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10 ntroducti on

1. IMotivation, aim and objectives

Addi tive manufacturing (AM) is a rapidl
produce complex geometri edybyeaddicrcg/rfdu s
the -dihmemsi onal (3D) [Mb]d &AIMs odff et hre a pasn
advantage over traditional faéeldjmAMon m
parts can be designed without consi der.i
conventional manufacturing. This feature
and features that are difficult o[r3]i mpos:
Addi tionally, time and cost savings <can

vari ous fabrication processes and t he

However, in order to fabricate an AM par
o f the wunderlying processes, materi al s,
i mprovements and optimisation studies in
fabrication stability, robustness[i#@&nd re
6] As such, it is essenti al to detect an
fabrication quality of component s.

Powder bed fusion (PBF) is the mo&]Jtl wi de
uses a |esapmowfikeasdrd-LBYysioan,elRBER ron bea
beapowder bed-EBysiton mePBF and fuse powder
parts. During the fabrication process, m
[ 8] spadalhdr sur flalddd mpypo e slramyer surf aces. T
can significantly compromise the integr.i

t htitlsesi"part quality' refers to the prope

mechani cal, t her mal , and dynamic charact
surface finish. Sever al studies have dem
mechani cal propelrll]es cs wphiad bddn eksast] gd € h | 1 f
Moreover, they play a[dditical role in ci



Surface i nmplube tiles sawmrce of ot her def ec
i mpact thel[ Pa.r21&Jgruail mnstyandcleyeSui ggat ead .t
amount of partially melted particles 1inc
Zhang [eltpfeaels.ented a positive correlation
i nternal porositi¢dB8lBgeestemvomasaluet ac
cause oxidatidgnepRemarad ¢thabl surface cr
I mpurities, decrease f at2iegkupel orreesdi sa acmarer
bet ween surface texture and porosity. I
i mpurities not only indicates poor surfa

poor paftiBd@lual ity

Mi croscale surfddBeamnmnmperméasesr e &®#BtFer t |
higlsol ustiitoun meextcthordessy X omput ed t[odnb,g2 Aalp hy
optical met hpa8, 2dbohoasal CHiIZB36aadopwc@UuBCM
variatiea, eF¥)eua met hods, the part may n
a manufacturing site to a metrology sit
potentifalemmrximre degradati on or contamina
most of these measuring techniqgues, thou

costly.

On the otherbyrhapndyr fhabri agersint unemdroidt cern
of surface I mpurities on ealfchBQ]awlkeirchlui $
valuabl e becaudge met daltlaowo |l iectieal and a
defects. |t ca-hoap sbeedldbdle codtomntsredl t o

their f ormati on.

Some of the easwliiteasmomes®aln aly ovmasi monduc
et [&Blahd Blehad]aMel vi[m3 lugti | alsed video micro
i nsights into the behavioagBepfia®howdtemhe du
first to measure mel t-siptow!l i nfermapredt F B) L

pioneering studies marskietdu tsheen sboergsi nfnoirn ga

fabrication. Foll owing these initi-al stu
situ methods, primarily bp38.8HParnt ivciusliabrlley
2010, there was a growing interesittuin t
met hods. One of the first -sddafuecdenddtngc:

2



proposed by PBagdlbwewmntcencendt.rated on dete
powder coating, such as insufficient (
advancements in dvasgortebmeol oggeandh i
has expiagndiefdi3drg ngtulryeh ows t he number of pap
i9itu measur ement and monitoring methods

Scopus database, highlighting the rapid
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FigureThe number of psbltiusmed hpamse ron PBGE

the Scopus database

Mi croscal e surface | mput#iitmee sussinmagd ménoh d e
to evaluate fabrication quality or t o
throudgh meedleedback control. Sever al rece

situ measurement and [neqg M9, Br5ilng met hods |

The | asstigsut tiechni ques specifically devel
surface dampRBWer esr awi etwheids Tthiee sciaspabi | it
l i mitations of each met hod ar e critical

detection accuracy and the range of det e

Vi sible and ther mal S enssiintgu nmeetahsoudrse nmaernet
as they can produce a | argesamaunbnoand
speed sensor s. It is essential to mentio



significantly i nfl uences detection acc.lL
configurations across different machines
i n varying detection qualBiatctk stradthremmd .
BSEensors show robustness in harsh envi
t hat these sensors can occasionally over
beam current and vol-aagqeicad dathpypyeheadt
results. Acoustic sensing, which Dbenefit
effective method for detecting I mpuritie
acoustic sensors for detecting microscal

pot enrteiqaulilryi ng rtédwaed rcladp tcuornes torfucti on condi f

Unli ke 2D i maging techniques, 3D height |
i nformation by revealing variations i n
i mportant for detecting iIimpurities as th
Vari ous met hods f or measuring surface t
I maglih@]fringel[ 28 ,ahd]|c tmloamhe e d [ s3y8s h3eOvhe

been fuosreddet AAamoingn t hese met hods, coher e
approach, can be costlier t osmimthd g reanttea.i
|l onger computation times than other meth
into a PBF machine camowantsed bey ctharmd enlgo \
resolution tied to the recoater's speed.

One of the key gapstunmehsulemenatand mo
i's their l'i mi tedavorlpg | i cdbiskt pi @ad d sBsBepsreiad a
Al t hough many techniques are capable of
takes place aftemepsame ngi WataFanthdigs mor
numerous studies fail to report the tota
t hat the feasibility of 4 mplee memrtdibmg kt
systems depends cri tAiddaltliyonah |l yhi s aovata
process parameter s, sensor positioning,
efficiency and the detedt2i9d@ hacdcwmrsday | a
sensors may also be challenging or I mp o
empl oML alggori thms to detect I mpurities,
supervised ML algorithmsidatea elfadge]l@alhii rmgd d i

4



process of t en relies on manual i Aput f
consuming and subjective. Evenawotht uoatu

data is still required to effectively tr:

't elakseen repaovmedi mwarchi €an degrade th
quality, are eve[ndHBovad \ err, tthtaen adOurlancy ¢
met hods declines as iIimpurity size decrea:
than 100 Om, primarily [ddule FDo ki miet @cit ® o
to provide robust quality evalwuati on, It
i mpur i tkiurstihzeersmor e, whil e some met hods

specific typieRd] oaf qdueafleicttys eval uati on sys
i denti fying al/l mi ctbssal smamppe4.1f has, 10

The aim of t che vse | tohpe sa sme ass utroe me n t syster
mi cr oscal,d nicrpurioistgi essmal | ewi tthh acno nlsG G t@mt

accuracy, and doi rdg fsea tdaTfWel oo bejnet d tyi vaensd acre

1 Examine microscale surface impurities on PHBF- components, investigate
their correlations with process parameters and analyse their impact on overall
part quality

1 Develop an experimental esitu method that has the potential for future in
situ application, providing a rapid, cesffective, and computationally
efficient approach for detecting microscale impurities based on light
scattering

1 Employ a ML machine learning model capable of fast and automated
detection, optimised for isitu implementation

1 Design a data generation modeleiiminate the reatworld data collection

process for training machine learning algorithms

1. 2Research novelty

I n this thesis, common mi cr os-cBplaeratrssur f ac
outlined, and their i mpact on part qgual.i
these microscale I mpurities are also rev

the need for a measwrseaumefnatc es yisotpeony mahpahty n

5



det ect mi croscale impurities withhnconsi
efficiewtf ferd i yestmanner and agapicablset oo

within the manufacturing equipment.

The nouvwellwtsy ko i es i n the develmogmemrsicadte
i mp ursintail d sOr@m hoamL BBP Al t ght daastetde rtiencchni c
habeemsi gmabpdt i miokeetde ct i ng mi c.r oTshcea | dee ci i nspi uor

use | ight scattering iIs supporetfefdechhy vee
capahblnef egfun ngen@at,i omand can be integrated
LB machi-sniet d odetiencti on. To the best of oL
to apply | ighhe sdatéeeti aghibseoslcddéBs-t s on

sur faces.

An experi ment al setup based on | ight sca
patterns from i | | umainnuaftaecd urrfeegiicasriss ¢ @fe et. hwea
i ntegmatoed he setup to enabl e data | abell
t he il luminated areas. Foll owing the o6fF

scattering patterns fr om s uNLfbaacseesd wmotdhe | ¢
was developed to classify surfacteisesa&ccor

i mpurities.

The scattering patterns used to train th

usi ng a simulation mo d e | t hat takes su
topography data is produced through a s
simulating scattering patterns from synt

-~

emoves t he -cnoenesdu mii iy -iamtuenlsalveurexper i me
col | eAfttieorn.si mul ati ng MUad gocat thenaitmgedeat
c

assify scattering patterns based on th

—+
-

aining these algorithms demands <consi d

once trained, theswmbtegpsioaresishadef eanddwel
I n concl usi on, t his thesi-detiercttrimdcu cmneest ha
PBEB based on l i ght shbbalt o hgdimsceodmbw inte

simul at ed scattering p a.tAletrhnosu g hr otnh e s yme



devel oped in this study operates offline

iprocedgd mer daelchni gque when i AtBe grraathd ch ec o a
1. 3Thesis outline

Chapter 2 presents a comprehensive |iter.
AMi n general, foll owed b€ommdmcausrefdade sd
associated with PBF are analysed, al ong

part g+saltiut ynealsrur ement techniqgues used f
and existing reseaAddi tgaopnsal diye t e n tcihfaig
overviMlwalogfor i t hms applied to defect de:
di scussion on the modelling of Ilight scat

I n Chapter 3, a microscale surface analy

speci mens f abe¥rLiBc aptreodc essssiimg . PBTFhe mi cr ostr

a®uilt surfaces were examined using SEM.
unreported I n t he l'iterature, wer e i de
mechani sms were proposed. The relationsh
the corresponding process parameters was
surface defects on the overall gual ity c
thereby highlighting t he i mportance of
enhancing the consisltBnmygn@amactredimadg.i | it
I n Chapter 4, i mpLuUBr i nhbayn udfeatcetcutrieodn cionmpRBiFe r
through hatskd maagdtepdgmaphypyds. Two prin
were developed and evaluated. I n the fi
algorithm was applied to SEM i mages, an
practical metric for the quantification

surface topography data aveeqgaen aleys euds.i nGhr
surface textBa%p pdOdddamet desi ned -2i,n weS & 2!
empl oyed to differentiate between.surfac:

