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Abstract

While additive manufacture (AM) is an attractitechnology for many areas of engineering, there
are substantial barriers to its further industrialisation, one of which is the substandard surface
roughness. Literature rewes showed there to be much interest in reducing the as built roughness
through parameter optingation, and various post processing options. One such-pagiessing
technique is laser polishing (LP), sharing many of the benefits of AM (geometric freedomfreaste
operation) The literature reviews also highlighted a series of areas that needed specific attention to
facilitate the continued development of LP for AM metal parts, guiding the progress of this thesis.
Specific gaps identified were; how to effectively measure the surface roughness of AM parts, how to
best laser polish AM aluminium, and what effect the LP has on the material in terms of structure and
mechanical properties.

Thisproject started with developing a methodology to reliably and repeatably measure the surface
roughness of AM metal parts. The developed methodology was benchmarked using AM aluminium
test parts, across a range of measurement devices. It was shown to be robust to changes in
measurement device across a wide range of standard roughness paraméieiss work also
highlighs the need for greater understanding regarding the appropriate selection of filter nesting
index. Furthermore, thdnfluence of various measurement and peptocessing optionon the
measurement uncertainthave been quantified in terms of pointwise height discrepancies, and the
influence on calculated roughness parameters.

Following that, this project developed a novel LP strategy for AM aluminitilisjng multiple steps
designed to sequentially ablate and smooth the surface. This was shogigrificantlyreduce the
surface roughnessvith a dependency on the initial surface roughndgsnimum roughness values
measured were 1.95m Sa, 18.88m Sp, 14.1um Sv, and 25.0dm S10z. Maximum reductions
found were 87.4%, 87.4%, 81.7%, and 81.4% for the roughness parameters inheirbP strategy
resulted in an increase in microhardness in the remelted region, with an associated increase in
porosity just below thigemelted laye. The maximum hardness after the final polishing step was
measured to be 14PIw.005 (120Hw 005 bulk), while the near surface porosity was estimated to have
risen from 0.9% (bulk) to 4.5%.

Evaluating the tensile properties showed mixed results, with LP giving increased, decreased, or no
change in values, and different effects dependingmdmether the samples had been stress relieved,

or T6 temperedpeak hardenedprior to polishing As built samples were found to have increa%d

and decreased  after LP, with the effect negated through the application of heat treatmaiat.
change in UTS was found due to LP in any condition.

Finally, thefatigue strength was evaluated under both high and low cycle conditions. This showed no
significant change in fatigue strength due to the application of either LP or T6 temp8haging

any benefit of the reduced surface roughness was offset by the increased surface hardness and
porosity arising from the LP strategy used.

It is hoped that these results will facilitate the further industsation of AM aluminium through the
improved understanding of how to evaluate the surface roughness, with the smoothing potential of
the LP strategy opening avenues for high value, aesthetic comparfemithermore, the additional
data presented regarding the tensile and fatigue properties show thame no significant
detrimental effects of the LP strategy.
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1 Introduction

While Additive Manufacture (AM) is well established in research and-vafyle manufacturing
(HVM) settingsuptake is significantly slower in more masarket sectors. Some of the reasons
behind this are the higltapital and labour costs of industrigicale machines, safety concerns
regarding the machines and raw materifld, and issues with the resultant part quality such as
geometrical accuracy and roughness.

For AM to become practical for end use parts, all of these need addressingvaflighindustries will

be less concerned by the cost than the part quality, and as AM gains market penetration the capital
investments will reduce. Therefore, the most promising route to rmaasket is from improvements

to the manufactured parts. Improvements are sought in geometric accyggdyo facilitate multi
component assemblies), surface conditi¢], [4] (for aesthetic and functional reasons), and
mechanical propertieg5], [6] (to achieve strengths comparable to conventionally manufactured
parts).

The currently tolerated solutions all involve pasainufacture processing to realise these aims, while
research iongoing to optimize the AM processes. Generally, for geometric accuracy and surface
condition, various machining operations are necesspfly This is not ideal as it adds to the time
required to manufacture a part, additional fixturing and machine setup operations, and the
generation of waste material. Furthermore, the capabilities of conventional manufacturing
operations are limited with AM components due to tool geometries being unable to process deep
features and cutting forces risking fine details possible.

Therefore, alternative solutions are necessary to facilitate jpoetiuction machining of AM
components. Laser processing is an attractive option due to the ability to process highly complex
geometries (nearing the capabilities of AM), no taaar, and force free processing not risking
damage to part$8]. Furthermore, with laser optics able to focus energy onto very small areas (down
to a few tens of micrometres) very fine details can be added to surfaces, such as to create
hydrophobic textures.

Laser processing is facing a similarly slow industrial uptake as AM for similar reasons (high initial
costs, safety concerns, low productivity etc.). Howewdth laser architecture continually evolving
(lasing mediums, attainable powers, emission wavelengdms) the capabilities becoming better
understood they are becoming a viable option for more industries.

1.1 Motivation

While this project has evolved over time, based on continued literature reviews and the knowledge
gained through the various work packages undertaken. However, the key motivations were
consistent throughout and are thus:

To further the industrialisation of metal AM through laser ppsbcessing.
1 Laser processing is commonly utilised for cutting, cleaning, and welding oper@jpfid]in
a wide variety of industries, with the required machines continually gaining functionality and
reducing cost. The capabilities laser systems are well known, and it is therefore natural to
transfer that knowledge to AM.

To address thenechanical and surface condition issues present with current AM technologies.
1 Full realisation of the benefits of AM, in terms of geometric freedom and complexity, requires
a good understanding of the underlying mechanical properties, else excessive safety factors



are required negating the materials saving by novel geometries. This work will contribute to
the knowledge through additional strength data on which to base such designs. Furthermore,
there is a growing trend for highalue individuals to prefer bespoke producesg., supercar
manufacturers offering factory customisatiphl]. AM is a natural partner to this through the
organic shapes possible and reduced setup costs compared to conventionally manufactured
parts (e.g., casting, machining). However, the surfaces of metal AM parts are typically very
rough and show signs of other contamination, making them less desirable.

To contribute to national and international environmental targetsthg development of efficient
processing operations with minimal waste generation.
1 AM is touted as a disruptive technology by eliminating the requirement to stock vast

guantities of spare parts for the upkeep of current machifi?], and extenéhg the service
life of legacy designs, by manufacturing the exact components only when, and where, they are
required. Furthermore, as AM is a raltape process, there is nearly no waste material
generated, unlikeghe vast quantities of swarf generated by subtractive manufacturing (SM)
processe$13].

While not directly referenced in this work, some key industries have the potential to benefit from
the outcomes. These include HVM applications such as aerospace, and space exploration,
motorsport (especially Formula 1 and other prototypes) and Jviglne automotive more generally.

In addition, electronics, sensors, and mialectromechanical systems may also find value in the
ability to produce defined and accurate textures on AM surfaces.

1.2 Aim andObjectives

The aim of this project is to support tlredustrialisation of AM Aluminiurthrough the development
of a novel lasebased post processing strategy. Furthermaae,enhanced understanding of the
guasistatic tensile and fatigue properties of the material is to be generated to enhance the ability
designers to make best use of AM Aluminium.

Tofacilitatethis, the following objectives have been set:

1) Determine an effective, reliable, repeatable, and rigorous measurement methodology for
the assessment of the surface roughness of gawder-bed fusionparts.

2) Develop a novel laser polishing strategy to reduce the surface roughnessoitta&M
Aluminium parts. This will support widtre uptake of AM through aesthetic improvements
(for example, in luxury consumer goods) while also being applicable to surface texturing and
functionalisation.

3) Assess the influences of the laser polishing operation near the surface on properties such as
microstructure hardness, and porosity near the remelted region.

4) Quantify the effect of lasgpolishing on the mechanical properties of samples, specifically
the quasistatic tension and axial fatigue tests.

1.3 ThesisSructure

This thesis is structured with Chapter 2 giving a féglel overview of the key technigues discussed
subsequently, background theory, amgbverning equations. Namely additive manufacture of
aluminium, surface roughness, laser polishing, and mechanical testing techniGhepter 2
culminates with a targeted literature review covering the key topics covered in chapferadd a
summary of the identified knowledge gaps that guided the subsequent works.



Chapter 3 then follows with the equipment specifications and method of operations for key
processes used throughout the thesis. Sample manufacture, laser polishing, surface measurement,
and mechanical testing are covered.

The developed surface measurement process is explained in Chapéelddessing objective 1,
benchmarked using AM Aluminium samples. The chapter includes sectidrsadine strategywas
evaluated and induced errors that need to be considered. A comparison betaeseries of
different measurement devices is presented, showing the procedure is repeatable and robust to
changes in measurement setup.

Chapter 5 discusses the development of the novel laser polishing strateggrding objective .2
Chapter 5also covers objective 3 througthe evaluation of he surface effects (roughness,
microhardnessmicrostructure.

Objective 4 is the focus @hapters6 and 7 which discusshe tensile and fatigugroperties of the
AM Aluminiumrespectively.

Finally, Chapter 8 contains an overarching discussi@onclusions from the thesis culminating with
recommendations for future works.



2 TechnicaBackgroundnd Literature Review

2.1 Introduction

This chapter provides a highlevel overview and history ofhe topics covered in subsequent
chapters. In particular, additive manufacture, surface roughness, laser polishing, and mechanical
testing will be discussed, including the underlying theory and governing equatan#depth
literature review then follows on the key topics, covering the current research, and highlighting the
knowledge gaps this thesis aims to address.

2.2 Additive Manufacturing

Some of the earliest experiments around AM occurred in the 1960s, focussing on using twin laser
sources to polymerise a liquid resin in order to construct thd@aensional (3D) shapg&4]. While

the rate of development being especially rapid in these early days, success was less common.
DrHideo Kodama published a pair of reports and a patent application in 1980 and 1981 describing a
single laser approadi5], and is widely regarded as one of the first practical demonstrations of AM.

However, there are even earlier references to what we would now know as AM in various literature,

one of the earliest being it ¢ KA y 3 a byt Mudadt Leinsteg (1945) where a device known as a

GLI I adA O O2 y[aeh Nitzpldstc Ndnstrictor ddgasisRnolten plastic from a robotic arm

which is then allowed to harden, bearing more than a passing resemblance to the current Fused
Deposition Modelling (FDM) techniqgueFigure 2.1 shows a polymer boat hull produced by the

University of Maine using a bespoke (and very large) FDM system, in a remarkably similar way to
K2g [SAYyaiaSNI Sy@drarzzySRd | y2iKSNI St Nirabls NB&E SNBE Yy O
Trad€ T LJdzo fAstolriliBgRScignge FictionNovember 1950, with a technology referred to as

daz2f SOdz [LRIwhichi¢dedlEles a modern powder deposition process, with the added
capability of depositing many different materials simultaneously. While the fmdterial aspect of
W2ySaQ GSOKyz2t238 KIFha y2id 28S0 0SSy NBIfAaAaSRE (K
3D parts has been realised through a variety of techniques.

Figure 2.1: Additively manufactured polymer boat hudrduced by Universiy of Maind8], similar in concept and
execution as the device described by Leirfd&}

12 KAES [ SAyadSNRa ARSFA F2NJ!a OFYS (2 0SS adzZNLINRAaAy3f
For example, the story is set in 1992 and mentions a global population of 2 billion when estimates put the
historical value at 5.5 billion. Another is a passage stai@lgmsy, laboringsic] rocketshad barely circled its

moon. Only twice had explorers returned from a satellite hardly a quariéion miles awag while inreality

the Apollo Program landed on the moon 6 times between 1968 and 1972.
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In a contemporary context, AM is a very broad field that covers a multitude of different techniques.
All take raw material in an easg-handle form (powder, wire, sheet, liquid etc.) and assemble these
into a final 3D shape. The first stage of the AM process is to turn the 3D model into a series of two
dimensional (2D) layers, or slices. The AM machine then produces each of these slices in turn to
build the final model.

One of the more prevalent techniques uses powder as the feedstock, spread evenly across a given
build area, with an energy source being directed over the surface to fuse the material. The addition
of powder and fusing selected areas repeats sequentially until the part is complete. This is known as
powder bed fusion (PBF). Energy sources are typically laser or electron beam, knoWBRsuhd
EBPBF respectively. Solidification can be by either sintering, where the powder softens and diffusion
causes thento bond at temperatures below the melting point, or full melting. One of the first to
market -PBF was DTM (now part of 3D Systems) in the late J28)<building on previous work at

the University of Texas at Austin wher®BF was first developdd0]. LPBF has become one of the
most common techniques for producing metal parts with AM and is the foctiseofvork carried

out in thisthesis

Other techniques incdlde directed energy deposition (DED) where raw material (powder or wire) is
applied only to the locations where it is to be consolidated, stereo lithography (SLA) where a
photopolymer resin is exposed to an ultraviolet light source and hardens, binder jetting, FDM, and
many others, some of these are shown schematicallfFigure 2.2. Each has its own benefits,
drawbacks, and target application.

Metal AM Processes

| | |
[ PBF DED a7

Power Bed Fusion Direct Energy Deposition Binder Jetting etc.

. y' N

| |
L-PBF [ EBM ] LMD WAAM

Laser— PBF Electron Beam Melting Laser Metal Depaosition Wire-Arc AM

e o

Figure2.2: Commormmetal AMprocesses. Adapted frof21].

For any AM process there are associated parameters that are set, either by the operator or machine
manufacturer, that can affect the end part. For thd?BF process some of the most commonly
investigated are layer thicknes$),(laser power {{ ), scan speedij, hatch spacing’@ ¢ the
distance between adjacent laser tracks, and scan stratdggw the laser beam is moved over the
surface. In pulsed wave (PW) lasers the scan speed is a function of exposur@ imagedistance

(0 ), and point delay timed), the relationship is given Hyquation2.1. Another important derived
parameter is the energy density ), either as a volumetric value (as giverkEmuation2.2), areal (by
omitting the thickness term), or linear (further omitting the hatch spacing). The energy density has



been shown to correlate with many material responses (hardness, roughness, etc.) and can predict if
a parameter setdlikely to cause phenomena such as keyhole melting.

0
0 o

v v o Equation2.2
v~ aa
0o

4T Equation2.1

Other process parameters, such as part position and orientation within the build chamber, chamber
temperature, shielding gas type and flow, oxygemtent, and many others have also been shown
to influence material responsg22].

In industrial settings there is a further consideration, the build @&te) which is a measure of how
quickly a part will be constructed (shownkguation2.3 [23]). This is important as the longer a part
takes to build the more it costs (energy use, technician time, shielding gas, etc.) so to minimize the
cost, a faster build rate is desirable. However, increasing the scan speed or hatch distance can lead
to incomplete melting and excessive porosity in the part, while increasing a layer thickness will result
in undesirableartefactson the surfaces, known as staitepping.

Y 00D adaiji Equation2.3

Many engineering materials can be processed using AM including polymers, ceramics, and metals,
through various AM technologies. Of particular interest here is the use of metals, such as steels
(usually stainless steels), and alloys of titanium (e.g., the Ti6AI4V grade), nickel, and aluminium. With
respect to aluminium alloys, one of the most common is AISil0OMg. This alloy has no direct
equivalent used in traditional manufacturing, howeyéne A360 casting alloj24] and Al 6061
wrought alloy[25] are commonly used for comparisons.

2.2.1 Postprocessing of ANRarts

2.2.1.1 ThermalSressRelievingand Anealing.

A common posprocessing step for AM parts is to anneal the parts after manufacture. This reduces
the residual thermal tensile stresses, therefore improving mechanical properties. Some researchers
have expanded this to apply treatments equivalentttmse available on conventional materials
(such as T6 on aluminium). One feature of thermal stress relibfist doesnot affect the surface

of the part. This may be beneficial when the manufactured dimensions are critical, however in many
instances further posprocessing is required to reduce surface roughness to acceptable levels.
Further discussion on heat treatment of aluminium parts follows in Chapter 6, including different
heat treatment options and the material responses.

2.2.1.2 Peening

Another prevalent process for modifying the mechanical properties of materials is peening. Peening
uses high-energy impacts to plastically deform the surface layer of a part, inducing residual
compressive stresses, improving toughness.

Usually peening is achieved by propelling small beads into the surface (often ceramic), where the
impact energy gives the peening effect. Shot peening can result in compressive stresses down to a
depth of 0.5mm [26], requiring no specialist equipment or training to carry out successfully.



An alternative is Laser Shock Peening (LSP), wherehéby laser pulses are used to heat a small
volume of material enough to become a plasma. The shockwave produced by the plasma
transformation then gives the peening effect. LSP can achieve deeper compressive strdésses (>
[26]) however is uncommon due to the high lasmmergies required and difficulties in setup and
operation.

2.2.2 Surface Characteristics

AM surfaces typically have an-bsilt roughness in the range ofEBum Ra, far greater than is
typical from machining operations (Ra @ [27]). Along with this high roughness there are often
distinct features present on surfaces, such as partially melted and adhered patrticles, deep pits, tall
peaks, spatter, and so on. These individual features are dispersed across a surface and so are often
not reflected in reported roughness values. A more extensive list of flaws can be found in ISO 8785
[28]. A more indepth discussion on surface roughness, features, and measurement technigues
follows in Sectior2.3.

2.2.3 SurfacéRobughnessmprovements

2.2.3.1 BuildOptimisation

The ideal solution to improve substandard surface texture would be to develop a set of build
parameters that reduce the roughness to an acceptable level, negating the requirement for remedial

work while simultaneously retaining the full geometric freedom afforded by AM. In this regard much
progress has been made by the likes of Calignano ¢2@jlwho found scan speed was especially

influential in the asbuilt top surface roughness ofRBF Aluminium parts. Simultaneously, Delfs et

al. [30] suggested by reorientating parts within the build volume, roughness in critical areas can be
NERdzZOSR 08 YA YyRKNIUIA yIT UKSG a@lGdz8ANR o0& 1 @SNIJ NI y:
other research, highlights the difficulty in optimizing process parameters with respect to surface
roughness.

Even with optimal settingsthe intrinsic roughness of the PBF proceg5pm ¢ 30um Ra) is
significantly higher than that expected by traditional manufacturmgthods such as millind. am -

6 umRa), grinding flpmRa), and even castingFumRa for investment casting]27].
Compounding this is the influence of surface inclination on roughness, potgmaalliring different

build parameters for each different surface inclination. A solution not practical, or even possible in
many cases. Therefore, supplementary post processing has been investigated to reduce the surface
roughness of AM components.

2.2.3.2 Shot /SandBlasting.

The simplest surface modification technique is blasting. Small grains of a hard material (glass, silica,
sand, metallic or ceramic beads etc.) are propelled into a surface by compressed air, where the
impact abrades the surface, reducing the roughness. When using some media, a burnishing effect
can be realised (plastic deformation of the surface without material removal) which has the added
benefit of workhardening the surface layers, increasing the surface hardfg@ys Examples of

some different blasting media are shownHigure2.3.

Shot blasting and sand blasting are commonly used due to their low costirapticity. All external
surfaces can be processed so long as there isofisight between the nozzle and the surface (i.e.,
not internal structures)32]. Highly complex geometries can be processed with low material removal
and good geometry retentiortiowever, blasting is a highly manual process, with results dependant
on operator ability. Blasting is therefore difficult to control at production scales and can lead to
inconsistent results. Furthermore, the abrasive action of the media can lead to contamination of the
workpiece especially around complex geometriesquiring extensive cleaning to fully remove.
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Figure2.3: Different forms of blasting media. Top) Stgrt, and Bottom) Steel shot. Froi33].

2.2.3.3 Machining

When the dimensional accuracy of a part or certain featurgscritical, machining is a go
manufacturing operation. Machining, such as milling or turning, is a very well understood process, so
the alignment, size, and location of features can be realised to very fine tolerances (essential for
mating faces etc.). Major drawbacks of machining include the difficulty in fixturing [p24is
(especially with the complex geometries possible with AM) and the requirement to allow tool access
to the relevantfeatures.

While machining can achieve roughness values downpim Ra, usual values are somewhat higher

than this. There are many factors that influence the final part roughness, from feed rate and spindle
speeds, to cutting tootondition and depth of cuf35]. Therefore, it is common for machining

2L NI GA2ya (2 &l NI 6AGK aNRddzZAKAyYy3IE¢ Odziaszs GKIFQ
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2.2.3.4 Laser Polishing

Laser polishing (LP) is a technique where a surface is exposed to laser irradiation to melt the surface
asperities (peaks on the surface), relocating the molten material through surface tension forces,
resulting in a smoothed surfacg86], [37] With additional energy inputs ablation can occur
(vaporsation and removal of the material) which can be more effective in smoothing very rough
surfaces. By employing different parameters (such as hatch spacing) textures can be imparted to the
material, such as on hip implants to improve the tribological performdB8¢ LP will be further
discussed in Sectidh4.

LP is a developing area of research, with the advantages of low material removal, exceptional
geometric freedom, and no waste products that can cause environmental con@g@hdHowever,

more conventional methods (milling, grinding, blasting etc.) remain popular as @heynature
processesand the required equipmernis already common in manufacturingaser processing holds
some unique benefits compared to machining, despite the typically lower productivity rates
(Imin/cn? for LP[36], Fs/cn for milling) For example, laser beams are much narrower than typical
rotary tools and can therefore access more challenging areas, and theffeeceperation means

very high aspeetatio features can be manufactured without the risk of tool breakage.

2.3 SurfaceRoughness

2.3.1 Roughness Components

There are many methods to evaluate the surface condition of a part, either qualitatively or
guantitively. Qualitativemethods includehe identification of specific features and surface defects,
while quantitative methods include roughness measurements, contact angle evaluation, and so on.
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surfaces this can be microscopic (amplitudes measured in nanometres) while others can be seen
visually. It is customary to describe surfaces in termeofhnesswaviness andform. A description

of each, along with potential causes, are presentedrable2.1, and shown diagrammatically in

Figure2.4.

Table2.1: Brief description of roughness components, paténtial sources of errors. Information frdd0].
Component Description Sources of error
Roughness Shortest wavelength generally of Worn cutting teeth or the grit of a
interest, and the focus of most surface grinding wheel
characterisation work.
Waviness Medium wavelength component Process specific issues, e.g., chatter.
Form The longest wavelength component.  Deficiencies in manufacturing
Can be thought of as the desired shapt equipment, such as worn positional
control components.
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Figure2.4: Example surface showing how different saadéelengths combine (Roughness, Waviness, and Form), adapted
from[41].

2.3.2 Filtration

To separate out these different components a measured surface requires filtering (in terms of the

spatial wavelengths). Each filter is described by aofui{2D) or nesting index (3Dyvhich is

effectively the wavelength at which the filter attenuates (or passes) 50% of the amp[d@jleAn

ideal filter would have a step characteristic, where all wavelengths on one side of tudf are

passed, while all those on the other are removed. In practihere is a transition period, as
demonstrated inFigure 2.5. If a filter is described & GlL&IAZEIKE A G NBGFAYya o021
higherA LI GALFf FNBI|jdzSyoOe O02YLRyYySylal axake2 NEASNI SN ONSX (1S
spatial frequency componen{g2]. The three filters required for surface roughness measurements

are described imable2.2. The nomenclature is slightly different depending on if the filter is being

FLILX ASR (G2 H5 2NJ o5 YSIadwNBYSyldad C2N) w5 (KS
wavelength) while the corresponding 3D names agErator, L-Filter, and S-ilter respectively.

