiation is target material dependent. This radiation occurs
when an electron excites an electron in the inner shell of a target atom. When this electron is
ejected and replaced by an electron from a higher energy level (or remains and returns to a
lower energy state) a photon of characteristic energy is produced. The majority of the X-ray
energy produced is Bremsstrahlung radiation. This radiation is produced when an electron
from the beam interacts with a nucleus of a target material atom. The deceleration of the
electron produces an X-ray photon. The energy level of Bremsstrahlung X-rays photons
produced will range up to the energy level of the impacting electron. The highest level of the
X-rays produced determines the penetrating potential of the X-ray. The X-ray energy per unit
time (radiant flux), relates to the number of electrons impacting the target, and hence the
current flowing through the electron-generation filament. The acceleration voltage needs to
be sufficiently high to provide penetration through the object being inspected. There is a
balance between filament current and exposure time. A larger current, and hence larger X-ray
flux, will require less time to detect sufficient photons on the detector. However, the
combination of voltage and current determines the power. As discussed in 2.3.1.1, to avoid
having to de-focus the beam (and hence reduce resolution) the power has to be kept below
a specific level (10 W for the Nikon XT H 225 used throughout this work). Hence, the current
level may be set lower and the exposure time higher for each projection to allow the use of a

fully focussed beam and still provide the correct photon accumulation per projection.

2.3.3 Surface determination

Once the grey-scale voxel data have been produced, the actual component surface has to be
defined prior to dimensional or surface texture analysis. This process, surface determination,

is critical to the accuracy of the generated component. Often dimensional calibration of the
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CT machine is performed using centre-to-centre distances of spheres to avoid inaccuracies
caused by surface determination selection. There are several methods of surface
determination that can broadly be divided into two categories: global and local. Global surface
determination locates the surface at a single specific grey value. This is often based on
analysis of the grey-scale histogram, or by selecting a volume of background material (such
as air) and a volume of component material. The grey-scale value for the surface is then often
selected at the grey-level mid-way between these two values, referred to as the ISO 50 value.
Local surface determination involves selecting a target grey value, such as the ISO 50 value,
and then evaluating the grey-levels within a certain distance (for example, within a band four
voxels from the target grey value) of this initial surface. The final surface is then located at
the location of maximum grey-scale value gradient. With both methods, interpolation is
performed to give sub-voxel surface location. Local surface determination, although more
time consuming, mitigates the effect of local absolute grey-scale variation, such as caused by

bean hardening.

2.3.4 CT for metrology

2.3.4.1 Dimensional and volumetric analysis

In 2011, Kruth et al. [125] reviewed the use of CT for dimensional metrology. They concluded
that CT had the potential for use as a dimensional quality control tool, particularly for the
non-destructive measurement of internal dimensions, not measurable using conventional
techniques. They noted that the technique acquires a dataset for the entire component and
so would allow the extraction and analysis of many features from one measurement set up.
They noted measurement accuracy, uncertainty and system traceability were challenges, but
that the number of systems and applications was increasing rapidly. In 2014, De Chiffre et al
[128] reviewed current industrial applications of CT. It was noted that one of the primary
applications for industrial CT was for the detection of component defects (inclusions, porosity

and cracks). Region-of-interest scanning was introduced as a method of obtaining higher
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resolution information for a localised area. This technique involves scanning the entire object
at lower resolution followed by scanning a portion of the object at higher magnification,
therefore higher resolution. The region of interest is then reconstructed using information
from the entire object scan [129]. This region of interest scanning may have future application
for surface texture measurement where high resolution is required for a localised area. It has
been noted [125, 128] that CT allows measurement of two characteristics of components at
the same time: dimensions and material quality (porosity, inclusions etc). This may now be
extended to surface texture information. It was noted [128] that CT measurements can be
combined with CAD information to produce deviation analyses and porosity maps. The final
machined component CAD model may be superimposed onto the CT scan of a casting for
example to ascertain whether any porosity contained within the component will become a
surface defect once the component is machined. Surface defects may not be acceptable on
critical sealing surfaces for example, or where fatigue has to be considered. Rejecting the
component at the casting stage, prior to performing post processing, may save considerable
time and money and may provide early indication of process failure [130]. To be comparable
to coordinate measuring machine (CMM), optical or tactile systems, the measurement
accuracy of CT needs to be improved [131]. Also, region of interest scanning plus selective
analysis, involving only the reconstructions at the required resolutions for each section, will

reduce reconstruction time.

2.3.4.2 Surface Texture

The importance of CT for the measurement of the surface texture of additively manufactured
parts has been recognised [15, 132], but, until the work reported here, the extraction of
quantitative surface information from CT scans of AM surfaces has been limited to a series of
publications detailing profile surface analysis of individual struts extracted from a lattice

structure [59-61, 67], see Figure 2-21:.
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(a) CT cross section of single a Ti6Al4V lattice strut, (b) binarized section with
lines indicating the extracted profile. Scale bars: 200 pm. Reproduced from [61].

The development of techniques to extract and analyse areal surface texture data from CT and
to produce quantitative numbers for all surface texture parameters per ISO 25178-2 has the
potential to provide industry and the research community with significant analysis and
inspection capability. However, it should be made clear that surfaces that can be measured
using other techniques (outside surfaces) generally should be measured using the standard
techniques. The current resolution of CT, and hence the basic quality of the surface extracted,
lags significantly behind other techniques. Additionally, the estimation of measurement
uncertainty for CT is complex and has not been fully addressed in the research community,
leading to potential traceability issues. However, just as the AM process itself presents many
challenges, CT surface measurement has challenges that will be faced and hence need to be
resolved because of the unique advantages that CT provides, particularly for the AM sector.
CT is the prime method used for porosity and internal dimensional measurement of AM
components. Review papers [15, 133] discussed the potential of using CT for the extraction
and analysis of AM surfaces because of the ability of CT to image internal and re-entrant
features, surfaces that cannot be measured using conventional metrology techniques. The
reviews indicated that surface data extraction had been performed only by extracting 2D
profiles from CT data and recognised that areal measurement and characterisation has
significant advantages, particularly with complex surfaces such as those which can be
produced using AM. The review performed by this author [15] together with the realisation
that CT appeared capable of sufficient resolution to extract data from the surface of AM

components (Figure 1-4:) lead directly to the research reported here.
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2.4 Literature review conclusions

Commercial AM, although a relatively recent technological development, has potential that
has been recognised by the aerospace, medical and automotive industries. These quality-
driven industries are aware of the significant advantages AM has over conventional
manufacturing techniques, such as milling, turning and grinding. Perhaps the most significant
advantage is the ability to manufacture components not contrained by the tool path
restrictions of conventional techniques. With this advantage comes the challenges of
measuring and characterising many of the features of AM components, such as internal, re-
entrant or structured features. These industries need quantitative, accept / reject criteria for
all drawing call-outs, irrespective of the manufacturing techniques or mesurement challenges.
At the present time, PBF techniques are seeing the greatest application in industry, and
indeed, in academic research. There are two primary PBF techniques, electron beam and laser
beam based. The characteristics of the build process, powder configuration and as-built
surface vary but the surface metrology challenges are broadly similar. Computed tomography
is being used extensively for analysing poriosity and demensions of PBF AM components as it
allows imaging of internal features of AM components. There has been no published extraction
of areal surface texture data from CT scans of AM components, with only limited extraction
of profile data, for which the accuracy has not been verified. Areal and 3D data extraction has
significant advantages over profile surface measurements as surfaces are three dimensional
in nature and cannot be fully defined using two dimensional profiles. Extracting quantitative
areal and 3D surface data from internal, re-entrant and structured surfaces using CT, and
verifying the accuracy of the measurements and characterisation by comparison to
conventional surface metrology systems, such as focus variation, will be the first steps on the

path towards the standardisation of methods and techniques to be adopted by industry.
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Chapter 3 Areal surface texture data from CT

“It is always wise to look ahead, but difficult to look further than you can see.”
Winston Churchill (1874-1965)

This chapter reports on the extraction and characterisation of AM surfaces using CT and the
efficacy of using data extracted from CT scans for the generation of surface texture data per
an accepted standard, ISO 25178. The research investigates whether CT systems have the
capability to become a surface metrology tool, particularly relevant where the surface of
internal and recessed surfaces needs to be characterised without destructively testing the
component. A journal paper, first author A. Townsend, titled "Areal surface texture data
extraction from X-ray computed tomography reconstructions of metal additively
manufactured parts” [18] is included in Appendix 2. This work was reported at conference,
first author A. Townsend, “Investigating the capability of microfocus X-ray computed
tomography for areal surface analysis of additively manufactured parts” [17], ASPE/euspen
2016 summer topical meeting, Dimensional accuracy and surface finish in additive
manufacturing, Raleigh, NC, USA, June 2016. The conference paper is included in
Appendix 3.

The literature review (Chapter 2) showed that there had been no published research on the
extraction of areal surface texture data from CT reconstructions of AM components prior to
this work. The scan of the moth head using the Nikon XT H 225, Figure 1-4:, showed there
was suitable resolution to potentially extract data and characterise the as-built AM surface.
This chapter describes the methods developed to extract topographical data from CT scans.
Many components that exploit the manufacturing advantages of AM include surfaces, such as
internal and recessed, that cannot be measured using conventional line-of-sight optical or
stylus techniques. As has been reported in Chapter 2, CT has been used for dimensional
metrology for AM and is the obvious first choice for measurement of these surfaces. If this

process were to be viable it would allow the non-destructive measurement and
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characterisation of internal surfaces of AM components, potentially important for component
functions including flow, coating adhesion and bio-attachment. Unfortunately the data
produced by CT systems has not been in a form that makes it easily useable for quantitative
surface assessment. It has been shown that areal measurement and characterisation per
standards such as ISO 25178 has advantages over simple profile measurements, and areal
measurement is seeing increased adoption as the advantages over profile measurements are
becoming more apparent. Surfaces are three dimensional in nature and thus areal
measurements are more representative of the functional surface. It should be noted that,
using the techniques discussed here, it is a simple task to extract individual profiles from the

areal data sets, if desired.

3.1 Methodology

CT measurements were performed on two artefacts scanned simultaneously: an AM surface
artefact and a dimensional artefact. The AM sample (AM artefact) was an AlSi10Mg aluminium
alloy sample manufactured on an SLM AM machine. The extracted AM surface section was
aligned to the same surface as measured on an Alicona G4 focus variation instrument. The
literature review highlighted focus variation as one of the most popular methods for the
measurement and characterisation of complex metal AM surfaces. The Alicona G4 was chosen
for these measurements because its high z-axis range makes it capable of measuring the high
aspect ratio features present on as-built AM surfaces and its ability to image surfaces with
high slope angles [134]. The data sets were levelled and filtered per ISO 25178-3 [135] and
areal parameters per ISO 25178-2 were generated. The AM artefact was mounted in an
additively manufactured acrylonitrile butadiene styrene (ABS) fixture. Included in the fixture
for each scan was an additional artefact (DIM artefact) made from a similar material to the
AM artefact. The DIM artefact was designed for the evaluation of surface determination

performance and dimensional scaling. Dimensions extracted from the artefact were compared
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to reference measurements taken on a CMM. Measurement instrument and process

repeatability were investigated. Details of the method are outlined in the following sections.

3.1.1 Artefacts
3.1.1.1 AM artefact

The AM artefact was a cube, 10 mm per side, manufactured from aluminium alloy AISi10Mg.
The artefact was manufactured using a Renishaw AM250 SLM machine. The nominal powder
size was 15-45 um. The upskin (top) surface was the extracted and evaluated surface. Figure
3-1:(a) shows a scanning electron microscope (SEM) secondary electron (SE) micrograph of

a section of the surface. Figure 3-1:(b) shows a false colour height map of a section of the

surface, as measured using an Alicona G4.
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Figure 3-1: Images of an ALSi10Mg SLM upskin surface.
(a) SEM micrograph, (b) false-colour height map. Reproduced from [18].

3.1.1.2 Dimensional artefact

A second measurement artefact was included in each scan. The artefact was machined from
aluminium alloy 6082-T6 bar stock. The artefact size and material were chosen to provide
similar X-ray attenuation characteristics to the AM artefact permitting CT measurement

setting optimisation for both artefacts simultaneously. This resulted in similar surface
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determination challenges for the AM and DIM artefacts. Three dimensions were measured on
the DIM artefact: an outside diameter (OD), an inside diameter (ID) and a step-length

between two parallel surfaces, see Figure 3-2:.

oD
=3 mm

=3 mm

Figure 3-2: Cross section of the dimensional artefact.

Showing the evaluated dimensions. Reproduced from [18].

These dimensions were designed to provide an indication of surface determination errors and
global scaling errors. The configuration of the design provide the ability to differentiate
between these two independent errors. If the CT measured part is smaller than the reference
measurement then the OD, ID and length would be undersize. If the surface determination
positioned the surface outside the part surface the OD would be generated oversize and the
ID undersize. Surface determination would have negligible effect on the length measurement.
Figure 3-3: shows the position of the generated surface using two surface determination
methods for the same part location (white line). Figure 3-3:(a) shows a global surface
determination, where the material surface is defined by one grey value for the entire part.
Figure 3-3:(b) shows a local iterative surface determination where the local voxel grey values
in proximity to an initial preliminary surface location are examined and the surface is

iteratively positioned at the location of highest local voxel grey-level gradient. Performing
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local analysis of the voxel grey-scale values largely compensates for any local deviations
caused by beam hardening. The combination of correct mechanical X-ray filitering and local

iterative surface determination often eliminate all effects of beam hardening.
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Figure 3-3: Surface determination images of an AlSi10Mg part.

Showing the calcuated surface (white line) (a) Standard surface determination
(ISO 50), (b) local iterative surface determination implemented in VGSTudio MAX
2.2. Reproduced from [18].

The difference in surface position is clearly visible. Local surface determination, implemented

in VGStudio MAX 2.2 [136], was used for all the measurements performed here. Discussion

of surface determination errors is included in Chapter 5.

3.1.2 Measurements

Reference measurements were taken of the AM artefact and the dimensional artefact. The
reference surface texture measurements for the AM artefact were taken using an Alicona G4
focus variation instrument. The reference measurements for the dimensional artefact were

taken using a Zeiss Prismo (CMM). After the reference measurements had been taken the
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artefacts were assembled into an additively manufactured ABS fixture. The artefacts were

then scanned together using a Nikon XT H 225 industrial CT.

3.1.2.1 AM artefact focus variation surface measurement

The measurements were taken with a x10 objective lens installed in the Alicona. With this
configuration, the system step-height accuracy is £0.05% using a 1 mm measurement step;
the maximum lateral resolution is 1.75 ym and the maximum vertical resolution is 100 nm,
with a repeatability of 30 nm. The complete top surface of the AM artefact was measured ten
times. The artefact was removed from the fixture and replaced between measurements. This
removal and replacement procedure was followed to give an indication of the measurement
repeatability possible during an industrial measurement where a nhumber of components from

a batch are measured using the same fixture or jig, see Figure 3-4:.

10x objective lens \l
L1

Clamp assembly

Figure 3-4: Focus variation test fixture used for the AM surface measurements.
Showing the 10 mm AISi10Mg cube. Reproduced from [18].

75



The measurement consisted of 8 x 10 stitched measurements. The Alicona lateral sampling
distance was 2.33 pym. The measured area was cropped to a square 8 mm x 8 mm prior to
surface texture parameter generation. The measurement parameters were chosen based on
the nominal surface roughness of the sample. A profile roughness value, Ra, of approximately
40 ym was obtained. Per ISO 4288 Table 1 [122], a profile measurement of a surface with
this Ra value would require a sampling length and Ac cut-off wavelength of 8 mm. These
profile parameters would correspond to an ISO 25178-3 L-filter nesting index also of 8 mm,
with an evaluation area of 8 mm x 8 mm. The L-filter nesting index, similar to the profile Ac,
is a high-pass filter that removes long wavelength components of the measurement. An S-
filter nesting index (low-pass filter) of 0.025 mm per ISO 25178-3 table 1 was chosen. For
an optical instrument, such as the Alicona G4, the ratio between the sampling distance and
the S-filter nesting index value is required to be a minimum of 3:1. This would require a
sampling distance of 8.33 um or less. The ratio of S-filter nesting index (25 um) to the
sampling distance used (2.33 um) is over 10:1. All Alicona measurement data was saved

using an STL file format. This allows simultaneous processing with extracted CT surface data.

3.1.2.2 Dimensional artefact CMM measurement

A Zeiss Prismo CMM was used to measure the dimensional artefact. The maximum permissible
error (MPE) of the Zeiss Prismo is (1.94L/300) um (L in mm). All measurements were taken
with a CMM stylus tip of 1 mm. Scanning mode was used, whereby the tip remains in contact
with the surface during the measurement. The artefact was measured at four locations on the
OD and four locations on the ID, see Figure 3-5:. Each set of four measurements was taken
at 0.5 mm, 1.25 mm, 2 mm and 2.75 mm from the respective datum face. Each measurement
consisted of 100 points in each circle. The artefact was not removed from the fixture between

measurements.
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Figure 3-5: Aluminium dimensional artefact CMM measurement locations.
(all dimensions in mm). Reproduced from [18].

3.1.2.3 CT measurements
The AM and dimensional artefacts were mounted in the ABS fixture. Both artefacts were

positively retained using nylon screws. The fixture and screw materials were chosen to have
a significantly lower density than the artefacts to have a low X-ray attenuation. The surface
of the AM artefact to be measured (the upskin surface) was situated facing downward, at an

angle of 45° to the horizontal to minimise cone-beam artefacts, see 4.7.4 and Figure 3-6:(a).

No aluminium-to-polymer contact
over final evaluation surface

| b) Dimensional artefact l

- .

Figure 3-6: CAD rendering of the ABS fixture and artefacts.
Reproduced from [18].

The fixture was designed so that none of the surfaces to be evaluated (the AM surface and
the OD, ID and length surfaces of the dimensional artefact) were in direct contact with the

ABS of the fixture. This would create optimal surface determination conditions where the only
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interface is between two materials: aluminium and air. The assembly was mounted to the

rotary stage of the Nikon XT H 225, see Figure 3-7:.

0.5 mm copper filter

Figure 3-7: Measurement artefact assembly mounted in the Nikon XT H 225.
Reproduced from [18].

The CT settings are shown in Table 7. These settings were used for all measurements. The
acceleration voltage was chosen so the part would be penetrated at every measurement
angle. The CT filament power (filament voltage x filament current) was kept below 10 W. At
this power level “normal” focus can be used on the CT. Above this power level “auto defocus”
is used, which incrementally defocusses the electron beam as the power increases to avoid
damage to the X-ray target. The result of auto-defocusing is a blurring of the projected
images. The copper filter was used to reduce the image contrast and beam hardening effects.
The component was positioned so both artefacts were just within the image field of view at

every rotational position, thus allowinging correct volume reconstruction of the artefacts.

Table 7: Nikon XT H 225 measurement settings

Parameter Value Parameter Value
Source to object 84.2 mm Filter material Copper
Source to detector 972 mm Filter thickness 0.5 mm
Acceleration voltage 150 kV Number of projections 1583
Filament current 67 HA Detector pixels 1008 x 1008
Exposure time 2829 ms Voxel size 17.3 um
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Nikon CT Pro 3D software was used to perform reconstruction from the 1583 TIFF images.
VGStudio MAX 2.2 was used to perform surface determination. Air was selected as the
background material. The location of the air selected was consistent for all scans: a volume
inside the 3 mm bore of the dimensional artefact, see Figure 3-2:. Similarly a section of the
dimensional artefact was chosen as the material for all scans. An initial surface was generated
based on these selections. Iterative surface determination was then performed, based on the
initial surface location. A search distance from the initial location is defined and the software
then locates the final surface at the location of highest grey-scale gradient within the search
distance. The software default distance of 4.0 voxels was used as the search distance. Two
regions of interest were then extracted from each measurement, the first a section from the
AM sample including the surface region of interest ROI (the as-built AM upskin surface). The
second ROI was the entire dimensional artefact. Both ROI were saved at STL files. The
VGStudio MAX 2.2 “Super Precise” setting was used for both extracted surfaces. This setting
provides the highest resolution with no simplification of the mesh. Three measurement sets

were taken on the Nikon XT H 225.

3.1.2.3.1 CT Set 1: artefacts not disturbed between measurements

Set 1 consisted of five measurements. The artefacts were not disturbed between each of the

measurements.

3.1.2.3.2 CT Set 2: post filament change, artefacts not disturbed

The XT H 225 includes a tungsten electron-generation filament, see Figure 3-8:. The life of
the filament used in the Nikon XT H 225 has historically ranged from 20 hours to 130 hours.
The situation may arise during an industrial inspection process where the filament fails and
has to be replaced mid-batch. Variation in the surface texture data extracted pre and post
filament change could potentially influence the measurement accuracy, repeatability and lot

acceptance.
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6.5 mm

Figure 3-8: Nikon XT H 225 electron-generation filament.

On completion of measurement set 1 the CT tungsten electron-generation filament was
replaced, five measurements were then taken. The artefacts were not disturbed between
measurements and the measurement parameters were not changed. During the filament
change process the measurement stage was moved away from the gun to allow access to the

filament assembly, see Figure 3-9:.

Figure 3-9: XT H 225 Xray “gun” showing the assembly joint and hinge.
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To investigate whether physically moving the stage away from the gun and then back after
the filament change had influenced the data, five measurements were taken, moving the
stage away and back to the same saved position between measurements, without changing

the filament.

3.1.2.3.3 CT Set 3: AM component rotated 90° between
measurements

The final set of five measurements was also performed to simulate an industrial application
wherein a series of parts will be mounted in a fixture and measured. The fixture was removed
from the rotary stage prior to the first measurement of the set and between each subsequent
measurement; the AM component was removed from the fixture. The AM artefact was rotated
90° CCW and replaced in the fixture (the measurement surface remained in the same location,
but rotated 90°). The fixture was then replaced on the rotary stage. The dimensional artefact

was not removed between measurements.
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3.1.3 Data processing

3.1.3.1 AM surface data processing sequence

The aim of the processing was to generate height maps of the same area of the AM sample
from all measurements (focus variation (FV) and CT) of the correct size (8 mm x 8 mm) with
the correct filtering per ISO 25178-3 (L-filter 8 mm, S-filter 0.025 mm) and to generate and
compare surface texture parameters per ISO 25178-2. Data processing is a nine stage
sequence that incorporates custom-computation with the use of commercially available
software. This protocol was used to process all data files from the Alicona G4 reference

measurements and the CT measurements.

3.1.3.1.1 (1) Data trimming

The CT measurement ROI includes the AM sample top surface and some side information.
The Alicona G4 STL contains the entire top surface of the AM sample. Both measurements
were cropped to approximately 9 mm x 9 mm, with the cropping location centred on the

middle of the 10 mm x 10 mm face.

3.1.3.1.2 (2) Conversion from STL to PLY format

The data format for the extracted AM surfae was changed from STL to PLY format. PLY mesh
data format contains vertex and face information, without repetition of of shared vertices in
STL file information. The PLY file format is approximately one third the size of STL format
files, so reducing storage requirements and computation time. The conversion is a lossless

process.

3.1.3.1.3 (3) Surface alignment

One of the Alicona G4 measurements was chosen arbitrarily as the master for the alignment
and cropping of all other data sets. The master was not trimmed (per 3.1.3.1.1) and so was

larger than the other surfaces. This was done to allow the maximum area of the measurement
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sets to be used for the alignment process. Least squares alignment was performed between

each of the data sets and the master.

3.1.3.1.4 (4) Cropping the surface to 8.4 mm x 8.4 mm

Once the alignment was complete each of the aligned surfaces was cropped to
8.4 mm x 8.4 mm. The location used for all cropping operations was based on the coordinate

system for the master file, thus ensuring the same area was cropped for all samples.

3.1.3.1.5 (5) Mesh cleaning

This step was performed on the CT data sets. CT data sets are true 3D (x,y,z), with
information including undercuts and re-entrant features. Converting the CT data to height
map format for analysis in standard surface analysis software requires projecting the point
cloud data onto a plane and assigning a z value at each plane grid location. Errors will occur
if the data to be converted has more than one z value at one location (such as with re-entrant
features). To avoid this occurring, the CT mesh data was cleaned to remove non-visible
features. This process was performed after alignment to the master Alicona measurement
because the CT visible areas should then correspond to the areas “seen” by the line-of-sight
Alicona measurement. Chapter 6 contains research on extraction of information from

undercuts and re-entrant features.

3.1.3.1.6 (6) Conversion to height map format

All 8.4 mm x 8.4 mm cropped samples were then converted from PLY mesh format to height
map format by linear interpolation between vertices and projection onto a plane with a square

grid spacing of 2.5 pm.
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3.1.3.1.7 (7) Cropping to 8 mm x 8 mm per 1SO 25178-3
The height map data was then cropped to 8 mm x 8 mm per the requirements of ISO 25178-3.

All height map files were saved as surface data file (SDF) [137] format.

3.1.3.1.8 (8) Filtering per I1SO 25178-3

Levelling and filtering were then performed. A Gaussian regression L-filter nesting index of
8 mm and an S-filter nesting index of 0.025 mm per ISO 25178-3 were then applied to all

surfaces.

3.1.3.1.9 (9) ISO 25178-2 parameter generation

Parameter data per ISO 25178-2 was then generated from each surface. The extracted
parameter data for the same location on the sample as measured on the Alicona G4 and the

Nikon XT H 225 could now be compared.

3.1.3.2 AM surface measurement and characterisation summary

The measurement and characterisation sequence is summarised in Figure 3-10:. Two false
colour height maps are shown in Figure 3-11:. Figure 3-11:(a) is the extracted surface as
measured on the Alicona G4. Figure 3-11:(b) is the extracted surface measured on the Nikon

XT H 225. It can be seen that the two maps are visually very similar.

3.1.3.3 Dimensional artefact data processing

The data processing for the dimensional artefact was a less complex process. Least-squares
best-fit cylinders were fitted to the CT STL data OD and ID at distances 0.5-2.75 mm from
the respective datum faces (see Figure 3-5:). Best-fit planes were fitted to the artefact end
face and the step face distance was calculated. The CT data was then compared to the CMM

measurement data for the artefact.
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CT acquisition Generate volume data Extract surface section (1,2)
Crop and convert to .PLY

(8,9) (5,6,7) (4) (3)
Filter per SO 25178-3. Generate =~ Remove non-visible surfaces, Crop mesh Align with master
parameters per ISO 25178-2 convert mesh to height map (e.g. Alicona G4)

and crop to final size

Figure 3-10: CT AM surface measurement and characterisation sequence.
Sequence numbers in parentheses are listed in paragraphs 3.1.3.1.1 to 3.1.3.1.9.

Figure 3-11: False colour height maps of the AlISi10Mg AM surface.
(a) Alicona G4, (b) Nikon XT H 225.
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3.2 Results
3.2.1 AM surface results

3.2.1.1 Process verification

Two verifications were performed prior to analysis of the CT measurement data: verification
of the alignment and parameter extraction process itself and verification of the precision of
the Alicona G4 measurements combined with the alignment and parameter extraction

process.

3.2.1.1.1 Computational alignment and process extraction process
verification

This verification consisted of making a copy of the master Alicona STL surface file and then
processing this surface through the multi-step process, generating surface texture
parameters and comparing to parameter data from the master file. Iterative closest point
(ICP) alignment was performed with a threshold maximum root mean square (RMS) difference
between consecutive iterations of 5 x 10> mm. The aligned surface area was approximately
9 mm x 9 mm. A deviation analysis was performed after alignment. The mean distance after
alignment was less than 1 nm with a standard deviation of 88 nm. The purpose of the
alignment process is simply to make sure the area used for parameter data generation is the
same for each sample. The alignment process performed here is significantly better than that
required for this purpose. Both surfaces were then processed per the multi-step process,
including cropping, cleaning, conversion to height map (SDR) format, final crop to
8 mm x 8 mm, levelling and filtering per ISO 25178-3 and parameter extraction per ISO
25178-2. The extracted parameter values are given in Table 8. The parameters in bold have
been shown elsewhere to be sensitive to AM build parameter variation and post-processing
surface changes (see Table 3). The parameters in shaded boxes will be reported for the
remainder of the analyses, but it should be noted that a complete set of parameters (and
profile parameters if required) are easily generated from the height maps using standard

software packages such as SurfStand [138] or MountainsMap [139].
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Table 8: Master Alicona and copy ISO 25178-2 parameter values and differences.
Parameter Master Copy of Master Percentage difference
per ISO 25178-2 (in relation to Master)
[(A) is absolute difference]

Height parameters

Sq /pm 41.186 41.186 <0.001
Ssk 1.413 1.413 <0.001
Sku 9.297 9.297 <0.001
Sp /um 342.593 342.601 0.002

Sv/um 137.346 137.329 -0.012
Sz /pm 479.939 479.93 -0.002
Sa /pm 30.301 30.301 <0.001

Spatial parameters
Str 0.77 0.77 <0.001
Sal / mm 0.287 0.287 <0.001

Hybrid parameters
Sdq 0.626 0.626 <0.001
Sdr/ % 15.895 15.894 (Aa) -0.001

Volume parameters

Vmp / (um3/um3) 3.44 3.44 <0.001
Vmec [/ (um3/um3) 31.70 31.70 <0.001
Vve /[ (um3/um?) 47.60 47.60 <0.001
Vw / (um3/pum2) 3.46 3.46 <0.001

Sk family parameters

Spk / um 66.229 66.230 0.002

Sk / pm 90.248 90.253 0.006
Svk / um 28.196 28.195 -0.004
Material ratio parameters

Smrl /% 12.8 12.8 (A) <0.001
Smr2 [ % 92 92 (A) <0.001

The parameter with the largest percentage difference between the master and its copy is Sv
(the maximum pit height of the scale-limited surface). The difference is 0.012%. The majority
of the parameters have a percentage difference of less than 0.001%. The author considers
this (Alicona to Alicona) to be verification that the multi-step process has acceptable accuracy

for the CT to Alicona extraction analysis.
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3.2.1.1.2 Alicona measurement and process verification

This second verification was performed to check the precision of the Alicona G4 measurement
and analysis process. The ten Alicona measurements were processed using the multi-stage
process per 3.1.3.1. Surface texture parameter mean values and standard deviations were
generated (see Table 9). The mean value of Sa was 30.31 ym with a standard deviation of
0.0055 pm. The mean value of Sg was 41.19 ym with a standard deviation of 0.0068 pm.
The process standard deviation values were orders of magnitude less than the Alicona to CT
result differences, thus the process is considered sufficiiently sensitive and repeatable for the

comparison of CT and Alicona measurements.

Table 9: ISO 25178-2 parameter values for the Alicona G4 ten measurements.
Parameter Mean Sample standard deviation

Height parameters

Sq/um 41.19 | 0.0068
Ssk 1.41 0.0012
Sku 9.29 0.009
Sz/pm 47961 | 031
Sa /pm 30.31 | 0.0055

Spatial parameters

Sal / mm 0.29 0.0005

Hybrid parameters

Sdr/ % 15.92 0.012

Sk family parameters

Sk / pm 90.25 0.025

Material ratio parameters

Smr2 /% 91.98 0.042

A deviation analysis was performed between the master Alicona sample and another Alicona

measurement sample. Figure 3-12: shows the deviation map and the distance histogram.
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Figure 3-12: Deviation analysis between two aligned Alicona measurements.

(a) deviation map (b) distance histogram (all values in mm). Colours in the
deviation map correspond to the distances specified in the histogram. Reproduced
from [18].

The mean distance between the meshes is 4 nm with a standard deviation of 250 nm. The
purpose of the alignment between the samples and the master is to make sure the same area
of the part is used for generation of surface texture parameters. This alignment accuracy is

significantly better than that required for this purpose.

3.2.1.2 CT measurements

The three sets of CT measurements were processed per section 0. Surface texture parameter

data were generated. The results are reported here.

3.2.1.2.1 Set 1: artefacts not disturbed between measurements

Set 1 consisted of five measurements on the CT. The fixture and artefacts were not disturbed
during this measurement set. Surface texture parameter mean and standard deviation values

are shown in Table 10.
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Table 10: CT set 1 AM surface parameter mean and standard deviation values.
Five measurements, AM artefact not disturbed between each measurement.

Parameter Mean | Sample standard deviation
Height parameters

Sq /um 40.46 | 0.03
Ssk 1.35 0.0075
Sku 9.04 0.065
Sz/um 479.07 | 1.76
Sa /um 29.84 | 0.038
Spatial parameters

Sal / mm 0.298 0.0009
Hybrid parameters

Sdr/ % 13.30 | 0.17
Sk family parameters

Sk /pm 89.76 | 0.27
Material ratio parameters

smr2 /% 91.70 | 0.071

3.2.1.2.2 Set 2: post filament change, artefacts not disturbed

The stage position was saved in the system memory, the stage was moved away from CT gun
to allow access to the filament chamber. After changing the filament, the stage was returned
to the saved position and automatic fine focus was performed. The CT settings were
unchanged from those used for set 1 measurements. Set 2 consisted of five measurements
on the CT. Charts for selected parameters are shown in Figure 3-13:. The mean and standard
deviation for the generated surface texture parameters are shown in Table 11. The difference
between selected mean parameter values of set 2 (post filament change) and the mean values
of set 1 (pre filament change), though not large, are statistically significant (the 95%
confidence intervals for the two measurement sets do not overlap) and, depending upon
application, may have to be taken into consideration. For example, for set 1 the mean value
of Sa was 29.84 um with a standard deviation of 0.038 pm. Post filament change the mean
value of Sa was 29.59 ym with a standard deviation of 0.045 pm. The difference of the mean
values is approximately 0.84%. The mean value of Sg pre filament change was 40.46 um
with a standard deviation of 0.03 um. Post filament change the mean value of Sg was
40.07 pym with a standard deviation of 0.06 pm. The difference of the mean values is

approximately 1%. The change in values for the remaining selected parameters is not
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significant. The XT H 225, the type used for these analyses, is an industrial machine. It should

be noted that Nikon produces a metrology CT machine, the MCT225, which does include a

protocol and supplied artefact to be used post-flament change for system calibration.

Measurements comparing the XT H 225 commercial CT and the MCT225 metrology CT are

reported in Chapter 4.
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Figure 3-13: Filament change areal parameter data.
Results for Alicona and Pre (Set 1) and Post (Set 2) CT filament change, showing

959% confidence intervals [24].
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Table 11: CT set 2 AM surface parrameter mean and standard deviation values.
Five measurements, after performing a filament change. The AM artefact was not
disturbed between each of the measurements.

Parameter Mean | Sample standard deviation
Height parameters

Sq/um 40.07 | 0.056
Ssk 1.34 0.0039
Sku 8.98 0.028
Sz/pm 474.87 | 1.84
Sa / um 29.59 0.045
Spatial parameters

Sal / mm 0.29 0.0009
Hybrid parameters

Sdr/ % 13.09 0.24
Sk family parameters

Sk /um 89.01 0.18
Material ratio parameters

Smr2 [ % 91.74 | 0.055

A single test was run, post filament change, but returning the autofocus setting to the pre-
filament change value. This was performed to investigate whether the autofocus setting had
an influence on the extracted data set results. With the auto focus set to the pre-filament-
change value, the mean Sg value was 40.15 ym. This value is within the range of values
obtained post-filament change and so the adjustment of fine focus had an insignificant effect

on the parameter results.

3.2.1.2.3 Stage positioning

A set of five measurements were taken with the stage moved away from and back to the
saved position between each measurement. The stage was positioned at the saved position
that was used for sets 1-3 for each measurement. The results of the extracted parameters
are shown in Table 12 and Figure 3-14:. The standard deviation values are very similar to
those obtained for sets 1-3. There is no evidence that moving the stage from and back to the
saved position during the filament change process had an influence on the extracted
parameter data. The conclusion is that the filament change process itself will affect

measurement results. It should be noted that the measurements for this (stage positioning)
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test were performed over one year after the initial testing for sets 1-3 and the mean value

obtained here is within the range of the means for sets 1-3. This indicates general machine

(and sample) stability over this time period.

Table 12: Surface parameter and standard deviation values for the stage

positioning test.

The stage was moved away and returned to the measurement position between

each of the five measurement.

Parameter Mean Sample standard deviation
Height parameters
Sq/um 40.14 | 0.050
Ssk 1.35 0.0052
Sku 9.01 0.023
Sz/um 469.25 | 2.01
Sa /pm 29.61 0.042
Spatial parameters
Sal / mm 0.29 0.0005
Hybrid parameters
Sdr/ % 12.56 0.10
Sk family parameters
Sk / um 89.11 0.13
Material ratio parameters
Smr2 [ % 91.8 0.071
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Figure 3-14: AM surface parameter values including stage-move data.
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3.2.1.2.4 Set 3: AM component rotated 90° between measurements

Set 3 consisted of five measurements on the CT. Prior to the first measurement and between
subsequent measurements, the fixture was removed from the stage (without moving the
stage), the AM artefact was removed from the fixture, rotated 90° and replaced. The fixture
was then replaced in the stage and the next measurement was taken. The surface texture
parameter mean and standard deviation values for set 3 are shown in Table 13. The mean
values are very similar to the mean values for set 2; for example the Sg mean for both set 2
and set 3 are 40.07 uym. It should be noted that the standard deviation values for set 3, for
which the artefact is removed and replaced in a different orientation, are generally less than
the standard deviation values for sets 1 and 2 for which the artefacts were not disturbed
between measurements. This shows slight changes in component orientation will have an
insignificant effect of the extracted data. This bodes well for consistent part-to-part

measurement accuracy when batch testing components.

Table 13: CT set 3 AM surface parrameter mean and standard deviation values.
The AM artefact was removed and replaced between each of the five
measurements.

Parameter Mean | Sample standard deviation
Height parameters

Sq/um 40.07 | 0.012
Ssk 1.35 0.0068
Sku 8.99 0.036
Sz/um 472.53 | 1.88
Sa /um 29.58 | 0.013
Spatial parameters

Sal / mm 0.29 0.0005
Hybrid parameters

Sdr/ % 12.79 | 0.12
Sk family parameters

Sk / um 88.74 | 0.11
Material ratio parameters

Smr2 /% 91.74 | 0.055
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3.2.1.3 Comparison of CT and Alicona results

The percentage differences between the mean values of the surface texture parameters from

sets 1-3 measurements on the CT and the Alicona (as a percentage of the Alicona values) are

shown in

Table 14. The percentage difference between the mean value of Sa for sets 1, 2 and 3 and

the Alicona mean reading are -1.8%, -2.7% and -2.7%, respectively. Considering the very

different measurement technologies involved this is a remarkably low percentage difference.

The change from -1.8% difference for the set 1 results to -2.7% for the results for both set

2 and set 3 appears to be solely a result of the filament change. Graphs of selected areal

parameters are shown in Figure 3-15:. These are for Alicona, and set 1-3 CT measurement

sets. The error bars are the 95% confidence interval (£1.96 sample standards deviations).

Table 14: Surface parameter values and percentage differences.
Comparing CT sets 1-3 to the Alicona measurements.

Parameter Alicona Set1l Set 2 Set3 Percentage |Percentage |Percentage
mean value mean value | mean value | mean value |difference, |difference, |difference,

Set 1 to|Set 2 to|Set 3 to
Alicona Alicona Alicona

Height parameters

Sq/um 41.19 40.46 40.07 40.07 -1.8 -2.7 -2.7

Ssk 1.41 1.35 1.34 1.35 -4.5 -5.1 -4.8

Sku 9.29 9.04 8.98 8.99 -2.7 -3.4 -3.3

Sz [/ um 479.61 479.07 474.87 472.53 -0.1 -1.0 -1.5

Sa /pum 30.31 29.84 29.59 29.58 -1.5 -2.3 -2.4

Spatial parameters

Sal / mm 0.29 0.29 0.29 0.29 0.6 0.3 0.3

Hybrid parameters

Sdr/ % 15.92 13.30 13.09 12.79 () -2.6 (4a)-2.8 (A)-3.1

Sk family paramters

Sk / um 90.25 89.76 89.01 88.74 -0.5 -1.4 -1.7

Material ratio parameters

Smr2 [ % 91.98 91.70 91.74 91.74 (4)-0.3 (4)-0.2 (a)-0.2
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Figure 3-15: ISO 25178-2 parameters, Alicona to CT comparison charts [18].

3.2.2 Dimensional artefact results
Table 15 shows the dimensional artefact results. These include the OD, ID and Length

measurements on the CMM and CT for the sets 1, 2 and 3. The table includes the differences
between the mean CT measurements and the mean CMM dimensions, together with the
sample standard deviation values for the measurement sets. Charts for OD, ID and Length,
including the 95% confidence interval, are shown in Figure 3-16:. The change of the mean
dimensions for OD, ID and Length between CT set 1 and CT set 2 (the set prior and the set
post filament change) were -0.75%, -0.76% and -0.74%, respectively, clearly visible in the
charts. All dimensional results obtained for the dimensions extracted from the CT scans were

within 1% of the mean values obtained from the CMM measurements of the artefact.
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Table 15: CMM and CT artefact dimensional results.
OD, ID and Length, including standard deviation values.