I n Chapter 5, the development Tardi gakidda
for the detection of mi croscale surface
PBEBi were presented throughThexperrii memttall

setup was <constructed and integrated wi



alignment and surface visualisati on. Be
predictions was verified through the use
al gorithms. The effects of par ameters,
i ntensity, on scattering patterns were e

to PBFsurfaces with and without mi crosca
C

scattering patterns demonstrated t hat S
i rregul ar, di ffusetlrpat sar haceswhekai bimpe
curved structures. These findings confir
rel i abdeestrruacrti ve detection of mi croscal
potenti al application in quality assuran:

I n Chapter 6, the deMedlogporeintt h s df amp ptl h &
mi croscale i nmpBRursuri festcldmnguPdBFsg atteri ng t

presented. The algorithms were initiall)\
generated from synthetically created uni
timensumi-w@r Irdeadata <coll ection. -cHurstsherr

classification algorithms were employed,

|l abel l ing. After training, the algorith
scattering patterns-ufhrbormosbhr uacésr mThe
t hat tpree f lo#Mdne ngor i t hm achi eved oaf colvaesrsi f
95%.he experi ment al tstedssepsv eise sdanotaecde pidro fttoh
val i dat e t he proposedesmaTihe ne@r il maryni go :
demonstrate the feasibility and effecti v
exhaustive performance evaluation across

The principal findings of t h& anhddyt har
contributions to the existing body of |
are also offered for future work to fur!H

I mpudettegcti B csnurRPBRE es.
1.4Li st of publications

The work presented timpetelrivs etveedsijourestl f
thcoenf erence palpave phudadn sbkdwhi ch



Peeeviewed journal paper s:

1T Koc
met hods for microscale surface I mpuri
Meas Sci Technholt p3s6 (/V)d:00 1B /1&Hd ADBAE /

Q

A, Hoos hmand H, Lesacthu Rke,asbuirem

1T Koca A, Hooshmand H, Leach R, Liu M 2
i mperfections in powder bed fusion t
|l earniv,md i dati on o f i nspectiofi72princi

https://doi.org/10.1Q016/ ) .precisionen:t

Conference papers:

T Koca A, Hobas bh#md hBeRtKect i ng microscal
on additive surfacesspesnngpecighlt Ismtac
Meeting: Structur,edJw&néderz2®E3brrearDabhudr if ra c «

T Koca A, Liwu MIi cLbeach!| eRKsurface stru
additively manufactueespehids al2ldd p a
Conf erence Reptxenmhbbart i20mh22, Hudder sfi el

T Koca A, Li u NW, crloesatcrhu cRHKi.r eéb asreal ypsoiwsd eq
bed fAISRB/Nheuspen topical meeting on Ad
Manuf agcltulr@i2ikgo x v iSUI e


https://doi.org/10.1088/1361-6501/ad824c
https://doi.org/10.1016/j.precisioneng.2025.04.010

2Literature review

Addi mawnef ac(tAuM)i,ngof t en referred to as 3
producing compl ex, functionally demandin
t echni gqtbeass,e dmeitpaalh b d s u-L 8irhlayv ePBJFai ned cons
traction i n sectors such as aerospace,
manufa¢ddb]iTmgse sectors wusually demand n.
also tight tolerances, rdabust rmedamBnilaaly

has the ability to fabricate components
demanding tolerances. However, t hese adyv
concerning the assurance of build qualit?
I n RBEF each new | ayer builds wupon the |
where microscale impurities can propagat

makes-LBBPparticularly suscegptnidulceedt cdeé& ea

Mi croscale surface Iimpurities such as po
whi ch may be visvually subtle or even u
significantly i mpact the final partos me
integrity, and even corrosion resistance.

Process stdlBi liist yf uirt hRBF compl i cated by

interrelatéedapar apetwenrs scan speed, hat
di stribution, |l ayer thickness, and envir
Many of these paframebaersekabhi bns hinpa, m.
predict outcomes through analytical mo d e
the i mportance of moni toring variations

efforts t o optimi ze par ameter set s for
manufacturing processdureenaol ntsheprloamek tof

robustness and stability.

Traditionally, g Bl ictayn asessudrdawec rale i me xIPsB Fs L

XCT, ultrasonic inspection, and destruct
resol ution i nscognhstusmi ntgh,e yc oasrtel-lyt, inmer p ri nd ees
control. As a result, there hassi thueesne nas ign

10



technol ogies capable of identifying anorm
rational-si behmondi taring is straightforwa
and addressed I mmediatel vy, It may be pos
defects become embedded -sint u hneo nfiitnoarli npga rr

a critical st ep tloowapr dc oinnttreoll| isgyesntte msc | aorr
broader objectives of I ndustry 4.0.

Various sensing modalities have been pro
Visible I maging Ssystems ar e among t he
straightforward integration and-sipretedrpr e
higesolution i mages of the powder bed or
as recoater streaks, spatter, and irregu
or #Mme&arared sensors, of fers insights 1 n-
both of which are key indicators of mel't

Met hods such as fringe projection and <cc

reconstructing the surface topography of

of anomalies from the height dat a.

El ectronic imaging techniques, i ncl udi nc¢
( BSE) detecti on, have al so been i ntro
environments. These offer the benefit o
noi sy conditions but can introduce <comp

Acoustic sensors provide captures the so
be correlated with events | ike balling
these methods presentisvhetisne otwenr ngse to fo fr elsi
r etall me capability, or integration compl e
devel oppromges s measur ement and monitorin

guality of the fabrication.

Even with the best sensors, @xmeactiiomal
hif§hequency data streams remainsMLla sign

comes into play. ML t escuhinti eqdu etso ahraen dplairntg
nonl inear dat esi gaeanereantseod sby Byntraining
datasets of known defects, ML model s <cart
anomal ies in sensor data that would be |

11



ng methods such as convolutional n
machines (SVMs) have shown considerabl e
ons from optical or t her mal I mag

di s

h
a

clustering algorithms and anomaly det ecH
covering previously wunknosump earefiexcdad sa
n

reinforcement | earning techniques open n
can operate with I imited training data ol
Thi chapter systematically reviews the

S

i mpurities s-pbBci fwiid ht a BBRF ticul ar focu
mechani sms and t he i mplications t hey C ¢
structur al integrity. It al soi t @x asm™ mseisn
technol ogies currently employed or wunder
capabilities, practical i nteggr amei dreedbas
contThel .c halpgep!| or es how ML algorithms a

automate defect detl eontprooprs,e hd redi Bieggs gPIBItFe mes |

Finally, the chapter provides an overvie
emphasis on the modelling of the method
Beckmmainnnchhoff (BK) model, which is empl o
By bringing together i nsights from manu
anal ytics, this chapter aims to present

anomaétyecti on and qgeuaBl.i tlyn cdomitmrg | sa,n iPtBF
critical need for approaches to over come
currentlyLBacTmg d®BFcussions here | ay t hi
robust fabrication qualiLtBy assessment fr:

2. 1Additive manufacturing

Additive manufacturing (AM) has|[ dé&kn def

Aprocess of jJjoining materials to make pa

|l ayer, as opposed t o subtractive ma n u f
met hodol ogi eso. Al t hough the origins of
commer ci al AM machine was i [n4.7 oTdhuec epda chey «

devel opment significantly accelerated wi

12



and the introduction of power ful graphi
Report|[] 450234l es of met al AM systems have
(Fi gaxe growing by more than 700% over t
applications ar e automoti ve, medi ci ne,

i ndu[s4t8r]y

)
7}
w3
=
)
@
>~
v

e
S
—
L

¥e)
g
=)

Z

Fi g2l e Met al AM salk623bewWwbkbear[28®BBEport

The AM types have been ca®2pg¢®3%i sed into

l1.Vvat photopol Averoscseads oinn vwami ch | iquid
vat is select-avtkilyatced eplolbymeétrnighati on.

2.Materi al AjMeptrtoicnegs:s anm which dropl ets

selectively deposited.

3.Binder jAeMptriomgssamn which a | iquid bo
deposited to join powder material s.

4 Powder bedMpusicess an which ther mal e
regions of a powder bed.

5.Materi al AMprasess:ianwhich materi al
through a nozzle or orifice.
6.Directed enerAMpr rdoecpeosssi tiinonwhiacnh f oc u s e
i's used to fuse materials by melting

13



7.Sheet | amiMpartoicoens:is ainn whi ch sheets of

form an object.

Some fundamental principles of AM can be
T Laykey ayer fabrication: I n contrast
techniques such as machining, wher e

desired shape, AM builds parts by add

in greater design freedom and reduced

T Digital desi gn: AM processes begin w
created us-Anded€ompatgn (CAD) software
sliced into | ayers, and each | ayer is

T Material versatility: One of the sign
use various material s, i ncluding meta
The choice of materi al depends on the
such as stramglhbr mal exebi 6t agce.

T Customisation: Since AM operates from
customisation of product s. |l tems can
tailored to individual needs without
moul ds.

On the other hand, AM also has some dr
fabrication techniques. For e xcaommpsluemi nAgM
alternative i f the part <can 18 el nf aabdrdiictaitoe
that, post processing such as removing

treat ment may decrease the cost and tim

materi al types are suitable for AM fabri
product, the process parameters may need
time and proficiency. Di mensi onal accur a
met hods, which is normall[yl]i nOhbeotfemhéec
i mportant di sadvantages of AM is its | ac
despite the i mprovemenét]s and opti misati ol
Al t hough the details of some steps <can

ei ght main f &bg@datfioorn AsM kipmd ]| Hbeeerfalbri ca

14



steps start with designing the CAD mode

converted into a triangulated model . The
AM machine and the position is set acco
arrangement s, the process parameters are
is removed from the build vol ume, and t hi
used.