2 The term nesting index is used throughout this report where the topic concerns both 2D and 3D
measurements, or where the dimensionality is not specified.



Table2.2: Types of filters applied to measured data before computing parameter values.

Filter name Target Description
wavelength
< ,f~operator Form Removes the effects of form from the measurement. Usual

applied as idealised planar, cylindrical, spherical, or
polynomial shapes

< Q-Filter Roughness / Separates the roughness and waviness components
Waviness (depending on if applied as a higlss or lowpass filter
respectively).
< ASFilter Microroughness Removes the shortest wavelength components, known as

microroughness. Microroughness is often due to electrical
noise or other interference.

100

50

As Ac A

Key
1 Roughness profile Y Transmission %

2 Waviness profile X Wavelength

Figure2.5: Filter characteristics around the three -@ffs (from ISO 113§2]).

The first filter appliecshould be a lowJ- & & < &FilteF) kof rem®WeImiaréroughness and noise,
followed by a highJr & & < FOpéFatof) tb SaNibvé €rors of forf¥3], this is known as the
Primary profile (2D) or-B surface (3D)By then applying a highd- & & < @ilteF) xhe idRkss [
profile is found (& Surface in 3D). Conversely, if a-loW & & < GFiltér Asfappl@dNthexwaviness
profile or -F surface would result.

In practicefilters act as a moving weighted average of the measurement, and the exact shape of the
weighting function can take many forms. The most common uses a gaussian weighting acting over a
region equal to the filter cubff. There are other filters available, with different attributes, however

the gaussian filter remains popular due to the low computation requirempt8g

At the periphery of measurements filters can distort the results significantly. Known as end effects,
in essence, these are regions where the weighting function may need to extend beyond the
measurement range. The ideal solution to this is to discard a region around the edge of a
measurement where the filter cannot act. Alternatively, ISO 1683.(44] prescribes a range of
methods to artificially extend the effective measured range to enable the filter to act right up to the
edge of the measured region. This is important as there are often situations where it is impractical,
or not possible, to measure a large enough region of a surface to avoid filter end effects. For
example, one key benefit of AM is the geometric freedom possible, but this obviously restricts the
size and flatness of areas.

2.3.3 Roughness Parameters
As part of the characterisation process there are a range of values that can be calculated from the
surface data. Some of the more common roughness values are givebie2.3, along with a brief

10



description and 2D equation. In the equatiohss the number of points evaluated, anid is the
height of the point at locatiofQ

It should be notedthe same equations hold when applied to a surface after any stage of filtering.
For 2D results the abbreviation changes to reflect thig.(Pq, Wq for root mean squared (RMS)
heights on Primary and Waviness profiles respectively).
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Table2.3: Common surface roughness parameters. From ISO[42Band ISO 25173 [46].

Parameters Abbreviation  Description 2D Equation
Arithmetic mean Ra Sa Arithmetic mean of absolute deviations from the mean line .. B q@s
height T
g €
Root Mean Squared Rqg Sq RMS value afieviations from the mean line B ¢
(RMS) height Yi 4
3
Valley depth Ry Sv Maximum depth of the profile below the mean line
Peak height Rp Sp Maximum height of the profile above the mean line
Total height Rz Sz Total height of the profile Y& YR YO
Tenpoint heightt S10z Difference between the average height of the five tallest peaks, and average de| .., . .o  wus
. . Yo Y "Yu
five deepest pits/valleys.
Skewness Rsk Ssk Measure of the asymmetry in the distribution of peaks and valléys, Q 1

L : . - B &
generallyindicates the existence of some higher peaks away from the mean and Yi Q Yi -

“Yi "Q mthat of deeper valleysSeeFigure2.6 (a). €
Kurtosis Rkuy Sku Describes the shape, specifically the outliers or tails of the distribution of peak: o B a
valleys. Larger valueSKu> 3) indicate greater propensity of higher peaks/valli Y Q6 Y_rl T -

(outliers), while lower valuessku< 3) indicate otherwise. Séggure2.6 (b).
UTenpoint height is not included in the latest revisions of ISO 4287 and therefore the Equation presented is from IS®) 25178

Zi

40N

Rku <3

> Rku >3

Rsk »0

(A E
Figure2.6: Graphical representation of (A) Skewness and (B) Kurtosis terms. Adapt§d7}o#8]
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2.3.4 Measuremenilechniques

The simplest method of evaluating surface roughness is to touch the surface and describe how it
feels. There are obvious limitations to this method, such as how different operators would interpret
GNRdzZAKEé YR GavYz220iKé¢ad ¢2 2@SNO2YS (GKAazx O2YLI NI
Figure2.7), which give example surfaces to compare against, with associated quantitative values.
Notice in the figure that multiple different manufacturing techniques are included, as the shape of

the roughness, not just its maximum/minimum/average height will affect the visuotactile
experience.

wu.‘?v\ AP U HR
AL L LLAMEALEL 4 TN
o}

“Plane grinding [ B
Cylindrical grindii

0.8 0.4 0
O O

Horizontal milling End milling Lathe Surface grinding
Figure2.7: Example of aurfaceroughnessomparator set. Fronj49].
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shape. Initiallythis was simply using levers to amplify the vertical deviations and plot the motions

on a strip of graph paper, howevanodern machines use electronics to measure and record the

surface form with exceptional detail (e.g., quoted vertical resolutions of <10 nm are not uncommon

[50], [51).

Roughness measurements can be evaluated either over a line (profile measurements) or over an
area. Areal measurements are generally preferred as they capture much more information about a
surface and reduce the likelihood of missing important isolated features common on AM surfaces.
However areal methods also suffer from protracted acquisition times making them impractical in
many situations. Therefore, profile techniques are still popular due to the speed of acquisition and
low technological requirements.

2 KAES Al Aa GSYLWGAy3a G2 GKAY]l 2F GKS YSIFadaNBY$S
shape, it depends on how the measurement probe interacts with the surface. For systems that
contact the surfacgthis will be related to tip geometry and contactifigrces andis known as the

mechanical surface. For naontact systems (that use light;r¥y radiation, or electrons etc.) the

result is a record of the electromagnetic (EM) surface as it relates to how EM radiation interacts with

the surface matter.

2.3.4.1 Contact Profilometry

The simplest method of measuring a surface is to physically trace the surface undulations using a
stylus that is drawn across a surface to collect 2D profiles of the surface. This is known generally as
Contact Profilometry. Vorburger & Raja made an interesting comparison between the operation of
stylus profilometers and record players, noting that the performance was surprisingly comparable
[52, p. 26]
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A series of these 2D profiles, taken at regular intervals perpendicular to the traverse direction, can
be assembled into a 3D or areal measurement. There are some inherent drawbacks with contact
profilometry, such as the contact forces damaging the surfaces of soft materials (plastics, aluminium
etc.) and the limited vertical range available. Due to the sequential nature of taking many 2D profiles
to construct a 3D measurement the times taken areas can become prohibitively high depending on
the total range and resolution required.

2.3.4.2 NonQontact Profilometry

The other main class of measurement devices do not contact the surface to be measured and are
therefore referred to as nowontact profilometry. Often this is achieved optically, either by image
processing (focus variation, fringeojection etc.) that image areas directly, or in a pointwise fashion
(e.g., confocal, interferometry) analysing the distance between a sensor and the surface. Overviews
of some such technologies are given in the followingsedtions.

Most noncontact techniques are designed to capture areal data as standard, compared to the line
by-line approach of contact systems. This makes them appealing due to the reduced acquisition
times compared to contact systems.

A. Focus Variation

Focus Variation (FV) profilometry involves imaging a surface with a narrow depth of field at various
distances, and algorithmically determining at what distance each pixel is in [l88ludn practice

focus is found by the contrast between a given pixel and those within a certain region around it, low
contrast indicates poor focus and vice versa. This is shown schematidzitiyie2.8.

FV is a popular technique for measuring surfaces with high roughness due to the reduced acquisition
times compared to other optical measurement techniques. FV is not suitable for surfaces with low

roughness as there is a limit to how narrow the focal distance of optics can be, in effect making a
finite vertical range of the surface being in focus at once.

Image stack

_—

CCD sensor
® |

Analyser
(optional)

Semi- White light
transparent source

mirror (coaxial)

1 \
Objective lens A i -
with limited ]

depth of field
Polariser
(optional)

1SE1UOD WNWIXe|N

Ring light Ring light

source 4 source
(optional) . . l ‘ (optional)
Pixel ~—

Surface

Neighbourhood
region

—
Contrast measure

Figure2.8: Schematic showing hofecus variation is used to resolve surface heights.-lIMitroscope optical components.
Right- Using contrast to determine focusom [54].

B. Confocal

Confocal microscopy operates on a similar principle to a pinhole camera. Light is passed through a
small aperture, reflects off the surface, and back through an aperture onto a detector. When the
surface point is in focus the detected intensity is greatest, reducing rapidly if the surface is above or
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below the focal point. This is demonstratedRigure2.9. By modulating the distance between the
optical system and the sample the height can be found for any point on the surface. Combined with
XY motion surface height maps can be generdtf]. Confocal is better suited to smooth surfaces
than FV and is less affected by surface reflectivity, at the expense of increased acquisition times.

In focus } ‘ Out of focus

_~Detector _~Detector
Pin hole Pin hole
Beam splitter Point Beam splitter Point
/ light 1 ‘ light
/ source / source
Pin hole Pin hole
Objective lens Objective lens
<
—Focus position —Focus position
Sample = Sample

Figure2.9: Schematic of the working principle behind Confocal Microséapy [56].

C. Interferometry

Interferometry uses laser light to measure the difference in lengths between two beam paths, this is
achieved by splitting the incident laser beam along two paths,rédierence length and the test
length (distance tdhe sample surface). The beams are recombined and directed to a detector, the
phase shift between them is then used to calculate the difference in length, and therefore the height
of a point[27]. This is shown schematically Figure2.10. Much like with Confocal, surface height
maps are generated by combining this withYXranslations. Interferometry represents an even
greater level of precision than Confocal; however, the required equipment tends to be much more
expensive due to the accuracy required. One of the most-kvallvn examples of Interferometry is

the Laser Interferometer Gravitation®Vave Observatory (LIGO) experiment that can detect
differences of less than the width of a proton, over miti distance$57].
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Figure2.10: Schematic of how interferometry works to detect a change in length. Adapted38)m
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It is clear that each of FV, confocal, and interferometry have their own specific benefits and
considerations, and each are best suited to different applications. Based on the reduced acquisition
times and improved performance on rough surfaces, FV was selected for use throughout this thesis.

2.4 Laser Polishing

2.4.1 Mechanism

The basic principle behind LP is to expose a material to laser irradiation, the energy heats the
material causing it to melt. Heating is not achieved by thermal energy directlyather by photon
energy being absorbed by atoms causing electrons to raise orbital IB&]IsThis is why many
different laser wavelengths J can be used to heat materials, from far infead (IR) from CgQasers

C p @ 0 [60]to ultraviolet (UV) from Excimer lasers ( o v gt 0) [61]. The most efficient
wavelength to use therefore depends on the absorptivity of the target material.

While molten the material can flow, due to effects such as surface tension and radiation pfessure
before solidifying into a new shape. Material from the surface peaks is redistributed into the
pits/valleys, resulting in a smoother surface. This is shown schematicklityure2.11 (A).

With higher energy inputs the material can vaporise, after which it is removed by an extraction
system, known as ablation, shown Fkigure 2.11(B). At sufficient energy levels the vaporised
material can become a plasma (charged particles) at which point the laser energy transferred to the
surface rapidly decreases due to the inverse bremsstrahlung absorption (IBA) effect (also known as
plasma shieldingp2].

Laser Beam

Molten Material
Initial Surface

Polished Surface

Remelted Layer
Heat Affected Zone

(A) Bulk Material
Laser Beam

Ablated Material
(To Extraction)

Vapourised Material

j Initial Surface

Remelted Layer smefm( >\ e e a R = = = = = = — — —
Heat Affected Zone

(B) Bulk Material

Molten Material
Ablated Surface

]- Change in height

Figure2.11: Schematic of thiaserpolishing (A) andaserablation (B) processg63].

3 Radiation Pressur®, , due to momentum change of incident and reflected photons. For a black body (zero
reflectance), and using equipment specification used later in this thesis:

0 ‘0¢ 0 QEDjA0 YN QRO ARG i CTj“z2p ¢ & jozpmaji Padd

For a perfect reflector the contribution of reflected photons is equal and opposite to the incident pressure
© ¢z 0 ) however for partial reflectors the emitted pressure is multiplied by the reflectivity, i.e.
0 0 zZp YQQI QO QWRdER v p v G §200].
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A comprehensive review put together by Bordatchev ef@] noted that results can differ greatly

even when LP settings are preserved between studies. While this review primarily focussed on LP of
conventionally manufactured materials, this observation highlights the necessity to optimize the
process for the specific laser system to be used.

The laser sources used are often in the infed range (F1000nm), but other frequencies are also

used, such as ultraiolet ( F250nm). Furthermore, lasers can either be continuous wave (CW) or
pulsed wave (PW). PW sources can have a relatively low average power(eagindlOs of Watts)

but due to this being applied over short durations have equivalent, or higher, peak energies than CW
sources. Both PW and CW systems have been used extensively in research for processing a wide
range of materials.

There are a number of key equations used to describe the operation of a laser source, for example
the pulse energy@ ) and peak powerd) of a pulse are calculated lBquation2.4 and Equation

2.5. WhereD s the average laser powéjs the pulse frequency, andl is the pulse duration. The
factor of 0.94 irEquation2.5 relates to the intensity profile in time of the pulse.

0 Equation2.4
0 ”
% Q

0 T[E&)TOO 5 Equation2.5
Meanwhile, the Rayleigh Range ) is at what distance from focus the laser spot has twice the area
of the focussed spotd( ) and comes fronEquation2.6. This is then used to calculate the spot

diameter Q) at a given offsetd), usingEquation2.7. At focusEquation2.7 reduces to simphQ
(the focused spot diametegs expected.

“ 0 Equation2.6
0

d .
Q 0 D o a_ Equation2.7

When using a PW system, such as the Lasertec 40, the distance between successive laser pulses, the
pulse distance ), is directly related to the scan speed as showiEtyation2.8.

0 v, Equation2.8
v o) q

Arguably the most influentiabarameters are Fluencé(, a measure of the laser beam energy
density, and overlap factors in x andly (0 ) which represent how much successive pulses or scan
paths irradiate the same area. Fluence and the overlap factors are calculatedEsgiatjon2.9,
Equation2.10, andEquation2.11in turn. When calculating Fluence, it is clear that the spatial energy
distribution of a laser beam will impact the energy density, in the case of this work the beam is
neargaussian, and therefore the factqiis required.

0 CO'O 5 Equation2.9

O p __ Equation2.10
Q (VRG]

0 p _Q Equation2.11
Q
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By usingQ U , andU , it is possible taranslate settings used on one laser machine to another
(being mindful of the findings if64]), provided_, "Q ando are the same on both systems. This is
due to these parameters accounting for differences in spot size and average power, and therefore a
very powerful tool for evaluating the performance of a given LP strategy.

2.4.2 Laser Polishing of Additively ManufactuBadaces

LP is an attractive pogirocessing technique for AM surfaces as it is-nontact, only requirindine-
of-sight between the laser optics and the workpiece, therefore rétgjnrmuch of the geometric
freedom possible with AM, while avoiding the environmental concerns associated with electro
chemical processes. Furthermore, as LP is a thermal process (attstmmy pulse duratiorfy,

some degree of microstructural modification occurs during processing allowing for material
properties to be varied in different locations. Finally, LP can be combined with laser texturing or
laser machining for surface functionalization to enhance properties such as corrosion res|é&ince

or tribological performancg38]. An example of an LP processed part is shovirigare2.12, clearly
showing the difference compared to the unprocessed part (left).

Figure2.12: Example of ANprosthetic knee jointin the as built condition (Left) ardter laser polishingright). Fron{66].

Along with these advantages, there are some specific challenges associated with LP adoption.
Namely, the highly specialised equipment required requiring laay@tal expenditure heightened

safety concerns associated with las¢6¥], and low productivity rates. Furthermore, there are
uncertain material effects of LP, such as microstructure, microhardness, and composition within the
heat affected zone (HAZResearchis being undertakerglobally to understand these material
effects, improve the productivity (and process controynd find new applications for laser
processing generally.

Much like with AM, LP of Aluminium presents specific challenges due to the high reflectivity (low
absorptivity,| ), low melting point{Y ), and high thermal conductivityl ]. These combine to make

the processing window relatively narrow, requiring sufficient energy input to overcome the high
reflectivity (>85%468]) and thermal conductivityll( F160W/mK [69]) in order to melt the material,
while the low melting temperature (58C [69]) can lead to excessive ablation and other thermal
damage.

Current research into LP of AM surfaces is trending towards achieving the smoothest residual
surface (with the aim of LP replacing conventional gwstcessing operations), improving the

4 At ultra-short pulse durations (ps, fs) there is not time for thermal effects to occur, and instead the laser
material interaction is limited to the molecular se§201].
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processing rates, or performing LP in situ on AM machines. Both CW sfpiftesd PW sources
have been used (most often operating in the nanosecond ediid]) with various degrees of
success. Furthermore, system architectures can either use-awiftimotion control (e.g4]), ora

single optical axis with an orthogonal mechanical axis (e.g., optical motion along the length of a
cylindrical part with rotation provided by a mechanical axi$7#j).

A major complication when understanding the reported results is the processes used to evaluate the
surface roughness. In some instances, different filteraftitvalues are used73], [74] artificially
increasing the apparent effectiveness (demonstrated[75, p. 348]. Others use a baseline
roughness for the part as a whole, taken from an unprocessed region, and compare that to the
measured roughness after processii@]. This may be necessary when the research objective is to
use the same equipment for the sample manufacture and subsequent {sRu(ipost processing or
hybrid manufacture, such as jii6]). Howeverdue to the highly variable nature of AM surfaces (as

will be discussed in Chapter 4) this may not give a true reflection of the process effectiveness. Ideally
the same area would be measured before and after processing to ensure an accurate effectiveness is
being reported. Measuring matching regions also allows qualitative evaluation of the process by
observing if any distinct features persist after polishing (e.g., specific tall peaks, adhered patrticles
etc.) that a numeric roughness measure cannot account for. Chdptiscusses a method for
measuring AM surfaces in a repeatable manner. The current state of LP of AM Aluminium will be
further discussed in Chapter 5, with regard to the LP procedure developed as part of this project.

Overall, laser processing has the potential to be a key enabler for the continued industrialisation of
AM. Lasers offer key benefits compared to conventional, subtractive techniques thanks to being
non-contact and force free. This means that deep or high aspaii features that are traditionally
challenging (heightened risk of tool or part brakeage) can be processed by lasers with much lower
risks. Furthermore, being able to control the surface chemistry, hardness, or microstructure may
negate the need for further surface finishing techniques (e.g., anodizing). This work will focus on
improving the effectiveness of LP, while alswlerstanding the material response to.LP

2.4.3 Simulations

2 AG0K GKS GNIyaAixldAazy G2  Gdredtd deinphdss, amddraliance,(idaS NB
computational simulations. One of the main obstacles for research, especially around AM, is the cost
of materials and time taken to undertake experiments, making simulations the preferred option in
many cases.

LP simulation has followed a similar trajectory to simulating AM processes, that is dfedyg tend

to focus on micrescale simulations, utilising Computational Fluid Dynamics (CFD) to model the
melt-pool dynamics and residual textufgg], [78] An example of this sort of prediction is provided

in Figure2.13. While micrescale predictions are useful in explaining why certain laser types and
operating modes have different effects on the surface topology, there has been a relative lack of
interest in macrescale simulations looking at how part bulk temperatures evolve during processing
and how this in turn feeds back into the polishing effectiveness.

19



PRI E s oo i o

4 . .
& 1000 ps P A D TGS 0 ARy m s
ha 4

Top view

Sectional view

500 ps
Temperature K] Side view

—
100 pm B TN = Scanning direction

Figure2.13. Example of CFD prediction of m@itol dynamics and residual surface texture resulting frors)(pulsed wave,
or (df) continuous wave laser sources. Fi{gi3.

2.5 Mechanicallesting of Additively Manufacturégbmponents

In order for AM parts to be widely accepted in industrial applications designers need to be certain of
the mechanical properties of the components to specify them appropriately. Traditional
manufacturing methods have centuries of data to rely on to determine the various properties, such
& , 2dzy 3 Q0), teadieRstiEngtid strain limits, fatigue life predictions, and so on. AM does
not have this luxury. With the high cost of materials, machines, and manufacturing time, there are
significant challenges to amassing similar quantities of data at the required quality.

Furthermore, the relative instability of the AM process, in terms of part properties when compared
to conventionally manufactured materials, is often referenced as a reason for the slow
industrialization of the process. In aerospatieere are strict requirements to prove the capabilities

of a design before it is allowed to fly. For conventionally manufactured materials the expected
mechanical properties do not vary much, to the extent that usually only a single value is presented in
material datasheets. This gives great confidence in a designed part having the same properties
irrespective of manufacturing specifics (time and date, exact machine/location, speeds/feeds etc.).
This is not true for AM, for a part to be flighpproved in a safetgritical location, not just the
design needs to be qualified, but all aspects of the manufacturing process. The build parameters are
fixed, along with the design and any pgmbcessing applied, unless the part is to beqtalified

[79]. The problem is even more acute in healthcare, where AM is enjoying relatively widespread
adoption, as the part traceability is so stringent that for modern rdaker systemghe exact laser
module used to manufacture the part must be recorded and repeataBldding to thechallenge of
amassing a comprehensive database of material properties for use in design.

What follows is an overview of some common mechanical testing options.

2.5.1 Hardness

There are many different techniques for measuring the hardness of materials, but all operate on
similar principles. A load] is applied to the surface through an accurately shaped indenter, then
the hardness is calculated proportional to the contact area (indent width), or depth of penetration.
Examples of common indenter geometries are showRigure2.14.

5 Private communication as part of an AM machine manufacturer factory tour.
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Figure2.14: Common Hardness test methods. Adapted f[8@j.

1.Force Applied

One of the most common methods is the Vickers hardness scale which utilises a pyramidal indenter
with a face angle of 136 The two diagonalsQ, ‘O ) of the square indent are measured and
averaged ‘Q, Equation2.12) from which the contact areadj can be found Equation2.13). In
practice, the hardnessQ@ is calculated directly usirigguation2.14.

0 o © Equation2.12
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@) Equation2.13
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Hardness is a useful metric as it allows indirect insight into the microstructure of a material. For
example, in steels higher hardness is associated thithformation of martensite grain structures.

And for Aluminium, it has been reported, that the midrardness at the surface is increased after
laser polishing, corresponding to regions of differing microstructure to the unpolished [@Has

The reason why hardness can imply the size of grains present is that smaller grains inhibit dislocation
movement and therefore reduce the ductility of metals, while in larger grains dislocations can travel
uninterrupted for relatively long distances reducing the hardness.

2.5.2 QuasiSatic (Tension,Bending)

Quasistatic mechanical testing such as tension, bending, and compressidiorms the backbone

of many engineering analyses. The term gisdatic refers to testing at a sufficiently slow strain rate
that it can be assumed dynamic effects are not present, in contrast to impact toughness where
dynamic effects dominate. Quastiatic testing permits the determination of fundamental properties

d2O0K & df GAYFGS YR 8ASER aGNBy3dK FyR St2y3ald

stressstrain (forcedisplacement) curves generatefin example is shown kigure2.15.
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Tensile testing is one of the simplest qusisitic tests to perform and interpret. A test coupon is
subjected to a steadily increasing displacement at one end andetipgiredload is recorded. Strain
rates used depend on the ductility of a sample but generally are in the region of a few millimetres
per secondd &f1i). Tensile testing is widely standardized for both test method and coupon design,
such as in ASTHE8 and 1S®8921, to facilitate easy and direct comparisons of results between
tests and laboratories. Tensile testing will be further discussed in Chapter 6.