Measurement Mean OD (mm) | Sample Mean ID (mm) Sample Mean Length (mm) | Sample
method [% dif. cw. | std.dev. | [% dif. c.w. | std. dev. | [% dif.c.w. CMM] std. dev.
CMM] (mm) CMM] (mm) (mm)
CMM (10 meas.) 2.9946 0.00016 | 3.1926 0.00019 3.9542 0.00013
CT Set 1 (5 meas.) 2.9934 [-0.04%] 0.00050 | 3.1856 [-0.22%] 0.00040 3.9570 [-0.07%)] 0.00070
CTSet2 (5meas.) | 2.9709 [-0.79%] | 0.00060 | 3.1615[-0.97%] | 0.00030 | 3.9278 [-0.67%] 0.00040
CT Set 3 (5 meas.) 2.9714 [-0.77%] 0.00060 | 3.1624 [-0.95%] 0.00030 3.9280 [-0.66%)] 0.00070
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Figure 3-16: OD, ID and Length measurement comarisons.

Comparing CMM and CT sets 1-3 [18].

The dimensional results do not indicate a significant error due to incorrect surface
determination. The mean of all the CT OD measurements was -0.53% (-15.9 ym) less than
the mean CMM OD measurement. The mean of the Length and ID measurements on the CT
were -0.47% (-18.6 ym) and -0.71% (-22.3 pm) less than the respective measurement
means on the CMM. The difference between set 1 and set 2 do suggest the filament change
had a statistically significant effect on the overall scaling (of approximately 0.75%). A
summary of the surface texture parameter results is given in Table 16. The CT machine used
in this study, the Nikon XT H 225, is an industrial machine. As noted in 3.2.1.2.2, Nikon
manufactures a metrology CT, the MCT225, which includes a protocol to perform a
dimensional calibration using a ball-plate artefact after each filament change and then scale

the reconstruction accordingly.
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Table 16: Mean CT parameter value, pre and post filament change.

Parameter Set 1 Set 2 Percentage difference
mean value | mean value | [(A) is absolute difference]

Height parameters

Sq/ um 40.46 40.07 -0.97

Ssk 1.35 1.34 -0.64

Sku 9.04 8.98 -0.71

Sz/um 479.07 474.87 -0.88

Sa /um 29.84 29.59 -0.83

Spatial parameters

Sal / mm 0.29 0.29 -0.28

Hybrid parameters

Sdr/% 13.30 13.09 (4)-0.21

Sk family parameters

Sk / um 89.76 89.01 -0.83

Material ratio parameters

Smr2 [ % 91.70 91.74 (A) 0.04

3.3 Discussion

The process validation for the alignment and extraction of surface texture data from the
master surface and a copy, together with the data extraction from ten Alicona measurements,
showed good repeatability for both the process and the Alicona measurements, producing a

stable and sensitive process for the evaluation of surface extraction from CT.

The dimensional artefact, manufactured from a material similar to the AM surface artefact,
allows monitoring of potential surface determination problems and scaling effects from factors
such as filament changes. Changing the filament produced a global change in dimension of
approximately -0.75%. There was a corresponding change in the surface texture parameters
pre to post filament change, indicating the importance of monitoring with a traceable artefact
to obtain optimal results, particularly with machines without a post filament change calibration
protocol. Further evaluation of the applcation of the correction of scaling and surface

determinaton errors using a dimensional artefact is included in Chapter 4.
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3.4 Conclusion

This chapter reported on the development of a novel technique to extract quantitative areal
surface texture information (per ISO 25178-2) from CT scans of AM components. The
technique has been shown to be robust and sensitive to surface texture changes such as
those may be produced when the CT system filament is changed. The values of extracted
parameters are remarkably similar to the surface texture results produced from an established
measurement technique: focus variation. Repeatability of the CT measurement has been
shown to be good, including the measurements taken when artefact was removed and
replaced into the fixture, similar to potential industrial lot testing; for example Sa, with a five-
sample mean value 29.6 uym, had a sample standard deviation of less than 0.013 um. These
tests were performed on one CT machine with one artefact. For industrial applications it is
important to verify other machines will produce acceptable results and the process has to be
shown to be applicable to other industrial AM materials and processes. Additionally, the
relationship between maximum CT measurement voxel size and surface roughness for
successful surface characterisation will be required as part of defining suitable measurement

envelopes. Work to address these issues is reported in Chapter 4.
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Chapter 4 CT-STARR Stage 1

“Coming together is a beginning; keeping together is progress; working together is
success.”
Henry Ford (1863—-1947 )

This chapter documents the development and implementation of an interlaboratory
comparison (round robin (RR)) based on the techniques reported in 0. The development work
was presented at the 7% conference on industrial computed tomography, Leuven, Belgium,
February 2017. A. Townsend et al. “Development of an interlaboratory comparison
investigating the generation of surface texture data per ISO 25178-2 from XCT" [22], The
paper is included in Appendix 4.

The results were presented at euspen’s 17t international conference and exhibition,
Hannover, DE, May 2017. A. Townsend et al. "Results from an interlaboratory comparison of
areal surface texture parameter extraction from X-ray computed tomography of additively

manufactured parts” [23], The paper is included in Appendix 5.

4.1 Introduction

The work reported in Chapter 3 detailed the development of an artefact system comprised of
two artefacts and a bespoke additively manufactured fixture. The artefacts were one AM
artefact used for the evaluation of surface extraction and parameterisation and one reference
dimensional artefact for scaling and surface determination evaluation. The reported work
showed the method was robust and a viable technique for surface texture measurement. For
the method to have academic research and industrial applications it would need to function
for other CT machines and with a variety of materials. This has prompted the development of
the interlaboratory comparison reported here. Initial consideration was given to performing a
global comparison involving many types of CT machines and, through necessity, allowing the

participants to select their own set up parameters and conditions. However, it was decided
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that, initially, a smaller scale, geographically local, RR would be a sensible approach. The
intention being to provide valuable information to guide an expanded Stage 2 interlaboratory
comparison. Stage 1 RR included four participants using similar CT machines and so similar
system parameters could be used. If there were no performance conclusions to be drawn
from a tightly controlled RR there would be little point in expanding the RR. The Stage 1 RR
was performed in the UK, so making it easier to transport the samples to the test laboratories
and supervise/perform the measurements. This face-to-face contact proved invaluable
because, even though the participants had similar machines, all had individual input, opinions

and expertise on CT use.

4.1.1 Lessons learned

Lessons learned during the research reported in Chapter 3 resulted in changes to the artefact
design and minor time-saving processing changes that were incorporated into the RR process.
The ABS artefact holder design was modified to include a necked-down section that would
allow an unobstructed path between the X-ray emitter and the detector; this would allow use

of the “flux normalisation” feature during CT measurement, see Figure 4-1:.

AM artefact

evaluated
Dimensional surface
artefact

ABS fixture

Figure 4-1: CAD section view of the RR CT fixture.
Showing the dimensional artefact, AM artefact with the evaluated surface.
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Flux normalisation compensates for any change of flux during the complete measurement
process. In this process an area on the detector is selected. There must be an unobstructed
path between the x-ray source and this selected area of the detector during the entire scan
sequence because the grey-scale values for this selected area for each of the CT projections
are compared and normalised. The fixture was designed to give an air gap around all the
measured surfaces of the AM and dimensional artefact, similar to the fixture utilised in Chapter
3. The dimensional artefact was manufactured with a longer solid centre section to provide

greater engagnement with the clamping screw, see Figure 4-2:.

oD
@ 3 mm

ID
@ 3 mm

LENGTH
4.5 mm

Figure 4-2: CAD rendering of the dimensional artefact.
Showing the dimensions for the OD, ID and Length.

Several small changes were made to the data processing sequence to reduce time:

The master AM surface, chosen randomly from the Alicona G4 measurement data sets, was
converted from STL to PLY format. The AM surface, extracted in VGStudio MAX 3.0, was saved
directly in the PLY format (rather than STL format). The AM surface data processing was then
performed using PLY files. This reduced processing and manipulation time. Instead of
extracting and performing surface determination on the dimensional artefact and the entire
AM artefact, only a section of the AM artefact containing the surface-of-interest was extracted.

This reduced surface determination calculation time. VGStudio MAX 3.0 “normal” conversion
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was used to generate the dimensional artefact STL file. This reduced the processing time

(VGStudio MAX 3.0 “Super Precise” conversion was still used for the AM surface conversion).

4.2 Methodology
CT-STARR Stage 1 was designed to investigate the repeatability and reproducibility of

measurement and characterisation of AM surfaces using similar CT machines. There were four
RR participants; three of the participants used the Nikon MCT225 metrology CT for the
measurements, one participant used the Nikon XT H 225 industrial machine. The participants,

together with their machines, are shown in Table 17.

Table 17: Round robin participants and their CT machines.

Laboratory CT machine

University of Huddersfield, Huddersfield, UK Nikon XT H 225 Industrial CT
University of Nottingham, Nottingham, UK Nikon MCT225 Metrology CT
National Physical Laboratory, Teddington, UK Nikon MCT225 Metrology CT
Nikon Metrology, Tring, UK Nikon MCT225 Metrology CT

4.3 Measurement artefacts
4.3.1 AM artefact

Initial research (Chapter 30) was performed using aluminium AM and dimensional artefacts.
The AM artefact had been manufactured using an SLM machine. The top (upskin) surface of
the artefact was used as the surface-of-interest. It is important that the techniques reported
be verified for other materials and surface conditions, so the raw material, manufacturing
process and surface measurement location were all changed for the RR. The material chosen
was Ti6Al4V ELI (extra-low interstitial, Grade 23). This material is widely used in the
aerospace and medical industries. Ti6Al4V ELI is a high-purity version of Ti6Al4V (Grade 5)
with lower specified limits on iron, nitrogen, carbon and oxygen. Grade 23 has superior
fracture toughness, has better cryogenic mechanical properties and has excellent bio-
compatibility. Grade 23 is commonly used to manufacture medical and dental implants. The
RR AM artefact was produced using the electron beam melting (EBM) process. The artefact

was manufactured on an ARCAM Q10 machine; nominal powder size was 45-100 pm.
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A vertical (side) surface was chosen as the surface-of-interest for the RR measurements. The
artefact was a 10 mm per-side cube, similar to the size of the aluminium artefact used in
Chapter 3. The size of this artefact was dictated by the required measurement area (8 mm x
8 mm) with additional margin for cropping of the extracted surface. The required
measurement area was derived from the profile roughness (Ra approximately 30 um) using

Table 1 of ISO 4288 [122] (profile) and ISO 25178 (areal) specification standards.

4.3.2 Dimensional artefact

The dimensional artefact included in each scan was also machined from Ti6Al4V ELI bar stock
to provide similar X-ray attenuation properties as the AM artefact. This dimensional artefact
included three measured dimensions: an OD and an inside diameter ID of approximately
3 mm and a step length between two parallel surfaces of approximately 4 mm. Surface
determination is the calculation of the surface position during CT reconstruction; the
calculated position of the surface is based on the grey-scale values of the CT images. As
reported in Chapter 3, inaccuracies in this surface determination would affect these three
dimensions differently: if the surface determination were to calculate the surface inside the
actual surface, then the calculated OD would be undersized, the ID would be oversized and
the length would be minimally effected by errors, as the surfaces are parallel and facing the
same direction. These three different dimensional changes produced by surface determination
errors would allow separation of surface determination errors from overall scaling errors
(scaling errors would produce similar changes for all three dimensions). For example, the OD
would increase, the ID would increase and the length would increase. The AM surface and
dimensional artefacts were measured using an Alicona G4 focus variation instrument and a
Zeiss Prismo CMM, respectively, prior to the RR. The two artefacts were mounted within an
AM fixture designed to maintain an air gap between all measured surfaces and the fixture

(see Figure 4-1:). This was done to create a two-material, rather than three-material surface
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determination calculation. The artefacts were not removed from the fixture during the

complete set of RR measurements.

4.4 CT measurement settings
The artefact assembly, mounted in the Nikon XT H 225, is shown in Figure 4-3:. The settings

for the single Nikon XT H 225 are shown in Table 18. The 1 mm copper filter can be seen in
front of the X-ray window in Figure 4-3:. The measurement settings were selected to optimise
the exposure contrast while maintaining a fully-focussed electron beam (and hence X-ray

beam).

Dimensional artefact

Figure 4-3: Artefact assembly mounted in the Nikon XT H 225.
Showing the X-ray gun and 1 mm copper filter.

Table 18: Nikon XT H 225 measurement settings for the RR measurements.

Parameter Value Parameter Value

Filter material Copper Exposure time 2829 ms
Filter thickness 1.0 mm Voxel size 17.3 um
Acceleration voltage 160 kv Number of projections 1583
Filament current 62 HA Detector size (pixels) 1008 x 1008
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The artefact assembly mounted in the Nikon MCT225 is shown in Figure 4-4:. The CT settings
are shown in Table 19. These settings were used for all three MCT225 machines used in the

RR. Where applicable, the majority of the settings were similar to those for the XT H 225.

ABS artefact fixture
1 mm copper filter ' '
4 ’

| e

Dimensional artefact

Figure 4-4: Artefact assembly mounted in a Nikon MCT225.
Showing the X-ray gun and 1mm copper filter.

Table 19: Nikon MCT225 measurement settings for the RR measurements.

Parameter Value Parameter Value

Filter material Copper Exposure time 2829 ms
Filter thickness 1.0 mm Voxel size 8.7 um
Acceleration voltage 160 kV Number of projections 3142
Filament current 62 HA Detector size (pixels) 2000 x 2000

The most significant difference between the CT machine settings was that the voxel size for
the MCT225 measurements was 8.7 pym, compared to 17.3 pym for the XT H 225. This
difference in resolution is due, primarily, to the increased number of pixels in the detector of
the MCT225. Five measurements were taken on each CT machine. The artefacts were not
disturbed between each of the measurements. Removing and replacing the artefacts would

increase the probability of component damage during the RR process. The AM artefact had
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been removed and replaced during the initial process analysis (Chapter 30) and there had
been no observed difference in the extracted surface and dimensional data between
measurement sets where the sample was removed and replaced and measurement sets

where the sample was not disturbed.

4.5 Reconstruction

All reconstruction, surface analysis steps and parameter extraction was performed by the
author to reduce variability. Reconstruction was performed using Nikon CT Pro 3D. Surface
determination was performed using VGStudio MAX 3.0. Local iterative surface determination
was performed with a search distance of 4.0 voxels. Two regions of interest were extracted:
the AM surface-of-interest and the complete dimensional artefact. The dimensional artefact
was converted to STL file format using the “normal” setting and the AM surface to PLY format

using the “Super Precise” setting.

4.6 Comparative measurements

Reference dimensional artefact measurements were taken using the Zeiss Prismo CMM using
the same protocol and measurement locations specified in 3.1.2.2. Similarly, five surface
measurements were taken using the Alicona G4 using the same settings specified in 3.1.2.1.
One of the Alicona G4 measurements was used as the master for all subsequent alignment
and processing steps. Alignment, cropping and conversion to height map format (SDF) were
performed per section 0. All extracted surface data was aligned to one of the FV
measurements. The surface was and filtered using an L-filter nesting index of 8 mm and an
S-filter nesting index of 0.025 mm per ISO 25178-3. Data was extracted and values of

parameters per ISO 25178-2 were generated.
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4.7 Results
4.7.1 AM surface texture artefact

The surface texture parameter mean values and sample standard deviations for the Alicona
G4 FV measurement set and the four CT machine measurement sets are shown in Table 20.
The results are from the XT H 225 industrial CT at the University of Huddersfield (XCTHUD),
the MCT225 metrology CT at the University of Nottingham (XCTNOT), the MCT225 CT at Nikon
(XCTNIK) and the MCT225 CT at the National Physical Laboratory (XCTNPL). The differences

between the CT mean value and the FV mean values are shown in Table 21.

Table 20: RR surface texture parameter mean values and sample standard
deviation.

Mean | SD Mean SD Mean SD Mean SD Mean SD

Parameter | FV FV XCTHUD XCTHUD XCTNOT XCTNOT XCTNIK XCTNIK XCTNPL NPL

Sa / pm 25.5 0.001 24.1 0.027 25.5 0.011 25.5 0.019 25.6 0.006
Sq / um 32.6 0.002 30.9 0.032 32.5 0.009 32.5 0.023 32.6 0.007
Sz/um 335.3 | 0.199 324.0 2.941 335.2 1.244 334.2 1.423 335.4 2.332
Ssk 0.26 <0.001 | 0.08 0.015 0.20 0.001 0.21 0.001 0.21 0.001
Sku 3.7 <0.001 | 3.7 0.010 3.6 0.004 3.6 0.005 3.6 0.003
Sdr (%) 40.2 0.014 28.3 0.131 41.9 0.117 42.4 0.137 43.8 0.103

Table 21: Differences between CT and Alicona mean measurements.

Difference between mean CT and FV values

Parameter XCTHUD XCTNOT XCTNIK XCTNPL
Sa /pum -5.2% 0.2% 03% 0.5%
Sq/um -5.2% -0.1% -0.1% 0.2%
Sz /um -3.4% 0.0 % -0.3% 0.1%
Ssk (absolute) -0.2 -0.1 0.0 0.0

Sku -2.0% -29% -3.1% -3.1%
Sdr (%) (absolute) -12.0 1.7 2.2 3.5

Comparing the percentage differences between CT measurements and FV measurements, the
results for the MCT225 metrology machine measurement sets for Sa, Sqg and Sz were an order
of magnitude better than those for the XT H 225 industrial machine. For example, the
difference between the XCTNPL MCT225 Sa value and the FV value was 0.5 %; the difference
between the XCTHUD XT H 225 Sa value and the FV value was 5.2%. Figure 4-5 shows the

false colour height maps for one Alicona G4 measurement and one MCT225 measurement
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from the NPL set. The false colour height maps illustrate the accuracy of the alignment process

as well as the surface characterisation. It is not easy to visually distinguish the two height

maps. Figure 4-6 shows results of Sa, Sg and Sz for all machines.

335.05

Figure 4-5: False colour height maps of the RR Ti6Al4V EBM surface.

(a) Alicona G4, (b) NPL MCT225.
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Figure 4-6: RR surface texture results (a) Sa, (b) Sq, (c) Sz.

110



4.7.2 Dimensional artefact

4.7.2.1 Measurement MPE values

The Nikon MCT225 metrology CT and Zeiss Prismo CMM have maximum permissible error

(MPE) values as follows:

Nikon MCT225 MPE: £ (9 + L/50) um. (L in mm).

Zeiss Prismo CMM MPE: + (1.9 + L/300) pm. (L in mm).

The CT reduced MPE limits displayed on the charts for the dimensional measurements in

Chapter 4 are the CT manufacturer’s MPE limits reduced by the value of the CMM MPE limit:

MCT225 upper limit is CMM lower MPE value + (9 = L/50).

MCT225 lower limit is CMM upper MPE value - (9 = L/50).

This tightening of the CT MPE limits allows for the fact that the actual compoment dimensions
may be anywhere within the MPE limit range of the reported CMM value. This means that all
measurements displayed within the CT reduced MPE limits will be within the (9 + L/50) pm
of the actual dimension. This is similar to the reduction of component measurement tolerance

based on the inspection instrument accuracy [140].

The MPE limits are shown on the charts as follows:

— = —— = — CMM MPE limits, = ====== == CT reduced MPE limits.
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4.7.2.2 Dimensional results

The dimensional results for the CMM and the CT measurement sets are shown in Table 22.
The sample standard deviations for all CT measurements are all less than or equal to 1.2 pm

showing excellent repeatability for all measurements.

Table 22: CMM and CT dimensional artefact mean and standard deviation results.

Measurement Mean Length | Sample Mean OD (mm) Sample Mean ID (mm) Sample std.
method (mm) std. dev. | [% dif. cw CMM] std. dev. | [% dif.cw CMM] | dev. (mm)
[% dif. cw CMM] (mm) (mm)
CMM (10 meas.) 4.6240 <0.00005 2.9735 0.00005 2.9846 0.00005
XCTHUD (5 meas.) | 4.5992 [-0.54%)] 0.0008 2.9655 [-0.27%)] 0.0003 2.9597 [-0.83%)] | 0.0004
XCTNOT (5 meas.) | 4.6238 [0.00%] 0.0008 2.9804 [0.23%] 0.0002 2.9806 [-0.13%)] | 0.0003
XCTNIK (5 meas.) | 4.6216 [-0.05%)] 0.0005 2.9778 [0.15%] 0.0002 2.9769 [-0.26%)] | 0.0003
XCTNPL (5 meas.) | 4.6250 [0.02%] 0.0012 2.9803 [0.23%] 0.0002 2.9807 [-0.29%)] | 0.0002

Charts showing length, OD and ID are shown in Figure 4-7:. It can be seen that the length
values for all MCT225 metrology CT measurements are significantly within the CT
manufacturer’s specified MPE limits as shown in Figure 4-7:(a). The length measurement on
the artefact (step-face distanced), just like the centre-centre calibration measurement, is
insensitive to surface determination errors. The non-metrology XT H 225 mean length
measurement was -0.54 % less than the mean CMM measurement. The artefact OD and ID
CT measurements are both sensitive to surface determination errors. The percentage
difference between the CT OD values and the CMM OD values are all greater (more positive)
than the percentage difference between the CT length values and the length CMM values.
Similarly, the percentage difference between the CT ID values and the CMM ID values are all
less (more negative) than the percentage difference between the CT length values and the

length CMM values. This suggests the surface determination is computing the surface with

additional material beyond the actual surface.
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Figure 4-7: CMM and CT dimensional results.
(a) Length, (b) Outside diameter, (c) Inside diameter.
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The difference between the computed surface and the actual surface has been noted for other
materials: when using ISO 50 surface determination aluminium components have been
computed as undersize (the surface determination computing the surface toward the
component material compared to the actual surface location) and steel and ZrO2> components
have been computed as oversize (the surface determination computing the surface toward

the background compared to the actual surface) [125].

4.7.2.3 Applying corrections

As discussed in section 4.3.2, the artefact has been designed to differentiate between surface
determination errors and global scaling errors. Two corrections were applied to the extracted
CT dimensional data: a mathematical correction based on the surface determination error

followed by a global scaling correction.

4.7.2.3.1 Surface determination correction

The surface determination applied was found to be computing the surface with additional
material beyond the actual surface (the OD was oversize, the ID was undersize). Therefore,
the correction should remove material, see Figure 4-8:. The OD becomes smaller, the ID
larger and the Length is unchanged. The required surface determination correction was
different for all CT machines. The surface determination is per surface, so the OD and ID
dimensions will change by twice the surface determination correction value. These
mathematical corrections are equivalent to moving the calculated surface toward the
component material, thus the OD values reduce and the ID values increase. The surface
determination corrections applied are shown in Table 23. The calculated surface determination
correction for the MCT225 machines were similar, at between 2.6 ym and 3.0 uym. The

calculated surface determination correction for the XT H 225 was higher at 4.2 um per surface.
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Figure 4-8: Effect of surface determination correction.
The OD decreases, ID increases and the Length is unchanged.

Table 23: Surface determination correction applied to OD and ID.
LAB Surface determination correction / um
XCTHUD 4.2
XCTNOT 2.8
XCTNIK 3.0
XCTNPL 2.6

Figure 4-9: shows charts of Length, OD and ID after surface determination correction. Again,
it should be noted that one surface determination correction value was applied to all
measurements in each set: Length, OD and ID. The values of OD (Figure 4-9:(b)) are reduced
and ID (Figure 4-9:(c)) are increased compared with the results prior to surface determination
correction (Figure 4-7:(b) and Figure 4-7:(c)). The length results (Figure 4-9:(a)) are the

same as the results prior to surface determination correction (Figure 4-7:(a)).
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Figure 4-9: Dimensional results after surface determination correction
(a) Length, (b) Outside diameter, (c) Inside diameter.
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4.7.2.3.2 Surface determination followed by global scaling
correction

A second, global, scaling correction can now be applied based on the length measurements.
Instead of eroding the surface (making the OD smaller and ID larger) or dilating the surface
(OD larger and ID smaller), as the surface determination correction would produce, this global
correction increases or decreases the overall size. Figure 4-10: shows an example of globally

reducing the size.

Figure 4-10: Effect of global scaling correction.

The OD reduces, the ID reduces and the Length reduces.

Once globally corrected, the mean lengths for all CT measurements are equivalent to the CMM
mean length, see Figure 4-11:(a). It can be seen that the OD and ID measurements for all
CT machines, including the XT H 225, are well within the MPE limits of the metrology CT and

all are also within the MPE of the CMM, see Figure 4-11:(b) and Figure 4-11:(c).
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Figure 4-11: Dimensional results after SD and scaling correction.
(a) Length, (b) Outside diameter, (c) Inside diameter.
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As an illustration of the complete two-stage correction process, using the data reported in
Table 22 for the XCTHUD measurement and comparing the dimensions extracted from the CT
measurement to the reference CMM measurements, the OD, ID and Length errors
were: -0.27%, -0.83% and -0.54%, respectively. If a surface determination correction of 4.2
pum is applied per surface (moving the calculated surface into the part) the errors for OD, ID
and Length become -0.55%, -0.55% and -0.54%, respectively. A global (x,y,z) scaling
correction of +0.54% (based on the length error) can then be applied, increasing Length, OD
and ID. The correction process reduces the Length, OD and ID errors from -0.27%, -0.83%
and -0.54%, respectively, to less than 0.02% for all dimensions. After these corrections, the
measurements for all CT machines (including the XT H 225 industrial machine) are not just

within the MPE of the MCT225 metrology CT, but also within the MPE of the reference CMM.

4.7.2.3.3 Global scaling correction (no surface determination
correction)

Results after performing just the global scaling correction are shown in Figure 4-12:. It can
be seen that, without performing surface determination correction prior to global scaling
correction, the mean length dimensions for the CT measurement are the same as the mean
CMM measurement Figure 4-12:(a). However, the OD and ID measurement values for the
XT H 225 exceed the metrology CT MPE limits and all values for all measurements exceed the
CMM MPE limits. This illustrates the potential impact of surface determination on

measurements and the advantages of correcting for surface determination and global scaling.
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Figure 4-12: Dimensional results after just scaling correction.
(a) Length, (b) Outside diameter, (c) Inside diameter.
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4.7.3 Measurement voxel size

The voxel size for the MCT225 measurements was 8.7 um. The voxel size for the Huddersfield
XT H 225 measurements was 17.2 ym. A single test (XCTNOT11.5) was performed using the
Nottingham MCT225 with the sample moved away from the X-ray source at a magnification
and voxel size similar to the Huddersfield measurements (see Table 24). The other
CT measurement parameters were unchanged (see Table 19).

Table 24: Voxel size and magnification for each measurement.

Lab Voxel size / um Maghnification
XCTHUD 17.2 11.5

XCTNOT 8.7 23
XCTNOT11.5 17.3 11.5

4.7.3.1 Surface texture results

Extracted surface texture results are shown in Table 25. The difference between the CT mean

values and the FV mean values are shown in Table 26. Charts for Sa, Sqg and Sz are shown in

Figure 4-13:.

Table 25: Surface texture results.

Mean Mean Mean
Parameter FV XCTHUD XCTNOT XCTNOT11.5
Sa /um 25.5 24.1 25.5 24.7
Sq/um 32.6 30.9 32.5 31.6
Sz /um 335.3 324.0 335.2 330.5
Ssk 0.26 0.08 0.20 0.10
Sku 3.7 3.7 3.6 3.7
Sdr (%) 40.2 28.3 41.9 33.0
Table 26: Differences between CT mean values and FV mean values.
Difference between mean CT and FV values
Parameter XCTHUD XCTNOT XCTNOT11.5
Sa /um -5.2% 0.2% -2.9%
Sq/ um 52% 0.1% 3.0%
Sz /um -34% 0.0 % -1.4%
Ssk (absolute) -0.2 -0.1 -0.2
Sku -2.0% -2.9% -2.5%
Sdr (%) (absolute) -12.0 1.7 -7.2
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Figure 4-13: Surface texture results for HUD and NOTS.

(a) sa, (b) Sq, (c)

Sz.
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The values of Sa, Sg and Sz for the XCTNOT11.5 measurements were significantly lower than
those obtained with the smaller voxel size using the initial higher magnification measurement
on the same machine. The values were, however, not comparable to the XCTHUD
measurements; it can be seen that the difference between the XCTHUD and FV measurement
values was approximately twice the difference between the XCTNOT11.5 values and the FV
values. The lower XCTHUD results are due to a combination of factors, including the scaling
error present in the XT H 225 measurements: the Huddersfield mean length (from the
dimensional measurement) is 0.54% undersize (see Table 22). A scaling reduction will result
in lower surface texture parameters such as Sa and Sq. The filament change, reported in
Chapter 3, resulted in scaling difference of approximately -0.75%. The value of Sa and Sg
also reduced, by 0.83% and 0.97%, respectively. As a result of these initial measurement
results, the effect of voxel size on the accuracy of the extracted surface texture data is

investigated in section 5.2.

4.7.3.2 Dimensional results
The length dimension extracted from the single XCTNOT11.5 measurement matched the CMM

mean length measurement (4.624 mm) (see Figure 4-14:). The optimisation of the CT
dimensional measurements required a 4.3 ym surface determination correction, similar to the
4.2 um correction applied to the XCTHUD measurements and more than the 2.7 um correction
applied to the x23 magnification XCTNOT measurements. Once this correction was applied
the difference between the XCTNOT11.5 OD and ID measurements and the mean CMM
measurements were 0.1 pm (<0.01%). No scaling correction was required as the
XCTNOT11.5 length measurement matched the mean CMM length measurement, see Figure

4-15:.
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Figure 4-14: Dimensional results for HUD and NOTS.
(a) Length, (b) Outside diameter, (c) Inside diameter.

124

XCTNOTI11.5

-9

XCTNOT11.5

XCTNOTI11.5



(@)

4.6255

4.6250

4.6245

4.6240

Length / mm

4.6235

4.6230

(b)

2.9755

2.9750

2.9745

2.9740

OD / mm

29735

2.9730

29725

(c)

2.9865

2.9860

2.9855

2.9850

2.9845

ID / mm

2.9840

2.9835

2.9830

CMM

CMM

CMM

XCTHUD

XCTHUD

XCTHUD

XCTNOT XCTNOT11.5

XCTNOT XCTNOT11.5

XCTNOT XCTNOT11-5

Figure 4-15: Dimensional results including SD and dimensional correction.
(a) Length, (b) Outside diameter, (c) Inside diameter.
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4.7.4 Cone beam artefacts

During the analysis it was noted that there were local cone beam artefacts on the OD and ID
of the CT reconstructions of the dimensional artefact (primarily on the MCT225
measurements). Cone beam artefacts (caused by volume data reconstruction errors) increase
as the X-ray cone angle increases from the ideal central plane which is perpedicular to the
plane of the detector. Cone beam artefacts may be generated on horizontal surfaces such as
the edge of the horizontally aligned dimensional artefact. The cone beam artefacts were more
prevalent on the underside of the artefact because, due to the position of the artefact in the

scan, the angle of the X-ray beam is greater for the underside surface, see Figure 4-16:(b).

Visible cone beam artefacts

(a) (b)
Figure 4-16: MCT225 dimensional artefact reconstruction.
(a) topside, (b) underside. Cone beam artefacts are visible on the underside.

The standard dimensional analysis reported here included generating dimensional data from
the complete OD and ID cylinders extracted from the STL files. The analysis was repeated
using approximately 80% of the cylinder areas—removing the local upper and lower horizontal
areas with cone beam artefacts. The process of surface determination and scaling correction
was then performed. The results for all area (A) and selected area (S) for the OD and ID are
shown in Table 27 and Figure 4-17:. Cone beam artefacts were not present on the planar
surfaces used for calculation of the Length dimension. There was a small difference in final
values. However, the OD and ID measurements after correction (including the non-metrology
XT H 225) were still within the MPE of the MCT225 and, additionally, within the MPE of the

Zeiss CMM.
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Table 27: Dimensions using all

areas and selected areas.

OD/ mm ID/ mm
LAB All area (A) Selected (S) Delta / mm All area (A) Selected (S) Delta / mm
HUD 2.9729 2.9731 -0.0001 2.9842 2.984286 -0.0001
NOT 2.9750 2.9735 0.0015 2.9862 2.984649 0.0015
NIK 2.9734 2.9725 0.0008 2.9845 2.983689 0.0008
NPL 2.9743 2.9725 0.0019 2.9854 2.983595 0.0018
29825 A e e s . e wmmend B OONTR
£ 29775 2.988
298648
E 29750 a & SR E o * - »
o 2075 ¥ ¢ . e i e Y Y il
8 z = 2.97154 8 2982 il
29700 2680
2.9@5 ceee-12.9663 O I S (e SRS 297742
2.9650 2976
H & b v Ny P R S
TEFEEFESE FTFFELEESE

Figure 4-17: Charts(f))f cylinder dimensions (a) OD, (b) ID.(b)
All cylinder area (A) and selected cylinder area (S) analysed.
The dimensional artefact was positioned horizontally within the fixture to avoid overlap
between the dimensional artefact and the AM artefact surface while allowing maximum
magnification of the AM artefact. If the artefact was angled significantly then either the
artefacts would overlap during some projections or the magnification would have to be

reduced to include all required areas of both artefacts. Redesign of the fixture for CT-STARR

Stage 2 will be considered to reduce the cone beam artefact effect.

4.7.5 Conclusions

The results from a four-participant interlaboratory comparison investigating the extraction of
ISO 25178-2 areal surface texture data from X-ray CT has been reported. The results show
the robustness of the extraction and analysis process reported in Chapter 3. The results
confirm the validity of using CT for the extraction of surface texture data from additively
manufactured parts, for example the value of mean surface roughness, Sa for all metrology

CTs was within 0.5% of the results obtained using the focus variation instrument. There was
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good repeatability and reproducibility of all measurement results. The baseline results indicate
the process is in control and provide a good knowledge grounding for and expanded Stage 2
CT-STARR interlaboratory comparison. A reference dimensional artefact, manufactured from
a similar material to the AM artefact, was included in all scans. Surface determination and
scaling correction resulted in dimensional numbers very similar to reference CMM
measurements. For example, the artefact errors for the XT H 225 commercial CT for Length,
OD and ID reduced from -0.27%, -0.83% and -0.54%, respectively, to all < 0.02%. Using a
dimensional artefact during the CT measurement of AM surfaces provides good process
validation and should be invaluable during CT-STARR Stage 2. Future work will include
generation of algorithms to correct the extracted surface texture data based on the
dimensional artefact surface determination and global scaling results. One change to be made
as result of the CT-STARR Stage 1 measurements is to redesign the artefact fixture to avoid
horizontal edges on the dimensional artefact to minimise cone beam artefacts. During the
work performed here, factors effecting the accuracy of the results were discussed such as
surface determination and measurement voxel size. Further investigation of the impact of
these and other factors on measurement accuracy will be reported in Chapter 5. This is
important for creating a recommended measurement and analysis envelope within which to

work for optimised results.
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Chapter 5 Factors affecting the accuracy of CT
surface measurements

“Fast is fine, but accuracy is everything.”
Wyatt Earp (1848-1929)

A published journal paper, first author A. Townsend, underpins the work reported here,
“Factors affecting the accuracy of areal surface texture data extraction from X-ray CT” [24].

The journal paper is included in Appendix 6.

This section reports on an investigation into CT measurement and data processing factors
that may have an effect on the accuracy of the extracted surface texture results. The factors
have been chosen for their widespread applicability to CT systems in general rather than being
CT machine-specific. Changes in surface texture and dimensional results pre and post filament
change have already been discussed in Chapter 3. Surface determination correction was
discussed in Chapter 3 and evaluated in Chapter 4. The potential effect of voxel size on the
accuracy of the extracted surface data was introduced in Chapter 4. Partially as a result of
the potential effects noted in this preceding work, this chapter reports on an investigation
into three factors with potential to affect the accuracy and repeatability of extracted AM

surface texture data from CT measurements.

This chapter is divided into three sections:
e CT surface determination
¢ Component magnification and voxel size

e Internal / external surfaces
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5.1 CT surface determination

Surface determination is the process of defining the location of the surface of a component
scanned using CT. This process is based on evaluation of the grey-scale (density) values of
the reconstructed voxels. The surface defines the boundary between the component material
and the background (usually air). The method employed to define this surface boundary has
been shown to have a significant effect on dimensional information extracted from CT scans
[125, 141]. The CT user has to make a non-intuitive choice of surface determination method
during the data extraction process. This section reports on the effects of this method choice
on the extracted surface texture data. This section reports on the application of four surface
determination methods to generate the surface from metal Rubert surface comparator plates
[142]. Rubert roughness comparison specimins are primarily used in industry for workshop
use. Rubert plates are used to evaluate the surfaces of workpieces using visual and tactile
(fingernail) comparison. The manufacturing technique of the Rubert plate is chosen to match
the match the manufacturing technique of the workpiece being checked, for example turned,
ground or cast. Rubert plate sections were chosen for the surface determination analysis
because they include sections manufactured with the same technique, but with different

roughness values, see Figure 5-1.

>
m
w
o
=

MICROSURF=® 334
RUBERT & CO. LTD.
CHEADLE, CHESHIRE, ENGLAND

Figure 5-1: Microsurf Rubert 335 (casting) comparator plate.
Showing similar surface configuration on each of the seven segments, but with
different mean roughness values.
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The CT settings for all measurements were identical. The extracted surfaces were processed

per the multi-stage process as presented in Chapter 3.

5.1.1 Surface plates

Two rectangular plates, approximately 10 mm x 20 mm, were cut from a Rubert Microsurf
334 (casting) test panel. The casting panel was used as this surface was considered to most
closely represent the surface of a PBF metal AM component. The nominal surface Ra values
for the plates used for this work were 50 ym and 25 pm as these approximate the as-built
PBF metal AM surface roughness [131]. The individual samples were imaged using the Nikon
XT H 225 industrial CT machine. Acceleration voltage was 190 kV, filament current was
53 pA, with an acquisition time of 4000 ms. A 1 mm copper filter was used to reduce contrast
and beam hardening. Auto-defocus was deactivated. The voxel size for all measurements was

12.9 um (x,y,2).

5.1.2 Surface determination methods

CT surface determination was performed using four methods: three global methods and one
local method. Global methods compute one single grey-scale value to define the surface
across the entire extracted volume. Local surface determination evaluates local grey-scale
change gradient and creates the surface at the location of highest local gradient.

The four surface determination methods evaluated were:

Manual surface determination, whereby the global surface determination was set by the user
by visually optimizing the surface location; that is, looking at a section of the volume
material-to-background interface and adjusting the software “scroll bar” until the generated
surface visually appears to be at the location of highest grey-scale gradient. Implemented in

VGStudio MAX 2.2.

131



ISO 50 surface determination. The ISO 50 method defines a global threshold which is
computed as the mean of two peaks (background and material) of the grey value histogram.

ISO 50 was also implemented in VGStudio MAX 2.2.

Otsu method surface determination. The Otsu method [143], also a global surface
determination method, was implemented in Insight Segmentation and Registration Toolkit
(ITK) software [144]. Otsu surface determination finds two clusters (material and
background) in the grey value histogram such that the sum of the within-class variances of
the material and background are minimised. Used extensively in image processing, this
method works most effectively when the data is generally bi-modal (containing two distinct

classes) such as is the case for two-material CT data sets.

Local iterative surface determination. Implemented in VGStudio Max 2.2, the local surface
determination performs surface determination based on the local surface grey values. An
initial baseline grey value is selected based on the material and background (in this case
Rubert plate and air). The iterative surface determination searches within a specified distance
(in this case four voxels) from this initial distance and calculates the final surface based on

the location of the greatest grey-scale gradient [145].

A section of the surface boundary, created using ISO 50 and local iterative surface

determination, are shown in Figure 5-2:. The location of the generated surface (white line) is

clearly different using the two processes.
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Figure 5-2: Rubert 50 plate surface determination (VGStudio MAX 2.2 [136]).

(a) ISO 50 surface determination (b) local iterative surface determination.
Modified from [24].

After surface determination was completed using the four surface determination methods the

Rubert surfaces were converted to PLY format in VGStudio MAX 2.2 using the “Super Precise”

setting.

5.1.3 CT-focus variation comparison

The results from the CT scans were compared to the same section of the plate measured on
the Alicona G4. The Alicona measurements were performed using a x5 objective lens. Lateral
sampling distance was 5 ym with a lateral resolution of 15 ym. Surface extraction and
processing was performed as described in Chapter 3. Four sample areas, each 5 mm x 5 mm,
were extracted from each of the 25 ym and 50 um Ra samples. The measurements were then
levelled and filtered with an L-filter nesting index of 5 mm and an S-filter nesting index of
0.020 mm. A surface texture parameter set per ISO 25178-2 was generated using SurfStand

software [138].