Conversion of Uploading the .
A | wp | D0 rimpi

parameters

model machine

!

Final part - Post processing Rem(l)j\;lgg e - Fabrication

Fi g2 eFl ow di agram of AM fabricati

2. 1Métal AM

Met al AM has the capability to fabricat
manufacturing [2dCesmpypyndemands om various
stainless steel, mar aging steel, al umi ni
manufactured [by] Wietlal va&Mi ety of t he mat

capability of the production of compl ex
i n industries[SBkboma[dh, aasrud sfpipid]emale 5 Me
and eotwe.veH, t he |l ack of fabrication qu

technology from being used directly afte
[ 30, 3%his thesis focuses on developing a

for PBF which is one the most|[ Wjdely use:

Met al AM can be classified into three cat
as powder bed, poVdber]PBEedsandewnf et hee dh
under the powder bed category. Numer ous
as selective | aser sintering, el ectron b

the energy source typesLBtardBRBHRh be cat ¢

15



Powder bed fusi on

A generic schemati cFi@fdd BBIFh ec afnl obve ds eagygr a
Figa2deis valid for the PBF, and the det a

T An appropriate atmosphere is created |
T Preheating is applied to reduce ther m;
T A powder dpayeedrefwinteld | ayer thickness i

site to the fabrication site with a r
T A hpower | aser or electron source sca

geometry and melts and fuses the powd:

1T The fabrication site is | owered accor
T The |l ast three steps are repeated unt |
Laser or electron source
Build chamber
Powder bed — Powder bed —
feeding site fabrication site
Fi g3k eThe schemaRBHhtacohfi nae.generi c
I n principle, any materials that are czé
resolidified may be utilised in PBF; how

rates may not pbé] Auiwi dlel ¢ amngre BBF met al s
fabricati on, such as -hadeadi aml ayngd, i dtse eall
and ecohbraolnte [ &Il7l]dyws addition to the met al
composites are also available for t he P
produced in powder form by wusing method
range of the powderOsn adpPnmldBilMaeebiyze&romn

the morphology of the powders affect the

16



energy absorption, the ther mal conductiv
gual ity of the final part . Therefore, i

application.

Among the PBFLBietbotdtbhe mRmBEt commonly wuse
therefore, with regard tLoB.t hHoswetvheas i sh,e cl:
the similarities bdtBweenrdE BRABtFht met ivddi € F
wor ks may be &EmBplicable to PBF

Laser beam powdeLBped fusion (PBF

PBEB uses-emerlgiyghdensi ty | aser beam to
according to the plaBt si6t geosmposygi bWet hoP]
dense met al parts having complex shapes.
and the powder influences the quality o
stability, it is important to control me
depend on the | ocal temperature fields.

mpurities or defects such as spatters,
canning iFsi glkdetpei Bureidng nt he-eseagpi dgnsath

o n

eam melts the powder and creates the me

nfl uences the formation of the weld tra

I n the next section, -UbB,e ipmolciedisn g atr mened
the formation of the melt pool, wild/l be

fabricati on.

Spatters Laser beam
i
! o
] Scanning direction
|
Melt pool : Powder

Melt track

Substrate

Fi g4 e Schematic of | aser/ electron be

17



Process parameters

There are numerous pkBceShbeyparpmeameseng

optimised according to the applications.
positions may need specific process par a
process parameters, t h-gual may ®Sabidil c dtei o
| ack of fabricati on stability, robustne
processes. However, it is still i mportan
are and how they affect the fabrication |
The process pbBamanhebses odat €eBE&Er i[d4¢d i nto f
T Laser related parameters

o Laser power, spot size, pulse dur at
T Scan rel ated parameters

o Scan speed, scan spacing, etc.
T Powder related parameters

o Powder size range, powder bed densi
T Temperature related parameters

o Powder bed temperatur e, buil d c¢haml
Al t hough some of these parameter4$Bcan b
machi ne, mo s t of them are dependent on ¢
thickness can change the powder bed dens
melt the powder | ayers. There are |l ots
l i ke these. Some of these relations are
of themr iamearnmnoaand can be hard to interpr:
needs to be performed to i mprove the qual
During t he | aser beam scanning process
characteristics are mostly related to t

powder bed. The absorbed energy is not (

ma

en

ca

chine but also to the powder propertie:

ergy becadsemeaf theenaaoati ons; ddmowietvyer ,

neber assed

18



o —, (2.1)

applied energy
power

S =0

scanning velocity

@ hatch spacing

|l ayer thickness

The energy deparameter that mawdnetliifvieerse dt |
per unit vol ume of materi al daffegtd heh
mel ting behaviour of the powder. Some r e:
relation to | aser power (aBHdgBR}RRN]Tnhge s pe
graph has been split inmeltowng -béehdsnqghud
(rr1) -rmaemat iover( OH). The shape of the map
the same; however, it should be similar
needs to be a balance between the power

parts.

OH Il |

Laser power/W
m - -
S 3 3
L] 1 ]

I
o
T

1 1 1 1 1 1 1 1

200 400 600 800 1000 1200 1400 1600
Scanning speed/mm s

Fi g elLaser power versus scanribg speed

I n case not optimised energy parameters,
then results 1in wundesdanrtdi nwueoluds twea cdk st rsal
trackismpwrtihfhese phenomena can di minish t

surface finish of the part.
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Mechani cal properties of PBF parts

The mechanical properties, I ncluding yie
parts fabricated through conventional m ¢
severall 69 TlWle emechani cal characteristics
t he materi al used. Ffoabrc¢cent 2idn cmoap e®miea
mechani cal properties that are compar abl

manufactur ed 6dq & rHoemepreaerrt,s f or some mater

fabricated parts demonstr at6ea8, dpgeri or me

Sever al studies have investigated the me¢
PBF in relation to theilhre bme dhda mnaincda Il oparda p
observed to be superior when the(tbad i s

samples fab)yi catdhcerwitththhbheespemptdesulfabr.i
V)t o( sErgRB)E60,I6MiI]gRGag 1-2denbdbhset rai.mlIrates

Figael®t hédy xpl ane represemhtanevhel-apxoitnstder z
corresponds t.elowwbeebpui bd thkbegbther hand,
findings that ¢&6dt 6 hiectditsicirepanends 1 n
attributedi mpumrpetfeiesseesndg dm manufactured p

unmel t ed powder particl es, | ack of fusi
i mperfections negatively impact the dens
mechani cal properties of the parts.
a) 500
[ 45° 0°
_, MPa - 45 N
6 ] I N LT At b)
) 433 \
a ] e
E 300 ", 90° 90°
- .
— r 45°
£ 2004/ .
g 1 Mat.: AlSi10Mg i
Z 100 4 » ¢, =0.00007 5™ 7 7
1 ¢, =0.00025 5! X
2 y
0 — p———— ——
0 2 4 6 8 10
Total strain, ¢, [107%]

Fi glaae)entsi |l e test results Fo4adandchrB@@®bdi ff
[ 6.5]
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Part removal and post processing

After the fabrication process finishes,
bed. This is done basically by raising t
powder s. I n most cases, support structur

These structures also need to be removed

these steps, some heat treatment and/ or
The purpose of the heat treatments is to
mi crostructure and mechanical properties
be performed to i mprove the surface text
guality.

2. 2Defects and surface I mpurities i

Wit hout optimising the process parameter
common to khade sdef aoes iPBg-u rpiatrit ess Mor eove
optimisation assdudinepaaryi dsteisiclt soccur due

repeatability, robustness and stability.
f eatiur etser ms of t heilre caawssess eamtfduateisb ect s
categacceerding to the sources as powder

defect ssprammde poistg rel ated defects.

Powder production type defines the char a:i
mo s t influenti al powder rel ated factors
characteristics, surface contamination a

influence defects such as pores and ball i

Processing related defects are the major
i nvestigated in the | iterature. From t he
mai nl vy on | aser power, scan speed, |l ay
parameters have been found to cause def

cracking and distortion.

Af ter the fabricati on, heat treat ment ma

the microstructure and the density of thi

21



the porosity and i mprove the fatigue pr

affect these properties i f the applied ti

Apart from the mentioned sources of def

itself and build preparation, can al so c
machi ne, nonhomogeneous powder spreading
porosity and part integrity. | mproper b
i mproper support structures may result
mechani cal properties.

The surface quality of each | ayer i n PE
determining a part[é2s0]aovherdl |i spedrufeortman t
fabrication process, where the quality ¢
|l ayer s’ qguality. Mi croscale surface 1 mpu
bal ling, spatter and pores found on a s
guality of the fabricated parts. Il n the
direct correlation betwephOi7 @8 sFeuritrhpu rmotr
ot her studies have indicated an indirect
to forming other defects such as interna

-~ o X

(7]
®® »w O O o

3 9

he overal[lojpr&rt quality

iI's section focuses on common defects a
i se during fabrication, their influenc
ese iIimpurities and other defect s. Und e
tal to ensuring the overfadbr ipceatfeod npaarct:

.2Pdrosity

(0]

-~

RPBEF porosity can be formed in differe
yhole porosity and 79ddkeoff of maiioon pot
i marily influenced by process paramete
edstock. For exampl e, keyhole pores de
an speed is | ow. Il n contrast, |l ack of
w, and the [s&@&]Ons peheed oitshelri ghhand, f eeds
gas porosity, form mainly independent |
chanism of pores ha¢$8héen widely iIinves:
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PorosityBi maPBSE can negatively affect m
ductility, fatigue, and tensi-dearsitnrge nagrt eh
and serving as siiBddTHerextrarmtk ofmithiasi D
factors such as the | ocation, size, quan
i's important to note that studies have s
mi ni mal effect on[ 8ne]dma naidcdai It i porno pteor tnieecsh ¢
porosity can also influence the <corrosi
especially when they {82l on or c¢close to

Surface— /

connected porosity
RRva SRR

Figaihea) surface connected, [ 8BF layhalpee
i nduced [pB4r]osities

Porosities can beprmddsgsagdseds ucdh ocaghh @ats t
i sostat | 85 paletstsa tngh it can sometimes <cau
when they <cont ai[n8.6lJlmaessee rhiitkiegaarigponn st r a
i mprove the mechanical pLrBo ppea rtti se,s sou c ht hae
and tens[B&]strength

2.2CkPacking and del aminati on

Cracking can form at ei tFh gr28ieno nmitchreo sscuarl
of a | ayer, both during and after fabric
cause del aminati on. During the fabricati
because w@fpttmal npnocess parameters and
which can cause rapid cool[i8BgApatées fand
parameters and the environment, materi al
behaviour. For exampl e, mat erials having
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are more prdgm8]sbowracéali ngg, reheating a
t her mal stresses dmBd paB@s® Nlefescsal encPa
decrease mechanical properties such as f
Its structural integrity.