Traditionally testing is conducted on standardised sample geometries, but this assumes isotropic /
guastisotropic mechanical properties, and the coupon size will not affect the results. For AM it is
well known that the materials are not isotropic and therefore the number of test specimen required
to characterise the material would be prohibitive. Combined with this, AM affords unparalleled
geometric freedom, facilitating new design methodologies (such as topotgmynisation or
generative design). All of this has led to a movement within AM to move away from coupon testing
(both static and fatigue), and rather focus on testing of representative geomgtrieducing the
testing burden and properly accounting for the manufactured geometries and conditions.

2.5.3 Fatigue

In most practical applications parts are limited not by their ultimate failure strengths, but by their
performance under fatigue loading. Fatigue was first identified in tHe cghtury, often attributed

to Wilhelm Albert and their observations of failures of mine conveyor chains, and subsequent part
testing. The first documented use of the term fatigue was by F. Braithwaite (who in turn attributed it
to a Mr Field) in 1854, describing numerous incidents where fatigue was inv{@2gdin the
subsequent 150 years engineers have been constantly battling to better understand fatigue, while
pushing the limits of designs to create ever more material efficient designs. Every so often the limits
are pushed too far, often with disastrous consequences.

The aerospace industry is especially conscious of the effects of fatigue as structural failures of
aircraft typically result in total aircraft lo§sOne infamous example of structural fatigue in aircraft
was the De Havilland DH106 Comet of the 1950s. The firpbjgered passenger airliner flew faster

8 Discused during gpanelsessiorbetween L. Pambaguain; F. Montredon; D. Wells; and A. Andreaco.

G! RRAGAGS + SNATA Ol 1 Ihteryatiohay Fonferetire briAEivar@ed iMan2ifgcéuring G
10/03/2022.https://atpi.eventsair.com/icam22/
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each have over 100 investigations/reports available that reference fatigue of aircraft components.
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and higher than anything that came before. The increased altitudes required the cabin to be
pressurised to allow passengers to travel in comfort and not suffer from oxygen deprivation. Despite
extensive pressure testing during developmetiiiere were two crashes after only three yearb
operational service. The root cause was determined to be stress concentrations around various
square apertures in thaircraft hull,raising the local stresses far beyond design calculations, leading
to fatigue cracking and subsequent failure of the airfra[®&]. Since then, much greater attention

has been paid to local stresses and the adoption of rounded passenger windows in subsequent jet
airliners.

The lessons learned, in part by the Comet, are still relevant today, withvhigk industries; such

as aerospace investigating the role of AM with respect to lightweighting of components to reduce
costs and improve efficiency. However, as the Australian cycling team found in the 2020 Tokyo
Olympics, properly defined loads and appropriate testing are still ess¢igl

Figure2.16: AustralianOlympic cycling team AM Titanium component failure, attributed in part to improperly defined
loading conditions during design, accelerating the onset of fatigue cracking.[85dm

Fatigue testing can come in many forms depending on how the load is applied; tension,
compression, bending, torsion, pressurisation, temperature, and combinations thereof.
Furthermore, within thisthere are considerationsis to how the applied stress will change over
GAYSd LG A& OdaAG2YFNEB (2 NBLRNI SAGKSNI GKS YI EA
(Y ) which is simply the maximum stress divided by the minimum stress. Common val¥esuef

0, when the stress varies between 0 and some other valuayhere the maximum and minimum

stress values are the same magnitude (and the average stress is 0).

A final consideration is what to record and how to interpret the results. As a minjrthentest
conditions will be recorded (and assumed constant), along with the number of cycles to a pre
defined stopping condition (failure, cycle count, specified reduction in stiffness). Less common is
recording how the load/deformation varies within a cycle (due to the massive amounts of data this
would entail for long tests), that may give insight into how the performance changes over time and
indicate early warning signs.
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also the overall form and surface condition. While AM allows more-fitem geometries to be

realised- enabling preferential load paths, the aforementioned rough surfaces and differing bulk
properties compared to wrought require evaluation of the fatigue performance of AM materials and
components. There has therefore been a lot of research into both improving the mechanical
properties and surface condition of AM parts through manufacturing parameters, improvements to

surface condition (and to a lesser extent the mechanical properties), aneppostssing operations

to address both material properties and the surface condition.

2.6 Technical Literature Review

2.6.1 Surface Metrology

The theory behind surface roughness measurement and quantificatediscussed in Chapter 2.3
here the specific considerations required for AM surfaces are introduced, along with a review of the
current research and best practices.

2.6.1.1 Challenges of Measuring AM Surfaces

While there has been a proliferation of work regarding the surface roughness measurement of AM
parts [86], [87] there are still challenges to overcome. Firstly, AM surfaces are unlike those
produced by any other manufacturing technique; high roughness values, contamination (e.g., soot),
tall/high aspectratio features, and a high degree of variability. Examples can be ségegure2.17.

This means a suitable measurement device needs to have a large measurement range in all three
directions, while also having a fine resolution to ensure even relatively small features, such as
adhered patrticles, are properly captured.

Figure2.17: Typical surfaces from AM Aluminium

A secondary consideration, and a-fmpduct of the high variability, is how to appropriately assess
the surfaces. It is common to quantify a surface using standardized metrics (such as those listed in
Table2.2) however these cannot describe distinct features.

Even when evaluating the surface as a whole, using standardized metrics, the options are practically
endless. However, the array of roughness parameters available can obfuscate any correlations if too
many are evaluated, while not selecting enough (or selecting incorrectly) limits the ability to identify
correlations at all. It has been shown previously that skewness can distinguish between surfaces
built horizontally and vertically on-BBF polyamidd2 samples. It was found that side surfaces
typically had a negative skew (mastthe &8 dzNF I OS al 62@S¢ YSIy fAySsE @I
due to adhered particles, whereas top surfaces typically exhibited a positive EgwWhen
selecting roughness parameters, it is also important to consider the function of a surface, for
example the material ratio (ratio of the bearing length to the evaluation length) is a much better
metric than the average height of a surface in tribological applica{d®ds It has been suggested by
Leach et al., that while standardized parameters are useful due to their prevalence, there may be
better options for assessing AM surfa¢2k
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Finally, filtering to isolate different surface components (waviness, roughness etc.) is standard
practice, and the methods are well established for conventional manufacturing methods.
Researchers have attempted to apply the same guidelines to AM surf@8gshowever the
required measurement ranges can become prohibitive (measurement range 5 times than the filter
length). The effect of selecting one filter rather than another can be stark, either inflating or
suppressing the calculated roughness values by many times, an example of this is slagurean

2.18. As Lou et al. succinctly put it, the challenge of how to filter AM surface measurements is
F dzNIi K S NJ O 2 it Jiothc@dr wiaitRoudhdessdand waviness mean to AM procef8gisin
conventional machining operations (as discussed in Chapter 2.3) waviness can be attributed to
chatter while roughness is typically related to tbetting tool geometry and condition, clearly two
mechanisms that do not present themselves in most AM processes. Finally, as has been repeatedly
noted by others, this highlights the need to clearly report full information about the measurement
setup, process, and post processing, along with the roughness values ¢rRbk4a0]
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Figure2.18 The same surface roughness measurement with different filterseagti = 2.5mm, 0.8mm, 0.25mm, and
0.08mm) and the resulting roughness (black lines) and waviness (red lines, marked with *) profiles obtained [evaluation
length = 17.5nm, tip radius = pim]. Fom[75, p. 348]

2.6.1.2 Current Measurement Trends

It was reported by Diaz in 2019 that there were no standards or formal guidelines for how to
measure the surface roughness of AM pdis], and while there has been much activity in the area,
there is still limited information available. Some, like Triantaphyllou et relve undertaken
comparative studies to determine an appropriate process for a given material. In thattbage
determined a 2.5nm L:Filter, rather than the 1SO 4288 prescribethB, could effectively capture

the main surface characteristics of PBF (both laser and elebam) Titanium samples at various
build angleg88].

Beyond that, there has been little progress towards identifying, or implementing, good practice for
the measurement and reporting of AM surface roughness. There has been greater interest in how to
describe these surfaces using alternative techniques. For example, Newton 1hlhave
developed techniques to identify, isolate, and categorize surface features (e.g., adhered particles).
They go on to propose applying traditional surface roughness metrics to the surface with these
identified features removedi86]. A significant drawback of these alternative methods is the trouble
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in relating them to surfaces manufactured by alternative methods, and therefore it is likely that
conventional surface roughness parameters will endure.

In general, there are three main ways measurement details are reported. The gold standard are
highly detailed accounts, including measurement device capabilities, objective specifications (if
appropriate), and all post processing steps appj&d, [88], [89], [92], [93], [94]Then at the other
extreme there are publications that give minimal detail, e.g., only final roughness values and device
type [41], [95], [96], [97], [98], [99]Finally, there are those that fall somewhere in between, giving
adequate information about either the measurement setup, or posicessing, but typically not

both [100], [101]

| 26 SOSNE GKSNB Aa y2G | aidlyRIFENR GNBOALISE F2NJ K:
AM samples. This chapter discusses the evaluation of one such recipe, comparing results from three
readily available systems with a focus on the effects with respect to-quate roughness
measurements. Following this, a moredapth study was conducted using one of the systems to

evaluate the effect of some measurement setup and data processing options (localisation, stitching)
in terms of variance in reported height for each pixel.

2.6.2 Laser Polishing

2.6.2.1 AM Surfaces

The typical characteristics of AM surfaces are widely reported, exhibiting features such as high
roughness, adhered particles, soot contamination, deep pits, and high peaks. A 3D surface
measurement is shown iRigure2.19 of a typical AM aluminium surface (vertical scale amplified for
clarity). These are detrimentab the aesthetics of parts but can also influence the functionality.
Furthermore, mounting surfaces need to be well defined to ensure components are orientated
correctly, often achieved through remedial work, and the high roughness can have adverse impacts
on the tribological, fatigue, and corrosion characteristics of a matg@#], [103] In addition to the
roughness, AM Aluminium surfaces tend to have a dull appearance due to soot build up from the
manufacturing process, which LP can effectively clean from the surface further improving aesthetics
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2.6.2.2 Laser Polishing of AM Metal Parts.
The laser system used in this work waBMG Sauer Lasertec fer milling centre, equipped with
a SPI Lasers G3nhnosecond source, details of which are provided in Section 3.2. There has been
much interest in LP using CW lasers, and to a lesser extent PW lasers. Hofele et al. found that CW LP
had a significantly increased processing rate comparedst8W LP (about & greater) while also
having a lower achievable roughness (Ra) with a single pass. However, the resultant roughness was

Figure2.19: Representative surface roughness measurement of an AM aluminium part
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the same when four polishing passes were used for both PW and CW opdidjoit should be
noted that the processingarameters were subtly different between the CW and PW operating
modes, albeit both having been optimized separat€éyher studies regarding CW LP have found
CQ sources can achieve roughness/ddum Sa[104], and singlepass reductions in excess of 70%
[105]. Meanwhile, fibre lasers have given resultant roughness belowir8.:a[106]. When it
comes to PW LP, there is little consensus about which pulse frequency range is opitmahany
authors investigating longulse LP[73], [107] and few reporting results for ultrghort pulse
machining[108], [109]

Nanosecond laser sources are a popular choice for laser machining due to the short pulse durations
reducing the damaged caused to surrounding material by overheftib@] while being more cost
effective than ultrashort pulse duration sources (femtosecond, picosecond). Therefore, developing
an effective and repeatable LP strategy using a nanosecond source would enable combined
smoothing and texturing processes.

Nusser et al[111] investigated different pulse durations and intensity profiles for LP of tool steel,
finding that while circular beams gave lower achievable roughness than square beams, adtha top
intensity profile preferable to a gaussian beam. In general they also found ns pulse durations gave
better performance tharnus. Zhihao et al[112] also used a ns laser source (i&x; 500ns) to polish

AM Inconel 718 samples, achieving Ra reductions fronum.80 under 0.1lum, however it is
unclear what pulse durations were used, or how the roughness was mead$edattions of up to

80% have been achieved on AM Ti&ing 27Ms pulse duration§l13]. Furthermore, Xu et al. used

a ns excimer laser (UV) to polish rolled 6013 Aluminifinaing significant improvements to the
fatigue and corrosion resistance of the matefil4].

There are two key pieces of previous research that informed the development of the presented
strategy The first by Bhaduri et al. found limiting heat loss from the specimen resulted in greater
smoothing of AM Aluminium surfaces. They achieved this by @siteramic baseplate to insulate

the sample from the machine-X stage and therefore minimise conductive los$és$]. The
mechanism behind this effect is thought to be the increased heat retention in the part reducing the
thermal gradients, and therefore cooling rate, giving more time for the melt to flow under the effect
of gravity and surface tension. Nesurface temperatures were found to be approximately 30%
higher compared to processing without the baseplate. Based on their report, throughout the present
work a ceramic baseplate was also utilised in conjunction with a Polytetrafluoroethylene (PTFE)
positioning jig.

The second piece of formative research was by Petkov et al. who found for processing AM Titanium
parts a threestage process was desirable. They proposed a strategy starting with a general ablation
step, followed by targeted ablation of remaining asperities, and finally a remelting step. While
Petkovet al. were unable to determine optimal parameters for the final step, the initial two ablation
steps resulted in smoothing from oveipyén to 1.8um Sg115].

Previous unpublished work at Cardiff University found andZexposure time at 29%Hz was
effective at removing many of the surface asperities. This is likely due to the short pulse durations,
and low dutycycle, minimizing heat transfer to surrounding matefil6)]. Furthermore, there was

no evidence of adhered particles remaining after processing. It did however leavetmituices on

the surface (many regular depressions) and a dull appearanceF{gee=5.4). This strategy was
equally effective on both top and side surfaces.
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Finally, Bhaduri et al. also found that for the AISi1lO0Mg aluminium alloy the greatest degree of
smoothing was achieved with a fluence of I@n¥, with spot overlaps in both X and Y directions of
97%. They achieved this using pulse durations ofr@2at 10kHz[71]. It was possible to replicate
these laser parameters on thieasertec 40milling centre, and so was used as a baseline for the
smoothing steps as presented.

2.6.3 Thermal PosProcessing

Traditional thermal posprocessing techniques generally involve heating a material to a specific
temperature for a certain length of time before cooling it back down again. Depending on the time,
temperature, and cooling method the resultant mechanical properties can be tailored for a given
application. For Aluminium there are five broad temper designations;adnealed, W¢ solution

heat treated, T¢q stable tempers (except O), ¢untreated, and Hg strain hardened. These are
followed by a series of numbers that give more information about the process or resulting
properties, for example there are ten maincddes, T1 to T10, describing the order of operations
required[117], [118] Each different temper has its uses, and some of the more common tempers
include O, T4, and T6.

The following suksections describe the main HT operations, how they are achieved, and the effects
on material properties.

2.6.3.1 Stress Relief

SR has been widely applied to AM parts to reduce the residual tensile stresses left by the high
thermal gradients during manufacture. Peseinufacture SR is so ubiquitous that many AM material
datasheets specify properties in the as built and stress relieved conditions, for example from
Renishawplc[69] and EOS GmbH19].

SR involves heating a component to a set temperature, maintaining that temperature for a period of
time, and finally allowing it to cool back to ambient temperatures. In aluminium SR is generally
achieved between 45% and 60% of the melting temperat{f20]. While at the elevated
temperature the crystal structure within the material relaxes allowing residual stresses to dissipate.
SR is similar to annealing in conventionally manufactured materials.

2.6.3.2 Solution Heat Treatment

Solution Heat Treatment (SHT) is a higher temperature process that causes changes to the
crystal/grain structure of a material, and therefore modify the mechanical properties. The part is
heated to just below its solidus temperature and held for a period of time (known as heat soak), this
allows the soluble alloying elements to fully dissolve and the crystal structure to reform. Ideally this
mixture will be a nearly homogeneous solid solution of the various elements present (hence the
process namejjLl17].

Heating is followed by very rapid cooling (quenching) to retain the crystal structure and keep the
alloying elements in solution. In most alloys the solubility of alloying elements increases with
temperature, and thus an aim of quenching is to maintain those elements in solution in greater
proportions than normally possible, known as a supersaturated sol{tibn).

2.6.3.3 Precipitation Hardening / Artificial Aging

Once in a supersaturated state following SHT, alloying elements can come out of solution over time
to form precipitates, called precipitation hardening. Precipitation hardening inhibits dislocation
movement through high internal strains present around precipitates that have the same crystal
structure as the surrounding alloy. In the case of Aluminmmagnesiurssilicon alloys, Mgpi
precipitates out of the solid solution and leads to a strengthening effét¥]. The degree of
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hardening is dependent on the size and distribution of the precipitates and is therefore sensitive to
the time and temperature of the proce§s21].

Precipitation hardening can happen at room temperature for some alloys (known as natural aging)
and for some alloys, stable tempers can be achieved after a matter of days (resulting in T3 and T4
tempers). Achieving precipitation hardening through reheating is known as Artificial Aging (AA) and
is used to prevent or limit changes to the mechanical properties over time. The greatest
AUNBYIGKSYAy3 A& | OKASOSR Ay GKS a4t Sl -and NRSY SR
overaging are both a function of temperature and time, and lead to reduced strengths, but may
improve other properties. Oveaging Aluminium gives the T7 temper, often desirable due to
increased dimensional stability and fatigue resistance compared with other tempers, at the expense
of ultimate strengthq4117].

Due to the maximum strength generated, the T6 temper is widely used, and many authors have
developed processes to achieve the effect for AM parts. The consensus for process times and
temperatures is given iable2.4, the variation in times and temperatures are also given in the
table. Not all authors include a stress relief step prior to the T6 temper.

Table2.4: Times and temperatures used to achieve &htperin AM AlSi10Mg

Temperature Time Cooling Temperature  Time range
Method range
Stress Relief 300xC 2 hours Air Cool %230xC[122] A€ hr[123]
Solution Heat  520xC 6 hours Water Quench 450xC[124]¢ 0.5 hr[119],
Treatment 560xC[125] [126]
Artificial Aging 160xC 6 hours Air Cool 140xC[126]¢ 1 hr[127]¢

200xC[127]  24hr[128]

2.6.4 Fatigue

2.6.4.1 Test Methods

The usual methods for fatigue testing involve applying cyclic stresses of a given amplitude, with or
without an additional mean load, for a period of time or sample failure. In the LCF regime failure is
the usual stoppingriterion due to the relatively low cycle counts required. When investigating HCF
performance, however, cycle counts of “1@re not uncommon making exhaustive testing
impractical. Therefore, it is customary to define a stopping point prior to failure. When this condition
is met the sample is removed from the test and referred to as aowin On SN plots (applied stress
against number of cycles) runouts are indicated by arrows to show the cycle count to failure is
unknown.

There have been many attempts to devise a test method to expedéeletermination of fatigue
endurance limitshoweverthese haveoften beenfound to be inaccurate or impracticel29]. To this

end, in 1999 Maxwell and Nicholas published research into one such mgtk8fthat has become
widely accepted and validated, now known as shegpd testing. In their test plan, a target
endurance limit is set)( ), and the sample is fatigue lded first at a stress below the assumed
endurance limit for0 cycles. If the sample survives the applied stress is increased by an amount,
Y, (suggested to be no more than 7% the initial stress by the authors) and subjected to another
series of() cycles. This repeats until sample failure. The fatigue endurance limit, the maximum
stress sustained fas cycles can then be estimated by linear interpolati&ujation2.15) [129],

[130].
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Where: , is the maximum stress sustained for cycles (the endurance limit), is the
maximum tested stress sustained for  cycles without failure, and is the number of cycles
sustained at final stress before failui@ ( 0o ).

There has historically been some concern that dteul testing can lead to a phenomenon known as

G602 EAy3é¢ gKSNBoe GKS 3INIRdzdt AyONBF&aS Ay aiNBa
found through normal, constant amplitude testing. Sinclair found in 1952 that coaxing was present

in ferrous metals, but noin brass or aluminium. It was postulated that coaxing was a saging

process, and therefore not present on materials with little capacity for staging[131]. Other

authors have also found coaxing to not be present in other materials including $1&3kand

titanium alloys[130], [133] with steploading tests giving comparable fatigue strengths to those
obtained by other methods and is therefore valid in this case.

2.6.4.2 Fatigue Properties of AM Metals

In literature there has been inevitable interest in the fatigue properties of various AM metals, under
different load conditions (e.g., plane bending, rotating bending, axial), and the effect of different
post-processing operations. What follows is a broad overview of overview of AM fatigue, with
particular attention paid to previous work sharing conditions with the results presented in
Chapter7.6 (i.e.,Y T, tensiontension, Aluminium, and/or LP).

A. Directionality

It is widely accepted that AM materials have differing static mechanical properties depending on
build orientation, and the same is true for fatigue. Some authors have investiggbethBbending
fatigue of AM AISi1l0Mg, using samples such as those showigune2.20, and have found strong
directionality for asbuilt samples, including a dependence on whether the radii were manufactured
on the top or bottom surface of inclined samples. Overall, they found horizontally built samples
were slightly stronger than vertically built samples, while angled samples with the radii on the top
surface (series E irigure2.20) performing similarly to horizontally built. Conversely, samples with
the radii on the bottom surface (series D Higure2.20) were substantially weaker than all other
build orientations[103], [134] Beretta et al. however found that machining samples could alleviate
a lot of this directionality by removing surface defects, likely due to porosity in the bulk of the
material being generally spherical in skdfi34]. Brandaoet al. found build orientation had limited
influence orthe fatigue properties of AlSi10M302].
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Figure2.20: Thefatigue samples and builotientations used by Beretta et al., frdd84].

Mower and Long looked at the rotating bending fatigue strength of two different stainless steels
(17-4PH and 316L) arfdund the horizontal samples performed similarly to wroudfit5% lower in

the case of 316L) while vertically built samples were significantly worse. They also noted an
increased variability in the fatigue strength of AM samples compared to the wrought mdgsjal
Finally, Brandl et al. also found horizontal samples had higher fatigue strengths/¢higcal or
inclined samples, howevgthe difference was minimized through build plate heatjd@5]. While
interesting, these findings are not of direct relevance to the following tests as, like the tensile
samples, they are all manufactured horizontally.

B. Influence of Heat Treatments on Fatigue Properties of AM Metals

As noted by Bagherifard et althe fatigue performance of AM metals is poor due to the
exceptionally low ductility compared to conventionally manufactured equivaldh®b]. It is
therefore expected that heat treatments may be useful in preparing AM components for use where
fatigue loadings are of considerable concern, thanks to the significantly increased ductility afforded
(see Chapter 6 and rgfL36]). This logic holds true for tempered samples, with many authors finding
substantial increases in fatigue strength after-t&€pering [5], [6], [135] (AISi1lOMg, tension
tension,’"Y = 0.1 for each). However, SR appears to have a detrimental influence on fatigue strength
compared to as builtL37], but may reduce scatter in the resuf3].