5.1.4 Analysis of results

Figure 5-3: shows the false colour height maps of one surface area of the nominal 50 pm Ra
Rubert sample as measured on the Alicona G4 and on the XT H 225. Table 28 shows the mean
value of the parameters generated from the Alicona G4 measurements. A paired t-test was

performed for each of the Rubert sections. A paired t-test is used to compare the means of
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two populations where there are two samples in which observations in one sample can be
paired with observations in the second sample. The null hypothesis was that the difference
between the mean parameter as measured on the CT and on the Alicona G4 would be zero.
The 95% confidence interval of the mean was generated for each of the samples. The
percentage difference between the mean Alicona and CT readings, together with the 95%
confidence interval for the nominal 50 pym Rubert sample, were plotted for each of the ISO
25178-2 parameters Sq, Sz, Sal and Sa, see Figure 5-4:. The absolute differences between
the CT and FV results for the parameters Ssk, Sku, Sdr and Smr2 are shown in Figure 5-5:.
These parameters were chosen as they have been shown to be sensitive to AM surface

characteristics, see Table 3.

Figure 5-3: False colour height maps of the nominal Ra 50 pym Rubert sample.
(a) Alicona G4, (b) Nikon XT H 225 CT. Iterative surface determination used in
both cases.

Table 28 Mean values of Alicona measurements of nominal Ra 50 pm Rubert

sample
Parameter (ISO 25178-2) | Alicona mean value
Sq 69.1 um
Sz 507 um
Sal 0.36 mm
Sa 50.9 um
Ssk 1.3
Sku 6.0
Sdr 22.6%
Smr2 93.2%
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Figure 5-4: Percentage difference, CT to FV of nominal 50 pm Ra Rubert sample.
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Figure 5-5: Absolute difference, CT to FV of nominal 50 pym Ra Rubert sample.
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Figure 5-6: shows the false colour height maps of one surface area of the nominal 25 pm Ra
Rubert sample as measured on the Alicona G4 and on the XT H 225. Table 29 shows the mean
value of the parameters generated from the Alicona G4 measurements.

The percentage difference between the mean Alicona and CT readings, together with the 95%
confidence interval for the nominal 25 ym Rubert sample, were plotted for each of the ISO
25178-2 parameters Sqg, Sz, Sal and Sa as shown in Figure 5-7:. The absolute differences
between the CT and FV results for the parameters Ssk, Sku, Sdr and Smr2 are shown in

Figure 5-8:.

0.00

Figure 5-6: False colour height maps of the nominal Ra 25 pm Rubert sample.
(a) Alicona G4, (b) Nikon XT H 225 CT. Iterative surface determination used in
both cases.

Table 29: Mean values of Alicona measurements of nominal Ra 25 pm Rubert

sample.
Parameter (ISO 25178-2) | Alicona mean value
Sq 34.5 um
Sz 239 um
Sal 0.37 mm
Sa 27.4 um
Ssk 0.26
Sku 3.1
Sdr 4.8%
Smr2 91.4%
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Figure 5-7: Percentage difference, CT to FV of nominal 25 pym Ra Rubert sample.
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5.1.5 Surface determination conclusions

The parameter values generated from the three global surface determination methods were
generally similar. In some instances it can be seen that the manual surface determination has
slightly better parameter estimation than the automatic global methods. Comparing the local
with the global surface determination methods for both the 50 um Ra and 25 pm Ra plates it
can be seen that the local iterative method achieves results significantly closer to those
obtained using the Alicona G4 in all cases. Local iterative surface determination has been used
for all the analyses performed elsewhere in this report; however, it has been shown in Chapter
4 that, although the results are generally good, correcting for surface determination does
improve the dimensional accuracy of the measured component. Future work will include

generating correction algorithms for extracted surface texture data.

5.2 Component magnification and voxel size

An investigation into the effect of voxel size on the extracted ISO 25178-2 parameters was
performed using two AM surface artefacts. The first sample was the AISi1lO0Mg SLM AM
component and fixture used for the measurement and analysis in Chapter 3. The second
sample was the Ti6Al4V ELI EBM AM component and the fixture was the same as used in the
interlaboratory comparison in Chapter 4. In both cases the same surface as evaluated
previously was measured during this work. Both samples were measured on the Huddersfield
XT H 225 CT. The measurement settings for each artefact were the same as the settings
reported previously. The measurement settings were also the same for all ten measurements
in each set. The initial position (and therefore voxel size) for this evaluation, was similar to
that used in the previous chapters (17.3 pm). After the first scan at this voxel size, the
component was positioned further away from the X-ray source to increase voxel size and

reduce magnification.

138



Sample measurements were taken at ten positions within the chamber with the voxel size at

each position, V,, in um, defined by:

Vp =16 + n(X*F(MY)) Equation 5
Where:

1<n<10

x=1.4,y=0.065

The values of X and Yy were chosen to give a non-linear distribution with more information

I A\Y |II

points near the initial “ideal”, maximum resolution, position and ten measurement positions
within the range of CT travel limits. The initial position was configured in the previous work
to be as close as possible to the X-ray “gun” to give the correct surface size per ISO 25178-
3 with extra material for cropping. Positioning the sample closer to the X-ray “gun” than this
initial position would result in part of the AM component projected outside the range of the
detector, resulting in an incomplete image data set. The surface data were extracted and
filtered using the same filtering employed for the other measurements: 8 mm L-filter nesting
index and 0.025 mm S-filter nesting index. The value of Sa for both samples, together with
the respective mean Alicona G4 measurements, are shown in Figure 5-9:. It can be seen that
the general trend is that the mean roughness, Sa, decreases as the voxel size increases. This
trend is understandable as, at the limit, the square extracted triangular surface will contain
only two triangles, and, once levelled, the Sa would be zero. It can be seen that the Sa values
for the SLM surface are similar at the first two voxel sizes (17 and 19 uym), see Figure 5-10:.
This is an indication that the voxels size is sufficiently small to allow full characterisation of
the surface within the scale-of-interest (defined by the applied filtering). At these
measurement resolutions (17 and 19 ym) the value of Sa is approximately 2% less than the

Alicona reference value. The SLM surface roughness is significantly greater than that of the

titanium EBM surface: the Alicona mean Sa values are 30 ym and 25 pm, respectively. The
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Sa value for the extracted EBM surface is not similar at the two initial measurement voxel
sizes (17 and 19 pm): as the voxel size reduces the Sa value continues to increase. This
indicates that at the minimum voxel size, the resolution may not be sufficient to fully
characterise the surface at the required scale-of-interest. At the 17 pm voxel size
measurement the value of Sa extracted from the titanium EBM sample was approximately
5.5% less than the Alcona reference measurement—a larger difference that that for the

aluminium SLM component.

Sa vs Voxel size
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Figure 5-9: Sa values for the CT SLM and EBM sample measurements.
Showing the focus variation values obtained for the same samples.
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Sa vs Voxel size
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Figure 5-10: Detail of Sa vs voxel size, XT H 225 CT.
From Figure 5-9.

5.2.1 Voxel size and magnification conclusions

At a voxel size of 17 pm, the rougher SLM surface appears to be fully characterised at the
selected scale-of-interest, whereas the smoother EBM surface does not appear to be fully
characterised. These results will provide a basis for further investigating of the maximum
voxel size required for full characterisation for a range of AM surfaces together with
investigations into other areas, such as the effect of scale-of-interest (and therefore filtering)
changes. The EBM sample was used in Stage 1 of the interlaboratory comparison (Chapter
4). The results obtained here will provide vital information for possible changes for the Stage

2 comparison such as fixture modifications and AM sample selection.
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5.3 Comparison of external and internal measurement results

Fiducial marks Measured surface

Figure 5-11: Ti6Al4V bar (a) scan of original part, (b) after physical sectioning.
The part was milled to create an external surface from an internal surface.
Modified from [24].

AM techniques now enable the manufacture of components with complex and critical internal
features. For the advantages of both CT and AM to be realised, it is important to verify that
the surface data from CT extracted from internal surfaces is no different to that extracted
from identical external surfaces. This internal/external equivalency is important if, for
example, a reference measurement is taken on an outside surface using a stylus or optical
instrument and then compared to both external and internal surface data extracted from CT
scans of the same component. The research in this section was performed to investigate
whether a surface inside a component reconstructs and analyses differently from the same
surface on the outside of the part. Reference measurements of the surface, such as focus
variation that has been reported previously, are not reported here as the aim of this section
is to evaluate the reconstructed surface of the internal features compared to external features

when measured on a CT system and not to quantify the CT measurement deviations.

5.3.1 CT measurement

The measured component was an as-built 10 mm square section SLM titanium Ti6Al4V bar,
50 mm long with a 4 mm square internal bore. The bar was imaged using the

Nikon XT H 225. The component was then physically sectioned such that the measured
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“internal” surface now becoming “external”. The part was then scanned again on the CT, see
Figure 5-11:. CT measurement settings were identical for both scans. The acceleration voltage
was 210 kV, filament current was 48 pA and the acquisition time was 4000 ms. A 1.0 mm
copper filter was used. Auto-defocus was de-activated. The voxel size of both reconstructed
volumes was 15.9 um (x,y,z). The surfaces were extracted using local iterative surface
determination implemented in VGStudio MAX 2.2. Initial manual alignment of the surfaces
from pre and post-sectioned scans was performed utilising the fiducial marks. Iterative closest
point alignment was used for final alignment. After the alignment, each mesh was cut into
four sub-samples each with a dimension of approximately 3 mm x 3 mm. A uniform re-
sampling with a nominal resolution of 1.5 um was performed. This re-sampling resolution was
set to be significantly less than the S-filter nesting index value to avoid any impact of the
sampling on the filtered data. The samples were levelled and filtered using an L-filter nesting
index of 2 mm and an S-filter nesting index of 0.005 mm. With a confidence level of 95%,
the null hypothesis of equality of the means cannot be rejected for all the roughness
parameters analysed. The charts of the percentage differences between the internal and
external surface CT measurements for parameters Sq, Sz, Sal and Sa including the 95%
confidence interval are shown in Figure 5-12:(a). The absolute values and 95% confidence
interval of Ssk, Sku, Sdr and Smr2 are shown in Figure 5-12:(b-e). These results show there

was insignificant difference between the same surface as an internal and as an external

surface.
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Figure 5-12: Internal and external measurements resulits.

Showing differences between the same surface as an internal surface and external

surface.
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5.3.2 External/internal surface conclusions

The side surface of an as-built SLM Ti6Al4V component has been imaged using CT: first as an
external surface and then, after physical sectioning, as an external surface. There was no
significant difference in the extracted ISO 25178-2 parameters between the two
measurements. This is important because reference measurements may be taken on the
outside of a component to verify CT data. However, without part sectioning there is no way
to verify internal measurements. If the CT internal measurements are equivalent to the CT
external measurements then there is no need for additional comparison to reference internal

measurements.

5.4 Section conclusions

The effect of changing the electron generation filament on the extracted surface texture
parameter data was reported in Chapter 4. This chapter reported on three additional
measurement and processing factors that may potentially affect the accuracy of extracted
surface data. These parameters were chosen to be, as far as possible, applicable to most CT
systems and AM surfaces and not machine-specific. The conclusions (including results from
the filament change reported in Chapter 4) are as follows:

Changing the filament has been shown to change the surface roughness value (Sa) by
approximately 0.8%. Depending upon application this may be significant. Performing a

calibration or system verification may be necessary after filament changes.
The analysis of scanned Rubert comparator plates has shown that using local iterative surface
determination during CT reconstruction will provide the most accurate results for surface

texture parameter generation.

The voxel size affects the extracted parameter data. At larger voxel sizes the resolution may

not be sufficient to allow full characterisation of the surface at the required scale of interest.
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If the voxel size is too large to characterise the surface, further increases in voxel size will
reduce the surface roughness value. The closest position the component can be located to
the X-ray source is that which allows complete imaging of the required measurement area at
all rotational angles. This position will not generally be at the highest possible magnification
(and hence smallest voxel size). However, provided the voxel size produced is sufficiently
small then the surface characterisation will not be limited by the measurement resolution.
Initial results suggest that, for an AM surface, a voxel size of one half or less than the surface

Sa value may be sufficient for full characterisation.

A comparison of areal parameters computed on the same surface section of a Ti6Al4V SLM
part as an internal and external feature has been performed. The initial results indicate there
is not a significant difference between the mean values of the generated parameters for the

internal and external measurements.

These results provide valuable information to aid in the optimisation of the CT surface texture

measurement and extraction process for research and industrial applications.
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Chapter 6 CT measurement of re-entrant surfaces

“Each success only buys an admission ticket to a more difficult problem.”
Henry Kissinger (1923-)

The work reported here has been presented at conference: “Measurement and
characterisation of additively manufactured re-entrant features” [146], joint special interest
group meeting between euspen and ASPE, Dimensional accuracy and surface finish in additive
manufacturing, KU Leuven, Belgium, October 2017. The conference paper is included in
Appendix 7. The work reported here has been also accepted for conference: “CT measurement
of re-entrant additively manufactured surfaces” [147], 8t conference on industrial computed

tomography, Wels, Austria, February 2018. The conference paper is included in Appendix 8.

6.1 Introduction

Projection “curtain™

Figure 6-1: SLM re-entrant surface.
(a) Typical SLM side surface, (b) surface showing projection “curtains”, (c) re-
entrant surface showing three z positions at one (x,y) location.

SLM and EBM powder processes often produce surfaces with re-entrant (overhanging)
surfaces, see Figure 6-1:(a). Re-entrant planar surface features are characterised by two or
greater z height values for one (x,y) position, see Figure 6-1:(c). These non-intentional re-
entrant features may, however, improve functional performance. The AM process itself
presents opportunities to create re-entrant surfaces intentionally. The re-entrant features

may be designed to improve the functionality of the component. Manufacturing components
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including these re-entrant features will provide advantages based on two functional properties
of such features. Firstly, re-entrant surfaces increase the specific area: that is, an increase in
total surface area for a given planar area or part volume. Increasing the total surface area for
a given planar area may have application in paint and coating adhesion, in battery or electrical
capacitor design where surface contact between the gel or liquid electrolyte and the plates
may be increased [148]. There may be applications in fluid flow and heat transfer where and
increase in the surface contact area provides an increased volumetric efficiency [149].
Osseointegration bio-attachment, vital for the success of medical orthopaedic and dental
implants, may also be enhanced by an increased surface area [150]. Medical applications may
be functionally enhanced by the second functional property of re-entrant features: these
features, by their nature, provide a mechanical locking function. Examples of this locking
function include masonry keystones, dovetail joints used in woodworking and cabinetry and
tooth preparation prior to the application of an amalgam filling. During preparation the dentist
drills a pocket with a shelf or internally widening taper to prevent the filling from loosening or
falling out. Additive processes allow the generation of similar undercut features at a scale

matched to the component function.

These re-entrant surface features are difficult or impossible to measure using conventional
line-of-sight methods, but measurement and characterisation of these surfaces may be vital
for functional optimisation. This section reports on the measurement of re-entrant features
using CT and the extraction of actual surface area information (including re-entrant features),
from two as-built AM surfaces: a planar side surface from a medical implant and a section of
a lattice structure with nominally cylindrical lattice bars. The medical implant was
manufactured from Ti6Al4V ELI using an SLM process. The lattice structure was manufactured
from Ti6AI4V ELI using an EBM process. Methodology for the extraction and analysis of the
surface information is reported for both surfaces. The results of surface texture data including

re-entrant features (mesh) is compared to generated projected grid data to illustrate errors
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produced when re-entrant features are not included in the measurement and processing of
the surface data. The applicability of parameters per ISO 25178-2 is discussed. A new surface
texture parameter Sdryrime is introduced. This parameter is intended to relate directly to the
specific surface area and surface function. Sdryrime is the percentage of additional surface
contributed by the texture (including re-entrant features) compared to a plane the size of the
measurement area. Parameter extraction will be demonstrated for the two AM surfaces and

parameter data for a sample surface with designed re-entrant features will be discussed.

6.2 Methodology

The CT parameter settings for the two AM samples and the surface extraction process are
discussed in section 6.2.1. The data processing and parameter extraction methods are

reported in section 6.2.2.

6.2.1 CT measurements and surface extraction
The SLM medical implant and the EBM lattice were both scanned on the Nikon XT H 225 CT.

Reconstruction was performed using Nikon CT Pro 3D. Surface determination was performed
using VGStudio MAX 3.0. Local iterative surface determination was performed with a search
distance of 4.0 voxels. Both surfaces were extracted using the VGStudio MAX 3.0
“Super Precise” setting. The XT H 225 settings for the SLM medical implant are shown in Table

30. The extracted surface is shown in Figure 6-2:.

Table 30: XT H 225 settings for the SLM medical implant scan.

Parameter Value Parameter Value

Filter 1mm Cu | Voxel size 7.1 um
Acceleration voltage | 160 kV Detector size (pixels) 1008 x 1008
Filament current 62 pA Number of projections | 1583
Exposure time 2829 ms
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The CT settings for the lattice structure are shown in Table 31. The extracted lattice surface
is shown in Figure 6-3:. The selected ROI is highlighted. The dimensions on all figures are in

mm.

Table 31: XT H 225 settings for the EBM lattice structure scan.

Parameter Value Parameter Value

Filter material None Voxel size 3.6 pm
Acceleration voltage | 60 kV Detector size (pixels) | 1008 x 1008
Filament current 100 pA No. of projections 1583
Exposure time 1000 ms

1.5

I
3 2.5
Figure 6-3: Extracted surface of CT scan of the EBM lattice showing ROI (mm).
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6.2.2 Data processing and parameter generation
The complete extracted surface from the Ti6Al4V SLM ROI is shown in Figure 6-4:. A detail

section of the extracted surface is shown in Figure 6-5:. The (blue) least-squares reference

plane can be seen in both figures.

———
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Figure 6-4: Extracted surface from the SLM planar surface (mm).
Showing the blue least-squares reference plane.

Figure 6-5: Detail of the SLM planar surface.

The extracted surface of the bar of the lattice structure is shown in Figure 6-6:. The cylinder

was unwrapped prior to analysis.

-19 L— z'
18

Figure 6-6: Extracted bar ROI from the CT lattice structure.

Showing the blue reference plane (mm).
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6.2.2.1 Projected (grid) data

The extracted surface data was projected onto a grid (therefore producing a height map of
the surfaces). This height map data is then similar to the format and height values that would
be produced by line-of-sight measurement instruments. The height map grid in this case may
have only one value per matrix location. A section of the unwrapped lattice structure is shown
in Figure 6-7:. The projection onto a grid produces an interpolated surface curtain where
features are re-entrant (see Figure 6-1:(b) and Figure 6-7:). Surface area and volume data
can be calculated from this projected data. However, the true surface area and volume data
(i.e. including information from re-entrant features) cannot be generated from projected data,
leading to errors. This projected data is similar to that generated from line-of-sight

instruments, such as focus variation and stylus, and so is areal, not true 3D data.

| Projection “curtains”

Figure 6-7: Section of unwrapped CT-measured lattice surface.
Showing the projection curtains.
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6.2.2.2 Comparison of projected and mesh data

The generated height map (grid) data for both samples (which includes no information about
re-entrant surfaces) was compared to data generated from the mesh, which does include

information about re-entrant surfaces. In both cases the primary (unfiltered) data was used.

62221 Sdrprime

The surface area of a solid object is a measure of the total area that the surface of that object
occupies. Surface area may be considered proportional to the amount of paint needed to
cover the surface. The actual surface may contain re-entrant features (undercut or recessed
features). The ISO 25178-2 parameter Sdr, the developed interfacial area ratio of the scale-
limited surface is the ratio of the increment of the interfacial area of the scale-limited surface

within the definition area (A) over the definition area [16].

A (v v) )2 (v 1) )2
S = [ 1+[MJ {MJ 4 | iy Equation 6

This is the percentage of additional surface area contributed by the texture as compared to
an ideal plane the size of the measurement region [151]. The integration is performed over
the area A, which is the (x,y) measurement plane, see Equation 6. This parameter is
applicable to height map data and cannot be used to evaluate surfaces that contain re-entrant
features. For generation of Sdr, mesh data has to be cleaned of re-entrant feature data, see
section 3.1.3.1.5. This parameter may be considered a special case as it is only accurate for
non re-entrant surfaces.

The surface characterisation parameter, Sdrprime, proposed here has the ability to extract
surface information from true 3D data (x,y,z), including re-entrant features, such as that

produced by CT scans. Sdrprime is the percentage of additional surface (including re-entrant
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features) contributed by the texture compared to the area of a plane the size of the

measurement area. Sdrprime is the difference between the total surface area (including re-

entrant features) and an ideal plane the size of the measurement area Abrime , devided by the

measurement area Aprime, see Equation 7.

Sdrprime is calculated as:

Sdrprime :Ah:'li-rre(ﬂ.DS“rU(u’V)xr\/(u’V)“ dUdV_'Abrirrej Equation 7

Aprime is the projected area (equivalent to A in the equation for Sdr per ISO 25178-2).

ijSHru(u,v)er(u,v)H dudv, from [152], is the actual measured surface area, including re-

entrant features, where r(u,v) is the measured surface, rp(u,v) is the partial derivative in the
n direction, Dg is the domain of the measured surface, |«|is the vector norm and x is the
cross-product of the two partial derivatives ry(u,v)and ry (u,v). Calculation of the total mesh

surface is generally included in mesh analysis software, such as Meshlab [153]. The

calculation is a sum of the individual mesh triangle surface areas.

Sdrprime is sensitive to changes in re-entrant features and allows quantitative evaluation of
these features, which relate directly to the two functional advantages of re-entrant features
discussed in section 6.1. The ISO 25178-2 parameter does not have this ability as it is only

applicable to height map data.
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6.3 Results
6.3.1 Structured surface simulation

Two designed (but not manufactured) structured surfaces are presented to illustrate the
differences in results obtained for the same surface using projected evaluation (grid) and true
3D evaluation (mesh). Figure 6-8: shows a CAD rendering of a square section “mushroom”
designed to include re-entrant features. In this example each mushroom consists of a cap

with dimensions 2 mm x 2 mm x 2 mm. The cap is attached to a square section stem with

sides 1 mm and height 2 mm, giving a tota height of 4 mm.

(b)

Figure 6-8: (a) Structured "mushroom” surface example, (b) "mushroom “detail”.

The plane area equivalent to the measurement area is 4 mm?. This area is used to calculate
Sdrprime. The total feature surface area, including the base area directly below the mushroom,
is 34 mm?2. The Sdrprime Mmesh value would be (34 - 4) / 4 x 100 = 750%. If a grid projection
were used for surface reconstruction the mushroom would be evaluated to be a block
2 x 2 x 4 mm?3 (this includes interpolated side curtains). The feature surface area would be
calculated as 36 mm?, producing an Sdrprime grid value of 800%. This result illustrates that
the calculated surface when re-entrant features are included (34 mm?2) may be less than the
calculated surface when they are not included (36 mm?). Note: the Sdrprime calculation applied

to grid data (height values projected onto a plane) produces the same result as the
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ISO 25178-2 parameter Sdr for the same grid data. The values for Sdrprime for the mesh and

grid are shown in Table 32.

Table 32 Single planar mushroom extracted parameters
Method Sdrprime
Mesh 750%
Grid 800%

The height vs volume curve is shown in Figure 6-9: and the material ratio curve is shown in

Figure 6-10:.
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Figure 6-9: Height vs volume curve for a single structured mushroom.

The knee in the curve for the mesh is located at the 50% height, where the shape transitions
from cap to stem. The grid projection produces a straight line as the transition is not
measured. The calculated volumes for the entire feature (100% volume on the material ratio

curve) are 10 mm?3 for the mesh and 16 mm? for the grid projection.
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Figure 6-10: Material ratio curve for a single structured mushroom.

A second structured surface example is shown in Figure 6-11:(a). Each structure has a 4 mm
diameter cap, 1 mm cap height, 1 mm diameter stem with a 4 mm stem height. The calculated
values of Sdryrime for a grid projection is 600%. The value of Sdrpyrime for the mesh is 487.5%.
The total surface areas are 75.4 mm? and 61.3 mm? respectively. The error, when re-entrant

information is not considered, is 23%, see Figure 6-11:(b).

(@) (b) | Structured surface height vs total surface area
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Method | Sdrprime
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Mesh 487.5%
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Total surface area/mm? 51-25- 0
Figure 6-11: Round structured surface.
(a) CAD rendering, (b) graph of percentage height down vs surface area.
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6.3.2 AM surfaces
6.3.2.1 SLM planar surface

Table 33 shows the values of Sdrprime for mesh and grid for the SLM planar surface.

Table 33: SLM planar surface texture Sdrprime mesh and grid parameters.
Method Sdrprime
Mesh 79%
Grid 68%

The material ratio curve for the planar surface is shown in Figure 6-12:. The difference

between the Sdrprime grid and Sdrprime mesh is -11%.
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Figure 6-12: Material ratio curve for the SLM planar surface.

6.3.2.2 EBM lattice structure
Table 34 shows the values of Sdrprime mesh and grid for the EBM lattice surface.

Table 34: EBM lattice surface texture Sdrprime mesh and grid parameters.
Method Sdrprime
Mesh 55%
Grid 49%
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The material ratio curve for the lattice structure is shown in Figure 6-13:. The difference

between the Sdrprime grid and Sdrprime mesh is -6%.
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Figure 6-13: Material ratio curve for the EBM lattice.

6.4 Conclusions

AM processes provide the ability to produce complex freeform surfaces and re-entrant
features that can enhance component functionality, for bio-attachments, battery design,
heating and cooling systems, paint and coating adhesion. The ability to measure and
characterise these surfaces accurately will be the key to performance optimisation. These
surfaces present measurement and data analysis challenges that require the ability to image
and extract meaningful data from complex point clouds or meshes rather than a uniform grid
typically generated by line-of-sight instrumentation processes. A method for extraction of
surface texture parameters from re-entrant AM surfaces has been demonstrated. CT
measurements scans of two AM surfaces have been made which captured data for surfaces

that would prove difficult or impossible to obtain using line-of-sight measurements. Actual
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surface area and volume data has been extracted and compared to projected (grid) areas for
these data. Two example generated structured surfaces have been discussed. A new
parameter, Sdrrrime has been suggested. This parameter is the percentage of additional
surface (including re-entrant surfaces) contributed by the texture as compared to a plane the
size of the measurement area. This new parameter was developed to provide a direct relation
to functional performance in applications where the actual surface area is important. There
are significant errors in calculated area (up to 11% for Sdrprime) When re-entrant features of
as-built SLM and EBM AM components are not measured and included in analyses. Including
re-entrant features, using the techniques presented here, will provide more accurate data

required for analysis and optimisation of the functional performance of AM components.
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Chapter 7 Surface-specific artefact design and build
chamber characterisation

“Everything should be made as simple as possible, but not simpler.”
Albert Einstein (1879-1955)

“Better to be slapped with the truth than kissed with a lie.”
Russian proverb (n.d.)

The work reported here was presented at the 16 international conference on metrology and
properties of engineering surfaces, Gothenburg, Sweden, June 2017.: “Surface-specific

additive manufacturing test artefacts” [26]. The abstract is included in Appendix 9.

“We still don’t understand why a part comes out slightly differently on one machine than it
does on another, or even on the same machine on a different day.”

Prabhjot Singh, Manager, GE Additive Manufacturing Lab (2011) [154].

7.1 Introduction

AM components are now being manufactured with the as-built surface as a functional part of
the design, such as the medical implant design measured in Chapter 6—a design which is now
in medical service. For these applications, it is vital that the component manufacturer
understands the repeatability of their build chamber, together with any variation in
component throughout the build chamber volume. AM surfaces are sensitive to process
variation [15] and surface changes are being investigated as possible indicators of internal
problems, such as porosity within the component. This section details the design,
manufacture, measurement and characterisation of a set of surface specific test artefacts and
bars produced to characterise a build chamber and highlight any inconsistencies across the

chamber and between builds.
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7.2 Methodology
A set of artefacts were built using an Arcam Q10 EBM system. The ARCAM Q10 was configured

with the default settings (electron beam size, scan rate etc.) optimized by the manufacturer
for the build material. The artefacts were manufactured from Ti6AL4V ELI. The nominal
powder size was 45-100 pym. The build layer thickness was 50 pm. Four builds were
performed. The powder in build 1 had been recycled from previous builds. Build 1 was the
15t build using the powder. Build 2 was the 16 build using the same powder. Builds 3 and
4, through manufacturing constraints, were not built using the same batch of material. Build
3 was the 1t build and build 4 was the 2" build using the same batch of powder (but a
different batch to builds 1 and 2). The measurement artefacts consisted of nine bars, see
section 7.3; a series of surface-specific artefacts, designed by this author, see section 7.4;
and hemi-sphere artefacts for evaluation of roughness variation at a variety of build angles,
see section 7.5. Detailed methodology is included in each of these sections. The build layout

is shown in Figure 7-1:.

Figure 7-1: CAD rendering of the complete measurement artefact set.
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7.3 Measurement bars

A series of nine square cross-section bars were built vertically in the build chamber, see Figure
7-2. The bars were 175 mm high with each side 11 mm. The corners of each bar was radiused
to 0.5 mm. These bar dimensions were chosen to allow full-depth characterisation of the build
chamber and permit the correct measurement area (8 mm x 8 mm) required per
ISO 25178-3 based on the surface roughness. Each bar was marked on the top face with a
letter corresponding to the batch and a number (1-9) corresponding to the location within

the chamber.

11 mm

>
¢ N
v

/

85 mm
between centres

Chamber base size
200 mm x 200 mm

Figure 7-2: Artefact set showing build dimensions, with the nine bars highlighted.
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7.3.1 Bar locations
The nine artefacts were positioned in a 3 x 3 grid pattern. The chamber internal plan

dimensions were 200 mm x 200 mm. The bars were built 85 mm between centres (x,y). The
pattern was centred in the middle of the chamber. The four outside corner bars were oriented
with two sides perpendicular to a line drawn between the bar centre and the chamber centre.
This configuration was chosen to be most sensitive to e-beam asymmetry as the beam shape
on the build surface becomes more elliptical as the beam cone angle increases. The

orientations of the numbered bars within the AM build chamber are shown in Figure 7-3:.

& I TS
A A
& e <

Front of build chamber

Figure 7-3: Orientation of the bars within the chamber.
Showing the location reference numbers printed on the top of the bars.

164



7.3.2 Bar measurement

The bars were removed from the build plate and the surfaces of the bars were measured
using an Alicona G4 focus variation instrument. The nine bars were arranged in a fixture
bolted to the Alicona G4 stage. This fixturing provided precise and repeatable location of the
bars, see Figure 7-4:. The first measurement area was centred 10 mm from the top face of
each bar. Spacing between the four measurement areas along the bars was 51.7 mm on
centre. Each bar was measured in four locations along each of the four faces for a total of
16 measurements per bar producing 144 measurements per batch of nine bars. A x5 objective
lens was used on the Alicona G4. Each of the 144 measurement areas for each set of bars
was 10.3 mm x 9.4 mm, created by automatically stitching 20 individual measurements
consisting of five rows x four columns. This area was cropped to 8 mm x 8 mm during data
processing, see 7.3.3. Each measurement was taken at a lateral sampling distance of
2.667 pym, lateral resolution of 8 ym and a vertical resolution of 3.5 pm. This measurement
and subsequent characterisation was performed to obtain quantitative areal surface texture
data per ISO 25178-2. Qualitative information from visual inspection of the bars was

recorded.

Figure 7-4: Nine bars from batch 1 mounted in the Alicona G4 measurement
fixture.

The bars were arranged in numerical sequence in the fixture, as shown in Figure 7-5:. A script

was written to take 18 measurements automatically, with the stage moving to the appropriate
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position between measurements. The limitations of the Alicona stage movement
(100 mm x 100 mm) required that the bars (as a batch, not individually) be repositioned by
rotating 180° around the Alicona z axis and replaced in the fixture, so allowing measurement

of the same face but at the opposite end of the bars.

Figure 7-5: Batch 1 bars arranged for the first surface measurements of side 1.

On completion of all measurements of one side of the bars, all bars (again, as a batch) were
rotated 180° around the z axis and then each bar was individually rotated 90 degrees CCW,
to allow measurement of the second side for all bars, see Figure 7-6:. The process was
repeated until all 144 measurements had been taken. The measurement location on all four

sides is shown in Figure 7-7:.

Figure 7-6: Batch 1 bars arranged for first surface measurements of side 2.

(a) (b)

NE

S

Figure 7-7: Locations of the four sides for (a) corner bars, (b) cross bars.
Standard compass cardinal (N, E, S and W) and ordinal (NE, SE, SW and NW) are
used for simplicity.
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Figure 7-8: shows the bar locations and measurement sequence. The four height
measurements along the bar originated at lower end, that is, closest to the build plate so

measurement 1 was bar 1, on side NE.

135 27 2% 133 25
144 36 3 142 34
118 10 = 120 12
109 1 2
Al B¢ A2 &
9 63 143 7
1 2 119 47
82 46 110 38
73 37
24 23 2
33 3 31
13 14 15
4 5 6
132 A4 131 A5 s 130 Ab6 s
141 69 140 68 139 67
121 49 122 50 123 51
12 40 113 41 114 2
129 21 2 127 19
138 30 2 136 28
124 16 1 126 18
8
15 A 7 128 A8 56
93 57 137 65
102 66 125 53
88 52 116 44
79 3

Figure 7-8: Measurement sequence of the nine bars.

The location of the numbers indicate the position and order of the measurements
on the nine bar set. The location of the measurements for the non-visible surfaces
are shown above the respective surfaces.
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7.3.3 Data processing and analysis

The measurement areas required for analysis per ISO 25178-2 were 8 mm x 8 mm. Each of
the 144 measurements was cropped to 8 mm x 8 mm, numbered per the measurement
sequence and saved as a height map. Each measurement was levelled and Gaussian
regression filtering was applied per ISO 25178-3. The high pass L-filter nesting index was set
to 8 mm for all measurements. The low pass S-filter nesting index was set to 8 ym. The
processing parameters are summarized in Table 35. All bar measurements were processed

using these values.

Table 35: Processing parameters per ISO 25178-3.

These are measurement area, L-filter nesting index and S-filter nesting index.
Measurement area L-filter nesting index S-filter nesting index

8 mm x 8 mm 8 mm 0.008 mm

Parameter data per ISO 25178-2 were generated from the filtered data, numbered in
accordance with the measurement sequence and saved as an Excel file. The ISO 25178-2
parameter Sa was chosen for detailed analysis and investigation of build relationships and
patterns. In addition to the areal surface texture analysis, a visual inspection of the bars was

performed and visual anomalies and surface inconsistencies were recorded.

7.3.4 Areal measurement results

The total number of measurements taken was 576. This was for four builds, nine bars per
build, four sides per bar and four measurements per side. An analysis of variance (ANOVA)

was performed using the data. The factors used were:

e Build number (1-4)
e Side (N, NE, E, SE, S, SW, W, NW)
e Height (1-4)

e Bar number (1-9)
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Residual plots for Sa are shown in Figure 7-9:. The residual plot for Sa shows that the analysed
data have good distribution with no significant influence of observation order and so is of

acceptable quality for analysis. The main effects plot is shown in Figure 7-10:.

Residual Plots for Sa
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Figure 7-9: Residual plots for the 576 mesaurements.
This includes four measurements on each side of nine square bars for each of four
builds.
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Figure 7-10: Main effects plot.
For build number, side orientation, the four measurement heights and for the bar
number.
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7.3.4.1 Builds

From the main effects plot, Figure 7-10: (“Build” section), it can be seen that the mean Sa
values for builds 1 and 2 are similar to each other, as are the mean Sa values for builds 3
and 4. Builds 1 and 2 were from one batch of raw material with re-use count 15 and 16. Builds
3 and 4 were a different batch of raw material and were for builds 1 and 2 using this powder.
Figure 7-11: shows the Tukey pairwise comparison for all four builds. The Tukey pairwise
comparison creates confidence intervals for all pairwise differences between factor means. If
the interval does not contain zero then the corresponding means are significantly different. It
can be seen that builds 1-2 and 3-4 are not significantly different. However, every other
combination shows significant difference, indicating a significant difference between the Sa
values between builds (1+2) and (3+4). A further study is needed to ascertain the individual

influences of powder re-use and powder batch change.

Tukey Simultaneous 95% Cls

Differences of Means for Sa

Build

If an interval does not contain zero, the corresponding means are significantly different.

Figure 7-11: Tukey pairwise comparison for builds 1-4.
Showing insignificant difference for Sa between builds 2-1 and between builds 4-
3. All other combinations have significant differences for Sa.
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7.3.4.2 Bar sides
There is a significant difference in Sa depending upon the orientation of the side of the bar.

North facing bars have the roughest surface with the west-facing surfaces have the least
mean roughness, see the main effects plot in Figure 7-10: (“Side” section). The Tukey
pairwise comparison, Figure 7-12:, shows the most significant difference between N-E and

between W-N. The only non-significant differences are between W-E, NE-N and SW-SE.

Tukey Simultaneous 95% Cls

Differences of Means for Sa

z
m
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If an interval does not contain zero, the corresponding means are significantly different.
Figure 7-12: Tukey pairwise comparison for bar side orientation.
Showing insignificant difference for Sa between W-E facing sides, NE-N facing
sides and SW-SE facing sides. All other combinations have significant differences

for Sa, with the most significant differences being between N-E and W-N facing
sides, with the values Sa for N being approximately 10 pm greater than E and W.

The surfaces facing the North (left hand side of the build chamber when the chamber is viewed
from the front) are significantly rougher, on average (approximately 40 ym Sa), than those

facing in the other directions. West (29 ym Sa) and East (31 ym Sa) facing surfaces have the
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lowest mean roughness so it appears the direction of increased roughness is aligned with the
axes of the build chamber. These variations could relate to the powder spreader movement:
the rake moves from North to South and back. Additionally, it can be seen that there is a
significant difference between South and North facing sides and so there may be asymmetry

in the rake or other unidirectional effects.

7.3.4.3 Heights

Figure 7-13: shows the Tukey pairwise comparison for the heights. It can be seen there is no
significant difference in roughness in relation to bar height. This is perhaps to be expected as
the actual material melting location remains unchanged during the build (the build plate drops

between successive layer melting operations).

Tukey Simultaneous 95% Cls

Differences of Means for Sa

4-2 °

-1.5 -1.0 -0.5 0.0 0.5 1.0

If an interval does not contain zero, the corresponding means are significantly different.
Figure 7-13: Tukey pairwise comparison for bar measurement height.

Showing insignificant difference for Sa between any of the four measured height
locations.
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7.3.4.4 Back-front and side-facing bar sides

This analysis was performed to investigate the effect of beam asymmetry. The beam shape
on the build surface becomes more elliptical as the beam cone angle increases. Back-front
measurements were taken from faces aligned tangentially to the electron beam axis. Side
facing measurements were taken from faces aligned radially to the electron beam axis. The
mean Sa value for the side-facing surfaces was less than that for the back-front facing

surfaces, but the difference was not significant, see Figure 7-14:.

Interval Plot of Sa
95% CI for the Mean

37.0
36.5

36.0

Sa/um

Back-Front Side
Orientation

Figure 7-14: Back-front and side facing bar sides.

Showing insignificant difference between back-front and side facing measurement
locations.
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7.3.5 Visual inspection of the bars

Visual inspection of the bars showed there were significant surface anomalies of similar
configurations, at the same specific location on bars at the same chamber location in all four
builds. The areas with these surface anomalies are shown in Table 36 and the locations of the
bars, highlighting the sides of the bars with the irregularities, are shown in Figure 7-15:. It
can be seen that the irregularities are clustered around the location of bar 7, which was at

the front right of the build chamber.

Table 36: Location of significant surface (visual) irregularities.

Bar Side (Build 1) Side (Build 2) Side (Build 3) Side (Build 4)
1 NW NW SW,NW SW,NW

4 N,E,W N,E,W N,E,W N,E,W

5 - - W W

6 - - S,W S,W

7 NE,SW,NW NE,SW,NW NE,SW,NW NE,SW,NW
8 N,S,W N,S,W N,W N,W

9 SW,NW SW,NW SE,NW SE,NW
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Figure 7-15: Location of visual inconsistencies.

Red indicates visual inconsistencies on bars from builds 1 and 2. Yellow indicates
visual inconsistencies on bars from builds 3 and 4. The location of the
inconsistencies for the non-visible surfaces are shown above the respective
surfaces.
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Figure 7-16: shows a composite photograph of bar 4 showing each side from build 1 and build
2. Figure 7-17: shows a composite photograph of bar 4 showing each side from build 3 and
build 4. These images illustrate how remarkably similar the irregularities are at the same
locations. For example, side 4 of build 1 and build 2, shown in the two images to the right of
the figure have similar vertical patterns, horizontal lines, diagonal lines and even the top

edges of the bars look similar.

Build 1 Build 2 Build 1 Build 2 Build 1  Build 2 Build 1 Build 2
North East South West

Figure 7-16: Photographs of the four sides of bar 4 from build 1 and build 2.
Showing very similar visual inconsistencies at the same locations for both builds.
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The visual anomalies do not appear to be due to heat effects caused by the proximity of other
components within the build chamber. These local defects may potentially have a significant
impact on component performance if the item is used with as-built surfaces; as reported in
Chapter 2 it has been shown that the surface defects of metal AM components may have a

significant impact on fatigue life.