Figa& ea) de|[ @&ahdab) dodrOajc ki ng

2. 2R8coater rel ated defect s

I n BBEF each | ayer of powder i's spread u
hopper, or bl ade, to achieve a consi ster
mechani sm significantly i mpacts the qual

mechani sm affects the powder bed density

the fusi[oOm2]process

Typically, sl ower recoating speeds resu
powder bed density, but this[@8yHoweverls:
certain defects can arise during the sp
i ncompl et e powder spr eadiimggede anwhircenc oad
negatively affetB phet gua~Addiyt iodn @IBIFy, i
set to be smaller than the average powd
|l eading to defects such [&@®sA]balling, por o:
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Figad ea) recoater hopping, b)) incompl et
strep@b5hg

2.2B4l 1l ing

Balling is one typical fabrication def ec
breaking the molten metal into Brgptets
210 nEi gY) 9.6] This phenomenon arises dur.i
mel ting, wherein the weld track experier
surface tensi on, often r esul-dptnigmdalr opnr a one

par ameQ €,/F8g8X® hows tohpatti madn scan speeds
especially mMmmgber whhbhe B8BB6 other par amet
been categorised based on its shape and
forms, with reported di mensOmns ocOnd0®@i ng
[ 8, 9.8, 99]

20 50 150 200 250 300 350 400 450 500 (mm/s)

Fi gklrCe SEM i mages showing the balling ch
spekpds8]
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The balling phenomenon causes the inter
surface to become unstabl e, |l eading to t
I rregul ar wel d tracks |l ead to i nsuffici
phenomena such [aLU®ApApupgd] BLGAdfyadc erseduced p
deng$g 99y 105, 106]

Hi gh | ocal temperatures at the melting p
as oxidation. This oxidation can affect
process, reducing the wettability betwe:«
material. As a result, balling may occur

shapes rather t hlalnO7%]lpreading smoothly

2.2Spatter

Spatter, a common FPRicgRlr)a, encse giemeRBHF | (ys aa
many applications due to[] 9t30 al0RtrSs@9d ft
product of the PBF process, resulting fr
to a combination of physical p A enmdauncesrda
plasma anfliy@g2] Nooabl vy, spatter particl e
sizes compared to virgin powder particle
me [ 7.0 ]

The size of spatters depends on the pow
small est spatters can be as smal/l as the
spatters can be up to ten times [[7aG]lger
observed that the size of spatters in D
powder, appO®mxan@m,dbryes3pecti vel y.[ @@ddi ti o
reported spatter Omme avhircihng sarabwnud 4@0 t
average powd®m.size of 42.83

Spatters can induce[ hil8H eadihgcd oi rirnecgpun
bet ween 6l8gyeéAr§s a consequence, djeg ,et@ ,s7 75]u «
and LoOBaNn for m. Spatters and other poten
|l ead to fatigue strength degradati on, re

[ 6BQ] Further mor e, | arge spatter particl ¢
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removed by the recoater during subseque

potentially compromisfihg] the recoating mi
2.2S4drface pores
The surface pore is another type -loifke mpu

open porFe g 2 B e®n the surfdodd, DIZ4REBF alpec

hypot heses have been proposed regarding

pores, focusing on the emergence of por e:
feedjdy, 115, Bhpi]rical studi-epti madi cart @c ¢
parameters, such as high scanning speeds

i ncreased occurirfendd2ladf surface pores

. Open pore

*; -

Droplet spatter

K

) Splash spatter

Figar®®) SEM i mage showing[d21bpen por

Surface pores have a notable association
part density and compromi sing t he me c |
[10, 71, 7ZF,urZ2X]er mor e, t he presence of S
roughness and can act as[lAjdllastiLBam@dB8h
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udi es have noted the presence of pores
zes rannt ogOmr ofmexe studies have propo

a possible sour[c/e3,ofd]lreduced part qual

eral |, mi croscale surface 1T mpurities i
cessitating their measurement alhhde asse:

chall enges I-machnne+<¢déekt r Beelctatism a1

> O

|l , the detection method must be capa
I ckly enetuignhe fdoefitheecebbhl owi ng seéedtui on
surement methods developed for i mpur.i

eir capability and-sefaflieciiempauy iitn eisdent |

l.ysi tu measurement met hods

r wi se fabricati on i n P BH t ain anbelaessu r te hm

< 0 X

e

hni ques during th=a.5]]am wf antetausruirnegmemrt o «
olve using sensors to collect data a
ectly from where the precéss mesastad&in
chniques in PBF makes it feasible to d.

rm on each | ayer.

e occurrence of i mpurities at any | ay
seqguent | ayers, consequent[y2afidiénttin
tu measurement methods can provide the
h | ayer. Al t hough certain defects, s u
rectly obsegivtalbb| me & shu roaungenn tisn, anomal i e:
fects can be detieméedef Byt edabécnhnigomea
prevent/ decrease the formation of s ul
ocess pha2amet er s

certainsiithnst meass y ements ma y not pr
piction of surface Iimpurities, parti cu
re intuitively interpfdR&bhllne, s uscuhc hs caesn
rface i mpurities can still be -detect
t er prsettaubldeatian an-sli it mtld2aHHadlet abl e ex
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I n the foll owi nsgi tsue cniei aosnu, r evhmaernito unse tihnod s
the detection and character ifsoatmeadn oonf PnBil

paratre® presented and examined.

2.3Vilsible sensing

Vi si bl e range sensors can capture I mag e
continuously during the fabrication or a
after the depopl2BohPBfordaerwttd ameableeme
t h camera Vvision system must have suffi
fabrication process. Semi nal studies hav

e
b
the potential to detf d8t0,Gudwdernrt Ibye,d viirsriebgl
s
a

systems find applications -siint ui npdruosctersisalq
me as u r[e2rde]n t

I n visible i mages, surface iIimpurities ex
regul ar surface. I n order to accurately
recorded by visible range camer as, accur
are edsdedt ildlhel AZ]jcuracy of detection ani
size of surface Iimpurities depend not on
il lumination of the vision system, as tF
l ighting may give ri s[el3tdqg GAEBdrets[ile3adbllad r
installed eight flashing modul es at di f
i nvestigate the effect of | ighting on im

powdebywbhddernately switchingsthé  Fmgduheéesd
212 which demonstrates how different I i g

i mpurities on the powder bed surface.

Mi cgmmal e protrusions on the PBF surface
bet ween the elevated area and raw powder
depositijoh3®@iacebsmuh3idvest hglatdded ecti on
el evated areas on PBF surfaces by wusing
surface images having a spéan/ali xeés olWhti

di sregardi ngneasmar®mgiegdDdnamet er, It has
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their method yields a mini mum@mreéolsv atel &

a field of vimenwl 2®m.suring 180

Fi gar2ze a) Powder bed i mages usli3d3ndgl di f f e

I n some studies, XCT is used as fAground
correl ate-sthemdwait[falh3dde]mi gheadl a vidsigan adet

Sinlgédres reflex (DSLR) camera and LED Ilig
were employed for deted¢tiigByRRsumhdcand i
results were validated using XCT dat a.

mi ni mum di arment earndo fs gu@®0 es with &m.mi ni mt

Fi galr3e a) Optical i mage captured during
pr oc e[sls3i8n]g
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Snow ¢tl3Anmpl oywmdal gorithm to dedietct Iday er

I mages, tstiitlui sXhTg deaxt a as | abell ed defec
more than 85% accuracy in def e@&m, dbedatehct |
wi t hi the same dataset and with wunseen

n
spatters detseicttue dmetahsruoruegnie nitns asidt UL OFCT d ¢
anal ysis. Notably, they presented a sighn

defects sm@&dmMl er than 500

Designing synthetic defects has been pro
defect detection per f dBd2Zedwmecleo p eAdb dae | d eafhemat
al gor

thm using surface 1 mages of parts
around 87% detection accuracy wiQGnbhot he t
750m.