C. Roughness Effects

Correlating fatigue properties to surface roughness is attractive for engineers as roughness is
relatively easy to measure compared to, for examplerosity. There are however mixed empirical
results, with Spierings et al. finding no significant effect due to different surface treatments (blasting,
machining, mechanical polishing) on 316L Stainless §i88], whereas Aboulkhair et al. found
machining sample surfaces to be beneficial for AlSi10Mg at lower stress levelsMRAHB], [139]
implying increased resistance to crack initiation. Bagehorn et al. found reduced roughness increased
fatigue resistance for Ti64 samplés].

I NBOdZNNAYy3I GKSYS FONRaa GKAa NBI 2F NBaSIk NDK

fatigue crack initiation occurs. These killer notches can be either surface featuressuntsme
porosity, or bulk porosity. Wits et al. investigated the effect of pore location on fatigue life for
AlISi10Mg. Porosity was induced through different scan strategies (laser power, hatch spacing, etc.)
and the surface layeraere machined away to isolate the effect. They found defect size strongly
correlated to faigue life, more so than pore locatidi40]. Mower and Lond25] and Bagehorn et
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al. [97] both found by machining surfaces crack initiation moved from the surface to bulk defects,
for AISi10Mg and Ti64 respectively.

Due to this apparent link, there has been great interest in relating fatigue properties to fundamental
mechanics to aid in forecasting strengths. Ghiotti et al. applied a lekeatic fracture mechanics
approach to AM Ti64 buffound limitations due to inherent manufacturing defec{d41].
Gillhametl f @ (G221 GKA& 2yS aGSLI FdzNI KSNE dmfatgud G KS
strength of AM Ti64. They were successful when applied to texisizsion samplesY = 0.1) with

sharp notches manufactured into the sides, with reducing accuracy as the notch size approached the
scale of surface roughness. The maximum error reported was 16%, which the authors argued was
within the 20% often expected for fatigue predictiofigt2]. A more direct approach was taken by
Buchenatet al. who found the surface roughness parameter Sk (Core héightelated very well

with fatigue strengthqqy =10, Ti64,Y = 0.1, tensiortension)[143].

2.6.4.3 Influence of Laser Processing on Fatigue Performance

Within the literature, there are two methods of laser processing generally employed, LP and LSP. LSP
is similar to conventional shot peening (SP) in that the desired outcome is to impart residual
compressive stresses in the surface to aid in fatigue resistance. LSP achieves this by directing the
incident laser pulse onto a sacrificial layer (e.g., paint, metal tape) generating a shockwave. The
shockwave is concentrated into the processed material by a thin layer of water. This is shown
schematically ifrigure2.21.

Laser input
Laser-pumped plasma
generates TR A Tamping water
compression wave v

4

Figure2.21: Schematic of laser peenirigom [144].

LSP has been shown to significantly increase the fatigue strengths of various AM materials, with
Hackelet al. finding 316L samples subjected to fgaaint bending fatigue had the longest lives after

LSP compared to dmiilt or SH144]. Malekiet al. found, for AlSi10Mg subjected to rotatibgnding

fatigue, an increase in fatigue life from %13’ cycles in the as built condition to XP0° cycles after

LSP, with crack initiation a short distance below the surface. Similar increases were achieved with SP
YR aaS@SNBE O p4bNNasaleMNE alshI5Ubg/ substantial increasesthe fatigue life
(AISi7Mg, Joint bending,Y = 0.1), attributing this to the residual compressive stresses and pore
closure near the surfadd46].

8 Core height is found from the material ratio curves (Abkeitestone curves) by extending the central, nearly
linear region (30% to 70% probability) to the probability limits. Sk is then the difference between where this
line intersects 0% and 096 probabilities. See ISO 251Z8p. 22 for more deta[U6].
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LSP does involve some significant limitations, namely, the requirement to coat the part in a sacrificial
ablative layer (often PTFE or Aluminium tape), to have a continual covering of laminar water on the
surface, and pulse intensities in the GWFrange[26]. All of these conspire to make LSP labour
intensive, time consuming, and difficult to implement. Therefore, it was not considered for further
evaluation in this work.

While LSP results in residual compressive stresses through a depth of owam(1315], [146] LP

does not have this effect. LP is primarily a smoothing process, with associated microstructural
changes (e.g., Chapter 5 and rpfl]). With this in mind, and the high variability in LP strategies
employed, it is unsurprising that the effects on fatigue performance are far less clear than for LSP.
For example, for Ti64 Kahlin et al. found a reduction in fatigue strength after LP, with an increase in
the number of crack initiation locations (tensitension,’Y = 0.1)[147]. Meanwhile, Lee et a]148]

and Ordnung et a[149]both found LP increased fatigue strength (AXfal=-1 and 3point bending

'Y = 0.1 respectively). For steels, Aviles et al. found no significant change in fatigue strength after LP
in a nitrogen atmosphere (conventionally manufactured AISI 1045, tetsiwion,”Y = 0.1)[150],
building upon previous work by the same authors that concluded fatigue performance was more
closely linked to microstructural changes that to surface roughness effects (same material and test
conditions)[72].

2.7 Identified Knowledge Gaps

2.7.1 Surface metrology

Overall, the literature shows AM PBF surfaces present unique challenges for the measurement and
assessment of surface roughness. From the highly varied surface, to high aspect ratio features, and
long spatialvavelength roughness components, the previously accepted methods and standards are
not best suited to assessing these surfaces. This is especially true when filtering surfaces to extract
roughness or waviness components. Much work exists attempting to empirically determine a
suitable nesting index; howevdhese generally still require very large measurement ranges, and do
not factor in the functionality of a surface. There has also been much effort devoted to novel
assessment techniques, such as quantification of discreet features. However, these assume a certain
level of proficiency when it comes to the measurement of surfaces, and subsequent reporting of
results. Currently, there is a significant deficiency in the literature in this redardpter 4,
GOKSNEFT2NBs gAft S@rfdad dS | LINI OGAOFEE NBEfAIFOES:
evaluation, and reporting of roughness data from PBF components.

2.7.2 LP Literature Summary

Laser processing has been the topic of many different studies, both from conventionally
manufactured and AM parts. Lasers have been shown to be effective for various surface
modification processes, including cleaning, texturing, and smoothing. Laser polishing has been
shown to be effective across a wide rangklaser architectures, with particular interest in CW
sources (available with very high powers, and common in {acgée cutting machinesHowever,
nanosecond sources (commonly used for micrachining processesiave been of lesser interest in

the literature, despite their apparent advantagebhe development of a laser polishing strategy
utilising nanosecond pulse durationstiaus the focus of Chapteb. Nanosecond pulse durations
strike a good compromise between cheap, reliable operatimmg reduced heat input into the
surrounding material. Previous research has shown that rstép processing has the potential to
achieve greater smoothing than single step procesgihte maximizing the heat retention within a

part can also increase the smoothing potential.
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2.7.3 Fatigue

Due to the very high cycle counts often investigated for fatigue testing, there has been numerous
attempts to design reduceduration tests. One of the more successful and accepted is thelstaep
testing, where a desired life is set, and only the maximum load sustained for that life is of interest.
While there are concerns that the gradually increasing load may artificially inflate the fatigue life,
this has not been found for a range of materials including aluminium.

It is natural for the fatigue properties of AM metal to be of great interest to researchers, and there

have been many diverse studies conducted over the years. Much like forsjatisiproperties, it

has been repeatedly found that AM metals exhibit significant anisotropy, in terms of both build

direction and the orientation of specific features during manufacture. There have also been many
attempts to improve the fatigue resistance of AM metals through various heat treatments (with

mixed results) and reducing the surface roughness.

There is comparatively little understanding for how laser processing influences the fatigue strength
of materials. Laser shock peening is an emerging technique to increase the fatigue resistance,
however, is time consuming to implement and requires highly specialised equipment. It is suggested
thar laser polishingnay improve fatigue resistance by eliminating crack initiation sites, however
there are mixed experimental results in the reported literatuféne influence ofaser polishig on

the fatigue performance of M AISi10Mg coupons investigated in Chapter 7.
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3 Methodsand Equipment

3.1 Additive Manufacture of AlSi10Mg Parts

Cardiff University has a Renishaw AM25BBF machine, that usesYaterbiumfibre laser source
with a focussed spot diameter of 70n. The laser is operated in a PW mode and has a maximum
average power of 20W. The maximum build volume is 260n x 250mm x 300mm. A Reduced
Build Volume (RBV) device can be fitted to the build chamber, showfigure 3.1, that has
maximum dimensions of 7@mx78mm x55mm. The machine is capable of processing many
different metal powders, including titanium alloys, nickelsed alloys, steels, and aluminium alloys.
This work focuses on the AISi10Mg aluminium alloy, whose nominal composition is givaiplen
3.1.

Figure3.1: Renishaw Reduced Build Volume (RBV) system[X&if

Table3.1: Renishaw AISi10Mg powder nominal composif&®].
Element Symbol Mass (%)

Aluminium Al Balance
Silicon Si 9.00¢ 11.00
Magnesium Mg 0.25¢ 0.45
Iron Fe <0.25
Nitrogen N <0.20
Oxygen @) <0.20
Titanium Ti <0.15
Zinc Zn <0.10
Manganese Mn <0.10
Nickel Ni <0.05
Copper Cu <0.05
Lead Pb <0.02

Tin Sn <0.02

To prevent oxidation of parts during processing the AM250 uses an inert Argon atmosphere
throughout the manufacturing process. One of the main features of the machine is the low argon
consumption as the build chamber is first evacuated9%0 mBar gauge pressure) before the argon

is introduced, the chamber is then held at slightly positive pressure to prevent air (and therefore
oxygen) ingress. The residual oxygen content is monitored at two locations within the build chamber
and maintained below a set value, measured in parts per million (ppm).

It is possible to change all the main manufacturing parameters on the AM250 and specify them
separately for different parts within a build. It is also possible to specify different setforgs
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different regions of the part top, bottom, and side surfaces, or the core, to optimize both
mechanical properties and surface roughness.

A typical value fod on this machines 10us. The recommended parameters for AlSi1lO0Mg powders
on the AM250 machine are given iable3.2, and shall be used throughout this work unless
otherwise stated.The scan order wadill hatch, fill contoursand thenboarders (shown irFigure
3.2) all using the same settings.

Table3.2: Standard Renishaw settings for AISi10Mg powder using the AMasbine

Parameter Symbol Value
Laser Power 0 200 W
Hatch Spacing ™Q 100pum
PulseDistance 0 80pm
Exposure time 0 140us
Oxygen content <1000 ppm
Scan Speed 0 533 mm/s
Energy Densitt W 187.5 J/mmni

U The scan speed and energy density values were calculated Hengtions 2.1 and 2.2 from
Chapter2.

Pulse distance
_—— Laser Pulse

,/

___— Model outline
____— Border(s)
—— Fill coutour
__—Fill hatch

v

'jl,-— Hatch distance
}-—— Hatch offset

E Beam compensation

Figure3.2: Depiction of different scanning elements, adapted f{a62].

3.2 Laser Polishing

The laser system used throughout this project for LP wadVi@ls Sauer Lasertec 4&ser milling
centre, equipped with an SPI Lasers G3.1 nanosecond sdurekey mechanicakpecificationsare
presented inTable3.3, while the laser specificatioraze provided inTable3.4. The pulse durations

are selectable within the control softwareeferred to asVaveformssubsequently Examples of the

pulse profiles over time are shown kigure3.3, waveforms (WFM) 0 and 5 are used subsequently in
this work (WFM @ black line, WFEM 1 light blue line in the figure)Unlike the Renishaw AM 250,

the Lasertec 40 does not operate in an inert atmosphere. All processing is conducted in air, at
ambient conditions]eaving the possibility for oxidation of the workpiece. Any combustion products
and spatter removed by an exhaust and filtration system.
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Table3.3: Lasertec 40 system specifications

Parameter Specification

Mechanical ais travel(x, y, z) 400mm x 300 mmx 500 mm
Maximum table load 50 kg

Opticalhead Galvo Scanner

Laser scanner arga, y) 60 mmx 60 mm

Maximum scan speed 1000mm/s

Lens type 100 mmtelecentric

Table3.4: Laser specifications f&PI G3.1 source, as installed inEMG Lasertec 4@ser milling centreData from[153].

Parameter Symbol Value

Average Power 0 X0 W

Laser Source Ybdoped fibe lasef
Focused Spot Diameter Q 32 um

Beam Quality M2F ™M ®H
Wavelength _ 1064 nm

Pulse Frequency Q H600 kHz

Pulse Duration 0 15¢ 220 ns (Preset)

—WFM 0 35kHz
—WFM 1 55kHz
WFM 2 90kHz
—WFM 3 170kHz
—WFM 4 270kHz
WFM 5 290kHz

0.8 A

Amplitude (a.u.)

0.6

0.4

0.2 4

|
[V ) PSR AN S = - A P PR PSS - A

-1.00E-07 -5.00E-08 0.00E+00 5.00E-08 1.00E-07 1.50E-07 2.00E-07 2.50E-07 3.00E-07 3.50E-07

Time (s)

Figure3.3: Laselpulse amplitude profile over tim&rom[153].

A e e .

The laser sourcés capable of pulse frequencies up to 304z, each waveform has an associated
characteristic frequency, known as BR&bove which pulse energy decreases. The relationship
between pulse frequency@, pulse energy@ ), and average laser poweb () is shown irFigure

3.4. While the Lasertec 413 not designed for polishing operations, the average laser power, scan
speed, hatch distance, and focus offset can all be adjusted to suitable levels to achieve the polishing
effect.

9 Diodepumped solidstate (DPSS)XR-switched;master oscillator power amplifier (MOPA) type
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Average Power (PAV)
Pulse Energy (Ep)

Pulse Frequency (f)

Figure3.4: General relationship between pulse energy (solid line, left), average laser power (dashed line, right) and pulse
frequency, showing PRIfequency (dodash line). Adapted frofd53].

3.3 Surface Metrology

3.3.1 Measurement Systems

Quantifying surface roughness is a core component of this project and a key technique for assessing
how effective a given LP strategy is and identifying potential causes for different mechanical
properties. Throughout this projecthe main method of measuring surface roughness is FV, the
method of operation is described in detail in Sectib®, augmented in some instances by contact
profilometry. FV was the selected technigque due to its reduced acquisition times and better high
roughness performance compared to alternative techniquébe setup forthe key pieces of
equipmentis described iTable3.5.

Table3.5: Basic setup used for surface roughness measurements taken throughout this project.
System Technique Notes
Sensofar Smafpl] Focus Variation 10x Objective
Natural Aperture (NA) 0.30
GaSRAdzYéE {SYarAdGA @il
GaSRAdzYé ¢KNBaKz2f RF
Ring light and coaxial illumination
1.7 mmx1.42mm FoV per image
1.38um/px (on surface)
Alicona G5 Focus Variation 20 x Objective
InfiniteFocugd154] Coaxial illumination
0.81mm x0.81 mm FoV per image
Surfaces down sampled to 1.7@6/px.
Automated stitching
Taylor Hobson Forn Contact Profilometry 2 pum radius, 60diamond conisphere tip
Talysurf 50] Range: X = 5&m, Y = 100nm, Z = 1.04nm
Resolution: X =fdm, Y = Jum, Z = 16im
Runup distance0.3mm
Traverse speed 0/Bm/s
* Sensitivity and Threshold are options within machine control software relating to focus
determination algorithm.

A more complete evaluation of the measurement systems, addscription of the procedure used,
is provided in Chaptet.

38



3.3.2 Measurement Stitching

To increase the Field of View (FoV) afforded by an optical measurement system it is possible to
assemble multiple measurements together as a mosaic. This is referredn@age stitchingor just
stitching and is shown schematically Figure3.5. This has the effect of removing the intrinsic
limitations onthe measurement X range (vertical limits can arise due to the distance between the
objective and the focal plane). Image stitching is often used throughout this work and is realised
through the standardMountains software by Digitalsurf specifically, theSensoMapversion
developed bysensofar Metrologto work with their devices.

\

/

Figure3.5: Schematic dfiow image stitching can be used to composite multiple imégestend the overall field of view.

Various sizes of mosaic are employed and are detailed atdleant point within this report.
Wherever stitching is used stepovers of 1rBth and 1.25nm are used in the X and Y directions
respectively, giving overlaps between adjacent images of approximatelyr@.2This overlap was
judged to give a good balance between stitching accuracy and acquisition time (larger overlaps
necessitate more images and take longer to stitch). Wherever possible no adjustments were made
to measurements prior to stitching, however in some instances (especially on laser polished
surfaces) it was necessary to apply a levelling operation first.

3.4 Material Testing

3.4.1 CrossSctionMounting andPreparation.

Samples destined for crosgctional analysis were first sectioned using wire electrical discharge
machining (WEDM). Sectionedamples were then mounted using a castable epoxy resin. The resin
was cured at room temperature for 24 hours, followed by tempering &C6fdr 6 hours to fully
harden, according to manufacturer specificatigh§5]. The final preparation step is mechanical
polishing according to the process givenTiable3.6, achieved using a Buehler EcoMet30 grinder
polisher (shown inFigure3.6). This mechanical polishing ensures the sample surface is flat and
exceptionally smooth, essential when evaluating microstructure or hardness at very low loads.

An alternative mounting option is compression mounting where heat and presa@esed to
encapsulate a sample in a thermoplastic resin. Compression mounting is touted as having superior
edge retention compared to casting. Another benefit of compression mounting is the availability of
electrically conductive resins for when techniques such as scanning electron microscopy (SEM) are
required. Compression mounting was not used in this work as the mounting temperatures of
approximately 18@C are similar to the stress relieving temperature of AM AISi10Mg°C)6and

could therefore have an influence on the microstructure of samples.
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Table3.6: Example microstructural sample preparation procedure
Stage Process
1 240 grit Silicon Carbide (SiC) papéth water cooling
2 400 grit SiC paper with water cooling
3 6 um diamond suspension on a polishing cloth
4 3 um diamond suspension on a polishing cloth
5 0.06um Silica suspension on a polishing pad

Figure3.6: Buehler EcoMet 3@rinder polishemachine, fron{156].

3.4.2 Vickers Microhardness

To collect microhardness data a Mitutoyo HMOB was used (shown kigure3.7). The HM220B
can apply loads between 0.@band 2kg, however the lowest practical load on aluminium was found
to be 3g. At loads below 8 in aluminiumthe indentations are too small to resolve optically due to
the diffraction limit of light.

Surfaces are imaged by a 3rfegapixel (2048x 1536 px) Complimentary Met&xide
Semiconductor (CMOS) sensor, viax2@nd100x magnification objectives, and displayed on an
attached computer. Through softwaréhe indents can be measured automatically, but this was
found to be ineffective in areas of high porosity or where multiple indents were visible in the image,
therefore manual measurement within the control software was often used.

An alternative option for measuring indentation sizes was a L2M&M optical microscope fitted
with various magnification objectives betweenx5and 150%, capturing the micrograph with a
3.1-megapixel CMOS sensor (20481536 px). It was also necessary to use this system when
measuring the distance between the surface and a given indent when generating hardness profiles.
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Figure3.7: Mitutoyo HM220microhardness testing machine and concomputer From[157].

3.4.3 Etching and Microstructur&valuation

It is well known that {PBF and LP lead to very distinctive grain structures due to the very rapid

cooling rates and high thermal gradients. In order to evaluate this the grain structure needs to be
exposed before micrographs can be taken. For aluminium alloigsis achieved using a mix of acids
1y26y a YSEftSNRa 90G§OKIy:d 62N WMaieI7SNRa NBIF ISy {0 d

Prepared samples are submerged in the etchant for up to one minute and rinsed in water to reveal
the microstructure. Micrographs were then taken using the previously described DiicaM
microscope.

Table3.7: Nominal composition of Keller's Etchant

Component Quantity (% volume)
Distilled Water 95.0
Nitric Acid 2.5
Hydrochloric Acic 15
Hydrofluoric Acid 1.0

3.4.4 PorosityEvaluation

3.4.4.1 CrossXctionAreaCoverage

One method for estimating sample porosifgy(is to look at cross sections and calculate the pore
area present. This is a popular method for the fast acquisition time, highly automated process, and
no requirement for specialist training or equipment.

The basic principle involves taking micrographspadpared crossectioned samples and using
image processing to find the area of pores pres@mior to imaging samples were cleaned with IPA,
followed by water, and dried with a liffitee cloth to remove any contaminatioRorosity is found
usingEquation3.1, based on either the area of the bulk material or pozempared to the total area
imaged.

o o i
%o P = Equation3.1
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Through software, it is also possible to meastive dimensions of pores and the area of individual
pores. For this workthe ImageJ software was used to estimate all values. Within ImageJ it is first
necessary to transform the micrograph to greyscale and then a black and white image. The threshold
for what greyscale intensity should be black or white is set such that there is clear distinction
between the sample material and any pores preséntthis instance, thanks to the high contrast
between the aluminium and pores (s€&gure3.8, left) the automatic threshofd within ImageJ gave

good results.ImageJ can then automatically calculate various metrics such as area coverage
(effectively % porosity) and statistics about the areas of individual pores. An example result is shown
in Figure3.8. While this method clearly is only an estimate of the sample porosity due to the cross
sections potentially being through areas of unusually high or low porosity.
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FTgEre3.8: Examplegreyscalemicrograph (leff andprocessed image(tight) from the ImageJ software. Pores are shown in
black while the bulk material is whit&he insert shows number of areas measured (pores), total area and average size of
pores (unknown units), and the % area coverage (pordéjty,

3.4.4.2 Volumetric

¢2 FraasSaa GKS odzZ 1 LR2NRaAGe 2F &l YL S&a GKSNB
micro-computer tomography -/ ¢ 0 @ ! NOKAYSRSAQ VYSGK2R NBfASa
buoyancy to determine the density of a specimen. The goal is to find the difference indmasky
specimen in air and when immersed in water, as showRigure3.9. Equation3.2 is then used to

find the part density’( ), and in turn the porosity fronkquation3.3, where” is density andx is

mass and the subscripts denotghat material it is referring to

" a 9 " Equation3.2

a a

% p 7 r Equation3.3

10 pDefault based on the IsoData algorithimitps://doi.org/10.1109/TSMC.1978.431008More information
about the thresholding options can be found kttps://imagej.net/plugins/autethreshold
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Figure3.9: Schematic of Archimededénsity measuremenprocedure, from[158]. Where (a) shows measuring the dry
mass ¢ ), and (b) the mass when submergéd ().

p-CT, on the other hand, usegays to take multiple 2D images of a part that are then assembled in
software to give a 3D model showing internal and external features. The porosity can be calculated
directly from this along with the volume and dimensions of individual pores within the mate+@Gl.

has the inherent advantagef giving much greater detail about the internal characteristics of a part,

at the expense of increased time requirements and the necessity to access highly specialized
equipment.

It has previously been shown that trends measured by different techniques (cross section area/
volumetric) are comparable even though exact values are somewhat diff¢t&8{. This is likely
due to the resolutions of the different methods and-telted powder present within some pores.

Despite the many advantages of volumetric porosity measurements, they have not been utilised in
this thesis. This is due to thequirement for specialist equipment artiigh cost (in the case of
u-CT) Furthermore, crossectional measurements allow for quantification of both the porosity and
assessment of pore attributes (distribution, size, aspect ratio etc.), making it the preferred method
for this application.