Build 3 Build 4 Build 3 Build 4 Build 3 Build 4 Build 3 Build 4
North East South West

Figure 7-17: Photographs of four sides of bar 4 for build 3 and build 4.
Showing very similar visual inconsistencies at the same locations for both builds.
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Two height maps for bar four, side one, 10 mm from the top of bar (measurement 24) are
shown in Figure 7-18: (build 1) and Figure 7-19: (build 2). The local step visible in both height

maps is approximately 200 um. Again, the similarities between build 1 and build 2 are clear.

Figure 7-18: False-colour height map of Build 1, measurement 24.

Figure 7-19: False-colour height map of Build 2, measurement 24.
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7.4 AMSA artefact analysis
7.4.1 Dimensional artefacts

Kruth et al. Mahesh et al. Moylan et al.

50 mm x 50 mm x 9 mm [155] 170 mm x 170 mm x 5 mm (base) [156] 100 mm x 100 mm x 10 mm (base) [157]

Figure 7-20: AM measurement artefacts for form and dimensional measurements.

There have been many manufactured and proposed artefacts for use in AM build systems.
The artefacts have primarily been for dimensional or form analysis [155, 156, 158-160]. Some
designs include sections designed for surface measurement, such as the 2012 NIST artefact

(Moylan et al.) [157], see Figure 7-20. ADDIN EN.CITE [152-154]Figure 7-20:

7.4.2 The AMSA artefacts
A novel set of three types of Additive Manufacturing Surface Artefacts (AMSA) surface-specific

artefacts were included in the build, see Figure 7-21:.

AMSA1 AMSA3 AMSA4
Figure 7-21: CAD rendering of the AMSA series artefacts.

Each artefact fits within a cylinder with a diameter of 30 mm and a height of 10
mm.
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These artefacts were designed by the author as a comparative tool for machine capability
analysis and process variation analysis. These surface-specific artefacts can be made more
compact than dimensional or form artefacts as they do not require the large dimensions and
spacing between features required for accurate dimensional and form measurements. The
artefacts were designed to provide comprehensive information about the component surface
and to provide unobstructed access for standard surface measurement and visualisation
methods, such as focus variation, stylus profilometry and scanning electron microscopy. The
three artefacts, as required, are designed to be included in each build, similar to the inclusion
of a test coupon in a heat treatment lot; they include manufactured-in traceability information

thus providing a convenient build record.

The artefacts have features designed for:

» Surface texture parameter generation (AMSA1, section 7.4.5)
» Sub-surface analysis (AMSA1, section 7.4.5)
Deviation analysis (AMSA1, AMSA3 and AMSA4)
* Layer edge analysis (AMSAL1, section 7.4.5 and AMSA4, section 7.4.7)
» Build resolution comparison (AMSA3, section 7.4.6 and AMSA4, section 7.4.7)

Investigation of the influence of build orientation (AMSA1, AMSA3 nd AMSA4)

General features of all AMSA artefacts:

* Built-in traceability (part number, serial number, material, layer thickness)

« Exterior wall 0.5 mm min above critical surfaces: helps to avoid accidental damage,
but permit measurement access

» Artefacts will fit in a 30 mm diameter cylinder with height 10 mm

» Low material cost, reduced build time and chamber utilisation
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7.4.3 Methodology
Twenty artefacts were included in each EBM build. Ten of the artefacts (two sets of five

artefacts) were oriented with the measurement surface positioned horizontally; ten of the
artefacts (two sets of five artefacts) were oriented with the measurement surface positioned
vertically, see Figure 7-22:. Each set of five artefacts included one AMSA1, see section 7.4.5,
three AMSA3, see section 7.4.6 and one AMSA4, see section 7.4.7. The three AMSA3 artefacts
were of similar basic design, but each with a slightly different configuration, see section 7.4.6.
Additional AMSA artefacts were manufactured on a Renishaw AM250 SLM machine using
Ti6AL4V ELI material with a nominal powder size of 15-45 pym. Visual and surface texture

comparisons was performed between the SLM and EBM components.

Figure 7-22: CAD rendering of the surface-specific artefacts in blue.
Shown as part of the complete artefact set.
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7.4.4 Artefact measurement

Measurement results included here are for samples from build 1. The measurements were

performed as follows:

7.4.4.1 Deviation analysis

The artefacts were scanned using the Nikon XT H 225 CT system. The system parameters

used are shown in Table 37.

Table 37: CT scanning parameters for the AMSA series artefacts.

Voxel size | Voltage Current Magnification | Physical filtration Cu | Exposure time | Number of
(im) (kV) (HA) (mm) (ms) projections
40 210 230 5 4 2000 1583

The deviation analysis was performed using the Catia V5 (Dassault Systems, France) software
package. The CT mesh data was aligned to the CAD model coordinate system. This involved
generating a series of three planes based on a least square fit of user selected surfaces from
the mesh. These surfaces were used to create a three plane coordinate system. The three

datum planes were defined as follows:

Primary datum - top plane of the artefact

Secondary datum - the side face marked “50 Micron” for artefact ASMA1 and AMSA4
- the side face marked “1” for artefact ASMA3

Tertiary datum - the side face marked “"BLD A” for artefacts ASMA1 and AMSA4

- the side face marked “2” for artefacts ASMA3

A deviation analysis was then performed between the actual scanned artefacts and the CAD
files. The deviation map generated includes all surfaces of the artefacts. Excess material on
the part (shown in green to blue shades) is represented as negative deviation whilst missing

material (shown in green to red shades) is represented as positive deviation.
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7.4.4.2 Scanning electron microscope imaging

Scanning electron micrographs were taken using a Quanta FEG 250 scanning electron

microscope (SEM).

7.4.4.3 Surface texture measurements

Surface texture measurements were performed using the Alicona G4 focus variation

instrument.

7.4.5 AMSA1

1:25 gradient

Raised bosses

Flat section

Figure 7-23: CAD rendering of artefact AMSAL.
Showing the three evaluation sections: raised bosses, 1:25 gradient and the flat
measurement section.
Artefact AMSAL1 includes three separate surface evaluation areas on its top face, see Figure
7-23::
¢ A flat measurement area parallel to the artefact base plane to allow profile or areal
surface measurement and parameter extraction; for example per ISO 4288 or ISO
25178-2.

e A sloped section with a 1:25 gradient to allow easy visualization and measurement of

the layer transition edge.
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Ten individual ©2.5 mm raised bosses with a height difference between each boss
equivalent to the build layer thickness. This will produce the minimum possible
distance between the boss heights. If the bosses are milled to the height of the artefact
edge wall surfaces then between one and seven layers below the as-built surface will
be exposed. Two of the bosses have surfaces below the edge wall height. The height
of these bosses will allow calculation of the actual material machined from the higher
bosses, which may be especially useful if the edge wall is accidently machined. The
surfaces can be examined for porosity or, after suitable etching and polishing,
metallographic inspection of each surface may be performed. Seven layers below the
final surface was selected because studies have shown that there may be a seven layer
heat effected zone for metal PBF components [113]. To avoid possible operator errors,
once the layer height is specified in the design, the layer height is printed on the

outside of the artefact and the boss heights are generated automatically.

7.4.5.1 Results

EBM vertical build Vertical surface 1:25 slope @ 2.5 mm boss

@ 2.5 mm boss

Figure 7-24: EBM AMSA1 horizontal and vertical build surfaces.
Showing photographs of the horizontal and vertical faces, together with SEM
micrograph details of the three evaluation sections.
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Photographs of artefact AMSA1 built horizontally and vertically are shown in Figure 7-24:
together with SEM micrographs of the three measurement features. The EBM scan patterns
can clearly be seen in the horizontal build micrographs. There is considerable difference in
the appearance of the horizontally and vertically built surfaces. The diagonal build strategy
can clearly be seen in the horizontal flat surface. The importance of correct part orientation
during the build, based on part design function, can clearly be appreciated. Figure 7-25:
shows a deviation analysis performed between the CAD model and the horizontally and
vertically built EBM AMSA1 artefacts. The horizontally built artefact shows a raised edge
around each of the boss features. This is consistent for all cylindrical features across the
artefact. The 1:25 gradient slope on the horizontally built artefact also exhibits a raised
section around the edge and at the layer transition steps, with some missing material adjacent
to the next higher build layer. These errors are due to a combination of model slicing and
layer thickness. The bottom sides of the ten boss features on the vertically built artefact are
deformed with locally missing material in excess of 0.5 mm. These down-facing areas here

were unsupported during the build.

(a)

Figure 7-25: EBM AMSA1 artefact deviation analysis (a) horizontal build, (b)
vertical build.

Deviation reported between the CAD model and the reconstruction from the CT
scans.
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Figure 7-26: shows the SLM and EBM built AMSA1 artefact. It can be seen that, overall, the
SLM build surface finish is superior to the EBM build. Build scan direction is less distinct and
there is less deformation on the SLM sample. The flat surface section of each artefact was
measured using an Alicona G4 focus variation instrument. The value of Sa, the mean surface
roughness for each measurement, together with the filtering used are given in Table 38. It
should be noted that the area of the EBM sample suitable for measurement was reduced
because of the presence of the raised edge of the flat section, see Figure 7-26:(b) and the

false-colour height map, Figure 7-27:.

LTI AT L e g o
Figure 7-26: Photographs of the AMSA1 horizontal artefacts (a) SLM, (b) EBM.

Table 38: AMSA1 surface Sa values.

Sl L-filter per S-filter per sa
ISO 25178-3 | ISO 25178-3

SLM horizontal | 5mm 0.020 mm 7 um

EBM horizontal | 3.5 mm 0.020 mm 9 um

EBM vertical 5mm 0.020 mm 32 um
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Figure 7-27: False-colour height map of the horizontal EBM flat section.

7.4.6 AMSA3

The AMSA3 artefact series include a Siemens star on the top face. Siemens stars are
commonly used to determine the resolution of optical metrology instruments, displays and
printers and are included in measurement Standards such as ISO 15775 [161] and have been
included in AM research [162]. The spokes of the Siemens star become indistinguishable at
some radial distance from the centre when the lateral resolution limit is reached. AMSA3
includes a wedge section with concentric rings to aid in visual location of the resolution-limit.
A series of three artefacts were included in the build, each with a different spoke width and
spacing (for identification purposes: coarse, medium and fine), see Figure 7-28:. This was
done to assess the correct spacing for the build configuration. A single, optimised, AMSA3

artefact will be included in subsequent builds.

Figure 7-28: CAD rendering of the AMSA3 artefact set.
(a) course, (b) medium, (c) fine.
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7.4.6.1 Results

AMSA3 horizontally built EBM artefact photographs and deviation analyses are shown in

Figure 7-29:.

Coarse

Figure 7-29: EBM horizontal AMSA3 photographs and deviation analyses.
Showing the fine, medium and coarse artefact builds.

188



AMSAZ3 vertically built EBM artefact photographs and deviation analyses are shown in Figure

7-30:.
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Figure 7-30: EBM vertical AMSA3 photographs and deviation analyses.
Showing the fine, medium and coarse artefact builds.

189



The differentiation between the Siemens star spokes toward the middle of the artefact is
clearly better with the vertically built artefact surface, see Figure 7-31:. Down-facing surfaces
of the vertically built exhibit local form deviation (missing material—indicated in red, Figure
7-30:). The outer spoke section of the medium AMSA3 (Figure 7-32:) shows the width of the
vertically built spoke is approximately 1.5 times the width of the horizontally built spoke at

the same location. This deviation is visible in the deviation analysis, Figure 7-30:.

Figur : S micrograp the AMS
(a) horizontal build, (b) vertical build.

Figure 7-32: SEmicrographs of the AMSA3 medium Siemens Star outer section.
(a) horizontal build (b) vertical build.
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Figure 7-33: shows the surface of the SLM and EBM fine AMSA3 artefact. Although the
resolution of the SLM artefact is superior (the radial location at which the spokes become
indistinguishable is closer to the centre of the artefact) there are two concentric rings within

the Siemens star where the spokes are enlarged both laterally and vertically, see Figure 7-34:.

ETy

Figure 7-33: Photographs of the AMSA3 artefact horizontal build.
(a) SLM, (b) fine EBM (similar spoke width and spacing).

spot WD | I — [— FV  spot] WD |mag a det
10.00 kV 40105 mm| 30x - AMSA3Z 10.00 kY 4.0 108 mm| 100 x  ---

Figure 7-4: SLM AMSA3 artefact SEM micrographs.
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7.4.7 AMSA4

Artefact AMSA4 includes three sections that each have constant-amplitude decreasing

wavelength structured sine wave surfaces, see Figure 7-35:.

Figure 7-35: CAD rendering of the AMSA4 artefact.

These surfaces may be used for simple visual comparison between builds or a deviation

analysis may be performed. The equations for the three sections are Equation 8 (amplitude

800 um pk-pk), Equation 9 (amplitude 400 um pk-pk) and Equation 10 (amplitude 200 um

pk-pk). This artefact is designed to give a visual indication of resolution limit and the build-

layer edge effect using optical, SEM and deviation analysis when compared to the CAD model.
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7.4.7.1 Results

aaTsmm

23Umm
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Figure 7-36: Horizontally and vertically built EBM AMSA4 artefacts.

Horizontal build (a) photograph, (b) local SEM image, (c) deviation analysis.
Vertical build (d) photograph, (e) local SEM image, (f) deviation analysis.
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Figure 7-36: shows the horizontally built and vertically built EBM AMSA4 artefact together
with the deviation analysis for this artefact. The deviation analysis of the horizontally built
artefact shows raised edges and depressed centre sections of all three sine wave features,
similar to the ASMA1 features. SEM micrographs of the areas of both builds where the
decreasing wavelength sine wave becomes un-resolvable are shown. This demarcation is
clearer in the horizontally built surface because of the generally smoother surface present in

the horizontal surface.

(a)

Figure 7-37: Photographs of the horizontally built AMSA4 artefact.
(a) SLM, (b) EBM.
Figure 7-37: shows the SLM and EMB AMSA4 surface artefacts. The resolution of the SLM

artefact is clearly superior to the EBM artefact. The finest sine-section of the artefact was

resolved on the SLM artefact.
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7.4.8 Artefact base deviation

(a)

Figure 7-38: Deviation analyses showing the underside of the EBM artefacts.
(a) AMSAS3 coarse artefact, horizontal build (b) ASMA4 artefact, horizontal build.

The bottom surface of the horizontally positioned artefacts show significant deviation due to
the support structure that constitutes extra material (blue) on the part surface, see Figure
7-38:. Some of the artefacts also display an area of deviation where there is missing material
on the sides of the artefacts (red). These areas are located at the intersection between the

bottom surface and the lateral sides of the artefacts.

7.4.9 AMSA series artefact discussion and conclusions

There is a clear difference between the vertically built and the horizontally built EBM surfaces.
The absolute resolution is higher for the vertical surface as observed on the Siemens star. As
expected, the characteristic surface is different, with the vertical surface similar to weld tracks
with embedded partially-melted raw material particles. The vertically built surface has a
higher proportion of partially-melted particles and smaller-scale surface ridges. Unsupported
vertical surfaces, such as the side of the bosses of the vertically-built surface have greater
than 0.5 mm missing material when compared to the model. This information will influence
the amount and location of additional material required to be added prior to the build to

assure complete clean-up of any post-processed surface, such as sealing and bearing
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surfaces. The surface texture information may be used to configure the build orientation of
the production components within the chamber. The SLM component had clearly superior
resolution and surface texture but there were local build anomalies highlighted by the Siemens
star surface. The configuration of the artefacts is flexible and may be modified based on the
initial results obtained. For example, the SLM surface resolution was sufficiently fine that the
smallest decreasing sine wave section of AMSA4 was resolved. The intention of these sections
was to give a visual indication of the resolution limit. The artefact may simply be re-designed
to reduce the wavelength of the section. The anomalies with the SLM Siemens star may be
used to guide the modification of AM machine build parameters with further samples made to
evaluate the corrective action. The EBM build process produced a raised edge around the flat
surface section of the AMSAL1 artefact. This raised edge reduced the area suitable for surface
texture measurement. The reasons for the raised edge may be investigated and, additionally,
if required, the artefact design may be modified to include a wider measurement section.
Many machines, such as the laser-based Renishaw AM250, allow the selection of build
parameters for each part made within one build. This allows experimentation to optimise build

parameters quickly once a problem is discovered.
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7.5 Build angle hemi-sphere artefact
Currently, there is an AM measurement artefact suite being proposed by the ASTM F42/ISO

TC 261 Joint Group (JG) for Standard Test Artefacts (STAR), see Figure 7-39:. This
measurement artefact suite includes angled surface measurement plates. Hemi-spherical
artefacts, including angled planar surfaces, were included in the EBM build in the current
research. These are similar to a faceted sphere used by Grimm [112]. The angled surfaces
are designed to aid analysis of the effect of build angle on surface texture. The size of each
panel in the hemi-sphere was chosen to allow the measurement of an area of 8 mm x 8 mm

on each plate, as per the requirements of ISO 25178-3.

Figure 7-39: Proposed ASTM F42 AM measurement artefact suite, including NPL
modified z-axis artefact.

Two multi-faceted hemi-spheres were printed in each of the four builds, see Figure 7-40: and
Figure 7-41:. Table 39 shows the build angle and number of sample sections for each build
angle. The sections were measured on the Alicona G4, cropped, levelled and filtered per
ISO 25178-3 using an L-filter nesting index of 8 mm and an S-filter nesting index of 0.008

mm.
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Figure 7-40: CAD rendering of the two hemi-spheres, in blue.
Shown as part of the complete artefact set.

(a)

Figure 7-41: Hemi-sphere artefact.
(a) CAD rendering, (b) a hemi-sphere mounted on a fixture for Alicona G4
measurement.
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Table 39: Hemi-sphere surface angles to the horizontal and number of samples.

Angle to the horizontal (degrees) Number of samples
90 12

60 4

52.24 4

30 4

0 1

Charts of surface roughness, Sa, at each of the measured build angles for builds one to four
are shown in Figure 7-42: to Figure 7-45:. Each chart includes the 95% confidence intervals
for the mean error bars. The mean surface roughness for all four builds vs build angle is
shown in Figure 7-46:. The mean surface roughness for all builds is greatest for the surfaces
built at 60° to the horizontal. The mean roughness decreases consistently as the gradient
reduces for all four builds. These results are consistent with results obtained for profile

roughness measurement, Ra, by Triantaphyllou et al [62].

Build 1 mean surface roghness, Sa/um
95% CI for the Mean

35

Sa/pm
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20
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Angle to horizontal/®

Figure 7-42: Build 1 surface roughness (Sa) at each build angle.
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Build 2 mean surface roughness, Sa/pm
95% CI for the Mean
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Figure 7-43: Build 2 surface roughness (Sa) at each build angle.
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Figure 7-44: Build 3 surface roughness (Sa) at each build angle.
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Figure 7-45: Build 4 surface roughness (Sa) at each build angle.
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Mean hemi-sphere roughness (Sa) vs build angle
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Figure 7-46: Mean roughness (Sa) of the hemi-sphere vs build angle for four
builds.

7.6 Surface measurement artefacts conclusions

A suite of surface-specific AM measurement artefacts has been proposed. These artefacts are
small, economical to build and suitable for inclusion in every AM build. They include built-in
traceability, including part number, serial number, build layer thickness and raw material type
and have been designed for easy measurement on standard metrology equipment. The
artefact design may be tailored to the specific application to produce the greatest sensitivity
to process changes. The artefacts may be used for process verification and to investigate
optimum production component build orientation. Deviation analysis between the artefacts
and the CAD model have highlighted significant differences in dimensional build errors for
artefacts built vertically and horizontally. The data may be used to modify build models to

ensure complete clean-up of critical surfaces during post-processing on as-built surfaces.



A bullet-point summary of the measurement suite results for the exemplar builds is given

here:

* No significant difference in mean Sa at different build heights.

* No significant difference in mean Sa between surfaces aligned radial or tangentially to
the electron beam axis.

« Significant difference in surface texture between builds with different powder re-use
cycles and material batch change (further work required to differentiate between the
individual effects).

« Significant variation in vertical surface texture, which was dependent upon the surface
direction.

» Remarkably similar local defects at the same location on all builds at specific positions
within the build chamber. These asymmetrical surface texture anomalies indicate there
are systematic problems with the build system itself, and, because there are surfaces
that do not have these issues, there is significant potential to correct the underlying
cause and hence produce surfaces that are more consistent across the entire build
volume.

» Significant difference in surface texture depending upon the surface build angle to the
horizontal. There is an approximately linear increase in mean roughness, Sa, from
approximately 20 ym to 32 ym as the build angle from horizontal increases from
0° to 60°, respectively, and then a reduction to approximately 29 um Sa at 90° to the

horizontal.
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Chapter 8 Discussion and conclusions

“This is not the end. It is not even the beginning of the end. But it is, perhaps, the
end of the beginning.”
Winston Churchill (1874-1965)

Computer defined AM and computed tomography are both historically recent inventions;
Chuck Hull’'s AM patents in 1986 and Hounsfield and Cormack’s CT Nobel prize in 1979
signalling the start of revolutions in manufacturing and imaging, respectively. CT has seen
widespread adoption, initially in the medical field, but now the potential is being realised for
industrial applications. CT system accuracy is improving greatly and the CT industry has great
interest in partnering with AM research institutions, system manufacturers and end users.
The interlaboratory comparison reported here included the participation of one of the field
leaders, Nikon Metrology. Interest in Stage 2 of the interlaboratory comparison from others
in the CT industry has been strong. The CT manufacturers are aware of the potential of AM
for high-value fields such as aerospace, medical and automotive. Witness the attendance of
CT manufacturers at AM-specific conferences worldwide. These manufacturers are aware of
the excellent match between AM and CT.

AM allows the manufacture of complex components with geometries and internal features
that cannot be manufactured with subtractive processes, such as milling, turning and
grinding. This ability of AM is, of course, the prime advantage of AM processes. Conventional
metrology techniques, including stylus and optical surface texture measurement methods
with their line-of-sight restrictions cannot be used to measure these features. CT is the prime
method for non-destructive testing of these components. CT development is on-going with
resolution and accuracy improving constantly, partly driven by the requirements of the AM
industry.

The work reported here takes the first steps in using industrial CT for the measurement and

areal characterisation of as-built AM surfaces. This is important as the as-built surface is being
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used in functional applications such as the medical applications reported here. Measurement
of the AM surface is important for determining how much material stock should be added to
permit complete clean-up of surfaces that require post-processing such as O-ring grooves or
cylinder bores. As awareness of the potential of AM increases, applications of the technology
will also grow and the measurement technologies and methods need to be in place to allow
accept/reject evaluations to be made successfully using recognised standards.

Chapter 3 reported on the development of a novel technique to extract quantitative areal
surface texture information (per ISO 25178-2) from CT scans of AM components. The
technique included comparison to measurements of the same surface area using a focus
variation instrument. The extraction and characterisation technique itself was shown to be
robust and sensitive to measurement changes such as those produced when the system
filament is changed. The values of measurements for the Nikon XT H 225 were remarkably
similar to those for the focus variation instrument; for example, the values of Sa obtained
from the CT data were within 2.5% of the focus variation measurements. Repeatability of the
CT measurement was shown to be good, including the measurements taken when the artefact
was removed and replaced back into the fixture (similar to potential industrial lot testing) for
which the standard deviation was 0.013 pm for a mean Sa value of 29.6 um. These tests
were performed on one CT machine with one artefact. For industrial applications it was
considered important to verify other machines would produce acceptable results and that the
process itself should be shown to be shown to be applicable to other industrial materials and
AM processes.

Chapter 4 reported on the CT-STARR Stage 1 interlaboratory comparison. An EBM artefact
was measured using four CT machines, three Nikon MCT225 metrology CTs and the XT H 225
industrial CT used in the development of the extraction method. The results confirmed the
robustness of using CT for the extraction of surface texture data from AM parts. As an
example, the value of mean surface roughness, Sa, for all the metrology CTs was within a

remarkable 0.5% of the results obtained using the focus variation instrument, with good
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repeatability and reproducibility of all measurement results. These baseline results would
indicate the artefact measurement and analysis process is robust and will guide the
development of the Stage 2 CT-STARR interlaboratory comparison, which will include a
greater variety of CT machine configurations. Mathematical surface determination and scaling
correction (as required) of the dimensional artefact included in every scan resulted in
dimensional numbers very similar to reference CMM measurements. Using a dimensional
artefact during the CT measurement of AM surfaces provides good process validation and
should be invaluable during CT-STARR Stage 2. The three metrology CTs had a different voxel
size (8 um) to the industrial CT (17 um). The influence of voxel size and surface determination
on measurement accuracy were discussed. These influences, together with the measured
influence of changing the filament reported in Chapter 3 (approximately -0.75% change in
dimensions and -0.8% change in Sa value pre-to-post filament change) highlighted the
importance of generating an understanding of individual factors that may affect the accuracy
of measured results. This understanding is important as it allows the creation of a
recommended measurement and analysis envelope within which to work.

The influence of three measurement and processing factors that were considered to have the
potential to affect the accuracy of results were investigated in Chapter 5. These parameters
were chosen to be, as far as possible, applicable to most CT systems and AM surfaces. The
intention was to choose factors that were important but not machine-specific. The analysis of
scanned Rubert comparator plates showed that using local iterative surface determination
during CT reconstruction will provide the most accurate results for surface texture parameter
generation. This is important as the selection of surface determination method is not intuitive.
The inclusion of a known artefact within the user’s scans will aid in verification of surface
determination verification.

The voxel size effects the extracted parameter data. At larger voxel sizes the resolution may
not be sufficient to allow full characterisation of the surface at the required scale of interest.

If the voxel size is too large to characterise the surface, further increases in voxel size will
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reduce the surface roughness value. Initial results suggest that, for an AM surface, a voxel
size of one half or less than the surface Sa may be sufficient for full characterisation. This
basic result is easily implemented as the resultant voxel size of a reconstruction is displayed
for the CT operator prior to beginning a scan.

A comparison of areal parameters computed on the same surface section of a Ti6Al4V SLM
part as an internal and external feature has been performed. The initial results indicated that
there was no significant difference between the mean values of the generated surface texture
parameters for the internal and external measurements. This is important as there needs to
be confidence that the internal (hence less verifiable) surfaces are equivalent to the external
(and more easily verifiable) surfaces. These results should provide valuable information to aid
in the optimisation of the CT surface texture measurement and extraction process for research
and industrial applications.

AM processes have the capability to produce surfaces and re-entrant features that enhance
component functionality in appliocations such as bio-attachment, battery design, heat-
transfer systems, paint and coating adhesion. There are existing applications using as-built
AM surfaces that include re-entrant features. The ability to measure and characterise designed
and as-built re-entrant surfaces accurately will be the key to performance optimisation for
some applications. These surfaces present measurement and data analysis challenges that
require the ability to image and extract meaningful data from complex point clouds or meshes
rather than a uniform grid typically generated by line-of-sight instrumentation processes. A
method for extraction of surface texture parameters from re-entrant AM surfaces was
demonstrated in Chapter 6. Actual surface area and volume data were extracted and
compared to projected (grid) areas and volumes for these data. Two example generated
structured surfaces were also discussed and given as an illustration of the process. A new
parameter, Sdryrime, has been suggested. This parameter is the percentage of additional
surface (including re-entrant surfaces) contributed by the texture as compared to a plane the

size of the measurement area. This new parameter was developed to provide a direct relation
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to functional performance in applications where the actual surface area is important. There
are significant errors in area (up to 11% for Sdryrime) when re-entrant features of as-built SLM
and EBM AM components are not measured and included in analyses. Including re-entrant
features, using the techniques presented here, will provide more-accurate data required for
analysis and optimisation of the functional performance of AM components. Collaborations
have shown that AM components, for example percutaneous medical implants, with functional
as-built surfaces are now being produced. In addition to the requirement to measure any re-
entrant surfaces correctly, as discussed in Chapter 6, these critical applications require
consistent production quality across the build chamber and between successive builds.
Chapter 7 reported on the measurement and characterisation of an EBM build chamber used
for manufacturing medical implants. A Ti6Al4V ELI measurement artefact set was included in
four builds. Included in the artefact sets were a novel set of surface-specific measurement
artefacts. These small artefacts highlighted the importance of build orientation within the
chamber as the artefact features were significantly different depending upon their orientation.
Deviation analysis showed there were areas built with missing material, vital for
understanding the material allowance to be added prior to the build to ensure complete clean-
up of post-AM machined surfaces. The surface-specific artefacts will provide cost-effective
process monitoring and machine capability analysis. Only those required for the application
need be used. Designs may be tailored to the particular build application. All the artefacts are
small, with low material usage and short build times and will fit standard inspection machines,
including SEM. Nine square bars were included in each of the four builds. A total of
16 measurements were taken on each bar each of the four builds for a total of
576 measurements. An ANOVA was performed on the data. The surface measurements were
sensitive to the differences in build orientation, to both the angle to the horizontal and to the
facing-direction of vertical surfaces. The difference between raw material batches and
material re-use was also detected. There were significant local defects on several bars with

these defects appearing at the same locations on bars in all four builds. There were many
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bars with no visible surface defects. These repeating asymmetric and non-uniform results for
the bar measurements suggest that there are system anomalies that may be addressed and
corrected to create a more-uniform build chamber. This correction may benefit not just the

surface texture but perhaps also the internal structure of components.

The novel aspects of the present work are outlined in the following section. The work
performed in this research includes novel extraction of areal surface texture from CT. A multi-
step process was developed and the accuracy of the measurement and characterisation
technique were reported. An interlaboratory comparison was performed using machines at
four laboratories. The repeatability and reproduceability of the results using the developed
measurement and extraction technique were excellent, with all five measurements performed
on all of the three metrology CTs producing surface roughness (Sa) values within 0.5% of the
mean reference focus variation measurements. Information and lessons learned will be
incorporated into an expanded stage 2 interlaboratory comparison. Factors affecting the
accuracy of the extraction process have been investigated, including the effect of changing
the CT filament, the effects of CT surface determination methods and the measurement and
characerisation of internal, compared to external, AM surfaces. Re-entrant as-built surfaces
are now being used in engineering applications and structured AM surfaces are being designed
for industrial applications. A new surface texture parameter, Sdryrime, has been proposed. This
novel parameter will include information from re-entrant surfaces and is designed to be
functionally relevant and applicable to as-built re-entrant surfaces and structured AM
surfaces. Surface consistency throughout the AM build platform and between builds is critical
for these applications and for components that may require post-processing. A newly designed
set of small surface-specific artefacts were included that can be used for design and build
orientation optimisation and can be included in successive builds for process verification. An

investigation of AM build chamber consistency was performed using an exemplar EBM AM
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build. The results highlighted significant variation in surface texture within each build and
between builds.

This initial work will provide a foundation for further research into the use of CT for the
measurement and characterisation of AM surfaces. AM machines and CT machines are
constantly improving and the techniques introduced here will still be applicable as these
processes improve. There is potential for a range of future work to expand the AM surface

texture, and particularly surface-from-CT, knowledge base.
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Chapter 9 Future work

“The man who has no more problems to solve is out of the game.”
Elbert Hubbard (1856-1915)

9.1 Automated surface-from-CT

At this stage, if the AM surface can be measured using conventional metrology techniques,
such as focus variation used here, then generally the surface should be measured using these
techniques because of their greater resolution and accuracy. However, there are distinct
advantages of CT measurements, other than just the ability to image internal features. CT
imaging creates a 3D point cloud of the entire component and this data can be used for
comparison to the CAD design. The deviation analysis work reported here was performed
using this technique. This alignment, using component features, can be used to locate
surfaces-of-interest within (or on the outside) of the component. The extraction techniques
reported here involved manually selecting the area of interest from the scanned component.
This was then followed by a multi-stage process of alignment and conversion to allow
comparison to a master surface and the generation of areal parameters per ISO 25178-2.
The technology is in place to be able to create a software system to automate the surface
measurement, analysis and verification process:

Once the CAD model is entered into the proposed software system, including location and
required surface texture parameter and value, for example Sa 25 ym for a 20 mm x 20 mm
section of an internal surface, then it is envisaged that the following may be automated

(“one click™), after performing the CT scan:

e Adjust the surface determination and scaling based on an artefact included in the scan
e Select the ROI in the scan
e Convert the ROI to a mesh

e Align the mesh to the component model using defined datums
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e Locate the exact section (or any number of sections) with the surface requirement
e Extract the surface region of interest
e Convert to a height map
(or analyse mesh directly, which allows inclusion of re-entrant features)
e Crop to the correct size, either pre-determined or calculated based on ISO Standards
e Level and filter per ISO 25178-3
e Generate the required parameter set
e Compare the parameter data value to the required value

e Generate report / SPC etc.

This whole process may be automated for all the surfaces with required specific and general
(default drawing) texture values. This process, as with the manual process, requires that the
measurement resolution and surface texture requirement are compatible. If the resolution is
not sufficient to resolve the surface at the scale-of-interest required then the data will not be

valid.

9.2 Scaling and surface determination correction

Corrections to the extracted surface texture data, based on the surface determination and
global scaling errors extracted from the dimensional artefacts will be investigated. The
dimensional artefacts included in the scans reported here were able to differentiate between
these two types of errors and mathematical compensation based on these errors produced
significant increases in dimensional accuracy. Adjustment of the extracted surface based on
the dimensional compensation values has potential to reduce measurement errors. On
completion of the development of manual compensation techniques, further work will be

performed on automating the compensation process.
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9.3 Further CT chamber analysis

Further characterisation of the Nikon XT H 225 CT chamber will be performed. This will include
the use of different AM surfaces to refine the ratio between the maximum acceptable voxel
size and component surface roughness. A similar evaluation will be performed using additional
types of CT system, including CT microscopes, such as the Zeiss Xradia series. ROI scanning
will be investigated, whereby a local section of a large component may be scanned at high

resolution. Guidelines for component suitability for each machine type will be generated.

9.4 CT-STARR Stage 2
The results from Stage 1 RR reported here will guide modification of the methodology for the

expanded Stage 2 RR. Changes to the methodolgy will include a fixture modification to rotate
the dimensional artefact to avoid horizontal edges and reduce cone-beam artefacts. A change
to the surface texture artefact will be investigated, based on the minimum Sa to voxel size
ratio required to fully characterise the AM surface. Work will be performed with potential
Stage 2 participants to verify the resolution requirements for a variety of CT systems prior to

the start of Stage 2.

9.5 Re-entrant features and functional analysis

Functional validation of re-entrant surface measurements will be performed to verify the
practicality of the parameter Sdrprime. Functional applications will include bio-attachment,
chemical bonding, fluid flow, heat transfer and electrical conduction. Additional parameters
will be created as necessary, based on their sensitivity to the variation in specific functional

performance and a parameter toolbox applicable to CT surface analysis will be generated.

9.6 Surface-specific measurement artefacts

The design of the surface-specific artefacts will be revised, based on the initial batches and

the results of long-term build programs. Modifications will performed to optimise the
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sensitivity of specific artefact features to build variation. The artefact set provided significant
information about the build process, however refining the artefacts to taylor the design to
functional performance, together with build platform and powder configuration will eliminate
the manufacture of unnecessary artefacts or those insensitive to functionally relevant build

perfomance.
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A comprehensive analysis of literature pertaining to surface texture metrology for metal additive man-
ufacturing has been performed. This review paper structures the results of this analysis into sections
that address specific areas of interest: industrial demain; additive manufacturing processes and materi

als; types of surface investigated ; surface measurement technology and surface texture characterisation.
Each section reports on how frequently specific techniques, processes or materials have been utilised
and discusses how and why they are employed. Based on these results, possible optimisat

n of meth-

ods and reporting is suggested and the areas that may have significant potential for future research are
highlighted.

@ 2016 The Authors, Published by Elsevier Inc. This is an open access article under the CC BY license
(hrtp: ffcreativecommons.orgflicenses /by f4.0/).

1. Introduction

Additive manufacturing (AM) technigues compliment current
conventional, subtractive methods by providing additional options
to industry: another tool in the manufacturing toolbox. One
clear advantage of AM is that it allows the creation of complex
geometries and internal features that cannot be produced using

+ Corresponding author av: CE3/04 Canalside East, Uni ity of Huddersfield
Queensgate, Huddersfield HD1 3DH, UK.
E-mail address: a.townsend@huod.ac.uk (A Townsend ).

htep:/,

x.dol.org/10.1016fj.precisioneng. 201 6.06.001

subtractive methods. This advantage is primarily due to the tooling
path restrictions inherent in conventional manufacturing [1]. By
contrast, a current limitation of AM is the degraded dimensional
control and surface integrity of specific surfaces. Hence there is
often a requirement for complex support structures to be included
in the build.

Another significant advantage to AM is the potential for appre-
ciable reduction in time-to-market, gained through factors such as
reduced machine set-upand tooling, potential part count reduction
and associated assembly time reduction. AM is now being used to
make production parts in high-value applications where complex

0141-6359/© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http:[/creativecommaons org/licenses by 4.0/
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ity and customisation are key advantages, such as hearing aid shells
[1]. The 2013 UK Foresight Report [2] highlighted the role of AM
in the mass personalisation of low-cost products as a likely funda
mental change in manufacturing in the near future, Itis perhaps too
early to state whether AM is a third industrial revolution | 3] but AM
certainly has significant industry-specific advantages in relation to
conventional manufacturing processes.

Part of the reason for adoption by the aerospace and medical
industries since 2011 is that standard high-performance engineer-
ing materials currently used in these industries, such as titanium
GAIAV, 17-4 PH stainless steel, cobalt chrome and Inconel 625, are
all suitable materials for AM production. OF possible metal AM
build processes, powder bed fusion (PBF) has been the process with
the greatest economic impact |4]. Consequently there has been
more research in to PBF than other metal AM processes, such as
layer object manufacture, material extrusion, material jetting and
directed energy deposition (DED].

1.1. Surface texture metrology for additive manufacturing of
metal parts

This review paper focuses on reporting current research on the
use of surface texture metrology solutions for metal AM tech-
nologies. Surface metrology is defined as the measurement and
characterisation of surface topography | 5]. Topography is the term
typically used to describe the entire geometric information associ
ated with a surface shape and its features, where shape is typically
referred to as form [5]. This review focuses on texture and not form
(see Rel. [6] for a review of form metrology for AM).

Per IS0 25178-2 [7], surface texture is the scale-limited sur
face remaining after a series of operations applied to the primary
extracted surface, The F-operation removes form (if required ) from
the primary surface, This is followed by application of an S-filter to
remove small scale lateral components and L-filter to remove large
-ale lateral components.

Further definitions of surface texture have been proposed, for
example by Leach [8]:

Surface texture is the geometrical irregularities present at a sur-
Sace. Surface texture does not inclide those geometrical irregularifies
contributing to the form or shape of the surface.

Surface texture metrology can play an enabling role in AM-
related manufacture and research, beyond its use as a tool for
verifying compliance to specific surface texture requirements. Sur-
face texture metrology can be used as a means of gaining insight
into the physical phenomena taking place during the AM man
ufacturing process, through examination of the surface features
generated by the process and walking backwards through the
complex and intertwined network of cause-effect relationships
between the involved physical phenomena (for example, condue-
tion heat transfer, balling effects (spheroidisation of the melt pool )}
[9,10], hydrodynamics and Marangoni circulation (mass transfer
due to the surface tension gradient on the melt surface) [11] and
process control variables (for example, powder configuration, laser
or e-heam spol size, power level and scan speed) [1]. Su
ture metrology becomes a powerful exploration tool, increa
knowledge of the process and ultimately allowing the cre
of improved AM processes capable of producing specification-
compliant parts.

1.2 Contents of the review

Whilst this review focuses on the broad topic of surface texture
metrology as applied to AM research, it is important to clearly state
the boundaries of which specific subjects are covered and which are
not:
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As stated in Section 1.1, surface texture metrology involves the
measurement and characterisation of surface texture; therefore,
this paper does not deal with the subject of form/shape inspection
and verification, whichis typically covered by form metrology [6],
Given their recently acquired industrial importance, this work
focuses on AM technologies for metals. Many of the reported
findings and conclusions may also be applicable to ather materi
als (such as polymers and some types of composites), but metals
and metal-related issues are the primary area of investigation.
Additional references discussing surface metrology issues lor
non-metal AM processes will be discussed when they have rele-
vance Lo metal parts.

— Surface texture metrology deals with both measurement (i.e.
the process of acquiring topography data from a surface) and
characterisation (i.e. the process of extracting useful quantitative
information from topography data). Both aspects are covered by
the review.

This review deals with inspection, not monitoring. In other
words, it reports the current literature on the challenges of how
to measure a surface and extract useful information in a one-
off, self-contained scenario, generally performed on the completed
component after removal from the build chamber. In-situ process
monitoring is beyond the scope of this review. Refer to Ref. [ 12| for
an overview of the current literature on monitering and real-time
control for AM processes.