Modaresi dlladsOhjewe chdsti Hait viisi bl e i maging ca
time defect detection. They developed an
fabrication when critical defects were d
camera with a piexslelll7sitoixoenl sofanldé 9%c6an det ec

and porositi®m. as small as 10

The above imaging systems were [dl411] i n
i mpl ement ed ac apthnularmircg i anqgmreoach t o addr e
positioning. They mounted a | ine camer a
FiglXx4a) to capture powder bed i mages dur
i mages with ammwiaditdh ao fl a%7e.réa® m/rpeisxod lu.t i D
setup all owed them to identify features

with a minimdm size of 12. 4

Tabdlsummaansgesomipasrietsu measur emmaent ometh o
this basedoonamwgesi bmagi ng, along with ¢t
avai.l abl e
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Tab2le -dint u measur ement methods using V
Det ect : :
Refer Sensor Resolut featur DetectiorDetecti
Si met hod/ al Accur ac
ize r
[ 137] Monochrome Spatial 9 m Image processing Not specified
CCD resolution:
Camera ~30pum/pixel
[ 138] DSLR Spatial x 500um Image processing Not specified
Camera resolution: 10
13 um/pixel
[ 139] DSLR Spatial O 4im Convolutional Depends on the
Camera resolution: neural network size: less than
~62.5um/pixel 50% for
~40um,
around90% for
~200um, and
100% for larger
than 475um
[ 132] DSLR Pixel size 50 umt Image processing ~87%
Camera range: 750pum
45um x 47 pum
i
67 pum x 88 um
[ 140] Monochrome Notspecified O1@m Particle analysis  Not specified
CCD
Camera
[ 14 1] LineCamera Spatial O1 2um4  Featurebased Not specified
resolution: analysis
5.97um/pixel
2.3TBAermal sensing
I n the manufacturing process, def 42k ma
or, conversely, may I|l[elad3]Cons deuenat | y nhtoh
can be harnessed to detect defects by id
valuable insights into process quality. |
utilised to predict tHeldidnt er nal mi crost |
During the PSBIFt uprtohceersnsa |l iinnf or mati on abo
tracks can be collected usiwigt seamaswaselo®r
of Q10®@®) or-i mferaar,wdt O NABRwal.edl®eiyt h amfye
(see an exampl eFiigitlegmeat 4B5 DWwhiinch can
achieved through <continuously -fremerding
sensfoY¥49pmever, continuous recording pr
generating substanti al amounts of dat a
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empl oyi ngl4é4®eerapproach to mitigate the
to optnfgbe eicmagle ng for each | ayer using
the sensor outsi dlel4t7h]do weaeiv drd,i nga pthularmbreg
del ays temperature information, as the s
data from outside the chamber TakbX2essit a
summarissdu imeasur ement met hods using th

specifications.

| Ge shilding | |
=) i v 5

‘\ \
i
me camcra

I’(u

re
\£

Rccoalu

Rcd chamber door Build platform |

— S

Fig2alrde a) dynamic mbdallg iotru ntge myent &@tmur e me

set[upt 5]
Some-siitnu t her mal sensing met hods focus
demonstrated their i mpact on pr¢ddsgg qu.

focused on the det eetxiposuofe Np &Rt trearng eu g ir
| ayer suFfgek® )(.se®he spatters were exam
exhibited a bi modwilt tsi@aa kaCdet 9 08xudt itohne | a
si ze measur ed OmpTrhoexyi maodop H y-ci260d0 ah t reaxs o
i nspection to validate the findings and
wer e redeposited. Aflt4a]weddsan Secshibwedrdze d e
monitoring system (EOSTATE =exposure opt
t hmeggapi xel s CMOS mma meamd pva ¢ sh fai 19t0e0r f or
EOSTATE exposure iogprnic@atli daolmome aplhrye ment
to monitor the exposure process during f
the process radiation throughout product
l inked to variations in the fabrication

f or maAn oinmage processing algorithm was e
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of f set
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met hods
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ng
bet ween

the OT

ng LOF

s-pat t-ehegdtleRt i
t hi

correl

s study,
ati
The

protected

Detectable features / Detection Detection
Reference Sensor . .
Size range method/algorithm Accuracy
[42] NIR r.ange . ~200pum Image processing 79%
imaging
[ 43] IR range 0.1 x16¢ rA-2.0 x Image analysis Not specified
imaging 1Pe software (MIPAR)
[148] _NIRr_ange 1 Quon Image processing Not specified
imaging
[151] FR ra_nge 600pum T 900um Image processing 100%
imaging
IR range _~300pum Manual analysis (by Not specified
[145] . . .
imaging looking at the graphs)
NIR range 150um (can detect A specific algorithm to  90/95% (probability
[ 152] imaging smaller features with correlate the OT and  of detection)
low accuracy) X-ray tomography data
IR range 50um7 500um Image processing Depends on the
imaging size: less than 50%
[150] f or ph3@%
for umbO0O
[149] !R rar]ge 750um Image processing Not specified
imaging
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Figalre a) Spatter det ect[ilodn7 f)r panRda itrher |

Anot her fsoduws tdferimal sensing is detectin
al[ . 14s&Judi ed porosity detection from NIR i
mel ting process using iIimage processing t
emi ssivity to dete®m. pfues hdramagree, tdaanoo
established between the outcomes of fati
pore detection. Notabl vy, failures were o
t he most promi nent poregs 1w@tiel iisdeedntt i e e
experiment al setup to exspltour et htehremad o ndnaet c
mechani cal per f oaprainmies eadf ptaaopgol.oglyhe st u
correlation betweensipar edsat e taencdt egr efnraotnu

sampl e.

Re#li me def ect detection makes control |l e
process parameters or stoppl Bayr] etsheent e @b ra
cl olksedp automatic f el blayx ki mtoendgmatli fmgrarmPl
a PBBE machine. An algorithm was devel opec
processing the | R images recorded duri ng
100% detection rate of the artif@mitad |y
900Om in size on the cy[lliddsdlsi ganedpartsfi i
in parts by creating holes of different
camera with a | aOerlal xeks whagt-seiopu oty ed@r5ha
sensing of the powder bed. The ther mal C
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detectabl e defect sOme Addiapgmprnaxdilmat etlh
bet ween t he formati on of ejected parti

i nvestigated.

Sever al studies have expl or edsitthue tdheetrencat
sensing met hods. Forluzt]stl ameda, aBamCMOf «
an NIR filter. Their system was capabl e
times. This approach demonstrate@mtihre ca
size, yielding a probability of detectio
detect smaller defects was enhanced, al b

nvestigation con[duikGlad bR B8ameéel-ahsemsi tal

Il R wavelengths was positioned externally

~+

he capture of relative temperature dist

anal ysis of |l R i mages, OnmOFwewiet hd edieameetde
success rate of 50 %. AddOmi emali byt edefae
detection success rate.

Mahmoudi[ 14t91waé st i gated the detecsiba of
t her mal data of t hespreedd speonos o-g isTt hieoyt hussd edoke
i nformati on. Their study demonstrated t
defect®moin780Dze.

2. 3EBectronic imaging

Electronic imaging, also called electron
fundament al priSkEN pblegnq atshitsr atdecthiminggue ( s e
an integr aRiegddlréey st eamdien ect or captures ba
el ectrons resulting from the interaction
mat e[rli58Hle i ntensity of the collected sig
of the electron beam and [tliE& SNo babky nuimb
surface topography is determined by the
for t he reconstruction of surf dcde 3 opoc
Compared t o ot her sensor tbpeed senbk ore
backscattered electron (BSE) detectors

fabrication environment <characagerraddably.
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and contaminati on. Further mor e, BSE det
enhancing the over al[ll5®dbdB8&iulmimtay isg # it h a

measur ement met hods based on ELDO.

Arnol d[ e56mpl e mesiitted EWINMO 1 magbongl| EEBPBF cu:
machine equipped with a BSE sensor, of f
5®m/ pt me®@®@/0pi xel. The study exhi-bcakd th
surface por-estui &€& Ou sHmiaggRikeg) . ( sSeemi | ar | vy,
et [dI5Sf7o))Jcused on detecting porosities usi
detector with a Omteraél rewhi ah i aBaBs of n $ 10

machine to capture ELO images after the
on the images were detected as Qnortosi ti
200m.

Tab23e -dint u measur ement met hods based ¢

Detectabl e

Refer Sensoi Detection met hod/ a
Size range

[ 156] BSE ~300um Based on the correlation between ELO

sensor images, optical images, and surface

topography data

[ 157] BSE 100pum 7 200um Based on the correlation between ELO

sensor images and optical images
[ 158] BSE x 100pm Image processing (contour identification,

sensor edge detection)
Gar df j ¢lll5u8gé d asdint ui NELO system, utilising

resol ut iwinxledlbsp® %x®0 s and aOnmpBDanl, siomer oM
a field ommivli2@m.ofByl 20mpl oying i mage pr oc
ELO i mages were analysed to detect sur f

mini mum detectable ©Oemature size of aroun
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a) b)

electron beam
focus + deflection coils -

BSE-detector

powder hopper -

building tank

Figarée a) Schemati eEBdiwagrham ®BfSEa[dRRRBI|ct or
b) Surfacdedofsampwaeesrstiakue nE LbOy ntehteh oidn (| ef
| aser scanning microscopy (cenftit®9] and

2.3Héight mapping

As apparent from the imaging methods di
techniques of fer significant i nformatio
obtaining height i nformation can provid

addition to the 2D data. To achieve 3D i
have documentsad uv dreicdhhind quaes in the [0t

projection and t-meuonsedotensnpecsfic bl ade

2. 3FAi hge projection

The fringe projection method involves th

camer akBi g(Asteae) I n this technique, the pro

onto the | ayer surf acediorfenisntoerad s ts,i ntuysmi
pattern distribution. Subsequentl| vy, t he
fringe pattern resulting from the intera

height val ues ar e determi ned by decodi
computational complexity in the fringe p
ot her methods based on camer alsl5Bgdhbilcech c a
24 present-si ttuhemeiansur ement met hods for P

projection techniqgque, along with their s

Land [elt6uOalad fri nge projection system cons
digital Il i ght processi-qigt u( DLWPr)f apeojteay
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measur ement s. Thi s aspcparl cea cshu rcf aanc ed @ turgpa@utr i rt

21 D) with a noise |@meiln otfhe pwpe rotxii analt erhea
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Fi galr7Ze a) Schematic of fringe prjoJ@QC]ti on
bp portion of the imaged build area is
vertical and horizontal | ine paédDill es i

Kal ms [ dtdlehvie.l oped a fringe projection sys
| ess tOhmanan®d0 an approxi mateOm.at€Eheal friems
projection setumpegamisi i slted@Cbfcamer as and
LCD projector. Data collection was perfo
mel ting processes. They stated that the

| arger Omhdm Nigal&s ee

The fringe projection sy s[tlebr@dueisstr $ bed

commer ci al camer a wpit kieldspb exsed Isu tpioosn tdfonk
7&€m above the powder bed, along with a
12 %0 xIe8l0sDi x el s pasn taiborveed tShéee powder bed.
a |l ateral rGens od nudt i @ nv erft i6c0a | resolution

subsequent stludksnhahaeedg theatltesol ution u:
and positioning techniques. I n t his C @
40 P6 xle2llspd xel s waesmphboed 2Be powder bec
projector with pa xfe®@Dilxuetliso nwaosf cpho2s8ilBtoiven e
t he powder bed. The i mproved arrangeme:
6.38m/ pi xel (an exampil gAldBd) Mesaauremaent ,i nf
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i9itu surface topography measurements ca

i mpurities.