3.4.5 QuasiSatic Tensile Testing

3.4.5.1 Load Machine

For this work tensile testing was performed usingZaickRoell Z050 universal testing frame
Displacements are applied by a scrwead mechanism and loadse measured using a 3N load

cell. Due to the geometry of test samples used in this work sample fixturing was achieved using

LJ N} £ £ Sf 2% &2 SR3IS DNAmM@A/S. FyR F RAALI FOSYSyd NI

3.4.5.2 Video Strain Gauge

The traditional method for measuring strain in a test sample is to attach a strain gauge to the surface
and log the changes in resistance (proportional to the deformation) from which the strain in that
location can be calculated. There are some significant drawbacks to this approach, namely, it only
gives a strain value for that exact location, and the very presence of the sensor can affect the results.
For large sample sets it is impractical to attach and calibrate a strain gauge to each sample before
testing and so many researchers will rely on the test machine outputs. However, even the best
designed load machines will have some compliance and deformation under load (adding to the
sample deformation) and cannot account for any slip of the sample in the fixtures while the system
settles.

One way of getting around these issues is to use aauonact technique, such as the Video Gauge
(VG) fromImetrum, which takes a video input of the surface and calculates strain between
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landmarks on the surface. Landmarks, often a dot of paint to give strong contrast to the sample

surface, can either be pairs of points applied to the surface, or an array of points (speckle pattern)

from which a strain map can be calculated. To ensure good results from the VG, samples were first
painted black to eliminate glare from the surface and further increase contrast. The gauge length

was marked with a small amount of white paint, these were used as reference points by the VG to

determine the sample strain. An example of the VG output display is providgdure3.10.

Understanding the accuracy of these systems is atrigial task, being strongly depeedt on the
physical arrangement of the sample and camera, optics used, illumination, landmark clarity, and
many other factors. Liu, Yuan, and Zhang presented an evaluation of the uncertainty associated with
the Imentrum VG system, highlighting the interrelation between the various setup options (optics,
physical arrangement etc.) while also noting the system can be thought of as a reliable method for
measuring displacements especially in laboratory settjhg6].

Measurements

'0.010522 = |[‘0.47465 = | 51.4010

06377% = |

Load vs. Strain 1 Channel 1 (S2 2.8KN.chan 0.avi)
3226 i R & n No Rotation v | 15.00Hz (509.12, 1552.81)
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-0.007

Load vs. Disp
3.226

-0.158

Figure3.10: Example of a Video Gauge output. At the top are instantaneous values, on the right a live videihfeieel
virtual strain gauge marked, and on the left graphs of load against strain and displacement.

3.4.6 Fatigue Testing

All fatigue tests were performed at room temperature in tenstension with'Y 1@, in a
sinusoidal pattern. Fatigue loadings that are not reversed are seen as more severe than those that
have periods of zero stress as there is no crack closure during the §3/88sFurthermore, by
maintaining the samples in tension throughout there is no risk of buckling.

3.4.6.1 Low Cycle Fatigue

Low Cycle Fatigue (LCF) was performed usingBE® 858 Mini Bionix $kervohydraulic test system.

The machine is capable of RB axial load and 250 Nm torsion over maximum displacements of
100mm and 270 respectively. Further details about the test system can be foimdhe
reference[161]. Sample fixturing was achieved using the same wedge grips as used for tensile
testing as the grip geometry is inherently siédfhtening and transfers loads in a more uniform way
than other fixture mechanisms (e.g., pinned). Further discussion of the loads and loading profile
used is provided in Chaptér
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3.4.6.2 High Cycle Fatigue

High Cycle Fatigue (HCF) testing was conducte®vgnsea Materials Research & Testing Ltd
(SMaRTusing a 10&N Amsler Vibrophorequipped with aServocorigital controller. Fixturing was
achieved using MTS Hydraulic wedge grips. Further details about the loads applied and achieved
frequencies will be presented in Chapiéer

Vibrophores operate by statically loading a sample to the mean stress value and exploiting
resonance to apply the dynamic loads. Loading frequency is determined by various factors including
the specimen stiffness and is therefore not a selectable parameter. Two of the main benefits of
vibrophores are the achievable frequencies (>2X) and low energy requirements compared to
servohydraulic systenf462], however full datalogging is rarely achievedusually only cycle count

and environmental conditions are monitored.
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4 A Method for Surface Roughness Measurement of AM PBF
Surfaces

4.1 Introduction
There is an ofteqparaphrased quote from Lord Kelvin that resonates across many fields of science:
GL 2F0Sy ale GKIG 6KSy @2dz OFy YSI &ddz2NB 6KI
express it in numbers, you know something about it; but when you cannot
measure it, when you cannot express it in numbers, your knowledge is of a
meagre and unsatisfactory kind; it may be the beginning of knowledge, but you
have scarcely, in your thoughts, advanced to the stage of science, whatever the
YIEGGSNIYWIlL e 0S¢
- William Thompson,®1Baron Kelvin (1883163]
While the message may seem intuitive at first glanceniderscores just how important higuality
measurements are to science, known broadly as metrology. Institutions like the International Bureau
of Weights and Measures (BIPM) exist solely to ensure measurements are presented in a consistent
manner regardless of where they are made. Meanwhile, national bodies such as the National
Physical Laboratory (NPL) in the UK are then tasked with ensuring the same value will be found when
measuring with different apparatus (within a margin of uncertainty).

This logic permeates every aspect of science and is of particular interest in this work regarding the
surface roughness measurement of AM parts. And while there are standards specifying different
roughness metrics (e.g., ISO 4287), and the required data post processing for conventionally
manufactured surfaces (ISO 4288), there is less guidance for the evaluation of AM surface
roughness.

Surface roughness of AM parts has been the focus of many studies as it not only affects the
aesthetics of parts, but also potentially functional properties such as tribology, fatigue, and corrosion
resistance[102], [103] Furthermore, the same techniques/processes can be used to measure
surfaces more generally, such as evaluating surface texturing/functionalisation, where the accurate
measurement of features is required to confithre accuracy of manufacture and effectively model

the downstream effects. For example, Escud@melas et al[164] simulated the flow velocities

2P0SNJ aNBFfé¢ o0& YSIFadz2NBRO adz2NFI OSa Higredli KS ARSI f

Velocit
nhk Outlet Flow .~
46762400 L e
4.2088+00 DIFECU(_.).rl o

3.741e+00 - -

32738400 e /

2 B0Ga+00 T -
o P
2.3388+00 Flow g )

18708400 Direction -

1.403e400
9.352e-01
4.676e-01

7l

-~ o =

0.000e+00 ‘*T'/ ]
[ms~-1] a

Inlet Flow Microtextures
Direction /"

Figure4.1: Example of simulation using measured surface data to assess fluid flow velocitieEL64pm
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There has been much work to improve the surface condition of AM parts through both build process
optimisation [100], [165]and postprocessing8], [97]. However, as much of the surface roughness
data reported is noprepared by metrologists, the ability to interpret results can be limited due to
missing information about how exactly the measurements were made and whatpposessing is
applied (e.g., filters)[90]. This makes comparisons between datasets challenging, while also
adversely affecting the uptake of AM in largeale manufacturing and other commercial
applications[166]. It has been recommended by multiple authdf¥0] that details about the
measurement system and data processing should be provided along with the results.

Another difficulty when assessing the surfaces of AM components is the relative lack of experience
when compared to traditional manufacturing methods. The surfaces produced by subtractive
manufacturing (milling, turning), casting, and forging are very well understood, and industrial
standards are available to guide the process of collecting and interpreting the data.

The following chapter thereforeevaluates hree different measurement devicesgeveloping a
workflow for the reliable and repeatable acquisition and analysis of surface roughness
measurements. It is positioned as a practical guide for practitioners and technicians, rather than
metrologists, with the goal of facilitating industrialisation of AM through improved understanding of
the manufactured surfaces

4.2 Methodology

4.2.1 Samples

For the following testing, a series of AISilOMg cubic samplesniid® 10mm x 10 mm) were
manufactured using a Renishaw AM25@RF machine (described in ChaBet). From a wider
sample set three were selected for this work, representing a range of surface conditions and
features. The variable manufacturing settings for these samples are givieable4.1. Laser power

and layer height were kept constant at 2@00and 25um respectively.

Table4.1: Variable manufactung parametersused for samples in this test.

Parameter Symbol Unit S1 S2 S3
PulseDistance 0 pm 64 80 96
Exposure Time 0 us 112 168 112
Hatch Spacing Q pum 64 64 96
Scan Speéd 0 mm/s 524.6 449.4 786.9
EnergyDensittt W J/mm? 238.3 278.1 105.9

U Scan Speed and Energy Density values calculated from Equations 3.1 and 3.2.

Samples were mechanically removed from the build plate and cleaned using compressed air. No
other physical posprocessing was applied to maintain the-laslt surface condition. Micrographs

of three of the surfaces are provided Figure4.2. A total of five surfaces were measured for this
work including both horizontally and vertically built surfaces.
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Figure4.2: Optical micrographs of three of the surfaces analysed with the (A) best, (B) medium, and (C) worst surface
condition.
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h —

4.2.2 Measurement Procedure

Four techniques were used to measure the surface topography of the samples. Two optical systems
and a tactile system collected 3D (areal) measuremeBf3 (line) measurements were also
conducted using the same tactile systedue to their continued widespread use, prevalence of
appropriate measurement systems, and very rapid acquisition timiesmeasure an adequate area

of the test surfaces, the optical systems both required measurement stitching (as previously
described in Chapter 3.3.2). The Alicona G5 Infinite Focus had automated stitching capability, while
the Sensofar Smart required manual stitching through software (MountainsMap). Both optical
systems used the FV technique to resolve the surface heights. The same device was used for all
tactile measurements, a Taylor Hobson Form Talysurf 2, equipped with a motorzgeYto
enable areal measurements to be taken. Details of the measurement systems are ghabieih.2,

further details about thesystemswere previously presented in Tat8e4.

Table4.2: Details of the different surface measurement techniques used.

Measurement Measurement system Settings Identifier
type

Optical Alicona G5 InfiniteFocus 0.81mm x0.81 mm FoV per image OAS
profilometry  [154] Total FoV 8.1 mm 8.1 mm

(Areal measurements Surfaces down sampled to 1.7@61/pxX.

using Focu¥ariation) Automated stitching
Optical Sensofar Smafbl] 5 x 6 array of measurements OMS
profilometry  (Areal measurements TotalFoV 7.7 mnmx 7.65mm

using Focus Variation)  Manual stitching
Tactile Taylor Hobson Form Evaluation length & m T3D
profilometry  Talysurf Z750] Data points (X) 12000

(Areal measurements)  Y-Spacing 0.0inm

Number of lines801

Tactile Taylor Hobson Form Evaluation length &m T2D
profilometry  Talysurf Z750] Data points (X) 12000

(Profile measurements)

For the areal measurements am@n x 8 mm area was measured (approximately) to cover nearly
the whole surface without encountering distortions around the surface periphery, as noted by Yasa
et al.[167]. While the Alicona captured data at a surface resolution of approximatelur@/px, the
results were down sampled to 1.7@@n/px. This is similar to the surface resolution of the Sensofar
(1.38um/px). To further reduce the influence of different measurement resolutions, @2 Sfilter

was applied prior to any other filtering.

48



4.2.2.1 Optical Measurements with Automated Stitching

The measurement process using the Alicona G5 (OAS) involved placing the sample -Onstiage

with the imaged region at one corner of the desired measurement range. This location was stored,

and offsetswere applied to give thdimits of the total FoV. The-#&ange of the measurements was

set by moving the focus above and below the surface, storing both. The range was checked by
traversing to several locations over the surface to ensure no part came into focus at the vertical

limits. The measurements were then taken with the machine measuring each FoV before moving on
to the next, and finally assembling the individual measurements into a single result file.

4.2.2.2 Optical Measurements with Manual Stitching

The procedure when using the Sensofar Smart (OMS) was much the same, but with manual
repositioning between each measurement (including checking ttenge) and importing these into
Mountains for stitching. To stitch the measurements the grid of measurements is set by the user and
an algorithm searches for appropriate overlaps over which neighbouring measurements are of the
same area. To achieve the desired total measurement range, an array®irbages was required.

4.2.2.3 Tactile Areal Measurements

Tactile area measurements (T3D) necessitated the samples to be secured tsttge Yo prevent
movement during the measurement. Once this was set the stylus was located at each corner of the
measurement range to ensure the stylus would remain in contact with the surface at all times. Once
satisfied the probe was brought into contact with the surface. Due to the limiteahge possible

with the fitted stylus it was necessary to check that any extreme features (e.g., very tall peaks) did
not extend past this possible range as it would lead to a failed measurement and possible device
damage.

With all this in place, the measurement was commenced, with the machine taking a series of 2D
measurements, at regular distances apart in thdiréction, which were assembled into a single
result by the measurement system.

4.2.2.4 Tactile Profile Measurements

Tactile profile measurements (T2D) followed a similar process to the area measurements, but with
manual repositioning between each measurement. Individual profiles were distributed across the
surface as shown iRigure4.3. Ten measurements were taken from each surface, and the maximum
calculated value for each roughness parametasused for further analysis, as specified in 9G4

[42], with the different directions to minimise the effect of any directionality, or lay, of the surfaces.
To facilitate this a jig was manufactured to ensure consistent alignment of the samples with respect

to the profile directions.
o Sample outline
[ o |

|2

|
IR pulil |

Figure4.3: Distribution of the line profiles taken across the sample surface. Sample outline shown by the dashed line, all
dimensions in mm.
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4.2.3 AligningMeasurements

To ensure accurate comparisons between measurements it is important to ensure the measured
areas are the same. This applies not just when comparing measurement techniques, as is the case
here, but after any surface modifications such as wear testing or polishing (as will be of interest later
Ay GKA&a (GKSaAax /KFELIISNI pod ¢2 | OKAS@OS GKAaA
measurements. The basic premise is to identify matching features present in two different
measurements and apply translations and rotations to one of the datasets to overlay these matching
features. The area that is not shared between the two measurements can then be removed
(cropped), leaving only the matching area. This is shown schematicdiigure4.4. In this case,
where there are three areal measurements to be compared this process was repeated three times,
with different pairings of measurement systems, using previously extracted areas.

O

O

O

O
a) O b) c)

—

Figured.4: Schematic of the localisation process, a) identify matching features on the suyfdmested by with red circles,
b) rigid transformations (translation, rotation) of the surfaces so the matched features align, c) crop the surfaces to leave
only the corresponding areas (grey shaded area).

4.2.4 Roughness Parameters of Interest

The arithmetic mean height of deviations (Ra, Sa) are the most commonly quoted parameters when
discussing surface roughngd$8], however does not contain enough information to fully assess a
surface[165], [169] A simple example is two surfaces that are the mirror image of each other would
have the same Ra, but very different mechanical properties (€gure4.5).

08 :

06

04

0.2

0

Z Height

02 u

04 -

06 —

| L I | !
0 0.5 1 15 2 2.5 3 3.5
X Position

Figure4.5: Two theoretical surfaces with the same Ra.

-0.8

To provide a more complete understanding of how different measuring techniques capture a surface
the full range of roughness parameters presented @ble2.3 were computed and compared. The

aim of this chapter was not to fullsharacterise a surface, only to evaluate measurement methods,
therefore no comment is made on the relative merits of different roughness parameters here.
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4.2.5 Data PosProcessing

hyOS OF LJidzZNBREX GKS RFGEF 61 &8 AYLRNISR Ayid2 GKS ¢l
[170] for processing. The processing flow for the areal measurements followed the same basic
structure, where the data was levelled (leasjuared method), matching regions extracted, filtered,

and finally roughness values calculated. For the optical sysiemas necessary to interpolate data

for regions where the height was not resolved, called-nogasured (NM) points, after levellinghe

NM point interpolation was achieved using an automatic algorithm within MountainsMae.

algorithm used is proprietary and includes options for how to fill the NM points. Options include
FRRAY3I LRAyGEa G GKS YIFEAYdzY 2N YAYAYdzY YSI adaNB
surrounding measured data. For this application, the smooth shape was preferred to estimate what

the surface shape was in the regions without measurement information.

Manual stitching of the OMS data was carried out first, before any other processiagpplied

(using the SensoMap version of MountainsMap). The processing flow is shown schematically in
Figure4.6. The filtering also included a 24 SFilter (lowpass) to remove measurement noise.
This value was chosen based on jan2 stylus tip from ISO 11342], and larger than the apparent

pixel size on the surface for both optical systems

Measurement Levelling Localisation |—— Filtering (FARG) Parameters
(least squares) 0.8 /2.5 mm

I/ stitching Fill NM Points
(oms) (OMS, 0AS)

Figure4.6: Processing flow for 3D surface measurements. Dotted lines indicate stegguived for all instances.

Two filters were evaluated to differentiate between the roughness and waviness components of the
measured surfaces. One with a nesting index oin2, based on the previously referenced work by
Triantaphyllou et al[88]. The other,using anesting indexof 0.8mm, from the ISO 135656
recommendation for stratified surfaced71]> | f 2y 3 GAGK GKS | dzi K2 NQR&a LJ
assessing the maximum feature diameter present on the surfaces.

The profile measurements were processed in a similar fashion (levelling, filtering, parameter
calculation), howeveronly the maximum parameter values from each surface were considered
moving forward as per ISO 11B®]. Similar filters were applied to the profile measurements as the
areal measurements.

4.2.6 Surface Lay and Isotropy

LG Aa 2F0Sy RA&AO0dza &SRO Sk {STENG G dANDS LIS &S vilK S2 v &
therefore contribute to a surface directionality, known as lay. This is important with tactile
measurements as the orientation of the measurement with respect to the lay can have a significant

effect on the results, shown schematicallyFigure4.7.
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Figured.7: Schematic representation of how lay can affect a profile measurement (the predominant lay is across the page)
from [42].
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To quantify the lay of a given surface two techniques were employed. First, within MountainsMap
GKSNB A& Fy 2LISNIG2N OFLttftSR a¢SEGAINBE 5ANBOGAZYE
texture directions, with large peaks corresponding to dominant lay {&gare4.8). The operator

Ffa2 3IAAOBSa | YSI adzNB 2h€ highé &he geicénge NRubJhé HoreR8® T A Y SR
surface resembles itself in every directf@@2]¢ A ®Sdx KAIK AA20NRLER YSIya
was used on the -6 surface (microroughness and form removed) of the areal measurements to
eliminate the effect of the {operator.

Parameters Value Unit
Isotropy 453 %
First Direction 90.0 °
Second Direction 0179 °
Third Direction 633 °

Figure4.8: Example of the MountainsMapekture direction"output.

¢2 S@rfdzr S GKS LINRPTAES YSIadNBYSyida GKS avYSly
calculated from the primary profiles (PSm), and the average of thesstaken based on trace
direction (fromFigure4.30 & ¢ KS & dzNJF ) WS thah taic@ldieN Bslddatiodd.1. High
values of indicate the surface is similar in all directions (in terms of PSm only) and therefore absent
of a significant lay.
0 "Ya 0 "Ya

— Equatiord.1
roe L0 Ya q

4.2.7 Measurement Resolution

Efficiency is a major motivation in industrial settings, both in terms of financial cost and time
requirements. This is relevant to quality control/assurance processes as a reduced process time
allows for faster identification of issueand leaves technicians available to complete other tasks,
such as testing or measurement of larger populations. With this in mind, the most accessible option
to reduce surface measurement acquisition time is to reduce the measurement resolution. This can
be achieved by using a lower magnification objective for optical systems, or fewer individual traces
for tactile systems. Reduced measurement resolutions have the additional benefits of smaller file
sizes for a given measurement area and thus a reduction in data processing time, both enhancing
the efficiency gains.

To evaluate both of these, an operator within MountainsMap is available to down sample a
measurement. For the T3D results the resolution in Y was reduced only, as the number of samples
along X is much less significant in terms of acquisition time. For OMS the results were down sampled
in both X and Y to emulate a lower magnification objective. The levels chosen are ghadiefh.3

and Table4.4 for the T3D and OMS systems respectively. It should be noted, as shdwble¥.4,

that different magnification objectives also have different capabilities in trettion (height),
however, the operator used can only change theesgolution to predefined levels that do not match

the quoted resolutions for the chosen objectives. Furthermore, the surface roughness of ANkparts
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typically many orderef-magnitude greater than these quotedr&solutions and therefore assumed
insignificant.

In both cases down sampling was performed on the unfiltered surface measurensemtsiata
processing then followed the same process described previously. Roughness parameters were
compared between the full resolution, and down santpleneasurements, and the relative
differencewasused to assess the validity of the reduced resolutions.

Table4.3: Y-resolution levels investigated for T3D system.
Y-spacing Number for 7 mm Relative resolution

wide area
10 pm 701 100%
20um 351 50%
25um 281 40%
40um 176 25%
50 um 141 20%
100pum 71 10%

Table4.4: Specification of different magnification objectives and resulting measurement size for the OMS system.

Objective FieldofdA S t AESt &ZNXB a2t d Array size (for Tnm  Image resolution

(um) surface (um) (nm) X 7 mm area) used (pixels)
10x 1700 x 1420 1.38 25 5x6 5586 x 5553
5x 3400 x 2837 2.76 75 3x3 2792 x 2776
2.5% 6800 x 5675 5.52 300 1x2 1396 x 1388

U+l £ dzSa FTNRY YI ydzBLOddzNBENI aLISOAFAOI A2y 4

4.2.8 Uncertainty Quantification

The determination of the measurement uncertainty of optical profilometry techniques istnal

and work is ongoing to address this probldB#], [173] In apractical sense, practitioners are
required to somewhat trust the machines at our disposal, be this through calibrations or cross
checking results with alternative machines (as has been done elsewhere in this chapter). While this
can be useful for evaluating different devices or techniques, there is still much scope to corrupt
results through inappropriate pogirocessing. It is therefore important to understand the influence

of different postprocessing operations on the measurements.

To this end, it was decided to solely use the Sensofar Smart optical profiler for this section due to the
rapid acquisition time and extensive use throughout. The following sources of errors were identified
for evaluation: measurement noise, sample positioning, localisation, and stitching. The method for
assessing each is described in the following subsecticby &hd the common evaluation methasl
explained.

A. Measurement Noise

A series of measurements were taken from the top surface of a new specimen for comparison. The
sanple was not moved between measurements of the same area. Nine measurements were taken
from each of four areas. For one area the measurement setup was not changed, for the remaining
sets, the illumination intensity was adjusted. Changes were made to either, the axial illumination
(0.25% steps between 0% and 2.5%), the ring light (from 0% to 10% in 2.5% increments), or both.
Otherwise,illumination settings werenaintainedat 1.2%% axial light and 5% ring light intensities.
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B. Positioning Repeatability

Throughout this project, comparative measurements were required (e.g., before and after an LP
processwas applied) and therefore jigsvere used to facilitate this. Therefore, a new set of nine
measurements were taken from each of three different areas. This time the sample was located by a
positioning jig (an example is shown kigure4.9). Between each measurement the sample was
removed and replaced from the microscope stage. The remaining measurement conditions were
maintained throughout.

Figure4.9: Example of a positioning Jig used.

C. Localisation

To assess the errors induced by the localisation algorithm, a single area was imaged nine times.
While more areas would have been preferable, the localisation process is time intensive making
further evaluations impractical.

Between each measurement smalYXtranslations were applied@.1mm) shown inFigure4.10.
¢tKSaS YSIadaNBYSyia oSNBE t20FltAaSR Ay {Syazal LJ
explained in SectioA.2.3 before exporting for further analysis.