1.3. Reviewing method

To prepare this review, relevant references were retrieved from
the main scientific online databases, with publication dates rang-
ing from 1997 |1 3] to the date of submission of this manuscript. To
reorganise the contents retrieved from the literature into a man-
ageable taxonomy, a series of relevant themes was prepared, and
initially posed in the form of questions (see Table 1),

In the remainder of this review, each section is dedicated to
answering one or multiple questions from the list in Table 1, A
general justificationfexplanation of each subject is reported first,
followed by an analysis of the literature contents for the specific
subject, and finally, a brief summary of the main findings for the
section. Achievements and open issues are discussed, and future
opportunities and challenges are reported in the conclusions.

2, Industrial domains, AM processes and materials

Understanding which industrial domains are addressed most
often in the literature on surface texture metrology for AM may
give an indication as to where industrial and academic research is
currently heading, and research results may indicate the key chal-
lenges to be faced. Typically, along with the industrial application
comes the need for using specific materials. Being able tou
technology with a material defined by design specific
of the major challenges for the emerging AM technologies, since
many technologies have been conceived and developed around
very specific materials. Application, material and AM technology
often form a strong bond, which must also be considered in AM sur-
face texture measurement planning, execution, data analysis and
data processing,.

An investigation of the current literature on surface texture
metrology for AM indicates that researchis stil

ns 15 one

tion requirements. Most research is still at the stage where surface
texture metrelogy is used to understand manufacturing process
capabilityin a general sense, and application-specific requirements
have not yet been introduced in a systematic way. Many references
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Table 1
(Questions outlining the main themes covered by the review.

Review section

Question and examples

Section 2:

Industrial domains, AM processes and
materials

Section 3:
Types of surfac

investigated

Section 4:
Surface measurement technologies
and strategies

What is the industrial domain or application coverad, ifany? Which AM
processes have been researched?

For example a specific product or a generic indusirial demain, such as
aerospace. What are the logical ts and chall spedfic to
that domain {if any)?

investigated?

Ited or ver plane, freeform, exter
complex 30 (s becular structures), random and strct
surfaces from actual products or artefacts specifically designed for s
investigation? What are the metrological challenges specific to each geometric
configuration? Does the surface configuration help verify process capability
and provide insight into the manufacturing process?

What types of surfaces a
For example, hol

ed. Are the

‘What measurement technology is used?
‘What strategy has been used 1o retrieve reliable data?

For example. contact stylus, confocal, focus-variation. interferometric. Areal or
profile? What are the challenges and capabilities of each in relation to the
specific application scenario and AM process-material combination? What are
the metralogical challenges connec s process and material {for
example, high-roughness, undercu damage from
contact probes |7

Section b
Surface texture characterisation

How is the measurement data processed and analysed?
For example, computation of texture parameters, and the application of

filtering techniques. What are the specific considerations and challenges for
surface merrology? Which surface texure parameters are most sensitive 1o
surface changes during post-processing operations?

discuss the importance of AM processes in specific industrial con-
texts, but few actually translate this into context-specific research.
We note here a few exceptions. There has been examination of
bio-compatible materials and their suitability for manufacturing
medical and dental parts (including surface texture discussions)
[14.15]. The fatigue performance for as-built, machined and pol

ished samples| 16] has beeninvestigated, as has the effect of surface
roughness on the efficiency of electromagnetic horn antennae [17].

Materials and processes in AM have typically evolved in combi
nation. Specifically concerning metals, the types of AM processes
that have been studied in the literature on surface texture metrol
ogy for AM is reported as follows:

Powder bed fusion (PBF): [10,14-16,18-56],

Directed energy deposition (DED): [57-63].

It can be seen that the majority of metal-based AM processes
investigated are PBF systems. Figs. 1 and 2 show typical as-built
surfaces of metal parts generated by the two most common PBF
processes: selective laser melting (SIM, see Fig. 1) and electron
beam melting (EBM, see Fig. 2). It is evident that a high degree of
irregularity is present at different scales of observation. Powder
particle sizes and geometries influence the texture of the fabri-
cated layers and partially melted particles can be clearly seen in
the scanning electron microscope (SEM ) micrographs. Many instru-
ments can be configured to measure surfaces at a wide range of
scales-of-interest, for example a focus variation instrument may
have selectable objective lenses with magnifications ranging from
2.5 to x 100, These SEM micrographs illustrate the challenges of
selecting the appropriate scale-of-interest, measurement instru-
ment and configuration (see Section 4} together with appropriate
surface texture parameters and filtering (see Section 5).

Therole of specific materialsin terms of the challenges they gen
erate for surface texture metrology has been little investigated in
the literature. Most considerations on measurement challenges are
not specifically related to material properties, but to the topogra-
phies of the generated surfaces. Although generally not as rough
as other AM processes such as DED and fused deposition modelling
(FDM), PBF processes tend to generate rougher surfaces than turned
or ground surfaces. PBF surfaces present significant measurement

challenges due to the frequent discontinuities, vertical walls and
re-entrant features. The nature of such topographies is equally
challenging for contact and non-contact measurement methods.
Styli may jam against the steep sides of surface asperities causing
Jjumpyfslip temporary loss of contact and even tip damage: optical
measurement may be affected by high slope angles, multiple or dif

fuse reflections and high image contrast. Softer materials pose the
additional challenge of being at risk of damage under the stylus pas

sage, whichin turnleads to the need for carefully selecting stylus tip
radii and contact forces [64]. Itis also known that surface properties
may change significantly as a result of post-processing, for exam

ple a PBF surfacefmaterial combination, which may be dull with
little specular reflection presenting minimal challenges for some
optical instruments, may become highly specularly reflective afrer
post-processing by grinding or machining, or may change colour
and require a more challenging optical measurement setup. Each
referen viewed generally discusses 1 rch focussed on asin-
gle material type as processing conditions and parameter settings
are highly material dependent.

The following is an analysis of metal types used in the refer-
ences:

In the analysed pool of approximately 60 references where
material type and AM build process are specified, nickel alloys cover
5%, Inconel 625 being the subjectin 75% of this research. Inconel 625
is a high-strength corrosion-resistant nickel chromium super-alloy
with a useable temperature range from cryogenic to 982 °C, mak
ing it a good choice for liquid-fuelled rocket engines, gas turbine
engines and cryogenic tanks [65].

Aluminium alloys, such as AISi10Mg, cover 5% of the exam
ined literature on surface texture metrology for AM [28]. Calignano
et al. [415] investigated the influence of process parameters scan
speed, laser power and hatching distance (the perpendicular dis
tance between su sive laser scan lines) on the surface finish of
direct metal laser sintered (DMLS) AlSi10Mg surfaces, see Fig. 3.
AlSi10Mg has good strength, corrosion resistance, low density and
high thermal conductivity compared with other alloys and is often
found in aerospace and automotive interior AM components, and
in functional prototypes [56,67|. In addition to the aforementioned
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Fig. 2. SEM micrographs of EBM Ti6AL4V part (as builc), (a) Built with 45- 100 pm powder and 70 pm layer thickness, (b) Built with 45- 100 pm powder and 50 um layer
thickness, () Built with 25-45 pum powder and 70 pum layer thickness, (d) Built with 25-45 pm powder and 50 pom layer thickness, From Ref, [ 22],
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Fig. 3. Field emission SEM images of A1Si10Mg DMLS surfaces, (a and ) Scan speed 1000 mim/s, laser power 190W, hatching distance 0.2 mim, Ra 24 g, (b and d) Scan

speed 800 mm/s, laser power 190W, hatching distance 0.1 mm, R 14 um [45].

challenges of measuring very irregular surfaces fabricated via PBF
processes, aluminium alloy AM surfaces typically raise additional
concerns when measured with contact techniques, due to low
hardness, possibly resulting in damage from the stylus. Again, con-
sideration should be given to appropriate selection of stylus radii
and contact forces [64].

Stainless steel alloys comprise 39% of the examined literature on
surface texture metrology for AM. 316L has been used in 70% of this
research. 316Lis an austenitic chromium-nickel stainless steel with
high strength, high corrosion resistance and is particularly resistant
to common acids, such as sulphuric, hydrochloric and acetic. Typical
applications include exhaust manifolds, heat exchangers, storage
tanks, jet engine parts and many parts for marine applications [G8],
Other classes of steel, such as alloy and maraging steel, are used in a
combined 10% of the total research pool. PBF steel surfaces typically
raise the same concerns as nickel and aluminium alloys. Hardness-
related concerns about possible damage from stylus instruments
are less relevant for steels than for aluminium parts [64].

Titanium alloys comprise 34% of the analysed references.
TiGAI4V is the alloy used in 95% of these references and is the most
studied AM metal. Alloys such as TiGAI4V exhibit good strength-
to-weight ratios, high fatigue and corrosion resistance and high
temperature performance, leading to many aerospace applications,
such as airframe structural components, aircraft skin, rocket, mis-
sile and spacecraft parts [69]. TiIGAI4V is also biocompatible, making
it an ideal candidate for biomedical applications [14]. Note that
concerns about toxicity of vanadium are motivating development
of alloys with different elements, such as substituting niobium for
vanadium [70].

Refractory materials, such as cobalt chrome and alumina, have
been studied along with tool steels and copper alloys [71,72]. There
has been limited research published using AM components manu-
factured from these materials, amounting to a total of 7% of the pool
of analysed references. Table 2 shows the types of AM processes
used for each material group.

3. Types of surfaces investigated

Investigating the surfaces of industry-specific parts initially
appears to have the advantage that there is a high probability

Table 2

AM processes used for each material group,
Material EBM Laser DED
MNickel alloys 0 100 (1]
Aluminium alloys (] 100 (1]
Stainless steels a LTS 135
Other steels 0 83N 7%
Titanium alloys 15% 500 15%
Others a 1000 a

that the research will address the real conditions and challenges
expected in production, However, AM fabrication of metal parts is
still inits infancy, thus little research literature has been dedicated
to the characterisation of surface texture on actual manufactured
products [17]. The use of test artefacts does allow for easier gen-
eration and inspection of a wider array of surface types and
orientations and is, therefore perhaps, the preferred choice dur-
ing manufacturing process development, where the main goal is
to understand the manufacturing process and its capabilities, so
that the process can be improved and ultimately optimised for the
target applications.

Many artefacts have been developed for evaluation of surface
texture as generated by different AM processes: within the pool
of analysed references for this review, 90% were dedicated to the
characterisation of artefacts.

Many artefacts have been developed to study the relation-
ships between surface texture and orientation with respect to the
build direction, Horizontal, vertical and tilted planes are generally
selected for this purpose. Tilted surfaces in particular are useful to
highlight the *staircase effect’, where the edges of individual layers
may be observed [73].

A typical artefact configuration is the truncheon [28.49,74-76]
(see Fig. 4). The truncheon has a series of progressively rotated
square or rectangular sections. A common configuration includes
sections rotated in 5° increments from 0° and 90° [49].

Another artefact designed with planar surfaces at different ori-
entations with respect to the build direction is the angled plate
[26,29,77]. This consists of a series of individual plates built at a
range of angles to the plane of the build plate. The faceted sphere
is designed to include a number of measurement surfaces approx-
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Upskin

Downskin

Fig. 5. Faceted sphere anefact, From Rel, [ /8],

imating a spherical shape [78] and includes a uniform sclection of
build angles within the build chamber (see Fig. 5).

Plate artefacts with varying spacing between faces have been
used to investigate the influence of heat accumulation on sur-
face roughness [19,79]. Some artefacts play a double role, being
designed for testing surface texture but also dimensional and geo-
metric accuracy/precision, For example, the National Institute of
Standards and Technology (NIST) has included surface roughness
measurement arcas in their proposed (2012) test artefact [80] (see
Fig. 6).

The ASTM F42/1S0O TC 261 joint group for Standard Test Artifacts
(STAR) is developing a standard for AM test artefacts. One STAR
proposed artefact includes seven different artefacts, cach designed
to check specific AM parameters [81]. One of the seven proposed
artefacts is designed for the measurement of surface texture (see
Fig. 7).

The surface texture specific STAR artefact is a series of seven
platens built at different angles: 0-90° to the horizontal plane, with
15" intervals, The artefact allows for the remaval of each platen for
easy measurement on optical or stylus instruments, The artefact
maodel would be editable to allow only the construction of those
sections required for analysis (perhaps at angles related to the com-
ponent build angles). Fig. & shows the side and top surfaces of an
AlSi10Mg SLM component. The layering is not visually apparent in
the side surface {(a). The hatching lines can clearly be seen on the
top surface (b).

Central Cylnders

Fig. 6. NIST proposed AM inspection artefact (2012) [80],
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Fig. 7. ASTM FA2/1S0 TC 261 joint group for standard test atifacts (STAR) proposed
surface inspection artelact (2015) |81,

4. Surface measurement technologies and strategies

The spatial frequencies (scales) of interest of the surface to be
measured will influence the choice of measurement technology
and, in general, technology will govern the metrological quality of
the measurement results (for example measurement accuracy and
precision).

Both the nature of the material and the structure of the
topography influence the choice of measurement technology:
contact-based probing (primarily stylus-based measurement)
needs to take into consideration the nature of the physical inter-
action of the probe and the surface, for example whether there is
risk of damage to the stylus or work piece during the measurement
process. Mechanical and surface properties are heavily influenced
by topography and even density: high porosity would lower the
strength of the surface layers. The stylus tip radius and cone angle
need to be chosen carefully to provide meaningful surface infor-
mation, with insignificant mechanical filtering of the surface data,
and yet be sized to avoid damage when passing over tall, steep
sided features that may apply significant lateral loads [82]. Contact
techniques should also take into account the accessibility of the
surface,

Non-contact techniques, such as focus variation and confocal
microscopy, need to take into account the reflective properties
of the material being measured. The reflective properties of the
AM part may be considerably different from the optical prop-
erties of the same material when presented in a polished, flat
surface. Non-contact, non-optical techniques (e.g. scanning clec-
tron microscopy) and pseudo-contact techniques (e.g. atomic force
microscopy) have an array of similar problems when confronted
with any specific AM surface.

As the great majority of AM metallic parts are fabricated via
powder-based methods, the typical measurand surface is very
irregular, and is characterised by sharp protrusions and recesses
at multiple scales, with open pores transitioning into closed pores
underneath the surface, Some difficult-to-measure surface features
are typical of specific AM processes: for example PBF processes pro-
duce specific patterns featuring balling, spatter formation, loose
or partially melted particles, which are very difficult to measure,
Lacal surface slopes may exceed the maximum measurable lim-
its for measuring technologies, especially optical techniques, Large
topographic differences may be observed when comparing an AM
metallic surface as generated and the same surface after cleaning.
Even more striking is the difference with the same surface after
post-processing (typically shot peening [83], laser polishing [84]
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Fig. 8. A15i10Mg SLM component. (a) Side surface, (b) Top surface,

andfor machining) which essentially produces a new surface. The
top surface of a part produced by any layer-based manufacturing
process will be influenced by properties, including surface texture,
of the previous huild layers, contributing to the creation of sur-
face features at multiple spatial wavelengths (scales). Given all the
above, the measurement technology should be selected onthe basis
of the following considerations:

- What are the scales of the features to be characterised?

- What are the sizes and shape properties of the surface features
that are maore relevant from the standpoint of the function the
part?

- What are the sizes and shape of the surface features that, when
analysed, lead to a greater understanding of the manufacturing
process?

The above questions are linked by the concept of objective-
driven measurement: ie, faced with such a complex geometry,
the goals of measurement should be understood first, in order
to decide what the prierities should be in capturing information,
which in turn should drive the selection of measurement technol-
ogy together with appropriate measurement settings, Implicit in
the above, the most typical objectives are either to analyse how
a part conveys function through its surfaces, or to analyse the
manufacturing process through the investigation of the surfaces
it generates.

In the following, a list of measurement technologies is reported,
together with the references that have adopted them for metallic
AM surface measurement. The technologies have been divided into
sections based on the type of information they can extract from the
measured surface.

Profile topography measurement

* Contact stylus [26.27,29,32,45,49,75,76,85-87).
Areal topography measurement

+ Confocal microscopy [18.78].

* Focus variation microscopy [26,88].

* Coherence scanning interferometry [89].
* Chromatic confocal microscopy [19].

* Conoscopic holography [86].

* Atomic force microscopy (AFM) [87].

» Elastomeric sensor [90-92].

2D imaging

¢ Optical microscopy [27,87].
« SEM [18,29.45],

Volumetric

* X-ray computed tomography [25,93].
Other

* Raman spectrometry [85].

It can be seen that the most frequent choice of measure-
ment technology is profile measurement via a stylus-based contact
instrument (40% of the examined literature). Profile texture mea
surement and parameters (see Section 5) are the most ubiquitous
industrial surface texture measurement systems. They are gener-
ally low cost with a lower (perceived) requirement for operator
training and a high comfort level for machinists and inspectors. His-
torically profile methods have been used for certifying component
surface texture complies with drawing and specification require-
ments and is supported by well-established standards including
both 1SO and ASME (ISO 3274 [94], ISO 4287 [95], ISO 4288 [96]
and ASME B46.1 [97]). Profile technigues are based on scanning
and characterising individual profiles traced on the surface. Unless
the topography is simple, and characterised by a dominant lay,
profile-based measurement is intrinsically limited in its power for
capturing topography information, thus making texture parame-
ters limited in terms of the information they can provide relating
to part functionality and detailed process feedback [98,99].

The recent shift towards areal topography characterisation is
driving the adoption of optical measurement devices based on a
range of technologies. The most utilised optical technologies for
AM surfaces of metal parts are focus variation microscopy (11%
of the examined literature), see Fig. 9, and confocal microscopy
(11%). Both technologies can be challenged by the highly irreg-
ular nature of the typical topographies being measured, but the
acquisition time (ar least over a single field of view) is signifi-
cantly less than raster-scanned techniques, Coherence scanning
interferometry, often referred to as vertical scanning interferom-
etry or white light interferometry, is less used (7% of the examined
literature) as the highly irregular AM surfaces can present mea-
surement difficulties in terms of local slope and vertical scale of
roughness. Similarly, given the highly irregular nature of most AM
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Fig. 9. Focus variation false colour heights map of the top surface of an SLM
ATSITOMg part showing fealutes al various sices,

metallic surfaces, AFM has been seldom used, both for measure-
ment (vertical) range limitations, and because of the risk of stylus
damage, Most researchers involved with the characterisation of AM
surfaces will have used some type of conventional 2D imaging, pri-
marily SEM (generally secondary-electron mode) (11%) and optical
microscopy (7%). Not being able to provide quantitative informa-
tion in the vertical (height) direction, 2D imaging techniques have
limited use for quantitative surface texture measurement. Thus, 2D
imaging is typically reserved for qualitative surface investigation,
although in some cases, once calibrated, these instruments have
been used for quantitative measurement in the image plane [58],
Despite having been rarely used in the examined literature and
initially based on extraction of profile parameter data [2531.93],
X-ray computed tomography (XCT) has potential [ 100], since, with
appropriate data processing methods, surface information can be
extracted from volumetric data with no limitations due to verti-
cal walls and undercuts, The most significant advantage of XCT
over line-of-sight or contact measurement systems is that surface
data can be extracted from the internal surfaces of AM compo-
nents, Areal surface parameters (per ISQ 25178-2) have now been
extracted from the XCT volume data of AM components [101],
The main hurdles to widespread adoption of XCT as a means of
measuring surfaces of AM parts reside in currently poor spatial
resolutions of the measurement, and lack of complete understand-
ing of metrological performance and error sources, necessary for
a proper calibration of the surface extraction algorithms (mainly
hased on thresholding/edge detection) [102],

5. Surface texture characterisation
5.1. Texture parameters

Surface texture characterisation concerns the extraction of
texture-related information from the complex topography infor-
mation obtained through measurement (see Section 4) and
producing useful numbers, i.e. quantities that capture salient
traitsfrelevant aspects of the texture such as heights, spacing and
distribution of textural features, The 150 specification standards 150
4287 [95] and 1SO 25178-2 [7] define the most frequently adopted
parameters in industry and academia: 1SO 4287 provides terms,
definitions and parameters for profile measurements, while 150
25178-2 defines areal parameters. ASME B46.1-2009 [97] and JIS B
0601:2013[103] define analogous sets of texture parameters. How-
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ever, the SO standards were exclusively referenced in the reviewed
literature.

Areal texture parameters (adopted in 20% of the cases in the
analysed literature) require datasets that describe texture in a
three-dimensional Cartesian space. These are generally generated
using areal topography measuring instruments (which was the case
with all the analysed literature). Areal datasets may be created
using a profile lateral scanning system which includes an x-axis
drive, a y-axis drive and a z-measurement probe | 104). Datasets
may also be generated from volumetric measurements, such as
from XCT iso-surfaces [101], or derived from the combination of
multiple 2D photographs into 3D data (for example photogram-
metry from SEM images, shape from shading), not observed in the
analysed references. Profile texture parameters (adopted by 80% of
the analysed literature) can be computed from datasets obtained
by stylus-based instruments, or extracted from areal topography
dara, or extracted from XCT analysis, a technique that has been
employed to provide profile texture information of AM lattice struc-
tures [31.93],

By far, the most frequently adopted texture parameter in the
literature is the IS0 4287 profile parameter Ra, the arithmetic mean
deviation of the assessed profile [18,27,29,45,49,74,76]. Ra is the
arithmetic mean of the absolute ordinate values within a sampling
length.

The second-most used texture parameter, again a profile param-
eter from 150 4287 is Rq, the root mean square deviation of the
assessed profile [25,31,105]. Rq is the root mean square of the
ordinate values within a sampling length, thus Rq is the sample
standard deviation, Other IS0 4287 profile parameters that have
been used to characterise the texture of AM surfaces are Rz (max-
imum height of the profile) [25,31] and Rt (total height of the
profile) [57]. The material ratio curve, which represents the mate-
rial ratio of the profile as a function of level (also known as the
Abbott-Firestone curve), has been used for texture analysis [19].

The predominant use of profile texture parameters (in partic-
ular Ra) in the characterisation of AM surfaces is consistent with
non-AM surface metrology, where areal texture parameters are
still gaining acce ptance. While IS0 25178-2 contains a comprehen-
sive selection of arcal ficld, feature, spatial, hybrid and functional
parameters, with few exceptions, the height parameters have been
chosen in the references. As would be expected, the most widely
used areal texture parameter in the analysed literature has been
Sa, the arithmetical mean height of the scale limited surface, Sa is
the arithmetic mean of the absolute of the ordinate values within
a definition area. Sa was used in 90% of the references using areal
parameters. The areal Sa parameter corresponds to the profile Ra
and thus it has proven casier for users to adopt in those environ-
ments where Ra was already utilised.

Arecal parameters in general have distinet advantages over pro-
file parameters for surface characterisation: surface topography is
three dimensional in nature so any analysis of two-dimensional
profiles will give an ambiguous or incomplete description of the
real surface; for example, a profile measurement taken perpendic-
ularly to the direction of a scratch may produce the same trace as
a profile measurement taken of a single pit, see Fig. 10,

Moylan has recommended the combined use of average rough-
ness (Ra or Sa) mean roughness depth (Rz or Sz), skewness (Rsk or
Ssk) and kurtosis (Rku or Sku) for the characterisation of AM sur-
faces [81]. 5sk and Sku are the areal counterpart of Rsk and Rku,
respectively the third and fourth-order moments of the probability
distribution of heights, In specific configurations, Sku and Ssk may
provide indications of relative predominance of peaks or pits, and
the relationship between the height distribution and a Gaussian
distribution. Likewise, 5z is the counterpart to Rz, the maximum
height of the scale-limited surface (refer to 150 4287 [95), 15O
25178-2 [7] and [107] for further details). Fig. 11 shows examples
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Fig. 10. Profile measurement extracted form an areal measurement, after Ref [ 106],
From the profile trace A" could be a pit or a serateh From the areal

interfacial area ratio (Sdr), reduced peak height (Spk) and skewness
(Ssk).

Data created using areal surface measurement techniques may
be used to characterise specific surface features using a toolbox of
pattern recognition systems [7,108-110]. Significant features can
be extracted for analysis based on threshold values. The process
defined by 1SO 25178-2 includes segmentation of the scale-limited
surface based on hills (with peaks), dales (with pits), ridgelines,
courses and saddle points. Once segmented a change tree based
on these segments is developed, The change tree has scaled height
distances between the peaks, saddle points and pits. The segmenta-
tion process usually resultsin over-segmentation, so the tree is then
“pruned” by combining segments, commencing with the segments
with the least height difference between a pit and a saddle point, or
peak and saddle point. The process can be visualised by imagining
filling all dales with water to an equal depth until the water over-
flows from the dale with the least height between the pit and the
saddle. The process is repeated until a threshold is reached, such as
a specified minimum peak to saddle or pit to saddle height value
or a specified number of peaks remains.

The segmentation map may then be used as a mask applied
to the original data, permitting analysis of the selected features,

the same location *B" clearly indicated a scratch,

of SLM TiGAl4V sample areas before and after vibro-finishing and
bead-blasting with Sa values (a-c) together with an SEM image of
the post-bead-blasted surface (d) (work performed at The Univer-
sity of Huddersfield).

Results indicated that the following 1SO 25178-2 areal param-
eters were most sensitive to the surface changes during the
vibro-finishing process: peak material volume (Vmp), developed

or similarly features may be extracted and the underlying surface
may be analysed. Segmentation and feature analysis have signifi-
cant application for additive manufacturing. The partially melted
powder asperities on the surface of an as-manufactured compo-
nent (see Fig. 9) may be removed and characterised. Similarly,
extracting the asperity data will allow analysis of the underly-
ing surface texture, Without extraction, the asperity data has the
potential to overwhelm information from the underlying surface,
making analysis difficult. Analysing the underlying surface after
asperity extraction has the potential to provide significant informa-

Fig. 11, Ti6ATAV SLM part. Focus variation false colour height maps, (a) No processing, Sa 21 pm, (b} post-bead-blasting, Sa 10 um, (¢} post-vibro-finishing, Sa 12 pm. (d}

SEM image of post-bead-blasted surface,
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Fig. 12. Feature extraction, (a) False colour height map {original data), (b) After levelling and thresholding, () W. hed se ation foll

After 8% Sz Wolf pruning.

tion about the manufacturing process and therefore aid in process
improvement and optimisation, Post-processing, such as grit blast-
ing, will remove the asperities but may also destroy information
about the surface below. Fig. 12 shows examples for an AlSi10Mg
SLM part: focus variation measurement false colour height map
(a), a global height thresholding of the levelled surface, showing
removed features (b), watershed segmentation followed by Wolf
pruning per 150 25178-2 at 1% Sz threshold (c) and segmenta-
tion followed by 8% Sz threshold Wolf pruning showing features
that may be extracted for further analysis (work performed at The
University of Huddersfield).

5.2. Measurement set-up and processing of acquired data for
characterisation

As the values for texture parameters are entirely dependent
upon the dataset from which they are computed, attention must
be given to the steps that have been taken in order to measure
first, and then prepare (process) the topography data for parame-
ter computation. This information is often poorly reported in the
literature, making the results typically non-reproducible. Examples
of good definition of measurement and analysis include Refs. [27]
and[111].

As a general rule of thumb, instruments operating using differ-
ent principles (contact vs optical) will generate different datasets,
even when bandwidth matching has been performed (ie. the
process of making sure the acquired topography datasets cover
the same ranges of spatial frequencies) [112]. This is intrinsically
related to the measurement technology adopted by each type of
instrument and how it interacts with each specific type of sur-
face and material. In most of the analysed references, the type
and model of the measurement instrument are appropriately cited.
However, only a few references provide all the necessary informa-
tion needed to replicate the measurement set-up; for example, for
optical areal topography instruments, few report the lateral sample
spacing or vertical resolution, Once the dataset has been obtained, a
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series of additional data modification steps can significantly affect
the result of texture parameter computation. For example, non-
measured points are common in optical measurement; depending
on how these are processed (ignored or padded with interpolated
values) the texture parameter results vary. Optical measurement
techniques produce specific measurement anomalies (for exam-
ple, a sequence of characteristic spikes known as “batwings” in
coherence scanning interferometry, when a step-like feature is gen-
erated). The technique adopted for identifying and removing (or
attenuating) measurement anomalies should be reported, as it can
influence parameter computation. Comparison of the quantity of
voids and missing data produced during measurements has been
used to select appropriate AM surface measurement equipment,
however, no comparison of the effect of padding or interpolat-
ing data on the measurement parameters has been reported and
research is needed in this area.

After data capture, the form component is removed. When the
measurand surface is planar, form is typically removed by simple
subtraction of the heights of the least-squares mean plane com-
puted from the dataset. The majority of the research has been
performed using custom designed artefacts, manufactured with
planar surfaces for ease of measurement (95% of the analysed ref-
erences). However, curved or otherwise-shaped surfaces typically
need a more careful approach, such as removing a profile mea-
surement along the length of a lattice structure [25]. None of the
reviewed references included the removal of complex form from
a sample, After form removal, filtering of the spatial frequencies is
required.

Reporting the spatial frequencies which have been analysed is
important as filtered and unfiltered results will vary considerably.
The required measurement length or area and appropriate filtering
are defined in the standards (ISO 4288 for profile and IS0 25178-3
for areal data sets). Filtering is based on the roughness or scale of
the largest significant feature. Many 150 4287 roughness param-
eters, such as Ra, Rq, Rsk, Rku are computed on the scale-limited
roughness profile, which is obtained by applying the specific series
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of filtering steps on the raw dataset. The most significant flter oper

ation is the separation ol waviness and roughness. This separation
is performed by application of a high-pass cut-off filter, i.. A low

pass filter, A is applied to limit the high frequency component.
A value of Ra provided without indication of (at a minimum} the
high-pass filter makes comparison of results difficult. The cut-off
filter is reported by 90% of the literature works using roughness
|)«']i'-1l'|](".‘.E'l'.‘i.

Areal filtering is performed by the application of low-pass and
high-pass filters with stated nesting indexes (equivalent to cut-
offs), see 1SO 25178-3 [113]. In the literature where areal texture
parameters have been used, 70% of the references report values for
the nestingindices necessary to reproduce the parameter value. Tri-
antaphyllou et al. | 26| investigated the appropriateness of standard
cut-off values in AM applications. TiBAI4Y AM components manu-
factured using SLM and EBM processes had surface Ra values that
would require a cut-off (4. ), of 8 mm per ISO 4288 [96]. The area for
optical areal measurements was chosen to be 8 mm = § mm, these
lengths corresponding to the cut-off wavelength defined for the
profile measurement. The areal L-filter nesting index was estab-
lished using area-scale analysis | 114]. The results obtained showed
that the L-filter nesting index (and hence, per 1SO 25178-3, the
lengths of the sides of the measurement area) needed to be no more
than 2.5 mm. This would also suggest that a 2.5 mm cut-oft for pro
file measurements (and not the § mm based on the surface Ra per
150 4288) would be sufficient to capture the data required to char
acterise the sample SIM and EBM test surfaces. This is significant
as it reduces the required profile measurement length by a factor of
over three and the required areal measurement area by a factor of
ten. The result may also permit areal measurements to be acquired
without requiring stitched image fields.

If the textural properties vary between regions of the com-
ponent then consideration should be given to the size of the
observational window, number of windows, relative placement,
and treatment of the parameters computed within the windows
(averaging for example).

In conclusion, the information currently provided in the liter-
ature concerning how topography datasets are processed in order
to compute texture parameters varies considerably, often making
exact duplication of the results difficult. This scenario may improve
with time, with increasing awareness of the data processing steps.

5.3 Texture characterisation in relation to part function

While texture parameters, such as Ra and Sa, quantify the mean
deviation of the assessed topography, it has long been recog-
nised that surface texture properties should ideally be related to
component function |5|. Characterisation should be preceded by
an understanding of which surface features are functionally rele-
vant, and which topographic properties are really responsible for
functional performance. Studies have been performed correlating
surface texture of AM parts with fatigue resistance [ 16,71,115], For
example in Ref. [/1], TiGAI4V PBF samples (EBM and SLM)} were
analysed correlating Ra with fatigue life; it was found that as Ra
increases from 3 pm to 1000 wm, fatigue life decreases from 10°
to 107 eycles. In the same work, it was also reported that sur-
face delects had the most significant impact on reducing high cycle
fatigue life.

More commonly in the reviewed literature surface texture is
analysed to increase understanding of the physics underlying the
AM process and the effects of individual process parameters on the
AM component. A few examples are reported in the following:

- Grimm et al. [78] found a correlation between the surface orien-
tation of SLM parts and Sdr (developed interfacial area ratio).

Safder et al. [18] researching Ti6AIMV artefacts noted Ra val
ues increased with increasing beam current and decreased with
increase in offset focus and scan speed.

Strano et al. [49] noted upskin surface roughness was influenced
by build orientation and layer thickness and downskin surfaces
were additionally influenced by laser power.

Pyka et al. [25] performing chemical etching and polishing of open
porous structures, noted that chemical etching primarily removes
attached powder grains and electro-chemical polishing decreases
the roughness. Hydrofluoric acid was the most effective etching
agent.

Triantaphyllou et al. | 26] found that Sa and Sq were suitable mea-
surement parameters for SLM and EBM TiGAL4V components and
that Ssk (skewness) differentiated upskin from downskin sur-
faces.

Mumtaz and Hopkinson |27 ] investigating SLM Inconel 625 parts,
found that adjusting parameters to achieve minimum top sur
face and side surface Ra values concurrently was not possible,
Parameters that promaote a reduction in top surface Ra: increased
overlap, reduced scan speed, tend to increase the balling effect
and increase side surface Ra. Increasing peak power (to the point
of significant material vaporisation) reduces both top and side Ra.
Beard et al. [85] found that lower scan speed and higher power
tend to improve top surface roughness.

Obtaining optimised values for build parameters can be difficult.
For example, there is an energy input “sweet spot” below which
thereis insufficient melting and above which spatter and vaporisa
tion degrade the surface [27]. It was concluded in Ref. [26] that the
direction of measurement with respect to lay has little or no effect
on the calculated surface texture of SLM and EBM parts. The ASTM
F42{150 TC 261 Joint Group for Standard Test Artefacts (STAR) had
found that the effect of the stair-step nature of the layer-by-layer
did not dominate the surface texture measurements of PBF platens
built at a variety of inclinations [81]. Taylor [4] found that under
certain conditions the primary surface lay was not parallel to the
laser scan direction.

Research on specific combinations of AM processes and mate
rials, carried out with the help of surface metrology, has led to
the determination of optimal configuration parameters for specific
process-material combination. However, so far there is a lack of
general conclusions of wider applicability.

The relationship between AM process parameters and surface
texture is complex and heavily influenced by a multitude of deeply.
intertwined physical phenomena; computer-based simulation and
predictive modelling has been recognised as a useful method to
help understand the relationships between process parameters,
and generated topography features [4,116,48,117]. Kinget al. [118]
have modelled the PBF AM process including all factors except the
effect of the gas enveloping the build. Currently, due to the pro-
cess complexity, simulation of one laser pass along a 1 mm laser
scan length may take many days on a multi-processor computer
system. Commercial companies, such as 30 SIM are working on pro-
cess solvers that efficiently analyse critical build data and material
characterisation to optimise the AM build parameters and process
on a part-by-part basis [119].

6. Conclusions

Additive manufacturing (AM) is becoming a strong partner to
conve al manufacturing technologies such g, forming
and machining, for the manufacture of func tical metallic
parts for industrial sectors such as aerospace, medical and auto-
mofive.
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This review has covered past work on the
measurement and characterisation of surface texture for AM metal
parts. Amongst AM processes for metallic parts, powder-bed fusion
(PBF) has been the subject of the majority of research., As AM tech
nologies experience the transition from prototyping to fabrication
of actual parts, a wide array of significant new challenges must be
solved. Produced parts must comply to design specifications and
standards which include mechanical{thermal/chemical proper
ties, dimensional and surface requirements. These new challenges
require a more profound understanding of the AM technology and
process, and will ultimately require the development of AM surface
texture good practice guidance, specifications and standards.

As the contents of this review have shown, the measurement
and characterisation of surface texture for AM processes is chal-
lenging. The surfaces of metal PBF components are typically highly
irregular, with steep sided and re-entrant features, Relevant surface
features exist at a wide range of scales, and care should be takenin
selecting instrumentation and measurement scales,

A summary of AM surface texture measurement and character
isation follows:

~ Quantitative measurement of surface texture has been pre-
dominantly achieved by stylus-based profile measurements.
Consequently, the full three-dimensional nature of the topog
raphy is not captured.

Texture charact tion is mostly based on computing 1S0O 4287
texture parameters on profiles.

— The 1SO 4287 Ra parameter is by far the most widely adopted.

— Areal characterisation is increasingly gaining acceptance as the
current best solution for obtaining quantitative information
about the three-dimensional topography of a surface.

- Areal measurement instrument manufacturers are aware of, and

are addressing, the challenges of AM surface texture measure-

ment.

The majority of existing reference examples where areal charac

terisation has been used employ [SQ 25178-2 texture parameters

which are the direct counterpart of the 1SO 4287 profile param
eters.

IS0 25178-2 feature parameters, which could help a great deal at

isolating surface areas of interest | 120] have not been explored

in the literature on surface metrology for AM.

Measurement and characterisation is often not fully reproducible

as key information is not reported (for example, void trear

ment, reduction of measurement anomalies, levelling, filtering
and sample spacing).

In the analysed literature, texture characterisation is mostly per-

formed to gain a better understanding of the AM technology

being studied and of its capabilities. This is typical of early-stage
development of manufacturing technologies.

— Custom-designed measurement artefacts have generally been
used in the research. Artefacts may be optimised for a particular
measurement and characterisation scenario.

There has been limited research into correlation between com
ponent functional performance and surface texture,

Metal additive manufacturing presents complex surface metrol-
ogy challenges, but the significant potential of the process provides
incentive to meet these challenges. With the aid of the surface
metrology tool box, processes may be understood, improved and
ised. AM-specific surface metrology is in its infancy but will
to play a vital role as we head toward AM being added to
that list of “conventional” manufacturing processes.
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Many applications thar exploir the manufacturing flexibility of addirive manufacturing (AM) produce
surfaces, primarily internal features, which cannot be measured using conventional contact or line-of-
sight optical methods, This paper evaluates the capability of a novel technique to extract areal surface
data from micro-focus X-ray computed tomography (XCT) from AM components and then generate sur-
face parameter data per 150 25178-2. This non-destructive evaluation of internal features has potential
advantages during AM product research and commercial production. The data extracted from XCTis com
pared with data extracted using a focus variation instrument. A reference dimensional artefact is included
in all XCT measurements to evaluate XCT surface determination performance and dimensional scaling
accuracy. Selected areal parameters generated using the extraction technique are compared, including
Sa, for which the nominal difference between the value obtained using XCT and wsed the [ocus variation
method was less than 2.5%,
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1. Introduction

Additive Manufacturing (AM) has emerged as the new paradigm
in manulacturing. AM enables the production of geometrically
complex components, by manufacturing them in a layer-by-layer
manner using a variety of techniques from powder bed fusion
of topologically optimized metal components |[1] to the fused
deposition modeling of scaffold architecture for tissue engineer-
ing applications [2]. AM has the potential for dramatically shorter
development cycles and enables previously complex assemblies to
be made in one piece. AM is now being used to make production
parts in high-value applications such as aerospace, the automo-
tive sector, the energy sector and medical engineering, where part
complexity and customizability are key advantages.

Two of the limiting factors of AM however are a lack of preci
sion in terms of achieving many required tolerances on engineering
parts [3] and a lack of an infrastructure for the implementation
of geomeltrical product specifications (GPS). In terms of accurate
tolerancing and developing the use of metal powder based AM
within the wider manufacturing framework, there are significant
issues that remain to be answered concerning the optimal trace-
able metrology techniques used to assess AM parts for geometry

* Corresponding author.
E-mail address: a.townsend@hud ac.uk (A. Townsend ).

http:fjdx.doi.org/10.1016/j.precisioneng 201 6.12.008

and surface texture. This is especially problematic when parts need
to be mated on assembly or require a specific surface roughness.
The published information on the development of post-process
technigques to measure and characterize complex part surlace
topography produced by AM are limited and shows a dearth of
advanced techniques (e.g. the use of areal topography parameter)
to assess the relatively high surface roughness of AM parts.

A recent review has been carried out to highlight the most
commonly used surface metrology systems and quantitative topog-
raphy parameters used to assess part quality [4). This review
showed focus variation, along with confocal microscopy, have
become popular methods of measurement of the complex, three-
dimensional surfaces of metal AM parts. Areal measurement and
characterization (for example, as defined in 1SO 25178-2 [5] and
IS0 25178-3 [6])is seeing more widespread adoption as the advan
tages over contact profile measurements are becoming apparent.
Surface topography is three dimensional in nature and areal
surface measurements are generally more representative of the
functional surface than profile measurements [5]. Similarly, areal
measurements will tend to provide greater understanding of AM
manufacturing process performance than profile measurements
[6].