Tab2de -dint u measur ement met hods f or PBF
technique.

Detectabl e

Refer Sensor Resolution .
Si ze range
[ 16 0] DSLRcamera Noise levelin vertical Not specified
and DLP measurements: ~38n
projector
[ 161] TwoCCD Vertical resolution: Unfused powder
cameras and an = 1 |0m particles larger than
LCD projector Lateral resolution: 100pum
100pum
[ 16 2] DSLRcamera Vertical resolution: Not specified
and DLP 20 um
projector Lateral resolution: 6um
[ 16 3] CMOScamera Lateral resolution: 6.8m Not specified
and DLP
projector
[ 37] NUB3D SIDIO Point spacing: 75m Height variations of
XR around 5Qum

[ 16 4] Four CMOS Point spacing: 73.a4m Not specified
cameras and a
DLP projector

[ 165] FourCMOS Lateral resolution: Can detect defects
cameras and a 57.62um smaller than 125m
DLP projector

Sout hoh3®¢{edla commercial fringe YR)oject.i
forprioncess measurement of the PBF of poly
positioned outside the PBF machine to pe

detect height v@miations of around 50
Dicking 1éMgiallt. -vai emwu Iftrii nge projection sy
cameras and a projector. A physical rep

Reni shaw AM250 system was <constructed,
within it. The tcraamesiat iteom med mreounhat@p rso anghb er ¢
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a reduction of the mefam tpo®irind. Wwhp adi o dfir

the potenti al applicability of the syste
| arger GnhanFoll0O0pdi6ddRetmaindl 6ibmpradved t he f
projection met hot@4]dbeyr irbeepdor it @ d a | at e
57.06n2 pi xel with the capabilit@m.of detect
E.d
ia)' ‘0
. -SOE
=
- 100 &
150
-200

Fi g2ar8 a) 3D visualisation of a[dm®dll se
b) Measuremensi tesuftngé phb@gati on m

2.3Cdh2rent 1imaging

Coherent i maging (Cdoherelnxce kKmdvwemr f asorha
applieedifar sunface topography construct
[ 36, 166 ,Tha&/s] met hod can be coaxially int
Fi gai@), thereby el iminating the need |
requi reaxiisn aopfpfr oaches. Neverthel ess, It
i ntegration 8@y eaw | bgi hgglboherent I ma

values are obtained through raster scan
interference between the backscattered i
by the optical path difference, can be
Detailed information about the working p
el seyne&rB4

Neef [elt6uegled a coherent dsmagi mpepametreoment .

broadband | ight source wutilising the sar
PBF. The CI sensor imml 8rhim sarseaai dwyi tchana s«
di st an@m @Hiept®¢c). The resulting height

powder particl &m a®mdmsliimi aar I2y0] 1 Dk]JPond
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i mpl emented CI to a |cam4gecdm aarreeaa,. sTpheec isfci
was performed after switching off the pi
fabrication speed. The system in this s
2m and a | ater &m, r evs dlhutai osnt/asnf sIphefe ds t ouf
highlights that the method can dant ecot sp
700m.

Coherent
Imaging

a)

wn/z

Y/mm

Fi galr%e a) An example of tise tiumpnledr8dit teanteinc
bPBEB surface, c¢c) resultijngeégroyl e sc

FIl emind 3élfeval oped a-lmampuaclondlramdedsystem
met hod. This system could detect mi Ccr 0sc
system with vertical OGamdanl@art,20rad s preecsd vl
Subsequently, the system compensated for

addi tional processes.

2. 3BbamMde®unt ed sensing

Anot her method for measuring surface hei
the PBF machineds recoater bl ade. These
the scanning dir &ab25esnh oawfs -$tith'eeu sSme & € ee m
met hods for PBF, empl oyi mpuobbdr seih s 0 ma
their respectBavrer estpt8 8tk dacla.hi snsapproach b
| aser line scan profil ometer, empl oying
bl ade to obtain powder bed height me as |
spanning wnmrd,t hanmwhist e | at er al ®mo f iTlhe sd a

study s howso utnhtaetd bsleandseé ng has the potent.i
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Tab2be -dint u measur ement met hods -rhaountPdBdF U s

sensor s.

Detectabl e

Refer Sensor Resol ution )

Size range
[ 16 6] Coherentimaging Sampling Distance: gm 20um7 40pum
[ 16 7] Coherentimaging Vertical Resolution: 2%im 200pum<7T 700um

Lateral Resolution: 100m

[ 36] Coherent Imaging Vertical Resolution: um Not specified

Lateral Resolution: 3Qm

[ 38] BladeMounted Laser Scan Lateral Profile Data Interval:  An ellipse with a size
Profilometry 20pum of 1.00mmx 0.25mm
[ 39] BladeMounted Contact Spatial Resolution: ~gm ~14pm

Image Sensor

Phuc ¢gt39 it roduced a-mpumratced caslendil mgle sys
empl oyed a contact i mage sensor (ClI'Ss) .

document scanner and mouhit gl @)n.t oT hae rsetcuo
explored the i mpact of wvarying scanning
spati al resolution adhm,evwidt hwatsh ea papbriolxii ti
features of @Gmproxsmatel fhild studyds hei
the degree of Dblurriness Pibg2rw)ed i n the

b) Contact Image Sensor

T N A Y
; ¥ ;

: Recoater £ RS
\/ Out-:)fjfo_ch zan_e In-focus zone

Fi g2a20 a) GCampededesi gn of the experi ment
bed scanner, -bpctscbematew ofoasl ayer and
view[884dn
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2. 3A6oustic sensing

Acoustic sensor ssiatrue naepapsl uirceanbel net sf oirn i mMBF.

provided by these sensors might be chall

visual i nformation, I n contrast to senso
Unl i ke i maging sensors, acoustic sensors
| ayer surface, so they offer more fl exihkb

reflection and resonance must be consi de
[ 1694 b26epr esentssi ttuhemeiamlsur e ment met hods f
acoustic sensors, along with the featur e:

Tab2ée -dint u measur ement met hods for PBF

Detectabl eDetecti on

Refer Sensor Size rangemethod/ al g

[ 127] Microphone Balling and Deep belief network
overheating on single model
weld tracks
[ 169] Microphone Balling on single weld Signal processing
tracks algorithms on
LabView
[ 1 70] Spatially resolved Pores and cracks Image processing
acoustic
spectroscopy

Ye eflalhstall ed a mi eLrBo prhaombtei nien istoot ac oA B |
acoustic signal s. Weld tracks with diff
balling and overheati-hgedeiwettdstraskwelwk
The acoustic signals of five different w
net wor k model , achieving classification
data and 95% for the data after appl yi ngq

al gorithms.

Similarly, KlolughPolcas @efdf ot aamlal ysing the a

tracks with various qualities. The ano
tracks, were detected from acoustic sighn
LabVi ew.
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I n a study condufcl 2@]t by e€apabsl| ietty adf. s
acoustic spectroscopy ( SRAS) , a | aser

measur ementB oWwasPBFhvestigat e,dB pTahretys uwiit

polished surfaces and manufactured them
strategi es. The findings indicated that
mi croscale surface 1 mpurities (suc-h as ¢
surface anomalies (such as pores).

2. 3C@dmbination of met hods

I n addition to employing individual sen

i ntegrating mul tiple sensing techniques

Combining different sensing methods, eac
i mi tations i nhefMabid7eiun | ¢ @ eli t tud amenaisquuree. m
techniques for PBF discussed in this sec

al[.17ddvel oped a-sepnpsrgrialdefmatti detecti on
visible, infrared and pbigBdBrti bh hmagib
demonstratsednsbnant syjmet ems exhibit s-uperio
scale defects, such as cracking, scratch

systems.

Petrichl®@aantalgrated vVvisible-spaocge al acemu s
sensors tso taolllaeycetr iinmages, acoustic and
data preprocessing, an ML algorithm was
situ dat a, scannisng uv eXcCtTo rd ad aat aa sa nfdg reoxu t
achieved more than 98% accuracy for the
A prediction result of the algorithm of
can be Fsgd@binThis study also presented
sensing method to the performance of the

that visible imaging demonstrates the hi.

Snow [el1 7udlled a combsiinat et adfi nign vi si bl e r
mu kstpiect r al emi ssi ons, and | aser scan ve
bet ween these data and fatigue perfor man
been used as a cl d8sei miean muon detect addé ke
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|l i mite@mtiby 200e camera resolution. The b
a 100% accurate pr eQm catnido na bfoovre .def ect s o1
Tab27e -dint u measurement methods for PBF u

met hods.

DetectatDet ecti

Refer Sensor Resolutiorfeaturesmethod/
range t hm
[ 171] Combination of visible, Pixel size on visible ~40pm Image
infrared, and polarisatior range imaging: processing
imaging 1.1um
Pixel size on infrared
range imaging:
30um
Pixel size on
polarisation imaging:
3.45um
[ 172] Combination of visible  Spatial resolution on ~30pm Neural
range imaging, acoustic visible range network
sensing, multspectral imaging: 10um/pixel
emission sensing, and
laser scan vector data
[ 1 73] Combination of visible  Spatial resolution of _ ~ 2 (@D Convolutional
range imaging, muki visible range neural
spectral emission imaging: network

sensing, and laser scan 62.5¢ nmx 62.5¢ m
vector data

113013 true negatives
100 i 52 false positives
286 true positives
* 9 false negatives

200 : .