+«—[easurements

Matched area

-~

Figure4.10: Arrangement of measurements to evaluate uncertainty due to Localisation errors.

D. Measurement Stitching

At four different locations three measurements were taken with an X translation of 5
between each. The outer two were then stitched in softwaf@.25mm overlap) and the stitched
measuremeniaslocalised with the central measurement in the usual way, showfigare4.11.
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Central Measurement
Overlap for stitching

~
Stitched Measurement
Figure4.11: Process for comparing stitched measurement with direct measurement.

E. Method of Evaluation

Once the measurements were collected, and any necessary processing applied, the files were
exported in a text file as an array ohgights for analysis. As all measurements were taken with the
same microscope, using the same objective lens, the array sizes were consistent (and apparent pixel
sizes identical) and therefore knowing ther>toordinates was not necessary.

These were then imported into MATLAB where, for each area, the average height at #ach X
location was calculated. From that, the deviation from this average for each individual measurement
was calculated. The maximum, minimum, and average heights across a given set of measurements
could be visualised. The probability distribution of the height discrepancies were then computed,
and variability (errors) compared between each condition to assess the relative contributions.

4.3 Results and Discussion

4.3.1 Visualnspection ofurfaces

Visual inspection of the samples showed the top surfaces (horizontally built) had a shiny appearance,
free from soot, but with pronounced waviness components. Furthermore, these surfaces showed
evidence of the chessboard scanning strategy used and few distinct peaks present. These peaks were
approximately hemspherical with diameters and heights of around thé. The side surfaces
(vertically built), in contrast, had a dull appearance indicating soot contamination, but overall, more
uniform in terms of adhered patrticles and flatness.

These observed differences in surface appearance indicate a divergence of measurement strategy
may be warranted (e.g., illumination intensity, measurement range). However, the measurement
setup is highly dependent on a multitude of different factors, including surface condition, machine
specification, measurement purpose, and time available. This has not been studied as part of this
project, but the effect of illumination type has been reported elsewhdi&l], among others

4.3.2 QualitativeComparison of Surface Measurements

The surface measurements were prepared by levelling and filling NM points, and the colour maps
presented with matched -Bcales (z=0 athe bottom of the measurementrangg for evaluation.
Figure4.12 shows an example of this. It can be seen that the relative size and shapes of asperities
were consistent across measurement systems, howgtreg T3D system shows distortion in the X
direction as displayed (perpendicular tioe trace direction). This is likely due to the relatively low
sampling rate in that direction (3m) compared to the optical systemEL(5 pum).
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Figure4.12: Surface measurements of top surface of sample S1 with matching asperities highlighted. The measurement
systems used were (a) T3D, (b) OAS, and (c) OMS.

Depressions in the surface (valleys, pits) were assessed in a similar fashion. The top surface results
for S3 are presented irFigure 4.13, where greater differentiation between the systems is
observable. While all show the main surface depressions, T3D appears to have improved definition
around the edges compared to the optical systems. Focusing on the optical systems, OMS has much
less definition overall (for this measurement) than the other systems, howdvisrmay be due to

the colour scale applied.

A)
Figure 4.13: Surface Measurements of top surface of sample S3 with matching surface depressions highlighted. The
measurement systems used were T3D (a), OAS (b), and OMS (c).

It is well known that tactile profilometers can encounter difficulties with high aspai features

due to the surface contacting the stylus flank rather than the tip, artificially reducing slope angles
and in some cases reducing depths of featu@®], [175] Similarly, optical systems can struggle
with these features due to inappropriate illumination of the slopes and the excessively small regions
in focus at any time at high inclinations. From the results observed here, and assessment of NM
points, it is probable these effects are not present on the presented surfaces. The effect of
inappropriate illumination has been suitably mitigated through measurement setup, with the
agreement between results indicating this has been successful.

Also observable ifigure4.13(c) is the reduced definition of many asperities, and stitching artefacts.
The artefacts manifest as sudden heigitanges or discontinuities in the image, this is shown in
more detail inFigure 4.14. The quantifiable effects of this are discussed in further detail in
Sectiod.3.7.1D but it is clear that significant errors can be present at the junction between
individual FoVs. It is notable that while the OAS system also uses image stitching to extend the FoV,
it does not report the same aefacts, likely due to having a consistent coordinate system to work
from, especially the-Beight reference.
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Figure4.14: OMSresult from thetop surface of S3, showing stitching artifacts (indicated by dashed.lines)

It should be noted that this is present even with relatively large overlaps between measurements
(0.25mm/0.15mm along X/Y respectively). The stitching algorithm within MountainsMap is also
somewhat inconsistent, typically with rougher surfaces stitching with minimadfaants, while
smoother surfaces can fail giitch at all. There are controls within the algorithm that determine the
GaSkNDK NBIF¢ 0S0G6SSy YSIFaAdz2NBYSyda oYSFada2NBYSyi
stitching. In both caseshere is an effect on the time taken to calculate the stitch. For large arrays,
such as %6 used here, the stitching algorithm can take an hour to complete on the available
computer, making it impractical to optimize the performance in every case. SektB8ohcompares

the roughness values calculated from the different measurement processes, and from those results
it is assumed that the stitching artefacts are insignificant in terms of the calculated surface
roughness (Sa, Sq, etc.).

Another example of measurement errors is unique to the optical systems. Due to their reliance on
the optical properties of a surface to take a measurement, the surface condition can have an
outsized effect on measurement quality. It has been discussed above how insufficient illumination
(e.g., at the bottom of deep features) can result in incorrectly measured heights, excessive
illumination can have a similar effect. For example, a very shiny surface can easiéxpose the
YAONR&O2LISQa &aSyaz2N) YI{Ay3a Al AYLRaaAofS G2 Ol f
alternative effect is where a highly reflective surface can act as a focussing element, leading to the
profilometer calculating the height of maximum focus/contrast (and therefore surface height) to be
significantly different from where the true surface is. This is showFigare4.15(a). A similar effect

can occur with tactile profilometers where the stylus loses contact with the surface (known as
skipping), howevetthis is mitigated through machine/stylus design and traversal speed.
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B) 2 mm

Figure4.15: (A) OAS result showing erroneous points (black region in inset) Batlie(same surface and region from T3D
without the erroneous results.

57



Mountains contains an operator to remove outliers such as these, howelar to the highly
complex nature of AM surfaces (especially those built vertically) care must be taken to ensure only
outlier points are removed and not features on the surface (e.g., adhered particles). Therefore, this
function was not used for any of the work presented in this thesis.

There was one further, significant, way in which the measurement systems differed, the acquisition

times, and the effort required to generate and process the d&tame estimates for the durations of
measurements using each system are showfable45.¢ KS h! { FTyR ¢o5 aeadsSva
FYR F2NBSGé> Ay (KIFIG GKSe@ R2 y20i ySSR O2yiliAydsSR
the other hand, the OMS and T2D measurements requix@tstant operator attention. In addition,

the OMS system also required extensive operator time in order to stitch the measureféts),

something the OAS and T3D systems do automatiGtlgrefore, when measuring large areas such

as this, it is advantageous to use a system similar to either OAS o 2ZBRDs also a timefficient

choice, however the low measurement resolution also needs to be accounted for.

Table4.5: Estimates for the time required to measure ami® x 8 mm area using the different systems.

System Setup Measurement time
(8mm x 8 mm)

OAS 20 min 90 min

OMS 3 min 40 min

T3D 20 min 6 hours

T2D 1 min 15 min(10 profiles)

To summarise thgualitative comparison of the surfaceeasurements, while all systems used were
able to resolve the surface features present, each has its own limitations. T3D reports features
elongated in the direction, thought to be due to the different sampling rates used in X/Y. The
optical systems resolve the shapes of features consistent with each other but have the inherent
limitations of optical systems; namely, steep surfaces, high aspéot features, and inconsistent
optical properties (reflectance) negatively impacting the FV algorithms used. Finally, the OMS system
shows extensive stitching artefacts on the surfaces of interest, highlighting the-ofadetween
resolution and FoV. All systems evaluated here have a limiethge, either due to the working
distance of the chosen objectives (OAS, OMS) or the available gauge movement (T3D), making it
worthwhile assessing a surface prior to measurement to identify features that could exceed these
limits. This all comes together to emphasise the requirement for appropriate measurement setup to
minimize errors.

4.3.3 Filter Selection

After the surface measurements were prepared according to the process described in S&&i8ns
and 4.2.5 the first comparison was the effect of filter nesting index for each surface and
measurement system. The relative difference lpetween the two nesting indices was quantified
usingEquation4.2, taking Sa as an example. Where the subscripts indicate the filter nesting index
used.

SYGy  YGyS

Nés Yy p T 1P Equation4.2

It can be seen fronfrigure4.16(A) that Ssk and Sku are most affected (higheby the choice of

nesting index (average of 16.9% and 16.4%), while Sz and Sp are the least affected (average 3.4%
and 3.9%). As both the Skewness (Ssk) and Kurtosis (Sku) of a surface can be thought of as describing
the shapes of features (or more accurately, the shape of the height distribution of points) it makes
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sense for these to be strongly influenced by the choice of nesting index. Most parameters are
affected similarly byhe nesting index irrespective of which measurement system was used, with the
exception of Sv and S10z which had a range of 8.3% and 9.3% respectively. There is no clear
consensus for how nesting index affects measurements from the three systems relative to each
other.

Meanwhile, Figure4.16(B) clearly shows the top surfaces are much more significantly affected by
the choice of nesting index than the side surfaces (averiges.2% and 5.3% respectively). This

highlights the different filtration requirements of surfaces built vertically (side) and horizontally
(top). From thisit is evident different filtration strategies may be required for surfaces depending on

build orientations.
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Figure4.16: Effect of changing nesting index (@ and 2.5mm) on (A) alculated roughness parameters, and (B) overall
effect on each examined surface.

wSLISFGAY3T 2y 0S Y2NB (KS 2o asSNGkad vayroudhihBsYand] 2 dz S
waviness mean to A&[89] it is clear that this fundamental question should be a research priority in

order for meaningful roughness values to be produced. There is a growing school of thought within

la YSGNRf23& (2 F2NBI2 aNRdAKYySaaé¢d FyR agl OAYyS3
primary profile (or $ surface)2] to circumvent this issue.

It may remain beneficial to filter the surface measurements in specific circumstances, such as the
influence of surface texture on mechanical properties (fatigue, tribology) or investigating specific

manufacturing or posprocessing features (e.g., weld ripples). However, even in this case there is

the prerequisite to understand the purpose of a surface measurement, in terms of some surface
function or property, to maximize the knowledge gair[€60]. In this instance, as these results show,
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it is il-advised to prescribe a single nesting index for use on all AM surfaces, or eveRBHI| L
surfaces. The main message acrthssliterature is to ensure details about how the measurement
was taken, and data processatt included alongside any roughness parameters ch¢sgh

4.3.4 Roughnes¥alues

This section will discuss only the comparisons between computed values for various surface
roughness parameters depending time measurement system used. Leach et al. have previously
suggested that currently established surface roughness parameters may not be appropriate for AM
[2]. Therefore, no comment is provided as to the appropriate choice of roughness parameter, or
their effectiveness at characterising AM surfaces. It has been widely suggested that the choice of
roughness parameters used to characterise a surface should be related to th@ jpaended
function [27].

4.3.4.1 Arithmetic Mean and RMS Heights

The arithmetic mean deviation (Ra, Sa) andt mean squaredRMS Rq, Sq) parameters are two of

the most common roughness parameters reportedtlire literature [90], favoured due to their
simplicity and ability to provide a broad description of a surface. The results for Arithmetic Mean are
shown inFigure4.17, and those for RMS roughnesdHigure4.18.

Looking first afFigure4.17(A), the areal measurement systems all report similarly for every surface
when using the 0.&m filter. The average variation was found to be between 2.9% on S1_Top and
7.2% on S2_Sid€igure4.17(B) shows a slightly increased variance between measurement system
(5.1% to 8.8%) when using the 2mn nesting index. Overall, Sa is robust to changes of
measurement system when focusing on shorter spatial wavelength components, but with a slight
increased sensitivity when analysing longer wavelength components. This is likely due to Sa being an
averaged parameter over the entire surface, and therefore only weakly influenced by singularities
and outliers. The same cannot be said of the Ra values.

While it is well known that areal and profile results should not be directly compared due to the
differencesin computation, it is useful to assess if the same trends are present for both. It is plain to
see the T2D results were about half that of the areal systems for S1_Tapr(Or&sting index), and

over 50% greater on S1_Side and S2_Siden{@&htesting index). This highlights one of the main
LAGFIEEE 2F LINRPTFAES YSI &dzNB YaBighinglyzsmad &actiRrSai thed y
& dzNJF | O §Vorbuhg® Fahd Rajg52]) and therefore miss a significant proportion of the
complexities of AM surfacg&s Compounding this, as the Ra values presented are the maximum
calculated from each surface, the statistical robustness of this method is limited. The Ra values fell
within the same range as the Sa results for the remaining surfaces, however the uncertainty in these
is much greater due to the aforementioned issues.

z

0 K S

12 One way to improve reliability/accuracy of profile measurements would be to increase the number of
profiles measured. This, however, would quickly result in effectively taking a very-Resotution areal
measurement (the consequence of which is discussed in Setiod)

60



25

N
\
N
N
NE
N
X I
© \ \
o N \
35 N N N
G N N NE N
NE N NE N
10 N N N
N \ N \ Q
N N N N N
B N=/BN N=7BN N=7BN N=/BN \=
NE NE ‘
YN K KR R
o N N N N N
S1_Side S1_Top S2_Side S3_Side S3_Top
Sample Name
A) EmT3D OOAS OoMS T2D (Max)

Sa/Ra (um)
w sy w ()]
o o o o

N
o

ULLLL T TTT LTI I I TT77A

5
=]
iz
TITT 7777772
 E—

L7777

o
v

==
\© 7772

5}
°

S1_Side S1_Top S2_Side S3_Side
Sample Name

B) mT3D DOO0AS OoMS T2D (Max)

Figure4.17: Arithmetic Mean Roughnessvalues calculated from different measurement systems, after filtering with a (A)
0.8 mm nesting index, and (B) 21tm nesting index.

The story painted by the RMS results (SqgMigure4.18) are similar, with the areal results are in
general agreement for all surfaces after filtering wél0.8 mm nesting index (differences between
0.5% and 6.4%). There is increased variation when them@sesting index is usegan averageof

7.2%, approximately double that using @81 nesting index. The greater sensitivity the
measurement system when analysing longer spatial wavelength components is more pronounced
for the Sq results than Sa.

The profile results (T2D, Rq) are lower than the areal results when using tharOfdter, and by
significant margins (13% on S3_Side, to 64% on S1 Top). Timn2rgsting index results are
mixed, with those from S3 being within the range of the areal results, S1_Top being lower by about
17%, and the remaining two surfaces returning Rq results higher than the Sqg values. This indicates
that while Sq is also robust to changing measurement system, it is not possible to compare the
profile and areal resultsgven to assess trends between surfaces. If RMS roughses$sniterest,

areal measurement systems are essential to promote confidence in the results.
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Figure4.18: RMS Roughness values calculated from different measurement systems, after filtering with anfA) 0.8
nesting index, and (B) 2tBm nesting index.

4.3.4.2 Skewness, Kurtosis, andddint Height

It was expected for the Skewness and Kurtosis values to be more sensitive to measurement system
as they represent the shape of the height distribution of a surface, and tqmoitld height to also be

more variable as it is determined based solely on the extremes of a measurement.

Looking first at Skewness (Ssk, Rskigure 4.19), on the whole the areal results are in good
agreementq 6 measurements under 10% variation, and S2_Side at 10.9%(® fter), while the
remaining three surfaces (S3_Top, and S3_Side witm&\ilter) are in significant disagreement
(>20%). It is likely these high variabilities are the result of measurement outliers and, in the case of
OMS, stitching artefacts. While the measurements were processed with-pdes/2.5um filter to
minimize the effects of measurement noised the different spatial sampling of the systems, it is
not inconceivable that there is still some noise present in the measurements affecting the skewness
results.

In a similar way to the previous results, when using anth@ nesting index filter, the profile results
cannot be relied upon to give an accurate comparison of the skewness of different surfaces. The
effect is reduced when using a 216n nesting indexKigure4.19(B)), but the average discrepancy to

the areal results is 25% and still does not reflect the same trends as the Ssk values. This is
unfortunate as there has been much interest into the skewness of surfaces as a differentiator
between build orientationg88], [94], [96] with these results indicating the necessity to use areal
measurements for this type of work, increasing the time requirements for those investigations
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Figure4.19: Skewness values calculated from different measurement systems, after filtering with a i M8sting
index, and (B) 2.1m nesting index.

The Kurtosis (Sku) values are more variable again than Ssk, averaging about 15% across all surfaces
and both nestingndices usedRigure4.20). S1_Side had the greatest variability at 23% with the
0.8mm filter and 26% wittthe 2.5mm filter, with S3_Top also performing poorly at 24% with the
2.5mm filter. The Rku values show poor correlation to the Sku values irrespectihe aesting

index used. It is therefore not advisable to rely upon profile measurements to evaluate the kurtosis

of a -PBFAM surface.
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Figure4.20: Kurtosis values calculated from different measurement systems, after filtering with a (A) 0.8 mm nesting index,
and (B) 2.5 mm nesting index.

Finally, looking at the S10z valu€dglre4.21) it is clear that the different measurement systems
report very differently. S1 is especially problematic, with OAS reporting values approximately 45%
higher than the other two systems. As the same software was used to process all measurements,
differences in data processing was not the source of this discrepancy. Referring lbagkres.12,

it can be seen that the top surface of S1 had a series of very pronounced peaks on the surface.
Furthermore, as seen iRigure4.15 very tall peaks are liable to be measured incorrectly due to the
reflectivity, giving a likely explanation for the very large errors observed here.

The remaining surfaces have average discrepancies of 13% and 20%m(@®&d 2.5mm nesting
indices respectively). While better, this disagreement is significant and theréferechoice of
measurement system is an important factor, further emphasising the requirement to provide full
details of all aspects of a measurement system and data processing when presenting roughness
results.

The latest revision of ISO 4287 does not include-adift height parameter, and therefore profile
results are not included for comparison here.
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Figure4.21: 10-point height (S10z) values calculated from different measurement systems, after filtering with a (A) 0.8 mm
nesting index, and (B) 2.5 mm nesting index.

4.3.5 Analysis of Surface Lay and Isotropy

The calculated isotropy values are showrkigure4.22, as can be seeithe results follow a similar

trend for all measurement systems. The exception is OMS for S2 and S3 where the values are much
lower than the average calculated from the other systems (29, 34, and 26 percentage points each).
This reduced isotropy (and therefore greater lay) on these surfaces is likely due to the stitching
artefacts discussed previously in Sec#8.2 The average isotropy for the surfaces (excluding OMS

on S2 and S3) were all in excess of 70%, indicating the effect of lay on these surfaces is minimal.
Furthermore, there is no significant difference between the isotropy of surfaces built in different
orientations in this sample set. Therefore, it can be assumed that if there is an influence of the layer
height it is insignificant when compared to other roughness factors, on the primary profile /
SFsurface.

The practical implication of this is that profile measurements should be somewhat agnostic towards
trace direction across a surface and can be positioned to maximize the profile length in areas where
space is limited. These results also show the proposed method of evaluating lay is effective and
comparable to other methods. If lay is suspectadseries of line profiles can be taken at various
orientations across the surface (ideally in line with and perpendicular to the assumed lay). The PSm
parameteris then calculated and compared based on trace direction. Greater differences between
the different orientations indicate stronger lay.
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4.3.6 Resolution

4.3.6.1 Tactile YSpacing

Looking atFigure 4.23, different trends can be seen for different parameters. Once again, the
GF @SNIF IAYIE LI NFYSGSNB o{IZX {ljZ {ai1x {1dz I NB
(Sp, Sv, Sz, S10z), showFigure4.23. Of the former, in most cases the difference was under 0.4%,
with Ssk and Sku exceeding this when using them2rbfilter (Figure4.23(C)). Of the extreme
parameters, S10z is the most strongly affected with over 1.5% deviation aspiicihgs, with Sv

also stronglyaffected when processed with a 0n@n nesting index (>1% at all resolutions). Sp was
weakly influenced by resolution, averaging 0.15% except for with thengh5nesting index at
100um spacing where the difference was nearly 3%.

Finally, it can be seen igure4.23 (D) there is a marked increase,irfor Sp, Sv, Sz, and S10z at
100um spacing, with S10z having the highesit all resolutions. Overall, most parameters respond
similarly to changes in resolution irrespectivetioé filter applied, Ssk, Sku, and S10z are much more
strongly affected with the 2.5nm nesting index than when using Oréin.
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Figure4.23: Effect of YSpacing on different roughness parameters (A, C) Sa, Sq, Ssk, Sku, and (B, D) Sp, Sv, Sz, and S10z,

when processed with different nesting indices (A, Birir8 and (C, D) 2/5m.

This again shows the dependence on measurement purpose on &étparameters such as Sv and
S10z are of interest the-&pacing has a strong effect and higffielelity measurements should be
conducted. Conversely; Sa, Sq, Ssk, and Sku appear agnostic tovspatsng due to them being
calculated from an average deviation over the full surface (see Pabje Therefore, lower
resolutions can be used in order to reduce measurement time. Finally, Sp and Sz were not strongly
influenced by reduced-kesolution at spacingd®0 um.

4.3.6.2 Optical Magnification
Performing the same comparisons for the OMS results after deampling gives the plots shown in

Figure424® ¢ KSNB Aa F3IFAYy | aKIFNLI RA&GAKdesa2a4) 0SiasS

FyR GKS &SE i NBGSes.24(B)), NiithytBe(if@midi shawing very small deviations
(<0.04%) after reducing the-Xresolution. The extreme parameters are more strongly influenced,

but to a much lesser extent than the T3D results, with the maximum difference being 3.06%
compared to the full resolution results. Only the Sz, Sv, and S10z results changed by more than 1%,
and even then, only when emulating the Z®bjective. These differences are very low, and unlikely

to impact measurement quality especially for the averaging parameters where the differences are

of a similar magnitude to those caused by noise.

This shows that, for these AM surfaces, lower magnification objectives may be desirable as the
measurement quality is retained while enabling much larger regions to be measured in a time
efficient manner. Using an objective with half the magnification yields<difhe reduction in data
acquisition for a given total FoV, with additional benefits in the time required for data processing,
especially image stitching.
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Figure4.24: Effect of optical magnification on different roughness parameters (A) Sa, Sq, Ssk, Sku, and (B) Sp, Sv, Sz, and
S10z.

4.3.7 Uncertainty

An uncertainty analysis was conducted using the Sensofar Smart profilometer, to assess the
influence of some key measurement conditions and post processing operations. These included a
guantification of the measurement noise, the use of positioning jigs, applying the localisation
operator, and finally image stitching.

4.3.7.1 Measuremeninalysis

A. Measurement Noise

The maximum absolute deviation of any point to the average value was found to heri&ith an
average absolute deviation of 0.3@n and a standard deviation of O.7@n (i.e., 95% of values are
within £1.44um of the mean value). The distribution of errors is evenly distributed above and below
the mean surface, without any skewasshown inFigure4.25. This even distribution impliethere

are not systematic sources of error biasing the results one way or the other, howkeeaveraging
process may be masking some effects.
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By investigating the average height map (mean surf&egure4.26(A)) in conjunction with the
maximum deviation across the surfadddure4.26(B)), it can be seen that the height deviations are
spread somewhat uniformly across the surface, and not concentrated around specific features such
as tall peaks or deep valleys. This indicates the deviations noticed are likely due to measurement
noise (random variations) and not from some intrinsic measurement effect.
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Figure4.26: (A) Average heights of measured points (the mean surface) from an examined surface, (B) maximum absolute
deviation of measured points from mean surface. Note, colour scale for (B) is logarithmic.