Additionally, it has become clear that due to the complexity of
AM part geometry XCT has anincreasingly important role in assess-
ing part geometry |7-10]. XCT has the ability to measure internal
and recessed surfaces which would be impossible to access using

0141-6359/2 2016 The Authors, Published by Elsevier Inc. This is an open access article under the CC BY license (hitp://creativecommeons org/licenses by [4.0/).
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Fig- 1. (a) SEM secondary electron mode micrograph of the AISTIOMg AM upskin surface (b) Alicona FV surface map of the AM surface.

conventional surface metrology techniques, Unfortunately the data
produced by XCT systems in not in the form that is easily useable
to enable quantitative surface assessment to be carried out and
its accuracy, repeatability and resolution in terms of reproducing
useful topography data has yet to be established.

With reference to metal powder based AM techniques, the
present paper seeks to address these issues by providing a method-
ology to capture XCT data and transform it into a format that allows
quantitative surface assessment. Additionally the data produced
from XCT is verified in terms of its ability to characterize surface
topography by comparing the XCT information to surface metrol-
ogy data captured by a commercial focus variation (FV) surface
metrology instrument (Alicona Infinite Focus G4). Issues such as
surface determination techniques, scaling errors, instrument sta-
bility and repeatability are considered inthe context ofusingan XCT
instrument as an effective metrology tool. The aim of the paper is
to highlight the efficacy of using XCT systems to produce standard
(IS0 25178) surface texture parameter data, This is of particular
relevance where the surface topography of internal or recessed
surfaces needs to be established without destructively testing the
part.

2. Methodology

The methodology used in the present study consists of the
measurement and analysis of two artefacts: one additively man-
ufactured artefact with a specific surface zone to be measured for
surface texture comparison purposes (AM artefact) and a second
artefact, manufactured from a similar material, used to assess and
compensate for surface determination [11] and XCT measurement
scaling errors (Dimensional artefact).

2.1. Artefact design

2.1.1. AM artefact

The AM artefact is a cube with 10 mm sides. The cube was man-
ufactured on a Renishaw AM250 SLM machine using AlSi10Mg
aluminium alloy powder. The AM component top (upskin) surface
was used throughout the evaluation. Fig. 1a shows a scanning elec-
tron microscope (SEM) micrograph of a part of the surface. Fig. 1b
shows a surface map of the same surface captured using an Alicona
G4 focus variation instrument,

2.1.2. Dimensional artefact

The dimensional artefact was machined from Aluminium alloy
(6082 T6 temper). The material type and overall size, both similar
to the AM artefact, were chosen to provide similar X-ray absorp-
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=3 mm

Fig. 2. CAD cross-section view of the dimensional atefact showing the measure-
ment distances,

tion characteristics and surface determination challenges as the AM
artefact. Three dimensions were measured during the analysis: An
outside diameter (OD) and an inside diameter (ID) of similar size
(approx. 3mm) and a step length between two parallel faces of
approximately 4 mm, see Fig. 2.

These measurement dimensions were chosen to highlight possi-
ble XCT surface determination problems. If, for example, the surface
determination were to position the calculated surface inside the
actual part surface, then the OD would tend to be undersized
compared to the reference dimension and the 1D would tend to
be oversize. Surface determination position should have negligi-
ble effect on the length measurement because the measurement
is between surfaces that are parallel and facing the same direc-
tion. Surface determination defines the material boundary based on
grey scale (density) values between background and object mate-
rial. The constructed surface using standard surface determination
and iterative local surface determination implemented in com-
mercial software, VGStudio MAX 2.2 [12] are shown in Fig. 3. The
result of standard surface determination is a material boundary
defined by one grey value applied globally to the object. Iterative
local surface determination produces a material boundary based on
local surrounding voxels, which largely compensates for any local
deviations produced during the acquisition process, such as beam
hardening. In this section example it can be seen that the standard
surface determination would produce a calculated surface approxi-
mately 10-40 pm outside the actual surface, Local iterative surface
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Fig. 3. Surface determination (VGStudio MAX 2.2 | 12]){a) Standard surface determination () local iterative surface dete

Clamp assembly

Fig- 4. Focus variation tesi lixiore,

determination was used for all XCT measurements in the current
work.

By evaluating these three types of measurements, possible
errors due to surface determination can be evaluated and com-
pensated for as necessary. The surface determination evaluation,
in combination with information gained by comparing XCT nom-
inal OD, ID and Length dimensions with the measurement results
from the CMM, will provide scaling correction factors, as necessary,
to be applied to the AM surface texture XCT measurement.

2.2, Measurements

The AM artefact surface reference measurements were taken
using a focus variation instrument (Alicona G4) and the dimen-
sional artefact reference measurements were taken using a
coordinate measurement machine (CMM) (Zeiss Prismo). Both

mination

artefacts were then assembled into a 3D printed acrylonitrile buta-
diene styrene (ABS) polymer fixture and were measured together
on a Niken XT H 225 industrial XCT machine,

22.1. AM artefact focus variation measurements

All measurements were performed with a 10x objective lens
on the Alicona G4. With this lens installed the system step height
accuracy, with a 1 mm step, is 0.05%; maximum system lateral
reselution is 1.75 pm; the maximum system vertical resolution is
100 nm with a repeatability of 30 nm. The Alicona focus variation
system was chosen for its ability to image surfaces with high slope
angles [13], together with its z-axis height range capable of mea
suring the tall structures present on the AM surface. The reference
AM surface was measured 10 times. The component was removed
from the fixture between cach measurement and then replaced.
This removal and replacement protocol was initiated to give an
indication of measurement repeatability obtainable in an “indus-
trial” scenario where a series of parts from a batch are measured
consecutively using the same instrument, fixture or jig.

The measurement area was approximately 10mm = 10 mm
(later cropped to 8mm x 8 mm for analysis). The measurement
consisted of 8 by 10 stitched areas. The lateral sampling distance
was 2,33 um for all measurements, These measurement parame-
ters were chosen based on the roughness of the surface, An initial
profile roughness Ra value for the surface obtained was approxi-
mately 40 wm, Per 1SO 4288 Table 1 requirements [14] this would
then require a roughness sampling length and ic¢ cut-off wave-
length of 8 mm. This would suggest a similar L-filter nesting index
(8 mm) and a measurement arca of 8 mm x 8 mm per 150 25178-3
[15]. The S-filter nesting index value of 0.025 mm was selected from
Table 1 of ISO 25178-3. The ratio between the S-filter nesting index
value and the measurement sampling distance is required to be a
minimum of 3:1 for optical instruments per 150 25178-3 Table 3,
The actual measurement sampling distance of 2.33 pum gives a ratio
of greater than 10:1, The Alicona G4 surface data was saved with
an STL file format to allow simultaneous processing with the XCT
surface data,

2.2.2. Dimensional artefact CMM measurements

The dimensional artefact was measured using a Zeiss Prismo
CMM. The CMM maximum permissible error (MPE) is (1.9 +L/300)
pm (L in meters). A 1.0 mm diameter ruby probe tip was used for
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Tahble 1
Niken XT H 225 settings used for all measurements,
Parameter Walue Parameter Value
Source to object distance B2 mm lilter material Copper
Soupce to detector distance 972 mm Filter thickness 0.5 mm
Acceleration vollage 150 kV o of prajections 1583
Filamen!l current 7 A 1008 « 1008
Exposure time 2B829ms 173 pm
75
25
050

b

Fig. 5. Localion of CMM measurements (a] O, (b) 1D and Lengt iy All dimensions in mo,

all measurements, CMM scanning mode was used whereby the
probe traverses the surface, remaining in contact with the surface.
The ID and OD were measured at four locations along the length
of the artefact; measurements were taken at distances 0.5 mm,
1,25 mm, 2,0mm and 2.75 mm from the respective end faces, see
Fig. 5. 100 measurement points per circle were taken. The dimen-
sional artefact was not removed from the fixture between CMM
measurements,

2.2.3. XCTmeasurements

2.2.3.1. XCT measurement conditions. Fig. 6 shows a CAD cross-
section view of the AM artefact and dimensional artefact mounted
within the 3D printed fixture. Both artefacts were retained within
the fixture using nylon slotted studs, This configuration was used
for all of the XCT measurements, The upskin surface of the AM
artefact, Fig. Ga, was mounted in the fixture facing downwards,
45° to the horizontal. The fixture was designed such that none of
the surfaces of the AM artefact or dimensional artefact to be mea-
sured were in direct contact with the plastic of the fixture. This was
to optimise surface determination as there is only a two-material
interface to consider (artefact to air).

After assembly into the fixture the assembly was mounted on
the rotary stage of the Nikon XT H 225, see Fig. 7.

The machine parameter settings were consistent for all XCT
measurements, see Table 1.

Reconstruction, from the 1583 TIFF images was performed in
Nikon CTPro 3D [16]. Surface determination was performed in
VGStudio MAX 2.2, Air was sclected and defined as the background
material, A volume from the dimensional artefact was selected and
defined as the material of interest. An initial surface histogram was
generated based on these selections. lterative surface determina-
tion was used, with a (default) search distance of 4,00 voxels for all
measurements, with the starting determination based on the initial
histogram. Two regions of interest (ROl) were extracted from each
measurement: the AM component upskin surface and the entire
dimensional artefact. The surfaces of these two ROl were extracted
and saved with an 5TL mesh format, using the VGStudio MAX 2.2
“Super Precise” setting, which provides highest available resolution
with no simplification of the mesh.
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2232, XCT measurement data sets. The XCT measurements con-
sisted of three sets, each of five measurements.

22321 Set 1. Five measurements were taken with the AM
artefact and dimensional artefact in the 3D printed fixture, The fix-
ture was not removed from the rotary stage and the artefacts were
not removed from the fixture between measurements,

22322 5et2 After the initial five measurements the XCT fil-
ament was replaced. Five measurements were taken with the AM
artefact and dimensional artefact in the 3D printed fixture, The fix-
ture was not removed from the rotary stage and the artefacts were
not removed from the fixture between measurements,

22323 Set3  Aftercompletion of measurement set 2 the fix-
ture was removed from the XCT rotary stage. The AM component
was removed from the fixture and rotated 90° CCW (so the surface-
of-interest remained facing downwards at an angle of 45° to the
horizantal). Between every subsequent measurement the fixeure
was removed from the stage, the AM artefact was remaoved from
the fixture, rotated 907, replaced into the fixture and fixture then
replaced onto the rotary stage. This removal and replacement is
similar to the protocol followed for the Alicona G4 focus variation
measurements and was performed to duplicate an “industrial” lot
measurement scenario. The dimensional artefact was not removed
between measurements. To allow alignment and cropping of the
Alicona and XCT data the data format must be similar, so all files
from XCT and Alicona were saved with an STL format.

2.3. Surface data processing for the AM surface

The data processing performed aligns all surfaces to ensure all
quantitative data is generated from similar surface areas of the part.
The data is converted to a form that allows analysis using standard
surface software packages, such as MountainsMap [ 17] and Surf-
Stand [ 18]. This processing is a ten-stage sequence incorporating
custom computational processing combined with the use of com-
mercially available software, This protocol was used to process all
the surface data STL files, from the XCT and the Alicona (this is
similar to the process performed in [19]):

2.3.1. Trim data
The STL from the Alicona contains the edges of the top surface
and the XCT measurements of the surface also includes the sides
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~
a) AM artefact .J_J
i
No aluminium-to-polymer contact gy
4 over final evaluation surface
/
4
| b) Dimensional artefact |
= I
Fig. 8. XCT measutemend lxtore showing (a) AM artelact (b} dimemsional arelao.

Flg. 7. Fixture containing two artefacts, shown at the measurement position in the
Nikon XT H 225,

of the sample. These area were removed by cropping the surface
area to approximately 9 mm = 9 mm, centred on the middie of the
10 mm x 10 mm cube surface,

2.3.2. Convert STL to PLY

PLY file format contains just the vertices and not the triangle
information. The file size is approximately a third the size of the
STL and allows for faster data computation.

2.3.3. Align surfaces

COne surface measurement was chosen asthe master for all align-
ment and cropping purposes. This master was one of the Alicona
measurement files, The surface of the master file was not trimmed
(perstep 1) and so was slightly larger than the files to be aligned to
it, This allowed the maximum area of cach of the measurement sets
to be used for the alignment process, Least squares alignment was
performed between all measurement sets and the master surface,

2.34. Perform deviation analysis
Deviation analysis is not required during processing but pro-
vides verification that alignment has been performed correctly.

235 Cropto84mm x84mmPLY

After alignment to the master, each surface was cropped to
8.4 mm = 8.4mm, in the same coordinate system as the master so,
for example, the XY coordinate values for the corners for all the

samples will be identical. The 8.4 mm = 8.4 mm cropped files were
saved with a PLY format.

236 Clean the mesh

This step is only required for the XCT mesh files, not for the Ali-
cona G4 mesh files. Converting the point cloud to a height map (step
7) involves projecting the point cloud anto a plane and assigning a
Z height value to each of the height map matrix squares, Errors will
occur if there is more than one point cloud surface to be projected
onto the plane at the same XY location, such as would be the case
with a re-entrant feature. To avoid this the mesh has to be cleaned
by removing all non-visible re-entrant features followed by repair-
ing the mesh to make it continucus. This step is performed after
alignment to the master (Alicona) mesh because the non-visible
areas should correspond to the surface areas not in line-of-site for
the Alicona measurement,

2.3.7. Convert to a height map

The 8.4mm x 8. 4mm PLY files (point cloud) were then con-
verted to SDF (height map) format by lincar interpolation and
projection onto a plane, using a 2,5 wm grid spacing.

2.3.8. Crop to 8Bmm = 8nim per IS0 25178-3

The height map was then cropped to 8 mm =« 8 mm (per 1SO
25178-3 requirements, discussed above) and saved as a SDF file
format,

2.3.9. Filter per 150 25178-3

Levelling and filtering was then performed. A Gaussian regres-
sion L-filter nesting index of 8mm and an 5-filter nesting index of
0.025 mm, per ISO 25178-3, were applied to each surface.

2.3.10. Generate parameter data per 1I5025178-2
Surface parameter data per 150 25178-2 [20] was then gener-
ated,

2.4. Processing of the dimensional artefact data

Best-fit cylinders were generated for the OD and ID using the
datum faces used for CMM measurement. Both cylinders extended
0.5mm to 275mm inward from the respective datum face of
the artefact. The Length dimension was calculated as the distance
between two planes generated from the small diameter end face
and the step face, see Fig. 5.
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Table 2
Master sample and copy [50 251758-2 data comparison.

Parameter per 150 25173-2 Master Copy of Master Percentage difference (in
relation to Master) [[A) is
absolute difference|

Height parameters

Sg/pm 41156 <0001

Ssk 3 <0.001

Sl L I <001

Spipm 3425893 0.002

Svfpm 137.346 137.329 —0.012

Sz/pm 479.939 479.93 0.002

Safpm 30301 30,301 <0001

Spatial parameters

S o [y <(L001

Salfmm 0287 0.287 <0001

Hybrid parameters

Sdg 0626 0626 <0001

Sdrf 15885 158594 (&) -0007

Volume parameters

Vimp{m?jm? ) 3.44 3.44 <0001

Vme/{jpm’/pm? ) 3o 370 <(L001

Vg pm?fpm?) 47.60 4760 <0001

V[ pm? fum?) 3146 3.46 <(.001

5k family parameters

Spkfpm 66.229 66.230 0.002

Skfum 90.248 490253 0006

Svifpm 28196 28195 —0.004

Material ratio parameters

Smrlfs 12.8 128 (&) <0001

Smr2fz az a2 [4) <0.001

3. AM surface artefact results
3.1. Process verification

3.1.1. Computational alignment and parameter extraction
process verification

The primary intention of this research isto investigate the capa-
hility of XCT for the measurement and characterisation of AM
surfaces. Part of this process is validation of the data extraction
and analysis process itself. An initial rest was performed to verify
the ten-step computation process. This consisted of making a copy
of the master surface file then perforn terative closest point
(1ICPY alignment between the master and its copy with a thresh-
old maximum RMS difference between consecutive iterations of
5 10-5mm. The surface area was approximately 9@mm = 9mm.
A deviation analysis was then performed. The mean distance alter
alignment was less than 1 nm. The deviation standard deviation
was 88 nm. The surfaces were then processed using the ten-stage
protocol, resulting in two height maps, 8 mm = 8 mm, levelled and
filtered. A set of parameters per 1SO 25178-2 were then gener
ated in SurfStand. The difference between the parameter values
are reported in Table 2. The parameters highlighted in bold were
selected as ones that have been shown in previous research to be
5 ve to AM build and post-processing surface vari: ; (4]
: complete parameter set is easily generated using standard soft
ware, such as MountainsMap or SurfStand, but just these selected
parameters will be reported for the remainder of the paper.

The largest percentage difference between the copy and the

master is 0.012% for Sv (the maximum pit height of the scale lim
ited surface) with the majority having a difference of zero to three
decimal places. The authors thus consider that this verification of

the alignment and extraction process is suitably accurate for this
XCT to Alicona G4 AM surface measurement comparison.

3.1.2. Alicona measurement and processing verification

This verification test was performed toverify the precision of the
Alicona measurements, in combination with the extraction process
verified earlier. All measurements performed on the Alicona were
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G ten measurement m nid sample standard ion.

Parameter Mean Sample standard
deviation

Height parameters
Safpim 41.19% 00068
Ssk 141 0012
Sku 929 0.00890
Szijpm 47961 031
Safpm 30 0.0055
Spatial parameters
Sajmm D29 D.O0D50
Hybrid parameters
Sdrf% 15.92 0012
Sk family parameters
Skfpnm G025 0025
Material ratio parameters
SmrzfE 91.95 0042

processed per the sequence discussed previously, including align
ment with the master, conversion to a height map, cropping and
filtering per 1SO 25178-3. Parameter mean values and sample stan
dard deviations were generated for the ten samples for a selection
of parameters, see Table 3.

These numbers, as a typical example Sg mean value 41.19 pum,
with a sample standard deviation of 0.007 wm, show the good
repeatability of the Alicona measurement and data extraction pro
cess and repeatability is orders of magnitude better than the
expected focus variation to XCT result differences.

3.1.3 Deviation analysis

The results of a deviation analysis between the master sam-
ple and another sample from the batch is shown in Fig. 8. The
mean distance between the meshes is 4 nm, with a standard devi-
ation of 250 nm. The primary purpose of alignment is to make sure
measurements from the same area are compared for 150 25178-
2 parameter extraction. The alignment process performed here is
significantly better than required for this purpose.
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Fig. B. Deviation analyses between two aligned Al
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Table 4 Table 5
KCT five sample mean and standard deviation, Ser 1. KCT five sample mean and standard deviation, Set 2,
Parameter Mean Sample standard Parameter Mean - ple standard
deviation deviation
Helght parameters Helght parameters
Sgm 4016 0,030 Safpm 007 0056
Ssk 1.35 00075 S5k 134 00039
Shu .04 0,065 Shat 398 0028
Szfium 41907 1L/ Szfium 41487 1.54
Sajm 20,84 0,018 Sa/wm 29,59 0,045
Spatial parameters Spatial parameters
Slfmm 0,298 0,00050 Salfmm n2a 00040
Hybrid parameters Hybrid parameters
Silif 13.30 017 Selrf 13,09 024
5k family parameters Sk family parameters
Skiwm 89,76 027 Skipm 9,01 018
Material ratio parameters Material ratio parameters
Smrafs 91,70 0071 St a1.74 0055
32 X Table &
XOT five sample mwean amnd standard deviation, Set 3.

All XCT measurements were processed per the ten-step process - -
outlined previously. Data for parameters per SO 25178-2 were gen Faramecer Mean :‘;sz?o:‘"mmm
crated for all measurements. The measurement mean and sample -
standard deviation for the three sets of data is reported as follows. Height paramatars

P Sq/um 4007 0012
Sk 135 00068
3.2.1. Ser 1: samples not disturbed between measurements Skar 0016
Set 1 consisted of five measurements on the XCT. The fixture was Sefpam 123
not disturbed between cach of the measurements. The parameter Sa/um airs
s - Spatial parameters
mean and sample standard deviation values are shown in Table 4. Salfmm 0.9 0.00050
Hybrid parameters
3.2.2. Set 2: after XCT filament change, samples not disturbed Sdrfx 12.79 012
between measurements g;,:i:"y palaiEiecs o i

Set 2 consisted of fivc measurements on the XCT. The XCT fila- Material catio parameters ’ i

ment was changed prior to the first measurement. Automatic focus S 917 0055

was performed after the filament change. No other XCT measure-
ment settings were changed. The fixture was not disturbed between
each of the measurements, see Table 5. There was a statistically sig-
nificantdifference in meanvalues measured prior and post filament
change; for example, Sg mean 40.46 pm with a standard devia-
tion of 0.03 wm prior to filament change. After the filament change
the Sq mean was 40.07 pm with a standard deviation of 0.06 pm.
The change was approximately 0.95%. To verify the only parameter
that had been adjusted (auto focus) had not produced the differ-
ence, an additional test was run with the focus setting returned
to the pre-filament change value, The Sg value for this individual
measurement was 40.15 pm, which was slightly less than the max-
imum 5¢ value, 40.154 pum, obtained from Set 2 (auto focussed post
filament change).

3.2.3. Set 3: AM part rotated 90 between measurements

Set 3 consisted of five measurements on the XCT. The fixture
was removed from the XCT rotary table and the AM component
was removed from the fixture, rotated 90~ CCW and replaced prior
to the first Set 3 measurement. This removal and replacement pro-
cesswas repeated between each Set 3 measurement. The parameter
mean and sample standard deviation values are shown in Table 6.
Interestingly, the standard deviations values for this set of measure-
ments is less than the standard deviations obtained for Set 1 and
Set 2 measurements - sets for which the artefact was not disturbed
between measurements.
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Fig. 9. False colour height maps (a) Alicona master (b) XCT reconstruction from Set 1.
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Fig. 10. 150 25178-2 parameter Alicona to XCT comparison charts with 95% confidence interval,

3.3. XCT to focus variation measurement comparison

Fig. 9 shows false colour height maps for the master Alicona file
and one of the measurements from XCT Set 1. The filtering, as with
all data presented in this research, was 8 mm L-Filter nesting index
and 0.025 mm S-Filter nesting index Gaussian regression filter per
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IS0 25178-3. The processed sample size was also 8 mm = 8 mm for
all measurements. The surfaces show great visual similarity.

The percentage differences between the Alicona parameter
mean value and the parameter mean value for the three sets of
XCT data are shown in Table 7. The percentage difference between
the mean values of Sa obtained for XCT measurement Set 1, Set
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Table 7
Percentage difference berween the XCT mean and the Alicona mean values |(A) is absolute difference],
Parameter Alicona mean Set 1 mean Sel 2 mean Sel 3 medan Percentage Percentage Percentage
value valug wilue value dillerence, Se1 110 difference, Se1 2 10 dilference, Set 3 1o
Micona Alicona Micona
Height patameters
Sigfpumn 1119 ADAG AnoF ADF 1.8 27 27
Ssk 141 1.35 134 135 45 5.1 4.8
Sk 404 BUE = -34 =33
Sefpum 4904 47487 =01 =10 =13
Sa/pm 30,11 29,84 29,59 1.5 21 24
Spatial parameters
Salfmm 029 029 029 029 06 03 03
Hybrid parameters
Sdrft 1582 1330 13.00 1279 (A)-26 (A)-28 (A)-31
Sk Lamily paramters
Skfpm 9025 976 #9.01 RR.4 05 1.4 1LY
Material ratio
parameters
Sy 91,98 a1.70 a1.74 a1.74 {A)-03 (A)-0.2 (A)-0.2

2 and Set 3 and the Alicona G4 measurement set are 1.8%, 2.7%
and 2.7% respectively. These differences are remarkably low con-
sidering the very different measurement technology employed. As
reported previously, the change between 1.8% for Set 1 and 2.7% for
Set 2 and Set 3 appears to be caused solely by the filament change.

Charts for the selected arcal parameters are shown in Fig, 10, The
charts show data for the Alicona and Sets 1, 2 and 3 with the 95%
confidence interval (+ 1.96 standard deviations of the repeatability
measure ments),

4. Dimensional artefact results

The dimensional artefact measurement results for the out-
side diameter, inside diameter and length (Fig. 5) are shown in
Table 8, The table includes standard deviation values for each set of
measurements, together with percentage differences between the
mean value of the XCT data sets and the mean value of CMM data
set for OD, 1D and Length.

The dimensional change between XCT Set 1 and Set 2 (IE
after changing the XCT filament) showed a consistent dimensional
change for OD, ID and Length of —0.75%, <0.76% and -0.74% respec-
tively. All dimensional results obtained from the XCT were within
1% of the dimension as measured on the CMM, Charts for OD, ID
and length, including 95% confidence interval, clearly showing the
XCT measurement change from Set 1 to Set 2, are shown in Fig, 11,

5. Discussion

There is no significant bias in the direction of the dimensional
errors for OD, ID and Length that would suggest the iterative local
surface determination is incorrect (Table 8). The mean of all the

XCT OD measurement is —0.53% less than the mean CMM OD mea-
surement. Similarly the mean XCT ID and Length measurements
are —0.71% and -0.47% less than the corresponding CMM mea-
surements, The filament change effectively resulted in a scaling
difference of —0.75%; Le. the XCT dimensional measurements all
reduced by approximately 0.75%, This 0.75% scaling change pro-
duced the changes in XCT parameter data given in Table 9, All XCT
measurements reported in this paper were taken an the Nikon XT
H 225 industrial CT. It should be noted that The Nikon metrology
XCT machine, MCT225, includes a protocol, and is supplied with an
artefact, for performing post-filament-change calibration,

The initial test of alignment and data extraction for the master
surface and a copy, together with the analysis of the ten sample Ali-
cona data showed good repeatability of the Alicona measurements
and the described extraction, alignment and parameter data extrac-
tion process. The dimensional artefact, casily included during the
measurement stage, allows manitoring of the XCT measurement
process, The filament change during the measurement process
highlighted the need for this monitoring as the change produced
differences in the dimensional artefact OD, 1D and Length of —0.75%,
—0.76% and —0.74% respectively. Correspondingly, statistically sig-
nificant changes were observed in the areal parameter data sets
after the filament change. Using a traceable artefact, manufac
tured from a similar material to the surface artefact, such as the
dimensional artefact used here, as measured on a CMM, will pro
vide valuable verification of scaling and surface determination for
the XCT. Measurement uncertainty for AM surface measurements
on the XCT (and indeed the Alicona) will be an ongoing area of
research - there are a wide variety of AM surfaces and providing
traceable calibration information will be difficult, The process used
here describes the extraction of areal surface texture data from XCT
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Table 8
MM and XCT dimensional artefact data.

Measurement Mean OD {mm) Sample std. dev. Mean ID {mm}|% Sample std. dev. Mean Length Sample std. dev.

methad [% dift cow. CMM] (mm} dif. cow. CMM] (mm) (mm) [% dif. cw. {mm}

CRMM|

CMM (10 meas.) 29946 0.00016 3.1926 000019 3.9542 000013

KT Set 1 (5meas.) 29934 [-0.04%] 0.00050 31856 [-022%) 0.00040 3.9570 |-0.07%] 000070

NCT Set 2 (5 meas.) 29709 [-0.79%] 0.00060 31615 [-097%] 000030 3.9278 |-067%| 0.00040

KOT Set 3 (5 meas. ) 249714 |-D.77%] 00006 31624 | -095%] 000030 3.9280 | -0.66%] D.00070

Tahle 9
Percentage change in mean parameter value after changing XCT filament.

Parameter Set 1 mean value

Set 2 mean value

Percentage
absolute

ifference [[A)is
rence|

Height parameters

Sqfm 4046
Ssk 1.35
Sku 9,04
Szjwm 479.07
Safpm 2084
Spatial paramerers

Salmm 0.29
Hybrid parameters

Sdrf% 13.30
Sk family parameters

Skim BTG
Material ratio parameters

Smr2f% 41.70

4007 047
134 —064
5.98 -071
47487 088
2050 —083
0.29 —028
13.09 (A)-021
88,01 -0383
91.74 (A)0.04

scans, but it should be noted that profile information, such as Ra, or
any other parameter per [SO 4287 [21], may be simply extracted
and compared from the aligned areal surface data. The authors
consider this procedure a valid method for the extraction of areal
(and profile) surface texture information from XCT data, applicable
to additively manufactured parts but with potential applications
beyond the AM field.

6, Conclusions

A method has been developed to extract areal surface infor-
mation from XCT volume data and generate surface texture
parameters per 150 25178-2. It has been shown that with careful
technique and processing the value of parameters obtained using
XCT are remarkably similar to those obtained using conventional
optical surface texture measurement technigues. Repeatability has
been shown to be good, with the AM artefact removed and replaced
between XCT measurements the mean Sa value for the sample was
29.6 pm with a sample standard deviation of less than 0.013 pm.
The Alicona G4 measurement for the same surface area, also remov-
ingand replacing the artefact between measurements, was 30.8 um
with a sample standard deviation of 0.006. This is a difference
between the Sa value of less than 2.5%. Additive components with
internal features will become more commonplace in industrial
applications, such as medical, aerospace and automotive. These
industries will all need to have understandable, definable pass-f:
requirements for internal surface texture. The methodologi
trated in the current paper allows quantitative measurement of
surfaces per existing areal and profile standards. If and when spe-
cific AM related standards are generated, this process will be fully
adaptable to these.

7. Future work

The present work will be expanded to cover additional aspects
of the XCT data transformation process and will include:
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+ Further investigation of the effects of surface determination on
surface texture paramerters.

Development of stand-alone “one-click” software to perform the
analysis and generate parameter data from the XCT volume data,
either directly from the point cloud information, or extracted and
projected onto a plane as a height map.

'm a round-robin investigation to compare XCT capability
different XCT platforms and highlight any potential prob-
lems for industry end users of this methodology.

Map the capability across the XCT chamber.

Investigate extraction of surface data from re-entrant features
and free form surfaces.

Perform wavelet decomposition of XCT and Alicona data sets to
investigate the difference in capability in detecting a range of
spatial wavelengths.

.
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INVESTIGATING THE CAPABILITY OF MICROFOCUS X-RAY
COMPUTED TOMOGRAPHY FOR AREAL SURFACE ANALYSIS OF
ADDITIVELY MANUFACTURED PARTS

Andrew Townsend', Liam Blunt!, and Paul Bills’
TEPSRC Centre for Innovative Manufacturing in Advanced Metrology
School of Computing and Engineering
University of Huddersfield
Huddersfield, West Yorkshire, UK

INTRODUCTION

The abilty to perform non-destructive areal
surface analysis, for example of the internal
surfaces of additively manufactured (AM) parts
has potential advantages during product
development and for production process control.
This paper reports on the extraction of areal
surface information from microfocus  x-ray
computed tomography (XCT) data. Using this
novel technique a range of areal parameter
values were generated from a surface section
extracted from XCT scan data of an as-built (no
post-processing) AlISI10Mg additively
manufactured part. This was then compared with
the parameter values generated from a focus
variation scan of the same surface section. The
data comparison method involving normalisation
of data format to allow analysis using industry-
standard software, such as MountainsMap
(Digital Surf, Besangon, France) or SurfStand
(The Centre for Precision Technologies UcH) is
demonstrated. Importing the extracted surfaces
into these powerful software packages allows
one-click data filtering per 1SO 25178-3 [1] and
the generation of a comprehensive suite of areal
surface parameter values. These include feature
and field parameters, amplitude, spatial, hybrid
and functional parameters, as defined in 1SO
25178-2 [2]. A method for characterising the
capability of XCT for areal surface measurement
is demonstrated by comparing results obtained
from samples taken from a Rubert comparator
test panel, with sample surface Ra values
between 0.8 ym and 50 pm.

XCT AND FOCUS VARIATION AM SURFACE
COMPARISON

A cube, 10 mm per side, was manufactured using
selective laser melting (SLM) on a Renishaw
AM250 using AISI10Mg powder. No post-
processing, such as grit blasting, was performed
after manufacture.
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XCT Measurement

The cube was imaged using a Nikon XT H 225
microfocus CT. Nikon CT-Pro (Mikon metrology,
Tring, UK) was used to perform reconstruction.
Voxel size was 17 pm (xy.z2). Surface
determination was performed in VGStudio MAX
(Volume Graphics GmbH). Surface extraction (no
simplification or downsampling, automatic
surface determination) was performed in
VGStudio MAX and the data was saved as an
STL surface geometry (mesh) file. The surface
was then imported into Meshlab (Visual
Computing Lab ISTI-CMR), and area of interest
(component upskin (top) surface) was aligned
with the xyz coordinate system and then
extracted and saved with a PLY file format.

Focus Variation

Focus variation (FV) instruments are commaonly
used to analyse the surface texture of additively
manufactured parts and the FV results are used
here as reference measurements. The upskin
surface of the aluminium cube was measured
using an Alcona G4 using a 10x objective lens.
Vertical resolution was 0.2 ym and the lateral
sampling distance was 2.3 pm. The data was
saved as an STL file.

Areal Parameter Comparison
The XCT and FV STL surface sections were both

imported into CloudCompare (version 2.6.3beta
[GPL software] 2015). The areas were aligned
using iterative closest point (ICP) and then both
were cropped to give aligned, equal areas. No
lateral or vertical scaling was performed during
the alignment. Both areas were saved with PLY
file formats. The XCT and FV PLY mesh files
were levelled, projected onto a grd and
converted to SDF (Surface Data Format) in
Matlab (The MathWorks, Inc., Natick, Mass, USA
Release R2015b). Projected grid spacing was 2
pm (x and y), 1 nm vertical numerical resolution
for both files.



A surface area of 56 mm x 5.8 mm,
approximately 30% of the top surface area, was
used for parameter generation, see Figure 1.

10 mm

FIGURE 1. Top of AISi10Mg part after XCT
reconstruction, showing cropped surface area.

The XCT and FV SDF files were opened in
SurfStand (V6.0) software. Based on the surface
(no structure of interest with a scale (wavelength)
larger than 1 mm) the Gaussian L-filter nesting
index was set to 5.0 mm and the S-filter nesting
index was set to 0.02 mm, per 1SO 25178-3:2012
tables 1 and 3. The FV and XCT false colour
height maps, generated in SurfStand, are shown
in Figure 2. The correlation between the surface
topography of the two height maps can be seen
clearly. Areal surface parameter data (per ISO
25178-2), computed in SurfStand from the FV
and XCT data for these aligned and cropped
areas, are compared in Table 1.

(@) X:5.60(mm) (b) X:5.60(mm)
FIGURE 2. AISi10Mg part false colour height map (a) FV, (b) XCT.
TABLE 1. AISi10Mg part, FV and CT IS0 25178-2:2012 parameters.
Delta
Parameter Description FV CT (% of FV)
Amplitude
Sa Arithmetic mean height 31.7 pm 40.7 pm 28.4%
Sg Root mean square height 44.5 ym 53.2 ym 19.6%
Ssh Skewness 1.72 1.13 -34.3%
| Sku Kurtosis 10.7 6.6 -38.3%
Sz Maximum height 470 pm 477 um 1.5%
[ Spacing
Sal Fastest decay autocorrelation length 0.27 mm 0.28 mm 3.7%
Hybrid
Sdr Developed interfacial area ratio 21.0% 21.4% 1.9%
Functional
Smr2 Areal material ratio (dales) 90.8% 93.5% 3.0%
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The surface parameters in Table 1 were chosen
because they have all been shown to differentiate
variations in AM build performance in response to
changes in build paramelers such as laser and
electron beam spot size and power, build
orientation and post-processing time [3]. The
percentage variation between the XCT and focus
variation measurements range between 1.5% for
Sz (the sum of the maximum peak value and
maximum pit height value) and -38% for Sku
(kurtosis). The kurtosis for the XCT measurement
is 38% less than that of the focus variation
instrument. This is understandable as kurtosis is
an indication of “peakedness” of the surface and
XCT resolution is considerably less than that of
the focus variation instrument and so would tend
not to resolve narrow, sharp peaks. Sa and Sg
have been the most widely used areal
parameters for AM surface measurement [3]. The
values of Sa and Sq from the XCT were 28% and
20% greater than the focus wariation
measurements for this particular AM sample.

Mesh Distance Analysis
The distance (closest points) between the two

aligned and cropped meshes was calculated and
plotted, see Figure 3. The distance analysis map
shows the good lateral scaling of the XCT. The
distance distribution was also plotted, showing an
approximately Gaussian distribution, and giving a
standard deviation of 11 um, see Figure 4.

FIGURE 3. XCT to FV mesh difference map.

Gauss: mean = 0.000. std. dev. = 0.011 mm [1836 classes]

Count
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FIGURE 4. XCT mesh to FV mesh distance
difference distribution.

XCT AND FOCUS VARIATION ROUGHNESS
PLATE COMPARISON

The surfaces of powder bed fusion metal AM
parts vary considerably with  different
manufacturing systems, powder configurations
and build parameters. To give an indication of the
limits of XCT to produce meaningful areal surface
information a series of measurements were
performed on test plates with roughness values
encompassing those likely to be produced by
metal powder bed fusion processes (nominal Ra
0.8 ym = 50 pm).

Rubert roughness comparison specimens
Seven plates, approximately 10 mm x 20 mm,
were cut from a Rubert Microsurf 334 (casting)
comparator test panel, see Figure 5.

2
S

FIGURE 5. Rubert Microsurf 334 comparator test
panel.

The casting panel was used as this surface most
closely represents the powder bed fusion metal
AM surface. No Rubert samples exist for AM
surfaces at present.

Measurement and Analgsis

XCT results were again compared to those
obtained using the focus wvariation instrument.
XCT voxel size for all plates was 12.9 pm (x,y,2).
L-filter and S-filter nesting for indexes, based on
plate Ra value, were generated using data from
1SO 4287-1998 [4], ISO 4288-1998 [5] and 1SO
25178-3:2012. The XCT and FV measured areas
for each of the seven plates were aligned and



cropped following the same procedure used for
the AISI1T0Mg AM sample. Nine square samples,
with sample side lengths based on value of the L-
filter nesting index, were extracted from the 0.8
pm — 6.3 pm Ra plates. Four samples were
extracted from the 12.5 ym — 50 pm Ra plates
(quantity limited by the plate sizes). The files were
converted to SDF format, opened in SurfStand
and the parameter set was generated. Table 2
shows the nominal Ra value together with the
mean Sa value computed from the FV and XCT
data for each of the seven plates.

TABLE 2 Rubert plate nominal Ra values, mean
FVand XCT Sa values and percentage difference
between mean XCT and FV values,

Nominal Difference
Rubert |Mean FV Sa|Mean XCT Sa | between mean
Plate Ra (pm} (um) XCT and FV Sa
(Um) (% of F\)
50 511 556 8.8 %
25 274 313 145 %
125 124 146 172%
6.3 6.6 9.0 34.5 %
3.2 4.0 56 40.5 %
16 25 35 431 %
0.8 0.56 1.08 95 %

paired t-test was performed. The null hypothesis
being that the difference betweenthe mean Saas
measured on the XCT and on the FV instrument
was zero. The 95% confidence level was then
generated for the data from each of the seven
plates. The mean Sa difference between FV and
XCT readings, together with the 95% confidence
level of the mean Sa difference were plotted for
each of the seven Rubert plates. The values
plotted are percentages of the mean FV reading
for each plate, see Figure 7.

Difference between XCT and FV mean Sa
Showing paired t-test 95% confidence level

—

00% ¥

o
=1
=

12.9 pm

o
s
=

=
g
i

)
=
=

Difference between means

(expressed as 36 of FV mean)
Positive indicates XCT mean greater than FV

$

o -1-"'?.9?@ of oF o of

Rubert sample nominal roughness (Ra)

Figure 6a shows the four FV and corresponding
XCT readings for the nominal 50 pm Ra plate.
Figure &b shows the nine FV and corresponding
XCT readings for the nominal 0.8 pm Ra plate.
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FIGURE 6 Comparison of FV and XCT resulfts
{a) 50 ym nominal Ra plate (b) 0.8 pm nominal
FRa plate.

The lines on each chart are approximately
parallel, illustrative of the correct FV to XCT mesh
alignment. The gradients of the lines for the 0.8
um Ra plate are greater, indicative of the larger
percentage difference between the XCT and FV
measurements than with the nominal 50 pm Ra
plate. For each of the seven Rubert plates a
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FIGURE 7. Chart of the mean Sa difference
befween FV and XCT for seven Rubert test
plates.

The null hypothesis was rejected: for all seven
plates there is greater than 95% probability the
XCT measured roughness value is greater than
the FY measured roughness value (none of the
confidence interval bars cross the 0% line). The
percentage difference between the XCT and FV
measured roughnesses increases significantly as
the absolute plate roughness value reduces (9%
at nominal 50 ym Ra and 95% at nominal 0.8 ym
Ra). There is a 2x step increase in percentage
difference at an Ra value approximately
equivalent to the 12.9 pm voxel size of the XCT.
Mean differences between XCT and FV Sa
measurements were 17% and 35% with sample
roughness values (Ra) of 12.5 ym and 6.3 ym
respectively. This significant increase in mean
difference suggests an initial guideline that XCT
areal surface measurements from surfaces with a
reconstruction voxel size greater than the surface
Ra or Sa should be avoided as errors increase
significantly.