500

classification

S0}  threshold 0.9

100 200 300 400

X/pixel

500 600

Fi g2l a)

net wor k

Schemat i c -sdeinasgorrd s ydsfo gt mhNee ummual | t |
predictionOmfpadarfigici]lsl on a |
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Lastl vy, Rdm@a&rioimbethedkitthu eemeasur ement me t
projection and ther mal i maging for me a s
measuring mel't pool s. Their preliminary
used to detect surface Iimpurities such a:

2.3S8mmary of the section

Thi s
0cC
abr
t hes

-

I i mi

(9]
—

> O <

X o o cC

unl i
i nfo
i mp o
Var i
I mag
Amon
i nt e

ot he

e
i
e
t

section summari ses the microscal e s
ss, along with their formation mech
catedtparesa.sulk @ment met hodol ogi es,
mi croscale surface 1T mpurities, ar e

ations, Aahld8s uWwineirbdlseedand t her mal S

mos-si usedtheasaur ement met hods as they

0]

Q «

whenraesohgt hsgplandd skeinglor s . 't i s e
the arrangement of cameras and | ic¢
acy in imaging. Variations in these
t brightness and contrast, resul ti
ne to another. BSE sensors show rob

d be noted that these sensors can o0

i ties, and beam currentacaundr ed! dag
ng to unstabl e resul ts. Acoustic S
bilityeffefcfienvse anetctbesdtd f or detectin
nt research involving acoustic sens:t

ed to single weld traewlg,| dpactoarsttirallc

tions.

e 2D imaging techniques, 3D height |
mati on by revealing variations i n
tant for detecting impurities as th

us met hods for measuring surface t

ng, fringe -nporuonteecdt i ®ys taennids , b laardee d i
t hese met hods, coherent i magi ng, a
rat e. The fringe projection system
met hods, and installing projectors

47



chall engmognt &d aslgst ems, however, have r
speed.
Tab28e Overvsiewuomeaswur ement met hods' pr
dr awbacks.
Sensing Method Benefits Drawbacks
Visible Imaging Straightforward implementation  High-resolution and higispeed
sensors generate large datasets
Detection efficiency varies due to the
arrangement of cameras and lighting
resulting in varying detection qualities
among machines
Thermal Imaging Identification of thermal High-resolution and higispeed
signatures sensors generate large datasets
Electronic Imaging  BSE sensors demonstrate BSE-acquired data can be influenced
robustness in harsh environment by beam current and voltage
Fringe Projection Generation of height maps Installation of projectors and cameras
into a PBF machine can be challengil
Longer computation times
Coherent Imaging Generation of height maps Integration of this coaxial method ma
incur higher costs
Blade Mounted Generation of height maps Resolution is dependent on the
Sensing movement and speed of the recoater
Acoustic Sensing Offers positioning flexibility Limited applicability to single weld
Costeffective method track experiments
Combined Sensing  Overcomes limitations of Registration of different types of data
individual sensing methods is required
Large amount of data from different
sSensors

| 43 i
hav

ar e

act

ma k

Sys

Fur

tu measur ement and monitoring method:

e been presented, each with i1ts own a
significant gaps in general-wbonl dhe
ustri al fabrication settingsimahither
ual detection of ten occur s afterward
ol ved. Moreover, many studies do not
i ng it i mpractical to-ti mel d veendtb ache <
t ems.

ther mor e, variations i n machine type:

l uence both the efficiency of the sen
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of the assessment. For met hods t hat ut i
det ect i mpurities, an additional chall en
datasets. This task typically involves t
human operator s, rende-congunihneg parnodc e B B I
subjective.

Il n se&ct2icoenrt ain microscale surface i mpuri
part quality, have been presented. 't ha
smal |l erOnt helowgdOer, the accuracy of most

the size of the impurity dec®@rmasmeoss,t |eys pdeu
to their resolution | imits. I n order to

accuracy needs to be dstiamel eet@®rtioba ostha
meet the industry criteria. However, i ns
the detection metmiodr meecalse tiomptuarrigteite sa l(
100n in size) to be a geffdealaveuabietyoewah
PBF part typically ranges from sever al t
[174]Hi @ghol ut-proomcepsds tng Ssyst eQ@is, s csauncrher 8 ¢
generally cost bet ween approxoineatldliyonUSI
whil e outsourced scanning services for

consumi hy]Gi ven-rebatl ulpirpglhcepesting i s expens

such inspection is often i mpractiscadlu. Th
monitoring to identify microscale defect:
2. 4Machi ne | ear ninmega snuertehmoednst faonrd mo
of defects and i mpurities

The integration of digital systems with
characteristic of Il ndustry 4.0. With in
fabrication with sensors and is transfe
anal ysi s or measur ement such as gual it
Advancements in sensor technology have |
volume and di mensionality of <collected d
render manual analysis by humans virtual
be applied in certain cases, t helyi ncefatren
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patterns wi Mhi echriequdkast,a.by contrast, a
processing and analysing | arge dat-aset s,

obvious relatifda$hi ps in the data

ML approaches can uncover patterns and r

dat aset s, often with |ittle or ndBprior
ML models have been applied to wvarious
classification, and defect detection. Th
utilised formndefgaatll dgt eacstsiecrs men't

I n this thesis, one of the main goal s

responding rapprdd e esnodigthe dtoiron,n achi evi i

of 90%. These algorithms wil/ be further
di mensions of the i1nput dat a, thereby m
details of the ML algorithms employed in

The perforihasecea dfef ®Mct detection is heav
of the [ BhplEd addiati on, selecting an appr
for achieving highLdédteedtniigqrueasdc cwamaaocyener

into four types based on their training

|l earni-sgpesemsed | earning, d&nd2xpi nforcel
ML methods
]
| | | ]
Supervised Unsupervised || Semi-supervised [ | Reinforcement
learning learning learning learning

Fi g2a22 Cl assiMLatgobrohhmé based on the t

2. 4Sutpervised | earning

I n s upMUmoidsed ds , training is conducted wusi
i nput is paired with its corresponding o
frequency domai n. The ML model |l earns th
out put. These | abels can be either numer
of the training. Once trained, t he mode
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unseen inputs. A key disadvantage of sup:¢
can bentéemeive, and human errors during

model 6s performance.

I n the cohBeyptr ockesPBEF, t he | mputu tcypdil ealt
dat a, whil e the out put may represent p
properties, or surface characteristics o
out put data can be performed either aut

situati on.

A supeMlvmosddl has an objective function,
cal cul ates the error between predicted a
parameters are updated i nlher csaurpetrovi sedud

model s can be trained by-busiedg arl ggrra & shinos!

A regression mod el establishes a mat hen
variable (output) and the independent vV

detecti4«®B ipmoEBBEses, the output typicall

defects, while the input-scomsidats.of pr o
The choice of regression model depends ¢
the variables and the number of i nput s
pol ynomi al regrsasdi oms moidredesyr eer ploil ghem
correlaamohbhse applied to model the behavi
hand, for di screte or categorical out co
appropriate as they map inputs to probahb

t he occurrence o f speEi gieB8idefusdtrat s
di fference between the two model s

Compared with artificial neur al net wor ks
i nterpretabl e model that predicts output.

It can be trained relatively dqui7c/kly and
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a) 25, b) 124y

20 4
15 A

10 1 08 -

5 4

X X
10 5 7 | 5 10

.10 A

-15 A

20 - . . X

25 4 -10 5 10

Figa23 a) | inear and b) | ogistic re
I n RBF processes, the input and outoput d
and comgdlienxamomel ati onships. Commonly el
analysing and predicting such data inclu

along with other widely used models such

l1.Linear Regression Technique
2.Logistic Regression Technique
3.Stepwi se Regression Techniqgue
4 Ridge Regression Technique
5.Lasso Regression Technique

6 .El astic Net Regression Technique

The details of these rdgdriBdgreassmodehbgo

have been extensiv18l yprewmpglseeyasd fiom PBBCeE

defect detection, and classification. L
frequently applied to identify fabricati
i nstance, M b mosiledd tehte rama.l Il maging to de

PBEB surfaces and evaluated four di ffer
regression provided the highest cl assi fi
Paul sofpl@&®t]idli.sed | ogi stic r ergayesismagqeswit
predict subsurface porosity[ 1f8dOejmmat oped &
|l ogi stic regr essdmeedmoidmdgiuwmsgi ntgo hd xgahmi n €
bet ween spattering phenomena and 184fi ous

applied acoustic emission signals as 1 ng
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| aser met al deposition, comparing |l ogi st

( ANN) , and concluded that the performanc
et [d18d2]so devel oped a regression model b a
porosity. These studi es show that t he
regression models, have the capabBl ity 1t
Support vector machine (SVM) is another

used for regression andLREB.l aS¥Mfcanat ben up

either |- heearoclaenification. I'n | inear
sample is defined by a support vector an
be separated by sever al classifiers. SV

separating hyperplane by maximising the
t he clRisgzaffd.er (

Margin

Hyperplane 7
e , Support vectors

7

Support vectors

Fig2a24 Linear SVM graph.

I n -honear SVM, the support vectors may
hyperpl ane; therefor e, a kernel function

order t o separate t hEi gspexmptl aves t kreg n

processing where a two di mensi onal dat a
data (z, k, t) . While the two di mension
classifier, three dimensional data can b
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VAU
KA.U.

Kernel
Y —nomel |

x/A.U. z/AU.

t/A.U.
Fi gk2% Nonnear SVM, kernel process

Gobert|[ le3delael oped an SVM model to detect
cracks. They used thsitaorielageisomanldetowdé

tomography data and achieved more than 8

|l mani [ 8 3nflesti gated the effects of proce
porosity and developed sever al super vi se
and ANN, for porosity detection. |t h a
accuracy with SVM.

Ye eftl&@Mdelvel oped a | inear SVM in order t
di fferent processing conditions, resul ti
tracks were fabricated with different pr
recorded by a micrdaBhomae hiimset p PRE&EPRI oM dat
two ML algorithms, SVM and NN, in order
def-ferce e . The al gorithmdtwerogptical nddna we
computed tomography data. They showed th
classificaRiigpapaccur acy (
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Classification performances of both SVM and NN

1.0

N
pee™ q~‘»6° = ‘2@@\

-SVM

0.9
0.8 |
0.7 |
0.6

A.U.