Il 26 SOSNE 620K (K SLBNBANSG RE pxBEsiwfigrditiechgightycould not be
computed ¢ and the measurement variability was greatly influenced by the illumination settings
used. For example, altering the axial illumination between each measurement approximately
doubled the standard deviation to 1.%8n. This clearly shows the importance of appropriate setup
when using optical solutions to measure a surface.

B. Positioning Repeatability

When locating the sample using a jig, visual inspection of height maps showed some small
misalignment between images. This was quantified by an automated MATLAB (pooigtled in
Appendixl) that found the average translation and rotations between each surface and a reference
image. For this purpose, the reference was selected to be the first measurement collected from each
location. From thisit was found the average translation error was|88 and a rotational error of
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2.7%, while the maximum errors were 196n and 9.3° This is shown ifrigure4.27, where the
three different marker types represent the three different surfaces evaluated.
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Figure4.27: Polar plot of positioning error of measurements when using an alignment jig. The radial distance shows the
translational error while the angle shows the rotational difference (both compared to an arbitrary baseline measurement)

Both the translation and rotational discrepancies can be explained by the compliance in the system.
The XY stage is not meant to transmit horizontal loads and therefore the force applied when
locating the sample into the jig may be enough to cause a slight shift. Compounding this, the jigs
used were manufactured by FDM, and therefore not as stiff as if they were cut from sheet material.
Another factor is the uneven surfaces of both the samples and jigs making precise positioning even
more difficult.

With respect to the total measurement size, this misalignment equates to about 5% of the
measurement range. When measuring larger areas (by stitching multiple FoVs together) this relative
misalignment will be significantly decreased. Furthermore, as measurements later in this thesis are
not evaluated through poinheights this positioning error is not impactful in a practical manner.

In terms of Zheights, the misalignment resulted in average height errors of grBévith a standard
deviation of 9.8um. This is clearly much higher than the measurements taken without moving the
sample, however, can be easily explained by the very large deviations around large asperities (and
deep valleys) where the measurements do not exactly align.

C. Localisation

While great care was taken during the localisation procedure to achieve the closest alignment
possible it was not possible tobtain perfect results.Figure4.28(A) shows a height map of the
average Zalues for each point (the mean surface), whilgure 4.28(B) shows the maximum
absolute deviation of points to the mean surface. As can be ,gbenlargest errors are in surface
depressions/valleys (blues fRigure4.28(A)), this is likely due to these areas being insufficiently
illuminated (occluded by nearby tall features) reducing the accuracy of the height calculations. This
leads to an average height deviation of 088 with a standard deviation of 1.68n, higher than

that of the measurement repeatability by 2.5 and 2.25 times respectively.
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Figure4.28: (A) Average heights of measured points (the mean surface) from an example surfacaxi()m absolute
deviation of measured points from mean surface. Note, colour scale for (B) is logarithmic.

D. Measurement Stitching
The average height errors for the stitched images were found to be [8rb2vith a standard
deviation of 4.61um, increases of 4.3 and 2.8 times compared to the localisation results (10.7 and

6.4 times compared to measurement repeatability)

Figure 4.29A) shows theaverage height differences between the measured surfaces and the
matching stitched surface, viewed along the Y direction. The average height at each X location is
shown by the red line. From this it can clearly be seen that there is a step in the centre
(750um XX>KLO00um), corresponding to where the two stitched images overlap. This inditiase
stitching process is prone to errors along these joint regions. LookiRiyate4.29(B), showing the
absolute height deviation between the stitched and native measurement, it can be seen the errors
are somewhat uniformly distributed across the surfattecan be seen thathe darker regions are
concentrated in the bottom right of each measurement (n.b., the join is nearly vertical through the
centre), indiating these are regions where the stitched measurement more closely matches the

direct measurement.
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Figure4.29: Average errors calculated comparing direct measurements with matching stitched measurements.

4.3.7.2 OverallContributions
Figure4.30 shows the distribution of errors arising from the different evaluated sources. As can be

seen, the measurement noise has a nearly vertical slope, showing the majority of points are near to
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the calculated average heightnterestingly, dcalisation has the effect oflecreasingthe 95%
uncertainty from2.17um to 1.44pm. The use of the alignment jig increased the uncertainty to
20.3um, shown by an overall flattening of the curve, however the central portk29% of the
mean) is within 1.fum. This indicates that the jig accentuates the langggnitude errors more than
the low-magnitude errors.

Finally, he stitching operation further flattens the sloga the central region 3 um), showing
errors are distributed over a wider range than those arising from other soulzésa reduced®5%
uncertainty intervalof 7.90um. It can also be seen from the figure that the stitching errors are
concentrated below the reference surface, likely a function of the step feature sdagune4.29.
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Figure4.30: Cumulative probabilitgurves for height errors resulting from different sources.

Overall, this shows that the amount of data processing should be kept to a minimum where practical
to limit the induced uncertainties. This also highlights a potential challenge in comparing data
measured in different conditions (e.g., illumination intensity) or processed differently (e.g.,

stitching).

4.3.7.3 Effect on Roughness Parameters.

To assess how these calculated peiise errors influence calculated roughness parameters; the Sa,

Sq, Ssk, and Sku were calcutbter each measurement, and the variability of each set was found.
These roughness parameters were chosen to avoid the influence of outliers or extreme height values
that would be present when assessing parameters such as Sp and Sz. The maximum and average
calculated variance for each condition is shown Tiable 4.6. Similar to what was seen in
Sectiord.3.4 Sa and Sq were robust to additional ppsbcessing steps with maximum variability of
2.03% and 4.87% respectively. The average change in Sa was 0.84% while for Sq it was 0.86%.

Skewness was strongly influenced (average 3.71%) however this is likely due to the very low Ssk
values calculated on some surfaces amplifying the effect (the total range was@r0fi# to +2.9).
Kurtosis was more consistent (average 1.42%) however the maximum value found (6.58%) shows
care should be taken. Overall, the measurement noise (repeatability) had the greatest influence on
calculated roughness parameter variability (average for all parameters, 1.3%), while the positioning
jig and localisation had the greatest influence on maximum values (Sq & Sku / Sa & Ssk respectively).
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Table4.6: Maximum variability for common roughness parameters from different datapostessing operations.

Sa Sq Ssk Sku

Max Average Max Average Max Average Max Average
Repeatability 1.70% 1.12% 1.87% 1.13% 4.48%* 2.71% 0.79% 0.61%
Positioning Jig 1.68% 0.81% 4.87% 0.99% 4.87% 2.36% 6.58% 3.22%
Localisatiok 2.03% 1.60% 17.79% 3.03%
Stitching 0.53% 0.28% 0.67% 0.32% 3.80% 1.96% 0.88% 0.48%

*One outlier result had a variability of over 200% due to Jewy Ssk values that were both positive

and negative in sign.
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4.4 Final Methodology
Based on these evaluations the following measurement methodology is proposed, and will be
subsequently followed throughout this thesis:

1. Visual inspection of surfaces to identify key features and regions that may present
measurement challenges (e.qg., reflectivity). Surfaces should be clean and free of debris.

2. ldentify roughness parameters of interest based on surface function/properties of interest.

3. Determinethe desired measurement-X range. In general, larger is better due to the highly
variable nature of AM surfaces. A minimum area of approximateh3x 3 mm should be
targeted (for general roughness).

4. The neasurement system used is not a primary concern, as shown by the results in
Sectiord.3.4 The choice is determined by availability, time commitment, and number of
measurements to be taken. A skilled operator will have a greater influencehen
measurement quality than specific system used (Secti8ri).

After data collection, it is necessary to process the results for parameter extraction. The following
data-processing stream is proposed:

1. Microroughness filter (lowpass Silter) to reduce measurement noise, this will be a function
of the measurement system. For tactile measurements recommendations are available in
standards (e.g., 1ISO 1134), meanwhite optical systems a nesting index thrémes the
pixel size orthe surface is sufficient.

2. Form removal (foperator) such as levelling.

3. Roughness filter filter) to separate Roughness and Waviness components. Visually inspect
results to ensure features of interest are retained. A nesting index aom@8has shown to
be appropriate here, howeveit is highly surface and purpose depemt

4. Fill normeasured points (where required).

5. If comparing roughness values, as much about the measurement setup must be théosame
effectively compare valuesncluding nesting index and measurement resolutions.

6. While it is preferable to measure a surface before and afiedification, in instances where
this is not possible assessment of the surface variability is necessary.

Furthermore; this methodology is envisaged to be of great benefit to AM researchers and
manufacturers utilising AM, through the clear and practical process enabling efficient and reliable
surface roughness measurements.

4.5 Surface Roughness Measuremean@nary

Effective, repeatable, and reliable surface measurements are essential when working on surface
modification techniques; such as smoothing, texturing, or even manufacturing of specific features.
The methodology presented here has been shown to be robust to changes of measurement system

73



and setup in terms of calculated roughness parameters and will therefore be used throughout the
following chapters.

The measurement strategy was evaluated using three different areal measurement techniques (one
tactile, two optical) and one profile method, visually comparing the generated areal height maps and
guantitively comparing standard roughness parameters calculated from each. Visual inspection of
heightmaps showed the three areal systems all captured key features similarly, hqweeptical
systems encountered issues on highly reflective or especially dull regions due to incorrect
illumination. For ane optical system, where FoV stitching was manually performed, artefacts were
induced by the stitching process, highlighting the risks associated with any additional post
processing step used. Comparing the pbxgbixel errors around these stitching artefacts show an
average error of 3.5Am compared to an unstitthed measurement of the same region,
approximately 1(x the error estimated to be from noise. Comparing the roughness parameters
calculated show these artefacts did not propagate through in a noticeable Fuayhermore, the
approximate time requirement to generate measurements is reported, highlighting the benefit of
GasSi FyR FT2NHSG¢ RS@PAOSa GKFd NBRdzZOS GKS NEBIJdz
measurement system (OMS) required operator input throughout the measurement process, and to
stitch the individual measurements intorange suitable for analysis.

Evaluations of the effect of changirbe filter nestingindex from 0.8nm to 2.5mm showed a
significant influence on top surfaces of around 16%, with a smaller, but still appreciable difference of
about 5% on side surfaces. This shows further research is required to fully understand the
applicability of different filter settings for evaluatitige roughness of PBF Aluminium surfaces, and

the likely requirement for different strategies for surfaces built in different orientations. From the
results presented here, a OrBm nesting index was deemed suitable basedl@maximum feature

size on the surfaces, and a reduction in the required measurement range compared tonan2.5
nesting index.

Throughout the results presented here a poor correlation was found between the profile and areal
results with the exception of Ra and Rq when using thenb filter cutoff. It is therefore
suggested, wherever practical, to use areal techniques to evaluate the roughne$Béf surfaces.
One use of profile methods identified was for the evaluation of surfaceAlsgchniqueis presented

here for assessing surface directionality based on differences in the PSm parametsured in
different orientationsacross the surface. Thihowed close agreement to the values calculated by
MountainsMap from areal data directly.

Finally, the poinwise errors induced by the processing stream (positioning using a jig, software
localisation, manual stitching) were computed. The base measurement noise was estimated at
0.33pum (#1.44um at 95% confidence) increasing by approximatelyx2iGe to localisation and 18

from the stitching operation. The positioning jig was found to have a repeatability @im83
translation (XY plane) and 2.75rotation (about the optical axis). The practical implication of these
induced errors is a negligible effect on computed roughness parameters (average 1.3% difference
across all examined surface$a, Sq, Ssk, Sku).
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5 Development and Evaluation of a LP Strategy for AM Aluminium

Parts

The final LP strategy developed in this section has previously been discussed at the 2022 Sustainable
Design and Manufacture conferefgeand published in the corresponding proceedif@gj. This

section further details about how the strategy was developed, along with additional insight into the
material responses to the proposed LP strategy.

5.1 Introduction

For all its many benefits, AM suffers greatly from -stdndard surface quality compared to
conventionally manufactured materials. For maagplications this necessitates remedial work to
make parts useablg/3]. There are many options for peptocessing of AM componentspme of
which were discussed in chapt22.3 However, these either sacrifice the geometric freedom
possible with AM processes or have undesirable environmental impacts. Due to this there is
significant interest in using lasers to pgsbcess AM surfacgsreviously discussed in chaptetst

and 2.6.2.

Furthermore, laser processing is highly adaptable, having been used for many years for
micromachining operationg38], surface cleaning], and welding176], among others. This opens

the possibility to combine processes (e.g., polishing and machining) with a single machine, enhancing
production efficiency (reduced number of setup operations) and facilitating hybrid manufacture.

5.2 Purpose

A series of trials were carried out to develop an LP strategy that is capable of smoothing AM
aluminium surfaces. As discussed in Secidn2, this is a notrivial task due to a range of factors
including the high reflectivity and thermal conductivity of aluminium, and the low melting
temperature leading to a relatively narrow processing window for effective laser processing.

This chapter discusses the development of a novel LP strategy for AM AISilOMg surfaces where
surface roughness is the primary concern. Following this the material response to the strategy is
investigated, including microstructure, microhardness, and fsemface porosity. The repeatability

of the developed strategy (in terms of surface roughness and roughness reduction) is also examined.
Following this, in Chapte& and 7, the influence of the developed LP strategy on the Tensile and
Fatigue performance is investigated.

5.3 Test Plan

5.3.1 Samples

A series of test parts were manufactured usinfR@nishaw AM25@sing gas atomised AlSi10Mg
powder supplied by Renishaw P[69], the nominal composition is presented in TaBl& in
Section3.1. Samples measured 4im x50mmx3 mm (hxw xd) and were manufactured using

the recommended settings as discussed in Se@i@n The samples were built with the
40mm x 50 mm surfaces vertical and perpendicular to the recoater directicd (fane). A total of 4

test samples were manufactured for this work. The samples were mechanically removed from the
build plate. No further posprocessing was applied other than cleaning the surfaces with
compressed air prior to surface roughness measurement.

39th International Conference on Sustainable Design and Manufactuidd6™ September 2022, Split,
Croatia:http://sdm-22.kesinternational.org/
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5.3.2 Strategy

5.3.2.1 StrategyDevelopment

The base laser parameters for the ablation @nabothing steps in isolation came from the previous
work discussed above. A slight modification was made (based on unreported preliminary tests) for
the smoothing parameters, decreasing the pulse overlaps and implementing a focus offset to
improve the processing rate. The main focus of this work was to combine the previously determined
ablation and smoothing steps into a cohesive strategy, resulting in superior smoothing than either
step alone. Therefore, the main challenge was to optimise the number of passes for each step to
work effectively within the overall strategy.

To achieve this an ablation step was followed by a smoothing steprom 44 mm regions. The
number of passes for each step was iterated to account for interactions between them. This was
then followed by adding a further ablation and smoothing step and repeating the process.
Throughout the process the roughness was measured before any processing, and then after each
processing step to monitor the effect of each step.

5.3.2.2 Hatch Angle

Eight regions were processed with four different hatch strategies: 9/46°, 0/45/90/135°, and

GNF YR2Y£é£®d ¢KS NI YR2Y & NasértScHaontiobsoftivafe, \Bhedd daghy & A (i K
layer is orientated at an arbitrary angle compared to the previous. The other strategies are depicted

in Figureb.1.

0/90° +45° 0/45/90/135°
X

Figure5.1: Schematic of different hatch strategies used.

5.3.2.3 Optimisation

One requirement for LP to be industrially adopted is to maximize the processing rate (mithimize
time taken to process a given area). To achieve this the laser power was increased to 100%
(0 =20W) and a defocus applied to maintain the same fluence as before (14 dfaiil2 J/crf).

The larger spot size enabled the scan speed and hatch spacing to be increased to maintain the
overlap factors. In conjunction with this, further rate tests were conducted with overlaps in the
range of 90% to 95%, to identify if an appropriate balance between smoothing and processing rate
was met. Finally, to achieve further rate improvements, the number of passes was changed from 20
to 10 in steps of 2. A summary of the various parameters and levels is givVebl@b.1.
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Table5.1: Parameterranges used for processinate optimisationtrials.

Parameter Unit Ablation Steps ~ Smoothing Steps
Focal offset mm 0¢0.38 1¢1.34
Spot diameter  um 32¢35.8 53.1¢65.1
Scan speed mm/s 550¢ 925 265¢ 530
Overlap X % 94.0¢ 90.0 95.0¢ 90.0
Hatch spacing  um 3¢3.3 3¢5
Overlap Y % 90.6¢ 90.8 94.4¢ 90.6

To evaluate the changes, small areas (4 meh mm) were processed with the process changes
identified in turn. The smoothing effect, in terms of % roughness reduction, was compared to those
measured in sectioB.3.2.1 The alternative parameters were considered appropriate if the
effectiveness (comparing reduction in roughness to initial roughness) was not equal to, or greater
than, the base strategy.

5.3.2.4 ComparisonBetween Laser Polishing d@onventionally andAdditively Manufactured
Qurfaces.
To assess the minimum achievable surface roughness using the proposed strategy, areas of
conventionally manufactured aluminium alloy surfaces were also processed, specifically, A&6062
rolled bar and investment cast A357.0. In both cases the surfaces were mechanically polished using
P220 SiC paper prior to LP processing to provide a uniform surface free of defects. An additional cast
surface was also LP processed in thenasiufactured condition. Finally, some AM samples were
mechanically polished (P220 SiC paper Sa5um) prior to LP to isolate the influence of initial
roughness.

3.4.6.3 Reproducibility

Once the final LP strategy was determined a series of lageas (approximately iim x 25 mm)

were processed using these settings. 14 samples were manufactured and polished (as part of tensile
testing, Chapter 6), giving 28 surfaces built vertically and perpendicular to the recoater direction.
The samples were processed using4&°® hatch pattern, based on results of section 5.4.2.3, and to
equalise the average length of individual laser pathsyT¥ere used to evaluate the repeatability of

the process with a wider range of initial conditions, while also giving a more precise processing rate.

5.3.3 Surface and Material Characterisation

5.3.3.1 Surfacéughness

Surfaces were measured according to the process detailed in Chapiedt shown irFigure5.2. To
expedite the measurement process, single FoV measurements were Tiseaneasurements had a
FoV of 1.7/nm x 1.4mm, with a 0.8nm Lfilter applied with end effects managed (MountainsMap
uses a propriety algorithm to achieve thigjeasurements were taken before any processing and
after each processing step on the same surface regiofé (f¥sitional error between successive
measurements wak83 um, see Chapter 4.4.7).
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Figure5.2: Surface measurement data pegstocessing flow used.

The surface roughness parameters Sa, Spar@/S10z were used to evaluate the effectiveness of
the given strategies. Both the absolute and percentage chartggsation5.1) were calculated for

each processing step with respect to the initial AM surface, and the result of the previous processing
step (where applicable).

fal
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The larger areas (28m x 7 mm) were measured over a larger area by stitching arraysx® boVs,
resulting in a measured area of approximately & x4 mm. The data processing operation was
the same as with initial trials, however only initial and final conditions were measured.

5.3.3.2 Porosity

Voids within a material, also known as porosity, can act as crack nucleation sites, and therefore it is
important to evaluate the influence of LP on the porosity in the HAZ. The process described in
Section3.4.4.2 was used to estimate the porosity of samples near the surface, and in the bulk, to

evaluate the effect of LP on porosity near the surface.

5.3.3.3 SubSurfaceMicrohardness

Samples were processed according to the final strategy, one sample with only the first step, a
second with the first two steps, and so on. These were sectioned, mounted, and mechanically
polished in stages, culminating with polishing using a Qr6silica suspension (described in
Section3.4.1). Vickers microhardness was then conducted according to the process given in
Section3.4.2, using a Mitutoyo HA220B. Indentations were performed in approximately (0

steps below the LP surface, (as showfigure5.3), at multiple points within the L-Bffected region.

To ensure indent centre distances were maintaingd least 2.5 times the average diameter
(according to ASTM®) indents were also moved laterally by approximately 50 pm.
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Figure5.3: Indentation layout used to evaluate the sub surface hardness profiles.

5.3.3.4 Microstructure
Microstructure was evaluated on separate samples following the process given in Sedtiin

5.4 Results and Discussion

5.4.1 Determined LFttings.

The laser source and hatching settings determined from preliminary trials are shovableb.2. It

can be seen that the ablation step has nearly 15% higher fluence than the smoothing step, this
greater energy intensity leads to ablation of the surface material, preferentially removing asperities
as found by Petkov et gl115]. This step also operates at a much higher frequency, and shorter
exposure times, that does not permit the surface to flow into a new shape. This is borne out by the
surface topography after ablation being primarily composed of small, regularly spaced dimples left
by the individual laser pulses (as shownFigure5.4). In contrast, the smoothing step utilises a
lower fluence with longer exposures and a greater total energy input, to promote melting and
reflowing of the material. To increase the processing rate, the overlap factors were reduced to 94%
for the smoothing step when compared to those employed by Bhaduri §€HI(97% in both X and

Y directions). With 97% overlap, the scan speed would have beemi®§, and the hatch spacing
1.6um (40% and 46% lower respectively), considerably reducing the processing rate.
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Table5.2: Initiallaser parameters for the ablation and smoothing processes.

Parameter Symbol Unit  Ablation step Smoothing step
Average Power 0 W 16 13.2
Scan speed 0 mm/s 550 265
Hatch distance Q um 3 3
Pulse Width Y ns 15 220
Pulse Frequency "Q kHz 290 100
Focal Offset a mm O -1
Pulse Energy* 0O uJ 55.2 132
Peak Power* 0 kw 35 0.6
Fluencet O Jien? 13.72 11.94
Pulse Overlap (3 0 % 94 91
Pulse Overlap (W 0 % 95 94

* Pulse Energy and Peak power were calculated using Equations 2.4 and 2.5 respectively.
UFluence and pulse overlaps calculated using Equatiorn2 2.9 in turn.

Figure5.4: 3D view of surface roughness measurement (normalised axes) rendered with greyscale optical image showing
characteristic laser ablated surface texture.

5.4.2 |Initial Trials

Using the above settings, initial trials iterated the number of passes for each processing step. The
effectiveness of each strategy was assessed based on the change in surface roughnaten

5.1). Initially 2 ablation passes were used, followed by 4, 8, 16, 24, or 32 smoothing passes. These
levels were chosen to havan equal number of passes in each direction when using°@@&shatch

scan pattern. This yielded peak reductions of 59% Sa, 61% Sp, 54% Sv, and 55% S10z from the
combination of 2 ablation passes followed by 16 smoothing passes (2/16 passes will be the
subsequent notation)Following this, the same process was repeated for changing the number of
ablation passes (2, 4, 6, 8, or T6llowed by 16 smoothing passes.