CONCLUSIONS

A novel first-step analysis technique has been
developed to extract surface information from
XCT data and configure this data to allow filtering
and parameter generation, per 1ISO 25178-3 and
ISC 25178-2 respectively, using commercially
available software packages. Producing standard
areal surface data from XCT would be particularly
useful for the analysis of internal surfaces of
additively manufactured parts, surfaces that up to
now could only be analysed using destructive
techniques. |Initial characterisation of XCT
surface measurement capabilty has been
performed. These results show that, dependent
upon vaxel size and surface roughness, XCT isa
viable method for areal surface analysis of AM
components. Initial results show a marked
decrease in accuracy when the wvoxel size
exceeds the nominal surface Ra wvalue.
Additional applications of this technique beyond
AM are expected.

FUTURE WORK

Currently there are no AM surface calibration or
comparator test panels available and the results
obtained for the single test of the AISi10Mg AM
surface produced a percentage difference for Sa
values computed from XCT and FV (28.4%)
higher than that of the approximately comparable
Rubert casting plate, 25 um nominal Ra, (14.5%),
see Table 3.

TABLE 3 25 um Rubert plate and AISi10Mg AM
sample mean FV and XCT Sa values and
percentage difference between mean XCT and
FV values.

Test FWV S5a | XCT Sa | Voxel | Percentage
sample {pm) {pm) Size difference
(pm)
25 um Ra
Rubert 27.4 N3 129 145 %
plate
AlSI10Mg
SLM N7 40.7 17 28.4 %

Future work will include measuring a selection of
AM (and non-AM) surfaces to generate a more
comprehensive understanding of XCT capability,
including the relationship between voxel size and
other factors such as surface determination, on
measurement accuracy. Generation of a
standard AM surface test plate will be
investigated. Voxel size and resolution are
dependent upon the position of the component
being measured in the XCT chamber (in a cone-
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beam XCT machine a smaller voxel size will be
generated the closer the component is to the x-
ray source). The position is dictated by the size of
the component. The larger the component is the
futher away from the x-ray source the
component needs to be to be imaged correctly
and, subsequently, the larger the voxel size.
These factors will be investigated and it is
planned to characterise a wvariety of XCT
machines for surface extraction capability.
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Abstract

A significant advantage of additive manufacturing (AM) techniques is the ability to design and manufacture parts without the
tool-path limitations inherent when using subtractive techniques, such as milling, turning and grinding. This capability of AM
enables the production of components with surfaces (such as internal features) that cannot be inspected using standard surface
inspection techniques, for example stylus or optical methods, Measurement and characterisation of these surfaces may be vital
for component function, whether it be for fluid flow, coating adhesion or bio-attachment. X-ray computed tomography (XCT)
has been investigated as a tool for form and dimensional measurement of AM parts; however there has been little research into
the ability of XCT for surface texture (particularly areal ) measurement and characteri zation. This paper discusses the initial work
performed on producing parameter data per [SO 25173-2 from XCT scans and the rationale employed in the development of a
round robin intedaboratory comparison based on this work, Initial round robin data will be discussed.

Keywords: Additive manufacturing, ISO 25178 surface texture, interlaboratory comparison.

1 Introduction - Why AM surface from XCT?

Additive manufacturing (AM) provides the engineer with design flexibility not available when manufacturing is constrained by
the tool-path requirements of conventional subtractive techniques such as milling, turning and grinding. Additionally, the ability
to use high performance engineering metals, such as titanium Ti6Al4V, 316 stainless steel and cobalt chrome in the AM process
provides the aerospace, medical and automotive industries with a new manufacturing toolbox and these industries have seen the
potential and are actively engaged with the AM manufacturing industry. However, AM presents many challenges at this early
stage of integration into the manufacturing landscape. These quality-driven industries require defined accept-reject requirements
for all measurements. A component manufactured using AM is not exempt from the stringent quality requirements that apply to
other manufacturing processes, Surface texture requirements will need to be incorporated into drawings and specifications and
imposed by customers onto suppliers, using a common language and standards. Verfication of compliance with these
requirements will be mandatory for AM components,

The exciting design-flexibility of AM will often result in components with sections, such as intemal features, that cannot be
inspected using standard measurement systems; this applies to dimensional, form and surface texture measurements. Currently,
the only practical method available for extracting dimensional and surface texture information from the internal features of metal
AM components is M-ray computed tomography (XCT).

The importance of XCT for the measurement of the surface texture of additively maunufactured parts has been recognised [1.
2], but, until recently, the extraction of quantitative surface information from NCT scans of AM surfaces has been limited to
profile analysis of lattice structures [3, 4]. Recent development of techniques to extract and analyse areal surface texture data
and produce quantitative numbers for all surface texture parameters per IS0 25178-2 [5] has the potential to provide industry
and the research community with significant analysis and inspection capability [6]. This methodology has shown remarkably
good results for the extraction and characterization of AM surfaces from metal AM surfaces. The results presented indicated
that, for the surface of the ALSi10Mg selective laser melting (SLM) component evaluated, the difference between the Sa
(arithmetic mean height of the scale-limited surface) values obtained from XCT when compared to a focus varation (FV)
instrument was less than 2.5%. However, it should be made clear that surfaces that ean be measured using other techniques
(outside surfaces) generally should be measured using the standard techniques. The current resolution of XCT, and hence the
basic quality of the surface extracted, lags significantly behind other techniques. Additionally, the estimation of measurement
uncertainty for XCT is complex and has not been fully addressed in the research community, leading to potential traceability
issues, However, just as the AM process itself presents many challenges, NCT surface measurement has challenges that will be
faced and hence need to be resolved because of the unique advantages that XCT provides, particularly for the AM sector.
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2 Why a round robin?

The results of the referenced rescarch showed that XCT is a viable technique [or surface texture measurement. However, all the
measurements taken in the reported research were taken on one XCT machine: the Nikon XT H 225 Industrial CT. Because this
technique may have industrial and academic research application it is important to assess machine-to-machine variability. and
so an iterlaboratory comparison (round robin) has been developed: CT-STARR.

X
CT-STARR

CT-SurrFace TEXTURE FOR ADDITIVE RounD ROBIN

The round robin will consist of two stages: Stage 1 discussed in this paper. is to be a tightly controlled. rigorous and expeditious
investigation. The format of Stage 2 will be finalized based on the results and lessons learned from Stage 1. Stage 2 will include
a significantly larger umber than the four laboratory participants for Stage 1.

3 Round robin Stage | methodology

CT-STARR Siage 1 is designed o gauge the repeatability and reproducibility ol measuremenis [rom closely relaied XCT
machines, using tightly controlled measurement settings and data analysis. The four round robin participants and the XCT
nichines of each participant are shown in Table 1.

Labortory Responsible XCT machine

University of Huddersfield. UK Andrew Townsend Nikon XT H 225 Industrial CT
University of Nottingham. UK Richard Leach Nikon MCT225 Metrology CT
National Physical Laboralory. UK Peler Woolliams Nikon MCT225 Metrology CT
Nikon Metrology, UK David Bate Nikon MCT225 Metrology CT

Table 1: Round robin participating laboratories

3.1 Measurement artefacts
Two artefacts were chosen for the round robin: one AM anifact with a squarc planar surface arca used for all surface

measurements and onc turned ariclact designed lor the ol scaling and surface determination errors, The same matcrial
was used to manufacture both antefacts. This was done to present similar challenges for surface determination during the surface
extraction process. Both artefacts were 1 factured from titanium Ti6AI4Y ELT (extra-low interstitial). This is a high-purity

version of TiGAMY with lower specificd limits on iron, nitrogen, carbon and oxygen. This grade of titanium is commonly used
in medical and demtal applications because of its excellent bio-compatibility, The ELI grade (Grade 23) has superior damage
tolerance (fracture toughness, fatigue crack growth rate) and better crvogenic mechanical propertics than Grade 5 Ti6AMV.

3.1.1 AM artefact

The AM artifact was manufactured on an ARCAM Q10 electron beam melting (EBM) machine. The nominal powder size was
45 -100 um. A vertical (side) surface was used for all round robin measurements. The required size of the AM surface to be
measured was calculated using the profile roughness (#e) of the surface. Arcal standard 150 25178-3 |7 defines the L-filter
nesting index bascd on the scale of interest. As this is an arbitrary judgment and surface specific, the required [ilicring and
measurement size were based on the profile measurement standard set. The measured roughness (Ra) was approximately 30 pm;
per 1SO 4288 table 1 requirements | 14] this would then require a roughness sampling length and 2¢ cut-off wavelength of 8 mm.
This would suggest a similar L-filter nesting index (8 mm) and an arcal measurement arca of 8 mm x 8 mum per 150 25178-3
[15]. The antifact was manufactured as a cube of side lengths 10 mun. This provided suitable extra arca for aligning and cropping
1o a "clean™ 8 mm x & mm surface area.

3.1.2 Surface determination and scaling artifact
The machined artifact used 1o assess surface determination and dimensional scaling is shown in Figure 1.
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Figure |: Dimensional and surface determination scaling artefact

The overall size of this artefact (13 mm long), manufactured from the same material as the AM surface artefact, was designed to
produce similar X-ray attenuation as the AM surface artefact, therefore making it possible to optimise XCT semtings for both
artefacts simultancously. Three dimensions were measured during the round robin: The step-length between two parallel faces,
ane ourside diameter ( [(s18)] anr:l ong inside diameter (113), The OD and 11 were machined to the same nominal dimension (3 mm),
These three d ional ¢ ions were designed to enable the analysis of possible surface determination and global scaling
errors, 1 the surface dclmmnauon were 1o caleluale and posmou the generated surface outside the part surface then the 1D
would tend to be undersized and the OD would tend to be oversize. Surface determination errors would have negligible effect
on the length mesaurement,

3.2 Fixture design

Both artefacts were mounted in an additively manufactured acrylonitrile butadiene styrene (ABS) polymer fixture, sce Figure 2,
The fixture includes nylon slot-headed set screws to positively retain both artefacts. The surfaces to be measured on both atefacts
were not in direct contact with the polymer. The air gap around all these surfaces, producing an air-Ti boundary. was designed
1o provide opti surface de ination conditions. The Axture design allowed the surface-of-interest of the AM component
and the machined artifact to Gl the projected image feld, therefore maximizing pixel size. The fixture includes a necked-down
section that allows line-of-sight between the XCT gun and detector panel at all times during the scan. The flux-normalization
area was placed in this area. The brightness within this area for every projected image is compared and normalized to compensate
for system vanations during the scan.

AM artefact evaluated surface

Figure 2: CAD section view of the XCT measurement lixture
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3.3 XCT measurement settings
The measurement settings for the XT H 225 are sho’

n Table 2. These settings were chosen to optimize the exposure contrast
while allowing the use of a fully-focused electron beam. The power was kept below 10 W, with the normal focusing setting used
on the XCT for all measurements. Above this power the auto-defocus setting is used to keep the energy per unit area of the
electron beam target below a safe level, avoiding possible damage to the target. This auto-defocussing effectively blurs the
projected images. The artefacts were not removed from the fixture between measurements. The AM surface texture artefact had
been removed and replaced in previous work [6] and the results showed no significant difference in the values of extracted
surface texture parameters form those obtained when the artifact was not disturbed between scans, Not disturbing the artefacts
between measurements will minimize the possibility of damage to the artefacts during the round robin.

Parameter Value Parameter Value
Copper Voxel size 17.3 pm
1.0 mm Source to object distance 84.2 mm
Acceleration voltage 160 kV Source to detector distance 972 mm
Filament current 62 LA Number of projections 1583
Exposure time 2829 ms Detector size (pixels) 1008 x 1008

Table 2: Nikon XT H 225 measurement settings

Reconstruction was performed using Nikon CTPro 3D [8] and surface determination was performed using VG Studio MAX 3.0
[9]. Local iterative surface determination was performed with a search distance of 4.0 voxels. Two regions of interest (ROI) were
extracted: the dimensional artefact and the AM surface section. The ROI were then converted to a mesh using the VGStudio
MAX “Super Precise” setting. A photograph of the fixture within the XT H 225 is shown in Figure 3.

Figure 3: Fixture with artefacts mounted within the XT H 225

3.4 Comparative measurements

Initial results of surfaces and dimensions extracted from the XT H 225 round robin measurements were compared to
measurements from an Alicona G4 focus vanation instrument and a Zeiss Prismo coordinate measurement machine (CMM)
respectively. The extraction and analysis methodology is reported in [6]. The Alicona measurement settings were selected based
on [SO 25178-3 requirements. An L-filter nesting index of 8 mm (as discussed in para. 3.1.1) resulted is the selection of an S-
filter nesting index value of 0.025 mm per [SO 25178-3 Table 1. The ratio between the S-filter nesting index value and the
measurement sampling distance is required to a minimum of 3:1 for optical instruments per ISO 25178-3 table 3. The
measurement sampling distance of 2.33 um used here gives a ratio of greater than 10:1. All XCT data was levelled and filtered
using the same filter settings.

4 Surface artefact results

A comparizon of the values of areal parameters per IS0 25178-2 from the same surface area measured on the XT H 225 CT and
the Alicona G4 is shown in Table 3.
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Parameter Mean Alicona Mean XCT Percentage difference,
per ISQ 25178-2 Alicona standard deviation | XTH 225CT standard deviation XCT in relation to Alicona

{5 meas.) {5 meas.) [{a) is absolute difference]
Height parameters
Sq [/ pm 3240 0.001 3077 0.036 -50
Ssk 025 ={.001 0.08 0.016 (4)-0.17
Sku 370 =0,001] 37 0.000 -0.8
Sp fum 192.00 0.132 187.20 1.352 -2.5
Sv/fpum 138,59 0.186 135.07 2188 -2.5
5z [ pm 330.59 0.306 32227 2.889 -2.5
Sa /um 25.33 0.001 24,05 0.031 5.1
Spatial parameters
Str 0.79 =i.001 0.80 0.002 1.3
Sal f mm 0.12 <0.001 012 <0.001 0.0
Hybrid parameters
Sdg 1.00 =0.001 0.81 0.002 =19.0
Sdr [ % 39.90 0.013 2826 0.123 (A)-11.64
Volume parameters
vimp [ (pm¥fpm?) 1.93 <0.001 1.73 0.011 -10.4
vme / (pm?/um?) 28.21 <0001 27.07 0.071 -4.0
Ve / (um?/um?) 38.47 0.005 35.03 0.081 -89
Vi / (wm?/um?) 34.72 “0.001 3593 0.027 35
Sk family parameters
Spk / pm 3995 0.005 36.14 0.198 -9.5
Sk fum 81.17 0.009 76.36 0.070 -59
Svk / pm 3007 0.009 3152 0.338 4.8
Material ratio parameters
Smrd [ % 10.00 <0.001 B.96 0.089 (A -1.04
smr2 [ % 90,40 0,001 2888 0.130 (A)-1.52

Table 3: Companson of mean Alicona and XCT [SO 25178-2 parameter results

Charts for the selected areal parameters are shown in Figure 4. The charts include the data for the Alicona and XCT with the
95% confidence interval for the mean for both.

Mean RMS roughness (Sq) for Alicona and XCT Maximum peak to valley distance (5z) for Alicona and XCT
95% C1 for the Mean 95% O for the Mean
s m
—— —a
3 i
120 1
=i e
E
2 s E am
g &
e
no 1
- e e
108 1
Alicona G4 XTH225 Alicona G4 XTH 225
Figure 4: Di ional and surface determination scaling artefact. The error bars are the 95% confidence interval for the mean. The blue

markers are the mean value, the grey markers are cach individual valuc
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The false colour height maps for one of the Alicona measurements and one of the XCT measurements are

shown in Figure 5. It can be seen that the height maps are visually very similar.

Figure 5: False colour height maps of the extracted surface (a) Alicona, (b) XT 11225

5 Dimensional artifact results

The resulls of the CMM and XCT measurements of the OD, 1D and Length are shown in Table 4 and Figure 6, The mean
difference between the XCT and CMM measurements of the OD, 1D and Length were -0.27%, -0.83% and -0.54% respectively.
A compensation for surface determination can be made for the dimensional artifact. Applying a compensationol 4.1 pm (moving
the determined surface toward the part material) makes the OD smaller, the 1D larger, the Length di i i

The percentage differences between the XCT measurements and CMM measurements for OD. ID and Length then become
=0.55%, -0.55% and -0.54% respectively.

Measurement Mean 0D (mm) Sample Mean 1D (mm) Sample Mean Length (mm) Sample
method [% dif. cw. CMM] | std. dew. | [%dif.cw.CMM] | std.dev. | [%dif. cw.CMM] | std. dev.
{mm) (mm) {mm})
CMM (10 meas.) 297345 0.00005 | 2.98457 0.00005 | 4.62400 <0.00005
XCT (5 meas.) 2.9654 [-0.27%] 0.00030 | 2.9599 [-0.83%] 0.00030 | 4.5920 [-0.54%)] 0.00160
After comy ing for possible surface determi error by removing 4.1 pm from the XCT surfaces
ACT [comp.) [ 2.95724 [-0.55%] | | 2.96812 [-0.55%] | | 45600 [-0.54%] |
Table 4: Comparison of mean CMM and XCT dimensional results
2974 = 2985 = 4625
202 2980 4620
= 4515
= 2975
E 2970
- &=
= 5 2970/ £ 4610
O 2968 4605
2965
2966 4,500 "
Zeiss Prismo XTH225 © Zeiss Prismo XTH225 Zeiss Prismo XTH225

Figure 6: O, 11 and Length from CMM and XCT, showing 953% confidence interval for the mean
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6 Discussion

The initial round robin XCT surface texture measurement results show good repeatability; for example, the mean Sg value was
30,77 um with a sample standard deviation of 0.036 pum (five measurements). The difference between the mean Alicona
measurement and the mean XCT measurement was approximately 5% for Sg. The dimensional artefact was used for analysis of
sealing and surface determination and showed that, if compensation for surface determination was applied (by “moving” the
determined surface 4.1 um toward the part material ), then the ID, OD and Length were consistently 0.54% - 0.55% smaller than
the CMM measurements. A global (X.y.z) compensation could then be applied to apprommare the measured CMM dimensions.
The resultant effect of the AM surface parameter data from the post-r ling will be investigated, but an indication
of the difference produced by scaling differences has been reported [6]. In this slud}u th(. scaling difference was as a result of
changing the XCT tungsten filament. The results showed that a scaling difference of approximately -0.75% (x.y,2) produced a
difference in Sa for the aliminium AlSi10Mg sample of -0.83% and Sg of -0.97%. Cne note about scaling changes produced
when the XCT filament is changed: the Nikon MCT225 metrology CT includes a measurement artefact and protocol for
calibration after each filament change. This Nikon MCT225 metrology CT will be used by the remaining three round robin
participants and will be compared to the results presented here for the Nikon XT H 225 industrial CT. The metrology CT will
produce reconstructions with a smaller voxel size: the XT H 2 5 has a 1008 x 1008 pixel detector, whereas the MCT225 has a
2000 x 2000 pixel detector. Therefore, with correct i n adj nts, the voxel size for the metrology CT will be
approximately one half the voxel size for the industrial CT. This will produce eight times as many voxels for each scan. The
resultant effect on the values of surface texture parameters and dimensional artifact will be reported in the final round robin
report.

7 Conclusions

Methodology for an inter laboratory comparison of areal surface texture extraction from XCT has been presented and discussed.
Measurement artefacts, fixturing, inspection parameters, comparative measurements and initial results have been presented. The
results obtained from one of the four round robin participants using a Nikon XT H 225 industrial CT show good repeatability
results for the TI6AL4V ELI scaling artifact and surface texture surface, with a surface texture Sg value difference between XCT
and an Alicona G4 focus variation instrument, of 5%. It is considered that the methodology presented here provides a sound
basis for the initiation of the interlaboratory comparison.
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Abstract

This paper presents the results of the CT-STARR (CT-Surface Texture for Additive Round Robin) interlaboratory comparison. The study
compares the results obtained for the extraction of areal surface texture data per 150 25178-2 from five X-ray computed tomography
(XCT) volume measurements from each of four laboratories. To reduce the number of process variables, all participants utilise a
Nikon XCT machine, either an XT H 225 industrial CT or an MCT225 metrology CT. Measurement process parameters, such as physical
X-ray filtering, acceleration voltage and filament current, are set at similar values for all machines. All data processing and
computation to extract, align, crop, filter and generate surface texture parameter information and deviation analysis results from the
measurement volumes is performed by one participant. Two TIGAI4V ELI (extra low interstitial) components are included in each of
the XCT acquisitions. The first component is an additively manufactured cube built on an Arcam Q10 electron beam melting machine.
Surface texture data is extracted from XCT scans of this part. The second component is a machined artefact designed for XCT scaling
and surface determination analysis and verification. The data extracted from XCT measurements of these components is compared
with measurements from coordinate measuring machine, focus variation and stylus instruments. The effect of scaling correction and
XCT surface determination on extracted surface texture data, as well as measurement repeatability and reproducibility, are discussed.

Additive manufacturing, areal surface texture data, i ¥

X-ray d tomography, metrology, 150 25178,

1. Introduction

Additive manufacturing  (AM) methods enable the
manufacture of components with features that are not possible
to manufacture using conventional subtractive techniques.
However, the freedom to manufacture components with
complex internal features presents measurement challenges.
Currently the principal method available for imaging the internal
features of metal AM components is X-ray computed
tomography (XCT). The impertance of areal surface extraction
from XCT is discussed elsewhere [1, 2] but, until recently, the
only reported research detailing the extraction of surface
information from XCT was the extraction of profile data from
lattice structures [3]. A novel methodology for the extraction of
areal surface texture data per 150 25178-2 [4] from metal AM
components has been reported [5). The results showed a -2.5 %
difference between the mean So value obtained using XCT when
compared to a focus variation (FV) measurement of an AISI1I0Mg
selective laser melting (SLM) AM component, The potential
industrial and research applications of this technique have
prompted development of a round robin to assess the variation
of results between XCT laboratories. The current work reports
on Stage 1 of the CT-5urface Texture for Additive Round Robin
(CT-STARR].

Stage 1 is designed to be a tightly controlled, expeditious
round robin with a limited number of participant laboratories
(four) using similar XCT machines with defined measurement
settings. The results of measurements and analysis of Stage 1
data will then be used to guide a second, expanded round robin
(Stage 2).

2. Methodology

Two artefacts were manufactured from TigAI4V ELI {extra low
interstitial) titanium alloy. One artefact was a cube with 10 mm
sides additively manufactured using an Arcam Q10 electron
beam melting (EBM) system. One side (vertical) surface of this
artefact was used for the surface texture analysis, The size of this
artefact was dictated by the measurement surface area
requirements derived from 1S0 4288 (profile) [6] and 1SO 25178
(areal) specification standards; with the size and filtering based
on the initial surface texture measurements. The second
artefact, used for scaling and surface determination analysis,
was machined to a similar overall size to enable optimum X-ray
attenuation for both artefacts simultaneously, This dimensional
artefact includes three measured dimensions: an outside
diameter (OD) and an inside diameter {ID) of approximately
3 mm, and a length between two parallel surfaces of
approximately 4 mm. Surface determination is the calculation of
the surface position during XCT reconstruction; the calculated
position of the surface is based on the grey scale values of the
XCT images. Inaccuracies in this surface determination would
affect these three dimensions differently: if the surface
determination were to calculate the surface inside the actual
surface the OD would be undersized, the ID would be oversized
and the length would be minimally effected by errors, as the
surfaces are parallel and facing the same direction. The AM
surface and dimensional artefacts were measured using an
Alicona G4 focus variation instrument and a 2eiss Prismo CMM
respectively prior to the round robin. The two artefacts were
mounted within an AM fixture designed to maintain an air gap
between all measured surfaces and the fixture (see figure 1).
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AM artefact
Evaluated surface

Figure 1. Artefacts within the fixture

The fixture development process is reported elsewhere [7].
The artefacts were not removed from the fixture during five XCT
measurements performed by each round robin laboratory. Post
round robin measurements included further measurements of
surface and dimensions vsing FV and stylus, together with a
repetition of the CMM measurements. The participants and the
XCT machines used are shown in table 1.

Table 1. Round robin participant laboratories
Laboratory Respon 3 XET ma
University af Nikon XT H 225
Huddersfield, UK
University of

Andrew Townsend

Richard Leach Nikon MCT225
UK
National Physical
Laboratory, UK

Nikon Metrology, UK

Peter Woolliams Nikon MCT225

David Bate Nikon MCT225

All extracted surface data was aligned to one of the FV
measurements. The FY and XCT data was processed per the
methodology introduced in [5]. The surfaces were levelled and
filtered with an L-filter nesting index of 8 mm and an S-filter
nesting index of 0.025 mm per 150 25178-3 [8]. Data was
extracted and values for parameters per 150 25178-2 were
generated.

3. Results
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95 % Cl for "'-(‘Sq.' ”ﬁ""\ a re:‘t’h Mean
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320 ; e i

E
s x &‘ EFL] '
.
30 20
- L
s

6
v HCTHUD  XCTNOT PV NCTHUD  XCTNOT
Figura 2. 150 25178-2 parameter values

A global {x,y.2) di ional scaling « ion of +0.55 %
can then be applied. The effect of these compensations on the
AM surface parameters will be investigated as part of future
work.
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Figure 3. Scaling artefact dimenslons

4. Conclusion

The round robin results of 1SO 25178-2 areal surface data
extraction from XCT scans of a TiBAI4Y EL| component have been
reported for two of the round robin participants. The results for
5q for the XCTHUD and XCTNOT measurements are mean 30.77
um {50 0.036 pm) and mean 32.02 pm (SO 0.252 pm)
respectively; these mean values are within 5 % and 1.1 % of the
FV results (FV mean 32.40 pm [SD 0.001 pm]). Analysis of the
differences in standard deviation values for the initial XCTHUD
and XCTNOT surface parameters, together with the final results
for all four participants will be presented at conference and in a
later journal. This round robin, an extension of a novel technique
to extract quantitative areal surface rexture data reported in [5],
validates the parameter extraction process, provides useful
repeatability and reproducibility data and provides baseline
information for an expanded, Stage 2, round robin.

Results reported here are for one set of ts from
the University of Huddersfield (XCTHUD) and one set of
measurements from the University of Nottingham [XCTNOT).
Table 2 shows the mean and standard deviation (5D) values of
IS0 25178-2 parameters computed for the FV and XCT
measurements.

Table 2. 15025178-2 ¢

AT, RR, PB and LB fully ack ledge the UK's E ing and
Physical Sciences Research Council (EPSRC) funding of the EPSRC Centre
for | ti fi ng i Ad d logy (Grant Ref:

EPfI033424/1). AT and RKL would like to thank EPSRC (Grants
EP/MODBYS3/1 and EP/LO1534%/1) and 3TRPD Ltd. for funding this work.
NS and RKL would also like to thank the EC-FP7-PEOPLE-MC METROSURF
for supporting this work.

Figure 2 shows the results of the FV, XCTHUD and XCTNOT for
5q and 5z, showing the 55 % confidence interval for the mean.
The XTHUD 5q and 5z are approximately 5% and 2.5 % less than
the FV values. The XCTNOT Sg and 5z are approximately 1.1 %
and 0.9 % less than the FV values. Figure 3 shows the charts for
the dimensional artefact OD, 1D and length measurements taken
on the CMM and both XCT machines. The OD, ID and length
dimensional measurement errors for the XCTHUD were -0.27 %,
-0.83 % and -0.54 % respectively. Il a surface determination
correction of 4.1 pm is applied, moving the calculated surface
into the part, the errors become -0.55 %, -0.55 % and -0.54 %,

Paramater|Mean |SD Mean 50 Mean 5D References

FY FV XCTHUD [XCTHUD [XCTNOT |XCTNOT 1] Th A, Senin N, Leach R K 2016 Proc. ASPE 2016 Summer
Sa/um 32.40 |0.001 |30.77 0.036 32.03 0.252 Topical Meeting, Rolelgh, NC 156-161
Sofum 2533 |0.001 |24.05 0.031 25.07 0.241 2] d A, Senin M, Blunt L, Leach R K, Taylor 1 § 2016 Precision
52/ pm 330,59 |0.306 |322.27  [2.8B9 327.80  |1.644 Engineering. 46 34-47
58k 0.246 |<0.001 |0.08 0016  |0.202  [0.008 [3] Kerckhofs G, Pyka G, Moesen M, Van Bael §, Schrooten |, Wevers M
Sku 370 <0001 |367 0.008  |366 0.040 2013 Adv. Eng. Mater. 15 153-158
Sdrf% 39.90 |0.013 |28.26 0.123 41,92 1.080 [4] 150 25178-2 2012 Geometrical product specifications {GPS) -

Surfoce texture: Aregl - Port 2: Terms, definitions end surface
texture { ional O ization for 1]
[5] Townsend A, Pagani L, Scott P, and Blunt L, 2016 Precision
Engineering in press
150 4288 1598 { Product 5 (GPS) -- Surfoce
texture: Profile method -- Rules and procedures for the ossessment
af surface texture {International O wn for dardization)
Townsend A, Racasan R, Bills P, Blunt L, 2017 7th Int. Conf. Industrial
Computed Tomography, Leuven, Belgium
IS0 25178-3 2012 Geometrical product specifications {GPS] -
Surface texture: Areal - Part 3: Specification operatorsds

{International Organization for | on)
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Stage 1: Four Labs
This Stage 1 interlaboratory comparison investigated the extraction of

|areal surface texture data per 150 25178-2 from X-ray computed
| tomography (CT) reconstructions of a titanium additively manufactured

(AM) part. Four laboratories were included, using similar machines: one |

| Nikon XT H 225 industrial CT and three Nikon MCT225 metrology CTs.

This low number of labs with similar machines were chosen for the
purpose of providing knowledge and experience useful for the design

|and configuration of an expanded Stage 2.

| taboratory | XCTmachine | Abbrev.
University of Huddersfieid, UK B T=obS g PP ORI
University of Notting Nikon MCT225 ACTNOT

Nikon MCT225 XCTNIK

Nikon MCT225 XCTNPL

|Artefact Design

| The CT measurement fixture

-;M artefact evaluated surface
included two artefacts, both

manufactured from Ti6AI4V ELI, a D —
material commonly used in medical

== Dimensional artefact |

|and aerospace applications.
|* Cne AM cube, 10 mm per side, manufactured using Electron Beam

Melting, for surface texture measurement and analysis. The AM surface
was measured five times using an Alicona G4 focus variation (FV)
Instrument prior to the XCT measurements.

One machined dimensional artefact, for analysis of scaling and surface
determination (results not reported here).

CT Machine Setup

Parameter settings for the CT machines were kept as similar as possible.
Five consecutive measurements were performed on each CT machine.

ATH 225 settings. F n bold differ between KT H 225 and MCT225 meatureménts
17.3
84.2 mm
972 men

1581
1008 x 1008

Vouel sire A7 m
Source to object distance SL0-502 mm
Sowrce to detector distance 1175 = 1180 mm
Mumber af prejectines 342

Detecton sire (piuels) 2000 % 2000

Kikon MCT225 metrology CT

Artefact mounted in an MCT225 CT

Data Processing .

| CT reconstruction was performed using Nikon CTPro 3D. Surface

determination and extraction were performed using VG5tudio MAX 3.0, Local
iterative surface determination was performed with a search distance of 4.0

_\mvxels. The AM surface was converted to PLY format using VG5tudio MAX

"Super Precise” setting. Aligning and cropping of the extracted surface areas
was performed per Townsend et, Al [1]. The surface evaluation area was 8
mm x 8 mm, with an L-filter nesting index 8 mm and S-filter nesting index
0.025 mm per IS0 25178-3. Areal surface parameter values per 150 25178-2
were generated,

Results

False colour height maps for one Alicona G4 and one NPL CT measurement
are shown, together with the results table for selected parameters per IS0
25178-2, including sample standard deviation figures (SD). Plots of mean
roughness, 5o and maximum peak-to-valley distance, 5z, for the Alicona G4
measurements and all CT machine measurements are shown. There was a
0.5% or less difference between the mean 5o and mean 5z from the
extracted surface from all MCT225 machines and the Alicona G4. The non-
metrology XT H 225 machine figures were -5.2% for 5o and -3.4% for 5z.

False colour height map, Alicona G4 Fy False colowr height map, NPLCT
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Conclusions

= The results confirm the validity of using CT for the extraction of surface
texture data from additively manufactured components,

« The surface extraction methodology and data analysis appears robust.

= These measurements were taken over a period of five months. There
appears to have been negligible change of the fixture and artefacts over
that time period.

* There is good repeatability and reproducibility of results, providing a good |
baseline for an ded, Stage 2 interl tory comparison.
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Keywards:

Koy facturcd (AM) ¢

The ability to perform non-destructive areal surface analysis of the internal surfaces of additively

would be advantageous during product development, process control

Metrology
Mdditive manufactuning

and product acceptance, Currently industrial X-ray computed tomography (XCT) is the only practical
method for imaging the internal surfaces of AM components. A viable method of extracting uscable arcal

surface texture data from XCT scans has now been developed and this paper reports on three
measurement and data processing factors affecting the value of areal parameters per 150 25178-2
generated from XCT volume data using this novel technique.

© 2017 Published by Elsevier Lid on behall of CIRE.

1. Introduction

Additive manufacturing (AM) techniques allow the manufac-
ture of parts with geometries and features that cannot be
manufactured using subtractive techniques such as milling and
turning. This significant advantage of AM is primarily because this
technigque's layer-by-layer build method is not constrained by the
machine tool access requirements of standard machining process-
es. Correspondingly, access limitations associated with complex
geometries prevent standard inspection instruments and techni-
ques from being used to verify dimensions and surface finishes of
AM components. The acrospace, medical and automotive sectors
have embraced the opportunities presented by AM and additive
applications within these industries have seen rapid growth,
particularly after the introduction of metals-fed AM machines
[1]. These quality-driven industries require traceable verification
of all specification and drawing requirements, including surface
texture. The primary method used for measuring the internal
features of AM components has been X-ray computed tomography
(XCT). Significant research has been performed in relation to
dimensional metrology using XCI. This dimensional research
includes measurement accuracy [2,3], scaling error compensation
|4] and development of XCT measurement procedures and
workflows [5,6]. Surface texture-from-XCT extraction and charac-
terisation, however, is in its infancy, but if XCT' is to be used as an
industrial inspection tool for component surface texture accep-
tance then this measurement and characterisation will need to be
performed per accepted reference standards, such as 150
25178, Surface texture data per 15O 25178-2 |7] has now been

* Corresponding author.
E-mail address: xjiang@hud.ac.uk (X, Jiang).

http:/jdx doiorg! 10.1016/j.cirp.2017.04.074
0007-8506/C 2017 Published by Elsevier Ltd on behalf of CIRE.

extracted from XCT scans of additively manufactured (AM)
components, as described in Townsend et al. [8]. The authors'
research forms a foundation for the current paper and the current
paper addresses questions that had arisen during the measure-
ment and characterisation work performed: factors affecting the
accuracy of the extracted surface texture data. This paper reports
on three factors: firstly, the effect of varation in XCT surface
determination, which is the process of defining where the surface
of an object is based on image grey-scale values. Surface
determination was chosen for investigation because the user
has to make a non-intuitive choice during surface extraction. The
potential effect of this choice is reported here. Secondly, the effect
produced by changing the XCT electron-generation filament. This
was chosen as an arca of investigation as a filament change during
a production run will potentially be unavoidable and so the
potential effects should be investigated. Thirdly, the differences
between results obtained between one surface section measured
as an internal and subsequently as an external feature. AM
techniques now enable the P ts with
complex. critical internal features. It is important to verify that XCT
surface data extracted from internal surfaces is identical to that
extracted from identical external surfaces, Other potential areas of
investigation, such as position within the XCT measurement
chamber, variation in acceleration veltage, filament current and
acquisition time are more measurement component dependent
than the three more fundamental areas of investigation reported
here.

ture of ©

2. XCT surface determination

XCT surface determination defines the boundary between the
component material and the background {usually air) based on the
XCT image grey scale (density) values. The surface determination

Please cite this article in press as: Townsend A, et al. Factors affecting the accuracy of areal surface texture data extraction from X-ray CT.
CIRP Annals - Manufacturing Technology (2017), http:/fdx.doi.org/10.1016/j.cirp.2017.04.074
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methods employed to determine which grey scale value is
appropriate have been shown to have a significant effect on
dimensional information extracted from XCT wvolume data
|6,9]. Here we apply four surface determination techniques to
extract the surface (and subsequently generate and compare areal
parameter data) from a metal Rubert comparator plate. Using the
commonly available Rubert sample plates allows comparison of
the effect of surface determination on surfaces with similar
configuration but different roughness values when using similar
XCT measurement settings and surface characterisation.

2.1. Measurement plates

Individual rectangular plates, approximately 10 mm = 20 mm,
were cut from a Rubert Microsurf 334 (casting) test panel. The
casting panel was used as this surface was considered to most
closely represent the surface of a powder bed fusion (BF) metal
AM component. The nominal surface Ka values for the plates used
for this work were 50 pum and 25 pum as these approximate the as-
built PBF metal AM surface roughness | 10]. The individual samples
were imaged using a Nikon XT H 225 industrial CT machine.
Acceleration voltage was 190 kV, filament current was 53 pA, with
an acquisition time of 4000 ms, A 1 mm copper filter was used to
reduce contrast and beam hardening. Auto-defocus was deacti-
vated. The voxel size for all measurements was 12.9 pm (x,y and z).
Measurement parameters were identical for both samples.

2.2, Surface determination methods

XCT surface determination was performed using four different
methods, three global and one local.

“Manual” in which the global surface determination was set by
the user by visually optimizing the surface location, implemented
in VGStudio MAX 2.2 [11].

150 50 surface determination, is also implemented in VGStudio
MAX 2.2, The 150 50 method defines a global threshold which is
computed as the mean of two peaks (background and material) of
the grey value histogram.

The third global surface determination method is the Otsu
method [12] implemented in ITK [13]. Otsu surface determination
finds two clusters, in the grey value histogram, such that the sum of
the within-class variances of the foreground and background is
minimised.

The local iterative surface determination method, implemented
in VGStudio MAX 2.2 performs surface determination based on the
local surface grey values. Examples of surfaces created using 150
50 and local iterative surface determination are shown in Fig. 1. The
difference between the locations of the computed surface
boundary (white line) can clearly be seen.

(b)

Fig. 1. Rubert 50 plate surface determination (VGStudio MAX 2.2 [11]). {a) 150
50 surface determination (b) local iterative surface determinatien.

Surface conversion to a mesh (STL) format, following surface
determination, was performed using the VGStudio MAX 2.2 "Super
Precise” setting.

2.3. XCI-focus variation comparison
The XCT results were compared to those obtained using an

Alicona G4 focus variation instrument. Focus variation (FV) has
been one of the most widely used areal surface measurement

technologies for AM research [10]. FV has a large measurement z-
range suitable for tall AM structures, has the ability to measure
surfaces with high slope angles [14], is well suited to the
reflectivity of as-built AM components and is easily adaptable
for a variety of roughness levels. The Alicona measurements were
performed using a 5= objective lens. Lateral sampling distance was
5 wm; lateral resolution was 15 pm. Surface extraction and
processing was performed as described in Ref. [8]. The XCT and
FV measured areas for each of the Rubert samples were aligned
using the ICP (Iterative Closest Point) algorithm and then cropped.
Four sample areas, 5 mm x 5 mm were extracted from each of the
25 pm and 50 wm Ka samples. Both surfaces were levelled and
filtering was performed using an L-filter nesting index (hi-pass
filter) of 5mm and an S-filter nesting index (low-pass filter) of
0.020 mm. A surface texture parameter set per 1S0O 25178-2 was
generated using SurfStand [15].

2.4. Analysis of results

The stated Rubert plate profile Ra values were compared to the
Ra values from profiles extracted from the Alicona areal measure-
ments. Five measurements, each 5 mm long were extracted. Each
of these measurements was the mean of five individual profiles. A
e cutoff of 8 mm was applied, per 1S0 4288 (1996) [ 16]. The mean
of the five measured Ra value for the 25 pum nominal Ka Rubert
sample plate was 25.3 pm with a sample standard deviation of
1.8 pum. The mean measured Ra value for the 50 pm nominal Ka
Rubert sample plate was 46.0 um with a sample standard
deviation of 3.7 pum. All subsequent analysis was performed using
areal parameters per 1S0 25178-2 [7,17].