Table5.3 summarises the process, along with maximum roughness reductions and corresponding
roughness values achieved during each iteratidme full test matrix is provided ihables A.1 and
A.2,Appendix l1Optical micrographs are provided Figure5.5, with (A) being from the first round

of trials (2/16 passes) and (B) from the third round (8/8 passes). Considering the visual appearance

of the surfaces, the third round of trials appears to be significantly worse than the initial round,
however it is clear when assessing the numerical surface parameter vdlabke $.3), that the

AdzNFI OS Kla t26SNI{IX {LkE FyR {mnlX IyR GKSNBF2N

The fourth iteration (final row iTable5.3) investigated adding a third step, also smoothing, yielding
modest improvements, howeversubsequent trials showed the improvement was due to
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re-establishing the Zeight of the surface. The improvement was later achieved by specifying a
Y2NBE F OOdzNF S af | @ SNJ §&aldgduy tBhe depth of olt for covEnkiofidd O 2 y G |
machining operations.

Table5.3: lterations for number of polishing passes used for-$tep trials, showing % reduction and surface parameter
values achieved with determined number of passes (showold).

Levels Sa Sp Sv S10z

(Ablation / Smoothing)

2/1[4,8,16,24,32] 59% 9.2um 61% 99um 54% 47pum 55% < 101pum
[2,4,68,10] /16 59% 6.5um 70% 62um -27% 63um 52%  100um
8/[8,12,16,20,24] 35% 7.0um 49% 58um -116% 80um 8% 103um
4/[8,16]/[8/16] 1 51% 6.0um 53% 50um -32% 60um 35% 83um

* Negative values indicate thealue increased.
U One ablation step, followed by two smoothing steps of either 8 or 16 passes each.

Figure5.5: Resultant surfaces after2ep trials (A) 2/16 passes, and (B) 8/8 passes.

These Zstep trials clearly underscored the intdependence of the individual strategy steps, with

the optimal number of passes depending on both the preceding and following steps. From this, trials
were extended to four total steps, alternating Ablation and Smoothing parameters. The levels used
for the four-step strategies are presented Trable5.4 (andthe full test matrix inTable A.3Appendix

II). The ablation settings used removed approximatelynt of material with every pass, and
therefore for the third step (2 ablation step) four passes were chosen to balance the amount of
material removed and additional smoothing achieved.

Table5.4: Iterations for number of polishing passes used for-&ep strategy trials, showing reduction and value achieved
with determined number of passes (showibaid) various roughness parameters.

Levels Sa Sp Sv S10z
(A/ISIAIS)

[468]/[4,68]/4/16 59% 4.7pum 77% 42pm 40% 61lpm 61% 92um
8/8/4/[8,1012,14] 71% 6.8um 52% 136pum 58% 56um 52%  183um
8/8/4/[12,16] 69% 6.3um 64% 72pum -36% 83um 47%  132um

Based on these initial trials, with decisions based on a combination of roughness values and
roughness reductions (as presented above), along with visual assessment of the surface
topographies, a strategy comprising of 8 ablation passes, 8 smoothing, 4 ablation, and a final 16
smoothing passes was found to be effective, with the lowest roughness values, and highest average
reduction (seeTable5.4). Figure5.6 shows a surface processed with this strategy, comparing it to
either of the examples processed with a tstep strategy Figure 5.5) the surface is visually
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consistent and generally free of the dimples that cover the surface processed with 8 passes of both
ablation and smoothing step§&igure5.5(B)).
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Figure 5.6: (A) optical micrograph, and (B) falselour height map of surface processed with four step LP strategy
(8/8/4/16 passes).

5.4.3 Processingate Refinement

The determined 8/8/4/16 step LP strategy gave an area processing ‘Wadeof approximately

60 minutes/cn?. This is significantly higher than that expected from conventional surface finishing
methods (Y between 10 and 30 minutes/ctfil77]) and therefore improvements were necessary.

To increaseY , the maximum available average laser power was applied during each sté&§)(20
with an associated modification to the focal offset, scan speed, and hatch spacing to maintain the
Fluence and Pulse Overlap values previously statedl€5.2).

The average roughness reduction for the baseline strategy was found to be 57.9% Sa, 68.0% Sp,
31.4%Sv, and 58.5% S10z. Changing the overlap factors gave similar results for Sa and Sp, but
significantly worse for Sv and S10z. This implies the reduced overlaps were less able to fill in surface
valleys. When maximizing the laser power (maintaining Fluence and overlap factors compared to the
baseline) the effectiveness was found to increase to 87.4%, 87.4%, 67.2%, and 81.4% for the four
roughness parameters in turn. This updated strategy also increased the processing rate by 30% (i.e.,
Y ¥ 45 min/cn?). This is substantially lower than reported by others, however none were using a
multi-pass strategyFurthermore, many authors used higher power lasers Kiv7 20cm?/min [73])

and different motion strategies. It has been shown in this chapter that an increase in laser power
improves the polishing effect (requiring fewer repeat passes) and allows for larger spot diameters,
reducing the processing rate. It is thus not possible to make direct comparisons.

The effect of changing the number of passes for the final smoothing step is shdvguie5.7. As

can be seen, reducing the number of passes for the final Smoothing step from 16 to 14 slightly
increased the process effectiveness, while further reductions gave reduced effectiveness and/or
higher variability. The final optimized strategy is detaile@ale5.5 and givesY ¥ 40 min/cn?.
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Figure5.7: Roughness reductions (+1 standard deviation range) compared to number of passes for final smoothing step.

Further improvements in processing rate would necessitate a moveerful laser source capable of
maintaining the required fluence levels (14 Jfand 12J/cn¥) with larger spot diameters. Based on
the current evidence, it is possible that further increases in smoothing effect may also result from
larger spot diameters.

Table5.5: Finaldetermined laser polishingarameters.

Parameter Unit Step 1 Step 2 Step 3 Step 4
Ablation ~ Smoothing  Ablation ~ Smoothing
Scan Speed mm/s 620 325 620 325
Hatch Distance pm 3.3 3.7 3.3 3.7
Pulse Width ns 15 220 15 220
Pulse Frequency kHz 290 100 290 100
Focal offset mm -0.38 -1.34 -0.38 -1.34
Pulse Energy [UN) 68.9 200 68.9 200
Peak Power kw 4.3 0.9 4.3 0.9
Fluence Jlcn? 13.72 11.94 13.72 11.94
Pulse Overlap (X) % 94 95 94 95
PulseOverlap (Y) % 91 94 91 94
Number of passes - 8 8 4 14

5.4.4 Effects of LRJsing the Final Strategy

5.4.4.1 VisualAssessment diurfaces

+Aadza t AyalLSOGAzy 2F ada2NFIFOSa OFy 6S | LI g SNFdA
striking feature is that the LP surface is more silver in appearance than the as built surface, which is
comparatively grey, indicating the surface is free of contamination such as soot. More surface detail

is revealed in micrographs, suchkigure5.8 (n.b., the two micrographs were taken with different
illumination intensities due to differences in reflectivity), where in (A) a series of asperities with very
shiny peaks (white circular regions) are present across the surface. Due to thefOsEaar() and

shape, it is likely these are partially melted agglomerates on tHaudissurface. In contrast, the LP

surface inFigure5.8(B) is free of such features and the appearance is generally much smoother.
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Figureb.8: Optical micrographs of a surface @s)built and (B) after processing with the final LP strategy.

The last key visual inspection is of the measured surface heighs, seeFigure5.9. The colour
scales are different between the two images (raf@®0um in (A), and40pum in (B)) for clarity.
Obviously, the maximum and average height of the surface is significantly reduced on the LP surface,
but what can also be seen is the reduced number of asperities on the sufe@eoborating the
observations made on the optical images previously. An unexpected feature present on the LP
surface are the very smafl (9 um) depressions distributed across the whole surface, shown as small
blue circles irFigure5.9(B). The source of these depressions is currently undetermined, theorised to
be pores within the material breaking the surface.
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Figure5.9: False colour height maps of a surface (A) before, and (B) after processing with the final LP strategy, note the
different colour (height) scales.
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5.4.4.2 Smoothing

The evolution of the roughness during processing is showgire5.10 (A). It can be seen that only

Sp is consistently improved at every stage of processing, with the remaining parameters being
negatively affected by the third step (ablation). This clearly demonstrates the benefit of using a
multi-step process, combining different processing mechanisms. It can also be seen that the final
step had the greatest influence on Sv, with a 67% reduction compared to after the preceding step,
while the first step had the greatest influence on Sa (65%), Sp (68%), and S10z (56%).

Figure5.10(B) shows in detail how the Sa value changes throughout the LP process. The initial
surfaces have a high variability in Sa (frobn5lm to 23.4 um) compared to after polishing (from
1.95um to 3.4 um), with the lowest variability occurring after step 4. Similar trends were observed
for the other roughness parameters of interest (Sp, Sv, S10z) and are presefRigdrieb.11. One

slight difference is for Sp where the lowest variabi{@3%)occurred after Stef3, an ablation step.

The variability in Sp was approximately 100% (i.e., rage equal to the average value) in all other
conditions.The average measured roughness values are presenteahile5.6.
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Figure5.10: (A) Total roughness reduction after each step of final strategy, and (B) Sa values after each processing step
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150 X 120 160

B
S

100 *

100 80 X \
\ X \
\

¥
(=1

3 3 £ 100
2 x \ = 60 vt
& \ & J 2 & \

50 X 40 g ~ X 0

= - -é\ : \éi -~ - ‘% ~ - é\
~ é 20 ~ X 40
= 3 N
0 0 20 %

A) Initial Step1 Step2 Step3 Step4 B} Initial Step1 Step2 Step3 Step4 C} Initial Step1 Step2 Step3 Step4

Figure5.11: (A) Sp, (B) Sand (C) S10z Roughness values after each processing step, mean average shown by dashed red
line.

Tableb.6: Average roughness values measured form the initial surface, and after each processing step.

Step Sa(um) Sp(um) Sv(um) S10Zum)
Initial 16.50 106.98 47.65 131.5
1 5.89 44.56 27.92 62.24
2 3.81 30.91 19.42 38.15
3 5.36 33.66 27.85 55.70
4 2.26 18.83 14.11 25.07

Furthermore, by looking at the surface height maps and optical micrograjdsre5.12) it can be

seen that, in addition to the lower variation in roughness parameters, the surfaces also have a more
consistent appearance. Specifically, the surfaces after the smoothing steps (2 and 4) are more
uniform in appearance than after the ablation steps (1 and 3), with less variation on the height maps
(Figure5.12top), and consistent colouring in the optical micrographig(re5.12 bottom).
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Figureb5.12: (top) Surface height maps, and (botto@ptical Micrograpk. Showingnitial surface, andsurfaceafter each
processing step.

It is unsurprising the first ablation step has the greatest influence on the Sp (maximum peak height)
values, as it is designed to remove material and leave a more homogeneous surface for the
subsequent steps to act upon. Furthermore, the smoothing steps (2 and 4) have the greatest
influence on the Sv values due to the action of molten material flowing to fill depressions in the
surface.

Crosssections were taken from a representative sample to identify further changes to the surface
throughout the strategy.While the micrographs were taken from different locations, the same
features have been observed in all micrographs taken, across multiple different sarhjgase
5.13(A) shows a crossection through the unpolished surface, with various msidtale features
present on the surface. Contrasting this to the surface after the ablation stépgaré5.13(B, D))
where the total height of the surface is reduced, but a much finer texisipgesent. This texture is

of a very short spatial wavelength, of the order of il to 20um so is likely a direct result of the
laser action on the surface. Conversdijgure5.13(C, E) show the surfaces after the smoothing
steps, where the surfaces are much more uniform, with all the short wavelength features removed.
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Figure5.13: Crosssectional micrographs of (A) the-bsilt surface and (H) after each LP processing step in turn. (B, D)
ablated surfaces, (C, &hoothed surfaces.

5.4.4.3 Porosity

During processing, stdurface porosity can be seen to have developed approximateyn#@o
50 um below the surface (seleigure5.13). These pores have diameters aroundu®d to 50pum and
tend to be elongated normal to the processed surface.

The porosity was estimated for a series of samples after each LP step, both in the bulk and near the
surface. This is presented kigure5.14, and shows that there is an increasghe average porosity

in the near surface region, to between 3.8% and 5.2% from 0.9% in the bulk, and the scatter in the
measurements was also found to be approximately 4.5 times higher (standard deviation from 0.4%
bulk to 2% near surface). The bulk porosity was estimated for the same samples to account for any
process variability, however, was found to be relatively consistent across all samples evaluated, as
shown by the low standard deviation. The elevated porosity near the surface is similar to that found
by Hofele et al.who reported 3.5% after PWP[178], implying the effect is inherent to LP and not a
function of this specific strategy.
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Figure5.14: How the relative porosity in the HAZ compares to the bulk porosity throughout the LP process.

5.4.4.4 MicrostructuralChanges

Looking at the micrographs #igure5.15, showing etched crossections of LP samples after each
processing step, it can be seen that there is a marked difference between the bulk material (lower
section) and the LP region (surface layer). The bulk material exhibischéh patterns characteristic

of the L-PBF process. Meanwhile, the LP layer has no evidence of thecéikh patterning, and
instead after ablation the surface looks more like a fodtigre5.15(A,C)), or wawlike patterns

after the smoothing stepdgure5.15(B,D)).

This is due to the higher laser powers and longer exposures\i208 PW in the case of the AM250)
when compared to the LP process used in this work2hs PW). The thickness of this remelted
layer is approximately 5@m, corresponding to the depth of the neaurface porosity discussed
previously. The thickness of this layer is less than theutd@ound by Hofele et a[178], however
the laser source used in their studies was operating akW7average power and thus capable of
much higher energy input than the 28 source used here.

During this LP process the thermal gradients within the molten region are much greater than those
arising during iIPBF AM. This is due to the much smaller spot size and shorter pulse durations
imparting less energy per pulse (0.068 mJ ablation, 0.57 mJ smoofBdmJAM) but at a higher
intensity (2.2TW/m?, 390 GW/m, and 28 GW/rirespectively). This in turn results in much smaller
melt pools withinthe LP region when compared to those in the bulk material.

Notably, after the smoothing steps (shownRigure5.15 B, D) there are visible striations within the
remelted zone. These striations strongly indicate the presence of material reflowing to fill
depressions in the surface during successive laser passes during the smoothing steps.
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Figure5.15: Microstructure at the processed surface after each processing steséduentially).

5.4.4.5 Near Surfac#licrohardness

In Figure 5.16 the measured microhardness values are presented, along with aml®oving
average (dashed blue line) indicating the hardness profile, and the bulk hardness estimation (grey
band). The bulk hardness was estimated by averaging values taken from bejow B6m the LP
surface, and the presented range is one standard deviation above and below that average.

Measurements were taken from near the surface progressing towards the bulkpm iGcrements
(with a lateral offset) for 10Qum, repeated five times per sample in different locations. An example
of the indentation layout is shown ifigure5.3. Due to tolerances within the microscope this
resulted in one indent to be approximately from the surface, while the remainder started from
15um below the surface, as seenkigure5.16.

Firstly, the bulk hardness estimat€1@0Hw.o0s is slightly higher than the datasheet value of
113Hw ;s [69]. This could be simply due to the different loads applied resulting in subtle differences
in the reported values, and natural material variability at such small scales.

The hardness profiles clearly show an increased microhardness near the surfeceverage
hardness within 8um of the surface after each processing step drg6Hw.oos 164Hw 005
178Hw.005 and 142Hw 005 respectively.This clearly shows that the smoothing steps (steps 2 and 4)
give a reduced surface hardness compared to the ablation steps (steps 1 and 3). Furtheftaore, a
ablation this harder region extends about gt from the LP surface, whereas after smoothing bulk
hardness is realised frompproximately 45um depth. This is due to the increased cooling rates and
peak temperatures during ablation resulting in higher residual stresses, while the reduced cooling
rates after smoothing enable the residual stresses to relax somewhat, giving both the reduced peak
hardness and hardened deptRrom the results presented in the preceding two sections, it can be
seen this aligns with the location of the sabrface porosity, and the transition between the bulk
material and remelted region.
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Figure5.16: Nearsurface microhardness profiles in the LP region after each processing step.

Bhaduri et al.[71] found no increase in surface hardness after LP of AM aluminium, rather a
softening a short distance below the LP surfacanib¢ 20 um), attributed to silicon enrichment at
around this point.Hofele et al.[178] observed more significant softening within Owin of the
surface, with a minimum approximately 30% lower than the measured bulk hardness. It is possible
these differences result from the very short pulse durationsnds5compared to 22@s [71] and

300pus [178])) used in the ablation steps giving rise to residual tensile stresses, increasing the

hardness.

5.4.4.6 Effect of LEcanningHatchAngle
The hatch pattern has shown to have no significant influence on smoothing when using this strategy.
However, due to the small areas trialled, few repeats, and inconsistent initial conditions, it is
strongly suggested further evaluations are conducted. It is anticipated that the hatch pattern may
become significant for machining operations, and therefore will be a key consideration for hybrid

machining/polishing operations.

5.4.4.7 Validation of the LBrategy

The resulting surface from applying the LP process to a sample of wrought aluminium is shown in
Figure5.17 (top left), it can be seen the surface morphology is unlike those previously observed (see
Figure5.6 and Figure5.8). While the resulting surface on AM samples was smooth and uniform, the
wrought LP surface is highly irregular, and exhibits a greatly increased surface roughness
(Sa=15.4pm) compared to that measured on previous AM samples (average2fm). The
surface more closely resembles those found in the initial trials when excessive fluence was used and
the surface was oveexposed. It is unlikely this is due to some fundamental thermal property, as the
reference values for AA6062 are within the ranges expected from AlSi1OMJ &e5.7). This
implies the wrought material has a higher absorptivity to the laser wavelength used064nm)
despite a higher optical reflectivity (visually shinier surface).
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Figure5.17: Optical micrograph of various aluminissamples after applying the final LP strategy.

It was theorised the observations could be due to the effect of surface texture. To assess this, a cast
sample was prepared. The thermal properties for the BSL169 casting alloy are also presented in
Table5.7, showing a slightly increased melting temperature compared to the other two assessed
alloys, and a thermal conductivity lower than that of AA6062 but within the range expected of
AISi10Mg. While the difference in conductivity would lead to differences in the temperature
gradients immediately surrounding the laser spot, the processing region useun s mm)
resulted in the bulk temperature of the samples being raised considerably (the specimen remained
noticeably hot for a prolonged period after LP) and therefore the effect of conductivity is unlikely to
be a significant contributor.

Table5.7: Thermakonductivity and melting poirfor AISi10Mg and two conventionally manufactured alloys.

AlISi10Mg (AM]69]  AA6062 (Wrought]179] BSL169 (Casi}80]
Thermal Conductivity ~ 130¢190 W/mK 172 W/mK 150 W/mK
Melting Point 570c590°C 582°C 600°C

Cast samples wererocessed with both the amanufactured surface texture and mechanically
polished, to assess surface and material effects respectively. Optical micrographs are shown in
Figure 5.17 (top right & bottom left) which show significant improvements compared to the
wrought sample, albeit still with many visible pockmarks. The resulting Sa values wepsmatid
3.33um respectively, this difference is within the variability of the process (as will be discussed in
Section5.4.4.8 and therefore negated the theory that surface effects are responsible for the
different responses to the LP strategy.
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The final confirmation that it is not the initial surface causing these effects, is the observed texture
on mechanically polished AM surfaces. An example is show#gime5.17 (bottom right), where the
surface shows no signs of the aforementioned pockmarks and is visually homogeneous. The
roughness of the example shown is 1| #8 Sa. The average across a series of 8 surfaces was
1.37pm, indicating this is the approximate lower bound for what is possible with this strategy
(especially when considering two surfaces with initial roughness giirh.and 1.2um experienced

an increased Sa after processing).

5.4.4.8 LP StrategiRepeatability

The 20 surfaces processed with the final strategy (w##5° hatch rotation) showed good
consistency in the reduction in Sa, with increased variability in Sp, Sv, andrigLde5(18). As Sa is

an average value, it was expected to be less affected by outliers such as single large peaks or pits.
Likewise, S10z is the difference between the five highest peaks, and five lowest pits, and can
therefore also accommodate some extreme values. The range of reductions are givailé5.8,

along with the minimum achieved value for each paraméteb., these results refer only to the 20
samples used here and thus are different from those reportedable5.6). While the minimum
values are slightly higher thahose reported by others (e.g., 0.64n Sa[71], 0.164um Ra[107]),

direct comparisons are impossible due to the differences in how the surface roughness was
evaluated.
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Figure5.18: Range of reduction of different roughness parameters.

Table5.8: Range of roughness reductions, and minimum achieved roughness.
Parameter Minimum  Average Maximum  Minimum
Reduction Reduction Reduction Achieved Value

Sa 66.1 % 72.6 % 77.6 % 3.57pm
Sp 32.5% 57.9 % 78.6 % 40.3pm
Sv 4.4 % 57.5 % 81.7 % 21.0pm
S10z 34.1 % 63.9 % 79.0 % 60.1pm

To establish if tis gives stable results (i.e., a predictable outcome), the reduction was plotted
against initial roughnessigure5.19. From this it can be seen that the smoothing potential (%
reduction) is reduced at lower initial roughnesses. With two distinct regions presenting themselves
in this data; at very high initial roughness (328 Sa) the process appears stable, with around 80%
reduction. At lowerinitial roughness (<1pm Sa) there is a proportionality between the initial
roughness and the roughness reduction. These results go against previous findings by Hofele et al.
who found their LP process was agnostic to the initial surface rouglindls$n contrast, this shows

the effectiveness of the developed LP strategy has a strong dependency on the initial surface
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condition and may not be appropriate for surfaces with a low initial roughness. The causes for this
may be due to the higher roughness having a lower reflectivity, and therefore absorbing more of the
laser energy98], or simply rougher initial surfaces having more peaks available to be melted and fill

depressions in the surface.

Figure5.19: Plot of % reduction in Sa against the initial roughness value.

The other parameters (Sp, Sv, S10z) did not show any strong correlation between initial roughness
and roughness reduction likely due to the much higher variability in roughness reduction than
present with Sa (as seenfiigure5.180 | YR GKS &a0NRy3ISNI AyFfdsSyOS 27

5.5 Thermal Simulations éfnal LPStrategy

It is well known that different pulse durations lead to different material interaction mechanisms, but
this is usually discussed over orders of magnitgdkat is fs / ns /us pulse durations. In this work

the two pulse durations used are relatively similar, 15 ns and 220 ns, however there is still an
appreciable difference in effect. To evaluate this a series of thermal simulations were undertaken to
estimate the thermal fields resulting from the employed strategy.

There has been interest in using simulations to reduce the experimental burden of novel techniques
(including AM and LP), allowing neggtimal settings to be determined before committing to the
expense of experimental trials. For LP, much of the focus has been to relate the thermal fields to
smoothing potential. For example, Ukar et[aB1] determined a melt depth equal to the Rz value to
give the greatest roughness reduction for machined {ead mill) tool steel. Meanwhile, Shao et al.
[182] focussed on the effect of laser irradiation of single asperities, finding asperities of low aspect
ratio (short compared to width) can be more evenly heated, and therefore melted, compared to
those with high aspect ratios. This implies with improper settings tall asperities may not fully melt
and thus contribute to increased roughness after processing.

5.5.1 Simulation Setup

It was decided to use the commerciaiite element analysisHEA software ANSYS (2020 R1 and
2022 R2) to model the transient thermal conditions. As Song ¢T&|noted, it is not advisable to
approximate a PW source with an averaged CW input due to the higher peak intensities realised and
therefore it was necessary to simulate a pulsed energy input.

To simplify the model, it was decided to simulate a single track over a length of approximately
100um as a series of discreet energy inputs (laser pulses). Other approximations included using a
uniform spatial intensity distribution for the energy input, as opposed to the -geaissian
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