For each of the Rubert sections a paired t-test was performed;
the null hypothesis being that the difference between the mean
parameter as measured on the XCl and on the Alicona was zero.
The 95% confidence interval of the mean was then generated for
each of the samples. The percentage difference between the mean
FV and XCT readings, together with the 95% confidence interval
were plotted for each of the analysed parameters: Sq, Sz, Sal and Sa
(Figs. 2(a) |50 pm Ra] and 3(a) [25 pm Ra]) . The absolute
differences between XCT and FV results for the parameters Ssk, Sk,
Sdr and Smr2 are shown in Figs. 2(1) |50 pwm Ra| and 3(b) [25 pm
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Fig. 2. Arcal parameters of the Rubert sample, nominal Ra of 50 pm.
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Fig. 3. Areal parameters of the Rubert sample, nominal Ra of 25 wm.

Ra). These selected parameters were chosen because they have
been shown to be sensitive to AM build performance and post-
processing surface changes |10].

The reconstructed surfaces using the global surface determina-
tion methods achieve generally similar results, in some instances
the manual surface determination has slightly better parameter
estimation than the other global methods. Comparing the local
with the global surface determination methods for both the 50 pm
Ra and 25 pum Ra plates it can be seen that the local iterative
method achieves results significantly closer to those obtained
using the Alicona G4.

3. Electron-generation filament

The filament life for the Nikon machine used for these analyses
has historically ranged from 20 h to aver 100 h. The situation may
arise during an industrial inspection process where the filament
fails and has to be replaced mid-batch and so any variation in
results due to filament change has the potential influence
measurement accuracy. repeatability and batch acceptance.

3.1, Measurement artefacts

A 10 mm = 10 mm aluminium AlSi10Mg selective laser melting
(SLM) AM cube was scanned five times using the Nikon XT H
225. Acceleration voltage was 150 kV, filament current was 67 pA,
with an acquisition time of 2829 ms. A 0.5 mm copper filter was
used. Auto-defocus was de-activated. Voxel size was 17.3 pm (x, ¥
and z). The filament was then changed and the artefacts were again
scanned five times using identical machine parameters. The top
surface data was extracted [8). The same surface was measured on
the Alicona G4. The Alicona measurements were performed using a
10 objective lens. Lateral sampling distance was 2.33 pum; lateral
resolution was 7 pm, The AM surfaces were levelled and filtered
with an L-filter nesting index of 8 mm and an S-filter nesting index
of 0.025 mm per IS0 25178-3 | 18]. The results for the selected 1SO
25178-2 parameters for the AM artefact surface are shown in Fig, 4,

The values of 5g and Sa (mean of five measurements) changed
by —0.97% and —0.83% respectively after changing the filament,
This change, while not large, may be significant depending upon
application and potential issues should be taken into consider-
ation, The change in values for the remaining selected parameters
is not significant, The XT H 225, the type used for these analyses, is
an industrial machine. It should be noted that Nikon produces a
metrology XCT machine, the MCT225, which does include a
protocol and supplied artefact to be used post-filament change for
system calibration,

4. Analysis of areal surface parameters of internal features

The most significant advantage of XCI over line-of-sight
measurement systems is the ability of XCT to measure the internal
features of an object, so potentially avoiding costly destructive
testing. AM techniques now enable the manufacture of compo-
nents with complex, critical internal features. However for the
advantages of both XCT and AM to be realised it is important to
verify that XCT surface data extracted from internal surfaces is no
different to that extracted from identical external surfaces, that
there are, for example, no artefacts generated during the XCI
measurement process specifically on internal surfaces. This
equivalency is important if, for example, a reference measurement
is taken on an outside surface using a stylus or optical instrument
and then compared to both external and internal surface data
extracted from XCT scans of the same component. This investiga-
tion assesses whether a surface inside the part reconstructs and
analyses differently from the same surface on the outside of the
part. Focus variation measurements are not analysed since the aim
of this section is to evaluate the reconstruction of the internal
features compared to external features, not to quantify the XCT
measurement deviations.

4.1. XCT measurement

A titanium Ti6Al4V 10 mm square section SLM bar, 50 mm long
with a 4 mm square internal bore, was imaged using the Nikon XT
H 225, The component was then physically sectioned, the
“internal” surface now becoming “external”, and the component
was then re-imaged on the XCT, Measurement settings were

Please cite this article in press as: Townsend A, et al. Factors affecting the accuracy of areal surface texture data extraction from X-ray CT.
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Fig. 5. {a) XCT reconstruction (b) deviation analysis.

identical for both scans. Acceleration voltage was 210 kV, filament
current was 48 A, with an acquisition time of 4000 ms. A 1.0 mm
copper filter was used. Auto-defocus was de-activated. The voxel
size of both reconstructed volumes was 15.9 wm (x, v and z). The
surfaces were extracted using local iterative surface determination
implemented in VGStudio MAX 2.2. Manual alignment of the
surfaces from pre and post-sectioned scans was performed
utilising the two fiducial marks, see Fig. 5(a) . The ICP" algorithm
was used for final alignment. Data processing and parameter
extraction was performed per Ref. |8]. Fig. 5(b) shows the false
colour height map for the deviation analysis between the two
extracted surfaces. The deviation ranged from —0.08 mm to
0.11 mm.

After the alignment each mesh was cut into four sub-samples,
each with a dimension of approximately 3 mm = 3 mm, A uniform
re-sampling with a nominal resolution of 1.5 pm was performed.
The samples were levelled and Gaussian filtering was applied. The
L-filter nesting index and the S-filter nesting index were set,
respectively, to 2 mm and 0.005 mm, With a confidence level of
95% the null hypothesis of equality of the means cannot be rejected
for all the roughness parameters analysed. Fig. 6(a) shows the bar
plot of the percentage differences between the internal and
external surface XCT measurements for parameters Sg, Sz, Sal and
Sa, displaying the 95% confidence interval. Fig. G(b) shows the
absolute differences and 95% confidence interval of Ssk, Sku, Sdr
and Smr2. These results show there was insignificant difference
between the same surface as internal and as an external surface.
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5. Conclusions

The effects of three XCI' measurement and reconstruction
factors on the surface texture data extracted from XCT scans have
been investigated. The analysis of scanned Rubert comparator
plates has shown that using local iterative surface determination
during XCT reconstruction will provide the most accurate results
for surface texture parameter generation. Changing the XCT
filament had a statistically significant effect on the Sa values
extracted from a TiGAI4V SLM component. A comparison of areal
parameters computed on the same surface section of a TiGAl4V
SLM part as an internal and external feature has been performed.
The measurements will be expanded to include other materials
and wall thicknesses, but these initial results indicate no
significant difference between the mean values of the generated
parameters for the internal and external measurements. These
results will provide valuable information to aid in the optimisation
of the XCT surface texture measurement and extraction process for
research and industrial applications,
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Abstract

Additive manufacturing processes simultaneously present manufacturing and measurement challenges and opportunities, The as-
built surface may contain non-intentional re-entrant (over ) i I or the AM process itself presents opportunities
to intentionolly produce re-entrant features. These features may be designed to improve component functionality in areas such as
paint and coating cell tissue ation, electrical battery design, fluld flow and material cooling systems. These
features may prove difficult or impossible to measure using conventional line-of-sight instrumentation. This paper reports on
measurement of re-entrant features using X-ray computed tomography and the extraction of surface area and volume information
from an additively manufactured planar surface and lattice structure. A parameter, intended to relate directly to functional
performance, Sdfgime, is introduced as the percentage of additional surface (including re-entrant surfaces) contributed by the texture

as compared to a plane the size of the measurement area,

¥-Ray computed tomography
Additive manufacturing
Re-entrant surfaces

Surface texture

150 25178

1. Introduction

Additive f: ing {AM) technig particularly powder
based processes, often produce surfaces with re-entrant
features: undercuts and overhangs. This is an unintentional by-
product of the layer-by-layer deposition process. However, one
significant advantage AM systems have, when compared to
conventional subtractive processes such as milling and turning,
is the ability to manufacture components with intentional,
designed-in, re-entrant features, These features would be
tailored to the functional requirement of the component.
Manufacturing components with these features will provide
advantages based on two properties produced by such features;
firstly, an increase in surface area for a given planar area and
secondly the ability to mechanically lock to the re-entrant
surface. Increased surface area for a given planer area may have
applications in battery plate design where the surface contact
area between liquid or gel electrolyte and the plate may be
increased [1]. There may be applications in cooling and fluid flow
where an increase in contact surface area provides greater
volumetric efficiency [2]. Medical applications may include
orthopaedic and dental implants where ossecintegration
between implant and tissue may be enhanced by the increased
surface area [3]. These medical applications may also be
enhanced by the second property that can be designed-in, the
ability to mechanically lock to the surface. Examples of lock
features due to mechanical design include architectural
keystones used in masonry arches, dovetail joints used in
woodworking and tooth preparation prior to application of an
amalgam filling. During dental amalgam filling preparation the
dentist drills a pocket with an internally widening taper or a shelf
to prevent the filling loosening and falling out. The dental
amalgam fills the pocket and is mechanically locked in place. AM

processes allow generation of similar undercut features of
different scales. In addition to medical applications of this jock
feature, such as osseointegration, there are potential
applications for this lock feature for paint and coating
applications. Conventional measurement techniques, such as
optical, stylus or CMM do not have the ability to measure re-
entrant features or undercuts. X-ray computed tomography
{XCT) has been used successfully for the measurement of
internal surfaces [4, 5], dimensions [6, 7] and porosity [8]. There
are no line-of-sight restrictions with XCT technigues. This paper
reports on the measurement of two AM components: the as
built side surface of an AM medical implant and a section of a
small lattice structure with nominally cylindrical lattice "bars”.
The medical implant was manufactured from TiGAI4V ELl using a
Selective Laser Melting (SLM] system. The lattice was
manufactured from TiBAI4V ELI using an Electron Beam Melting
(EBM) system. Methodology for the extraction and analysis of
the surface data is reported for both samples. The applicability
of areal surface texture data parameter generation per SO
25178-2 s discussed. The results for generated data from the
measured surfaces, including re-entrant features (mesh), is
compared and contrasted to generated projected grid data to
illustrate errors introduced when re-entrant features are not
captured during the measurement and characterisation process,
Parameter data for a sample designed re-entrant component
will be discussed in section 3,

2. Methodology

The XCT measurement parameter settings and surface
extraction procedure for the SLM planar surface and the EBM
lattice are discussed in section 2.1, The data processing and
parameter value extraction methods are reported in section 2.2,
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2.1. Computed graphy

The SLM planar surface and the EBM lattice were both
measured using a Nikon XT H 225 CT. Reconstruction for both
data sets was performed using Niken CTPro 3D [9]. Surface
determination and surface extraction was performed using
VGS5tudio MAX 3.0 [10]. Local iterative surface determination
was performed with a search distance of 4.0 voxels. The surface
was extracted using the VGStudio MAX “Super Precise” setting.
The XCT settings for the planar surface measurement are given
in table 1. The extracted planar surface is shown in figure 1.

Table 1 XT H 225 measurement settings, SLM Ti6Al4V planar surface

Parameter Value Parameter Value
Filter 1mm Cu Vonel size 7.1pm
Acceleration 160 kv Detector size 1008 x
yoltage (pixels) 1008
Filament 62 pA Number of 1583
current projections

Exposure time | 2829 ms

Figure 1, Extracted surface, SLM TIBAI4V planar surface

The XCT settings for the lattice measurement are given in table
2. The extracted lattice surface is shown in figure 2. The region
of interest (RO1) used in the surface evaluation is highlighted. All
figures are in mm.

Table 2 XT H 225 measurement settings, EBM TiGal4V ELI attice

Parameter Value Parameter Value
Filter material | None Voxel size 3.6pm
Acceleration 60 kV Detector size 1008 x
voltage (pixels) 1008
Filament 100 pA No. of projections | 1583
current

Exposure time 1000 ms
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Figure 2. Extracted surface, EBM Ti6aldV ELI lattice, showing ROI.

2.2, Data processing and parameter extraction

Figures 4 and 5 show, respectively, the complete extracted SLM
planar surface and a detail section. The least-squares datum
plane can be seen in both figures.

Figure 4, Planar surface showing datum plane

Figure 5. Detall of planar surface showing datum plane

The surface of the lattice section was unwrapped prior to
analysis, see figure 6.

3
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Figure 6. Extracted lattice ROI surface detall showing datum plane

Parameter data was extracted from a projected (grid) data set
generated from the planar and lattice surfaces. Figure 7 shows 3
section of the unwrapped lattice. Projection of the surface onto
a grid produces an interpolated surface curtain where the
features are re-entrant. These areas can be seen in the figure.
Surface area and wvolume data is caluclated from the grid
projection using this information. The true surface area and
valume, that is, including the re-entrant features, cannot be
calculated from this projected data. This data set is similar to
data sets generated by line-of-sight instruments such as optical
focus variation and stylus profilometers. This grid parameter
data was compared to values calculated from the mesh surface
for both measurement samples. The mesh data analysis does
include all surface feratures, re-entrant and non-re-entrant. In
all cases, grid and mesh the primary surface is considered; no
fitering has been applied to the surfaces.

269



Figure 7. Unwraped lattice surface, showing interpolated grid curtains

Four parameters were extracted during the analysis: Sdr,
Sdiryeime, Vme, Vuc. These parameters where chosen because of
their relevance to the functional perfomances discussed
previously. The parameters relate to 150 25178-2 parameters of
the same name but, because of the nature of the mesh surface,
are generated differently. The hybrid parameter Sdr is the
developed Interfacial area ratio. This Is the percentage of
addititional surface area contributed by the texture as compared
to a plane the size of the form area (not the measurement area).
The form area is the total area of all surfaces, including re-
entrant surfaces, projected onto the datum plane. The form area
is required for the calculation of surface parameters such as Sa,
the arithmentic mean of the absolute of the ordinate value
within the definition area {A). A parameter Sdrpime s
introduced as the percentage of additional surface {including re-
entrant surface) contributed by the texture as compared to to a
plane the size of the meosurement area. This number can be
related directly to the IS0 25178-2 parameter Sdr and provides
information directly related to surface function. Volume
parameters Vime and Ve are core material volume and core void
volume respectively. Vime is defined here as the volume of
material between 10% and 80% down from the maximum peak
height to the maximum pit height. Ve is the void volume (i.e.
non-material volume} between 10% and 80% down from the
maximum peak height to the maximum pit height.

Sdr is computed as

Sdr =

:.[Hnjru(u,,),..,(u,.,)| St
_Hpm_ "’}o’m.u () % Tporm [u,v]l dudv]

where r(u,v) Is the measured surface, rpy,(uv)is the
estimated form surface, A is the area of the form surface,
r.{u,v} isthe partial derivative in » direction, D, is the domain
of the measured surface and Oy, is the domain of the form

surface. Sdrpime is similar to Sdr with exception that area A is
replaced by Agime, the projected area. The volume below the
surface can be computed as

r,,{u,v}-n;wm[u,v] Sv dog,, (1)

where Eporm I8 the form surface, r, (u, v] represents the scale
limited surface, LT [u,v] is the normal of the form surface
and

L. —— h“'"'f-' [(TRY Y T (u.v]l dudv

is the infinitesimal area element. From Eq. 1 it is possible to
compute the contribution of each height value to the total

volume, This density function is expressed as f, {.‘r] LIt should be

noted that, since the surface in these applications includes re-
entrant features this function will not be monotonically
increasing, so it is not therefore possible to compute the valume
parameter series according to 150 25178-2. It is proposed to
compute these parameters using the percentage of the height

instead of area as used in the standard. Let f, [h) the density

distribution of the volume as a function of the percentage of the
height, a possible definition of Vmip) . withO<p<1, can be

1
Vmip) = %‘! A {h‘ ) dh”

while
£
wtp:=%!fv,nm ()=, () o0’

where A, is the maximum section area, fy ., (n) is the

h—5v

maximum value of the density function and b = . The

core volume related parameters can be computed as

Vime =Vmig)-Vmip) Vve=Vvig)-Vuvip)

where p and g are percentages of the distance down from the
maximum peak height to the maximum pit height, 10% and
B0% respectively.

3. Results

3.1. Structured surface

Figure 10a shows a CAD representation of a sample structured
surface, designed with intentional re-entrant features. The
surface censists of repeated planar mushroom features, figure
10b. Each mushroom consists of acop 2x2x 2 mm® (Hx W x D)
attached to a 2 x 1x 1 mm? stem. For calculation of Sdr from the
mesh, for a single mushroom feature, including the base area
directly below the h , the area equivalent to the form
area is 10 mme. This includes the top surface, 4 mmé, and two
horizontal areas of 3 mm? each: the underside of the mushroom
cap and the base surface. This area Is used to calculate Sdr. The
plane area lent to the meas area is 4 mmé. This
area is used to calculate Sdryume. The total feature surface area,
including the base area directly below the mushroom, is 34 mmé.
The Sdr value would be (34-10) /10 x 100 = 240%. The Sdreqme
value would be (34-4) /4 x 100 = 750%. If a grid projection were
used for surface reconstruction the mushroom would be
evaluated to be a block 2 x 2 x 4 mm? (this includes interpolated
side curtains). The feature surface area would calculated as 36
mm?, producing an 3dr value of 800%. This result illustrates that
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the calculated surface when re-entrant features are included {34
mm?) may be less than the calculated surface when they are not
included {36 mm?).

) b
Q\& J
/
T /Ill
Figure 10. {a) structured surface and (b) single mushroom detail

The values for Sdr and Sdryime for the mesh and grid are shown
in table 4, together with the values of volume parameters Vme
and Vve for a core extending 10% down from the top surface
(p=10%=0.4 mm] to 80% down from the top surface (g=80%=3.2
mmy).

Table 4. Single planar extracted p
Method | Sdr Sdrpime | Vme/ Ve
(mm*fmm?) | {mm*/mm?)
Mesh 240% | 750% 1.9 0.9
Grid BO0% | BOO0% 2.8 0.0

The height vs volume curve is shown in figure 12 and the
material ratio curve is shown in figure 13.
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Figure 12, Height vs volume curve, single structured mushroom

The knee in the curve for the mesh is located at the 50%
height, where the shape transitions from cap to stem. The grid
projection produces a straight line as the transition is not
measured. The calculated volumes for the entire feature (100%
valume on the material ratio curve) are 10 mm? for the mesh
and 16 mm? for the grid projection.
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Figure 13, Material ratio curve, single structured mushroom

3.2. 5LM planar surface

Table 3 shows the values of Sdr, Sdrume, Vme and Vve for mesh
and grid for the SLM planar surface.

Table 3 5LM planar surface texture parameters

Method Sdr Sdfpnime | Vme/ Ve
(mmifmm?) | (mm*/mmi}

Mesh 55% 79% 0.076 0.0042

Grid 68% 68% 0.077 0.0038

The material ratio curve for the planar surface is shown in figure
14. The difference in the developed area interfacial area ratio,
Sdr between grid and mesh for the SLM planar surface is 13%.
The difference for Sdryim. is -11%. The difference between grid
and mesh for the volume parameters, Vmc and Vv, is
approximately 1% and -10%.
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Figure 14, Matrial ratio curve, SLM planar surface
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3.3. Lattice structure

Table 4 shows the values of 5dr, Sdruime Vme and Vve for mesh
and grid for the EBM lattice surface.

Table 4 EBM lattice surface texture parameters

actual surface area is important. There are significant errors In
volume (up to 56% for Vi) and area (up to 11% for Sadrue)
when re-entrant features of as-built SLM and EBM additively
i tured comp are not 1 and included in
analyses. Including re-entrant features, using the techniques
presented here, will provide more accurate data required for

The material ratio curve for the lattice structure is shown in
figure 15, The difference in the developed area interfacial area
ratio, Sdr between grid and mesh for the EBM lattice surface is
7%. The difference for Sdraime is -6%. The difference between
grid and mesh for the volume parameters, Vme and We s
approximately 20% and 56%.
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Figure 15. Material ratio curve, EBM lattice

4. Conclusions

AM processes provide the ability to produce complex freeform
surfaces and re-entrant features that enhance component
functi from bi h battery design, cooling
systems, paint and coating adhesion. The ability to measure and
characterise these surfaces accurately will be the key to
performance  optimisation. These  surfaces  present
measurement and data analysis challenges that require the
ability to image and extract meaningful data from a complex
point clouds or meshes rather than a uniform grid typically
generated by line-of-sight instrumentation processes. A method
for extraction of surface texture parameters from re-entrant AM
surfaces has been demonstrated. XCT measurements scans of
two AM surfaces have been made, capturing data for surfaces
that would prove difficult or impossible to capture using line-of-
sight measurements. Actual surface area and volume data has
been extracted and compared to projected (grid) areas and
volumes for this data. An example generated structured surface
has been discussed. A new parameter, Sdrgime has been
suggested. This parameter is the percentage of additional
surface (including re-entrant surfaces) contributed by the
texture as compared to a plane the size of the measurement
area. This new parameter was developed to provide a direct
relation to functional performance in applications where the

ysis and optimisation of the functional performance of AM
Method | Sdr Sclfpme | Vme/ e/ components,
{mmi¥fmm?) | (mm¥fmm?)
Mesh 42% 55% 0.064 0.018 Ref
Grid 49% 49% 0.077 0.028
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Abstract

Producing components using metal additive manufacturing processes, such as powder bed fusion, presents manufacturing and
measurcmeni challenges, but also significant opporiunitics. The as-buili surface may include overhanging (re-enirani) lealures
not intentionally included in the design. but that aid in component functionality. In addition, the additive manufacturing process
presents opportunities to design and manufacture re-entrant features intentionally. Re-entrant features increase the specific
surface arca and. in addition. produce mechanical locking to the surface. These features may be intended to improve surface
performance in areas such as biological cell altachment, coating adhesion, electrical capacitance and batlery plate design, Nuid
flow and material cooling. Re-entrant features may prove difficult or impossible to measure and characterise using conventional
ling=of=sight surface metrology instrumentation, however the correct measurement of these surfaces is vital for functional
optimisation, This paper reports on the measurement of re-¢ntrant features using X-ray computed tomography and the extraction
ol actual surface arca information (including re-cntrant surfaces) from sample AM surfaces. The proposed new surface exture
parameter, Selrpeme, is discussed. This parameter is intended to relate directly to surface function. Sefr i, is the percentage of
additional surface (including re-entrant surfaces) contributed by the texture as compared to a plane the size of the measurcment
area. In addition 1o Sty (he actual surface arca is discussed. logether with the percentage of re-entrant surface. The errors
produced using line-of-sight instruments and height map parameter generation per ISO 25178-2 are discussed. Measurement
results for EBM and SLM additively manufactured components will be presented.

Keywords: X-ray computed tomography, additive manufacturing, ISO 25178 surface texture, re-entrant surfaces.

1 Re-entrant features — functionally significant
Electron Beam Melting (EBM) and Sclective Laser Melting (SLM) metal powder bed fusion additive manufacturing (AM)

lechniques oflen generale surfaces conlaining re-enlrant features such as overhangs and underculs (see Figure 1), Re-entrant
planar surface lcatures are characterized by two or greater « height values for an (x,v) position, (sec Figure 1 (c)).

Figure 1: (a) _\'pical SLM side surface, (b) surface showing projection “curtains™, (¢) re-entrant surface showing three z

posilions al one (x,¥) location

These as-built features, a by-product of the AM laver-by-layer deposition process, may have lunctional advantages. Importantly,
one significant advantage AM systems have, when compared 1o conventional sublractive processes such as milling and turning,
is the ability to manufacture components with intentional, designed-in, re-entrant features at scales matched to the functional
requirements, These features being tailored o the functional requirement of the component ning components with
these [eatures will provide advantages based on two propertics produced by such [eatures: firsily. an increase in surface area for
a given planar arca or component volume and sccondly he ability to mechanically lock to the re-cntrant surface. Incrcased
surface area for a given planer area may have applications in battery and capacitor plate design where the surface contact area
between liquid or gel electrolyie and the plaie may be increased [1]. There may be applications in cooling and [Muid Mow where
an increase in contact surface arca provides greater volumetric efficiency |2). Medical applications such as orthopacdic and
dental implants where osseoinlegration between implant and tissue may be enhanced by the increased surface area [3]. These
medical applications, and other applications such as paint and coating adhesion, may also be enhanced by the second property
of re=entrant features that can be designed-in: the ability to mechanically lock to the surface. Dovetail joints used in woodworking
are an example of mechanical locking due to designed shape.
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2 Measurement techniques and data analysis

Conventional surface topography measurement techniques, such as optical focus variation or confocal microscopy, mechanical
stylus or CMM probing have a limited ability to internal or re- t fi . Surface data is genemlly created as a
height map, with a single z value correseponding to an (x,)) position. Surfaces between steps are interpolated. producing surface
“curtains” at re-entrant feratures (Figure 1 (b)). X-ray computed tomography (CT), used in this study. has no such line-of-sight
restrictions and has been used successfully for the measurement of internal surfaces [4, 5], dimensions [6, 7] and porosity [8].
CT daia is truc 3D data, consisting of (x,3,2) co-ordinate information. A ncw surface characicrization measurcment parameicr,
Sefteine 18 proposed with the ability to extract surface information from true 3D data, such as CT, which includes data lor re-
entrant surfaces.  Sefine is the percentage of additional surface (including re-cntrant surfaces) contributed by the texture as
compared to the arca of a planc the size of the measurement arca. The parameter is similar to the ISO 25178-2 hybrid parameter
Selr, the developed interfacial arca ratio, which has application for height map data, but which cannot account for data from re-
entrant features, Charaterisation of a re-entrant surface using line-of-sight ment i ion and vsing height map
analysis will produce significant errors in actual surface caluclations.

r, (wv)xr, {u,v}“ eliecly = A;m‘m-]

1
Selrpeime is computed as Selrprime- I_[Hu,l
F .

where r(w,v) is the measured surface, r,(w,) is the partial derivative in » dircction, o, is the domain of the measured surface
and A 18 1he projecied arca.

3 Designed surface example
A simulated example structured surface, designed to illustrate the crrors produced when ing re: feat using line-

ol-sight instrumentation is shown in Figure 2 (a). Each structure has a 4 mm diameter cap, 1 mm cap height, 1 mm diameter
stem with a 4 mm stem height. The calculated values of S for a grid projection (similar to the results obtained using line-
of-sight measurcments) is 600%. The value of Sefryage for the mesh (which includes re-cntrant features not measurcable using

ling-of-sight) is 487.5%. The total surface areas are 754 mm? and 61.3 mm?® respectively, The ermror is 23% (see Figure 2 (b)).

Structured surface height vs total surface area
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Figure 2: (a) structured surface, (b) graph of percentage height down from top vs total surface area. (¢) SLM surface results

4 AM components

An SLM side surface with the values of Sdrym. for grid projection and mesh analysis are shown in Figure 2 (c). Additional
results for EBM and SLM additive surfaces, including Salyy,,. and total re-entrant surface area. will be presented and functional
surface measurement lesting will be discussed.
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Abstract Many artefact designs have been proposed for use with additive
manufacturing (AM) systems. These have primarily been dimensional and form
based artefacts [1-5] with some having included sections designed for surface
measurements, such as the (2012) NIST proposed artefact [6]. A series of
surface-specific measurement artefacts designed for use in the verification of
AM manufacturing processes are proposed here. The surface-specific artefacts
can be made more compact because they do not require the large dimensions
needed for accurate dimensional and form measurements. The series of three
artefacts are designed to provide comprehensive information pertaining to the
surface of the parts. Measurement possibilities include deviation analysis,
surface texture parameter data generation, sub-surface analysis and build
resolution comparison. The artefacts are designed to provide easy access for
measurement using standard surface measurement techniques: for example,
focus variation, stylus profilometry, confocal microscopy, and scanning electron
microscopy. The artefacts may be visually inspected as a simple comparative
tool, giving a fast indication of process variation between builds. The three
artefacts are small enough to be included in every build and include built-in
traceability information, making them a convenient physical record of the build,
analogous to a test coupon being included in the furmnace with production
components during metal heat-treatment processes.

Artefact AMSAL includes three separate surface evaluation areas on its top face:
a flat measurement arca parallel to the artefact base plane to allow profile or areal
surface measurement and parameter extraction, for example per ISO 4288 [7] or
1SO25178-2[8], a sloped section with a 1:25 gradient to allow easy visualization
and measurement of the layer transition edge, and ten individual raised bosses
with a height difference between each boss equivalent to the build layer height
which, after suitable preparation, will allow metallographic inspection of sub-
surface layers, see Figure 1. To avoid possible operator errors, once the layer
height is specified in the design, the layer height is printed on the outside of the
artefact and the boss heights are generated automatically, see Figure 2.
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Artefact AMSA3 includes a Siemens star on the top face, see Figure 3. Siemens
stars are commonly used to determine the resolution of optical instruments.
displays and printers and are included in measurement Standards such as 1SO

15775 [9] and have been included in AM research [10].

Artefact AMSA4 includes three sections that each have constant amplitude,
decreasing wavelength structured sine wave surfaces, see Figure 4 and Equations
1-3. These surfaces may be used for simple visual comparison between builds or
a deviation analysis may be performed by measuring the artefact optically or
using x-ray computed tomography and then comparing to the artefact CAD
design data.

X
e smg(rz ) - (1
i ) 2
= @ mm 2
_ sin(X?) m 3

10

Artefact design rationale will be discussed in the paper and the overall efficacy
of the adopted approach will be addressed. Build configuration and results
obtained using artefacts manufactured using a metal selective laser melting
(SLM) process will be compared to those manufactured using an electron beam
melting (EBM) process and a polymer SLM process as a means of highlighting
the usefulness of the artefacts.

(58]
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Figure 1. a) Ti6GAMYV artefact AMSA 1 manufactured using a Renishaw AM250 SLM system b) CAD
rendering of AMSA1 showing artefact size.

Figure 2. CAD rendering of AMSAT artefact showing automatically generated bosses and step height
notation a) 30 micron layer height. b) 95 micron layer height.

Figure 3. AMSA3 artefact a) Ti6AMV ELI made using an Arcam Q10 EBM system b) SEM
micrograph ol a section of Ti6A14V artefact manufactured using the SLM process.
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Figure 4. Artefact AMSA4 manufactured using a) an EOS Formiga P 110 (Nylon) SLM system b)
Ti6Al4V artefact manufactured using the SLM process.

Main References

[

12]

171

18]

[9]

[10]

Johnson W., Rowell M., Deason B.. and Eubanks M. (2011), Benchmarking evaluation of an
apen source fused deposition modeling additive mannfacturing system. in Proceeding of the
22nd Annual International Solid Freeform Fabrication Symposium.

Movlan 8., Cooke A, Jurrens K.. Slotwinski J., and Donmez M.A_, (2012). 4 review of test
artifacts for additive manufacturing. National Institute of Standards and Technology (NIST).
Gaithersburg. MD. Report No. NISTIR. 7858.

Santos E.C., Shiomi M.. Osakada K.. and Laoui T.. (2006). Rapid manufacturing of metal
components by laser forming. International Journal of Machine Tools and Manufacture.
46(12): p. 1439-1468.

Kruth J.-P.. Vandenbroucke B.. Vacrenbergh v I . and Mercelis P.. (2005). Benchmarking of
different SLS'SIM processes as rapid manufacturing techniques.

Mahesh M., Wong Y., Fuh J.. and Loh H., (2004), Benchmarking for comparative evaluation
af RP systems and processes. Rapid Prototyping Journal. 10(2): p. 123-135.

Movlan S., Slotwinski J., Cooke A, Jurrens K., and Donmez M.A. (2012), Proposal for a
standardized test artifact for additive manufacturing machines and processes. in Proceedings
of the 201 2 Annual International Solid Freeform Fabrication Sympaosium. The University of
Texas at Austin, Austin, TX.

ISO_4288 B.E., (1998). BS EN ISO 4288, in Geomeiric product specification ((GPS) Surface
texture. Profile method: Rules and procedures for the assessment of surface (exture. British
Standards Institute.

1SO_25178-2 B.E.. (2012), BS EN ISO_25178-2, in Geometrical product specifications (GPS)
Surface texture: Areal 2: Terms, definitions and surface texture parameters. British Standards
Institute.

IS0, (2013), ISQVIEC 15775:1999 Information technology - office machines - method of
specifving image reproduction of colour copving machines by analog rest charts - realisation
and application.

Galovskyi B, Flessner M., Loderer A, and Hausotte T. (2013), Systematic form deviations of
additive manufactured parts-methods of their identification and correction. in 11 th
International Symposium on Measurement and Quality Control.

278



Appendix 10 Chapter 9 euspen 2016 conference presentation

euspen’s 16™ International Conference &
Exhibition, Nottingham, UK, May 2016

W LR

o. e’
-0. euspen

On characterising surface topography of metal powder bed fusion additive
manufactured parts

S Lou’, A Townsend?, X Jiang?, L Blunt®, W Zeng?, P Scott!

'EPSRC Centre for ity of ¢ Hutldersfield, HD1 3DH, UK

turing in qy, Uni

Abstract

Inherent to the somewhat uncontrolled nature of the additive process, the surfaces of metal powder bed fusion additively
manufactured components tend to be very rough. Large isolated ‘bumps’, as one of the major defect features, are often present due
to partially melted particles attached to the surface. An enhanced watershed segmentation method is proposed to separate these
‘bump’ features from the underlying surface texture such that the "bumps’ and underlying surface can be guantitatively analysed.
The results show that the amplitude roughness parameters of the underlying surface are significantly less than the un-segmented
surface and spatial roughness parameters differ between two surfaces, Characterising the extracted underlying surface and ‘bumps’
independently allows better correlation between surface measurements and additive system performance and hence aids in process

optimization,

Surface metrology, additive manufacture, watershed segmentation

1. Introduction

Additive manufacturing (AM) processes have the potential to
produce highly complex, customisable and multifunctional parts
at lower material and energy costs and with lower environment
pollution than conventional (subtractive)] manufacturing
techniques. However the commercialisation of AM has been
beset by a number of technological issues, wherein uncontrolled
process and lack of precision in product are identified as major
hurdles [1]. There is an urgent demand for accurate methods of
measuring and evaluating AM surface quality.

The complex nature of powder AM processes tends to produce
component surfaces that are very rough, showing significant
defect features, including large isolated ‘bumps’ due to partially
melted particles attached to the surface, repeating steps
generated by successively adding layers, surface pores and re-
entrant features. To achieve a good surface finish post
processes, such as grinding, polishing and sand blasting, are
performed to remove these protruding ‘bumps’. Such processes
however will also deteriorate the underlying surface and other
defect features which may contain critical evidence concerning
the additive process. Thus it is of critical importance to extract
the pertinent features in order to facilitate the further study of
the origin of individual defects and their relevance to the process
optimisation.

ll
5\ ;i

(a} (b}

As the AM surface topography is often dominated by the
presence of ‘bump’ features, this paper presents the use of the
watershed segmentation method for separating the ‘bumps’
and the underlying surface texture such that they can be
quantitatively analysed.

2. Enhanced watershed segmentation

Figure 1a presents a 0.71x0.54 mm? surface measured from
the side surface of a solid cube produced by selective laser
melting using AISi1OMg powder (no post processing). The
surface was measured using an Alicona G4 focus variation
instrument with a 20x magnification objective lens. Significant
‘bumps’ are clearly present on the surface topography while the
underlying surface shows relatively better surface quality. To
separate the ‘bump’ features from the underlying surface, an
extraction method based on the watershed segmentation
technique [2, 3] has been developed.

The ‘bump’ topography elements feature a high gradient at
their geometrical boundary and high surface height in
comparison to the neighbouring surface. Edge enhancement is
required to reinforce the feature boundary and enable the
subsequent segmentation analysis to obtain a more
representative extraction. This is achieved by applying the
Gaussian filtering to suppress measurement noise and smooth
topographical features followed by application of the Sobel

. -

G] (d)

Figure 1. Extraction of ‘bump’ features from a 0.71x0.54 mm® AM surface: (a) Original surface; [b) Gradient map; (¢] Watershed segmentation; (d)

Extracted ‘bumps’.
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operator [4] to yield a gradient map of the processed surface
data. Figure 1b shows the resultant gradient map of the surface.

The watershed segmentation is applied to the gradient
surface to generate a sequence of small segments. These
segmented surface patches designate local surface hills. Figure
1c presents the resulted segments superimposed spatially on
the original measured surface. To extract the ‘bumps’, an
estimated threshold 100 pm is applied to the local surface hill
height. Those surface patches with their height above this
threshold are extracted and regarded as the bump features. See
Figure 1d for the extracted ‘bumps’.

Figure 2a presents a large surface measured from the same
part and by the same measurement instrument but with 10x
magnification cbjective lens. The surface is 6.88x6.98 mm?,
which is a much larger surface area than that shown in Figure 1
and thus is more gful for the compr evaluation
of the surface topography. The developed method is applied to
the measured surface with a systematically defined height
threshold of 321 pm, which is three standard deviations above
the mean height of the underlying surface excluding ‘bumps’.
Figure 2b illustrates the result of the watershed segmentation
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Figure Z Extraction of 'bump’ features from a 6.88x6.98 mm’ AM
surface: (a) Original surface; (b) Watershed scgmentation; (¢}
Underlying surface texture,

and Figure 2c shows the final extracted underlying surface. The
‘bump’ features are marked by the blue areas.

3. Results and discussion

The values of areal parameters per IS0 25178-2 [3] were
extracted from the underlying surface and the un-segmented
surface. In the case of the surface presented in Figure 2, the
amplitude parameters 5a and 5q and the spacing parameter 5al
are given in Table 1. It is clearly cbserved that the values of Sa
and 5q for the underlying surface texture are significantly less by
around 16% and 17% compared to the un-segmented surface
and the Sal values of the two surfaces are different as well.

Due to the presence of significant 'bumps’, the parameter
results of the un d surface evidently differ from that of
the underlying surface. Efficient separation of defect features
enables independent characterisation of different surface
components and thus offers a more accurate analysis of complex
AM surface topography.

Table 1 Surface texture parameters of un-segmented surface and the
underlying surface.

F s | u surface | L ying surface
Sa 22.16 um 18.72 ym
5q 37.45 um 30.88 um
Sal 0.112 mm 0.129 mm

Feature extraction facilitates further characterisation of the
‘bump” areas and the result for the surfaces measured is given
below, which can alse be useful for detecting process
malfunction.

»  Total ‘bump’ areas: 0.92 mm?
* ‘bump’ area percentage to the whole surface: 1.92%
= Total ‘bump’ velume: 0,069 mm?

In the present case the extraction of ‘bump’ features is
determined by threshalding the local surface heights. Other
potential judgement criteria include segment volume or the
projected segment surface area.

4. Conclusion

The topography of AM surfaces contains various types of
defect features pertinent to the additive processes, wherein
large isolated ‘bumps’ are caused by partizlly melted particles
attached to the surface. It is proposed to use the d
segmentation method with appropriate  enhancement  to
separate the ‘bump’ feat from the underlying surface
texture, thus allowing a more accurate analysis of AM surface
topography.

Future work includes the impro of sep
method and the analysis of other types of defect features, such
as step markings and surface pores.
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Appendix 11 Referenced areal surface texture parameters

ISO 25178-2 definitions and calculation methods for the areal parameters used in the current

research are given here.

Height parameters
Sq

Root mean square height of the scale-limited surface

Root mean square value of the ordinate values within a definition area (A)

Sq = %H 22(.\‘,_\-‘)d.\‘d_1-'
A

Ssk

Skewness of the scale-limited surface
Quotient of the mean cube value of the ordinate values and the cube of Sq within a definition

area (A)

'S‘Sk == SLB %IJZS(.\',_l')d.Yd}'
“q L7 4

Sku

Kurtosis of the scale-limited surface
Quotient of the mean quartic value of the ordinate values and the fourth power of Sq within

a definition area (A)

11 1¢f.4
Sku =—| — || 2" (x,y)dxdy
ku S; y J_J. (x,y)dxd)
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Sz

Maximum height of the scale-limited surface
Sum of the maximum peak height value and the maximum pit height value within a definition

area.
Sa

Arithmetical mean height of the scale limited surface

Arithmetic mean of the absolute of the ordinate values within a definition area (A)

S :i—J.".|z(x,y)I dxdy
A

Spatial parameters

Sal

Autocorrelation length
Horizontal distance of the facr(ix,ty) which has the fastest decay to a specified value s, with 0

< s<1

_ min 5 o h _ g
Sa1 = ¢ 5 Rq/rr +1, whereR= {(fl.,r_],).fACF(r'\.,r_‘.)_ .s}
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Hybrid parameters

Sdr

Developed interfacial area ratio of the scale-limited surface
Ratio of the increment of the interfacial area of the scale-limited surface within the definition

area (A) over the definition area

-

- -
Sdr:i ﬂ 1+[('Z('\’J')J + %(x.y) —1|dxdy
y
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Figure 11-1: Areal material ratio curve and calculation of Sk and Smr2

Key

X areal material ratio

Y intersection line position

1 secant

2 secant with smallest gradient

3 equivalent straight line

Sk core height

Smrl, Smr2 material ratios

This figure shows a profile instead of a surface area for ease of illustration. The principle is the same for a surface area.
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Sk

Core height

Distance between the highest and lowest level of the core surface, see Figure 11-1:.

sSmr2

Material ratio (dales)
ratio of the area of the material at the intersection line which separates the protruding dales

from the core surface to the evaluation area (expresses as a percentage).
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