0.5F
04 F
0.3}
0.2
0.1}

0.0

(6
&°
Q\

Fi ga2ee Cl assification perfpit®&ahces of

2. 4Bayésian classifier

Bayesian classifier (BC) is a probabili st
which can provide statistical i nformatio
l i kel i hood anda@l®6] or i probability

0 dgy —— 2.2)

wheroer epresent sor epeesdmtsss, t he feéesoures o
represents the po®tregproas emrncbalbiikeltiyhood
conditional probability of doxre preasen tosf

class pri ®rorperporbeasbeinltist ypor edi ctor prior pr

BC have been used in various appl8chti or
cl assi f yilMg Jrgiesnke dpT 8aFhjidc tl iecark [l loxcCa]lBCs ha v e n
al so been -wWBedon nv@®&mBiFous purposes, for

probabilities of the surface being def e
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Nat
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c ha

K-n e

al g

ntitatively. For [ & 8a8pgnpllieed ABC nizmdehde
ective regi onB forronsatylee ssiumi aPBF i mage ¢
i ned an ML algorithm to | abel the sul
i ned the BC. They achieved a cl assifi:

a true negative rate of 82%.

n [e19eafpl oyed BC to predict the relat
ouglhB PB&sed on process parameters. A
formance of BC with a multilayer perc
ceptron proved to be more efff[tB2ht i
|l ied BC to predict the -dBnkiom Dhet he
ameters. The predicted valFug@2Xi th t h

100 Fas gy o 202,88 AR 4 A, $bAaAAS,R | A A
¢ ¢ ‘Ao oo L “0.'.: '.’“o “‘! 5 wd A

08 fe “...A “A o % 4 ® LX) A A
L ]

o6l . * A
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921 .« o
90 Y e
88
86
84
82 f

Relative Density (%)

4 True Value .
80F| o Predicted Value

T8 377015 20 25 30 35 40 45 30 35 60

i gA27 The predicted values compared to

[192]

h and Mahadevan combined tlhseBayed ihan
order to build a predict-iBebyuasi hyg i
cegd 9®@3rthae mo del predicts the porosity

nges the process parameters according
Khe2arest neighbour
arest nei ghbour ( KNN) i s one Mlo f t he

orithms that can be used for cl assi fi
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close a data point i's to others. KNN i s

and it works with both numeri cal and cat
where there is no information about dat a
PBE B.
=) -]
< <
B ©o 0 = %o o
© o © o
o) o o o]
o o ©7 9
New input After KNN ©
0 L 0
) ® ®
°® e
e ® o ®
x/A.U. x/A.U.

Figa28 Cl ass of the new input after

Bewans|[ k%delale] oped a di-lgB tbay ttrwainnifrnog aP BK
The model has been trained -wittdh semudratce
i nput ,siathd peaxr osi ty and micr osftZ @%ajtvier e d.
appl i edMbmardiedss in order to pretdBcpathe t
from their fabrication process parameter

showed the highest accuracy with 92.5%.

Smyrnow[ %6ulall t various classification mo
predict materi aliBeouglaneéss from RBBiI 10 Mg
establish the <correlations between pr oce
resul ts. Simil aflegt7r]laGoregd nKidN,adS\eM and G
Bayes algorithms for predict-iBgfadalhrei gpatrio
process. The-ygitcwraebasedc i and t her mal [
formation oifst a-uaywddatram i n

2. 4A0t Bhe wrinmtl wor k
An ANNMlal goori thm designed to address bo

t asks. | t i s model |l ed after the structur

57



neur ons t hat simul at e bi ol ogi cal
i nterconnected | ayer s, typically
|l ayer s, and an out put | ayer. Eac
I nformation, with the neurons col |l
make predictions.
Each neuron in a | ayer transmits
applying a weight and a bias value.
are adjusted in order to reduce th
case the ANN is fed with | abelled
defect detection.
Each neuron within a | ayer process
transmitting it to the neurons in
and bias values are iteratively
the error between the predicted ou
using | abell ed data, it can be emp
detection and classification.
Y, W |
Input 1 \\///
WAL 7O
Input 2 {';7’“\’@:@‘/“\\“‘1’ Output 1
Y Vs GeV Ry
Input 3 A“m( \,*’g'g‘( ‘}‘\y'\. Output 2
WAV VAL VA .
: VT
Input n / \ ' O Ouputn
Input layer i Hidden layers i Output layer
Fi g2a2% The architecture of

Cent ol & 1 8uBs|eal

physdgindsor med

.di fferent
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order to create a model whichBcaprarprsedirm
the fabricating-ppacamet éreatmedntpo.st Si mi |
[ 19t9r]ai ned two ANN oalwgordi tnhemusr,a |l f eneedt wo r k
probability of the formation of defects

The ANN has been widely used for process
[ 20iOnNvesti gated the influences of proces

wel d tracks. They trained an ANN algorit

ar e | aser power , scanning speed and | a
geometric features of the weld track, w |
track height ag 26tdrfgiuned Jaa hgarna peht bads.ed Al
process parameter dat a, such as scanning
the behaviour of the next | ayer based on
Mal eki pdwrod2eds i carl e dl oao pc Fbogshetdr d | system to
process par anBet elrltse isny sRBEFM uti |l i ses ANN
density to prevent d ¢ 26dd v efloorpmeadt i am s o p tSil
met hod -EBrspP8¢i f 5&MIMEBEroralTlioy. Through

0

vari ous component s wer e fabricat d und e
including variations in | aser power, | as
and the resulting densities were measur e
model was then trained on these dat a, en

on the specified processing parameters.

I n addition to the processprogdii antiisar /i et
ofdefsecand i,mpsupreictiifeiscaF oy ¢ hMeaohpdawnoesdi teyt. a
[ 20adp]lpl i ed an ANN model to predlbB tparhtes .p
They used experi meaayt ad o mpult esdy ntt chreda g rca pxh y

algorithm and achieved a goo’ pchbichtoe

[ 2050t roduced a method for inline porosit
by HRBF technol ogy. This approach wutili se:
bet ween optical dat a, captured by a cat

manufactured parts.
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Babakamp 268de]vaell.oped four model s, i ncl udi nc
porosity from prictasesi rpowear amsetaenr sspeed
I sl anibnsiRAEF parts fabricated from2Ab5§Fi 10I1
proposed an inline poro4iBt yfa9pd yysnme ntpan
correlation bet ween the optical dat a coc

processed by an ANN.

Gaj a [elt8tlphi ned an ANN to detect and cl ac

and cracks, based on acoustic emission s
25 neur ons and was trained over 30 i ter
Mo d el performance was validated with an

with a separate set [od0d®]lvdhbopegoandef eth

met hod wutilising a deep artificisiltuneur
optical i mages of-LBhprpopowdseesbed@dheéeinr PBiFn
t he model successfully identifies cylind

750m, achieving an accur § Q9Y®Brfoapoes eadf a9 2l.a
ultrasonic method combined with ANN to d

mu Hteiat ure fusion Iimaging to mitigate the

Mohammadi[ 28®rloaplo.sed an atpipmeoadbkf ddtr detad

specifically for idenusfpgndapeolsi qye sa,
i ncluding ANN. The ANN-smadielacwasstt rcaiens (
coll ected during the fabrication of H13
mo d e | was tested on 316L sampl es, wher e

guality. [Rdddgwneledapead .defect prediction al
based on ANN and game theoretic modelll
trained with processing parameters and t

during the fabrication to map surface ir.|

Ozel [e2tlulsiéd ANN model to predict the sur
SaSgSs k &kthr om t-bhB IP8%er scanning paramet e
ni ckel al |l oclyB pand smeays uPrBeFd t he sur f ace t
using a focus variation microscopy. It h

with HNegquani backpropagati on algorithm.
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2. 4Condol utional neur al net wor k

A Convolutional Neur al Net wor k ( CNN) i s
used in computer vision tasks, i ncluding
Il mage segmentation. A  CNN architecture

convolutional, poolinki,g28d fully connec!H

Fully connected layers
Convolution

E Pooling E Flatten layer v' —
- I = o ka/én}}fv’{/{&
O] ’ .‘\W}m"e{“\&?‘
~ : : SO OSA
N

r-

Feature extraction Classification

Input

.
e -
P

Fi g230A generic schematic of a CN

The convolutional and pooling | ayers wol
i mages. I n the convolutional |l ayer, a ke
kernels to identify specific features in
t his, the pooling | ayer selects the mos
convolutional |l ayer. Finally, the fully
to the desired output, enabling the net
processed i mage dat a.

The CNN has been applied to da&f eacdtdidetve
manufacturing process. One of the main c
porosity. For [ @dm@rinpd ces edL ia eftr aamheewor k t o
rati o of the sampBesTlhaypyrdeaetkedpbyg &®Bee

mo d e | i ntegrating CNNs and transfleB | ear
surfaces. To train their model, they f al
various processing parameter s, resul ting
During the fabrication process, optical

and subsequently | abell ed accofrahrnigc a@atoi ar
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f r om -scercotsison al I mages. Based on the thre

achieves more than 99% cl assification ac

The CNN algorithm with acoustic sensing
Ahmmed [ @tld3gvel oped a CNN moidted d olali emetde di s
data as isniptuut ceomd yeext &dli Xgr aphy data as o
identi fy porosities. To enhance t he m C
augmentation techniqgues { @1latlhseo aicnotursotdiucc
met hod for detecting porosity using acoc

transformations. Their approach wut-ilised
scale information and to fuse spatial i
detection accuracy of 99. 12 %.

Several studies haveudehmhenmaladaetat bah b
correlation with po[rdlpglopposedmat menh holdeé
porosity wusing a 3D CNN algorithm. The &
gathered-svita @aeasur ement system empl oyi
mi caoomputed tomogr aphfyabdatcatc olpl2elc®xFerde r p ce
contrast, -dtirmeinmadd nal esrCdi N U hiemgnoigm aphy d.
porosity formation in Hay-bBs B8RI|I swimpdg eb
extraction, the ther mog#wayhy odnptud ewa ¢ ome
data. The CNN model achiev®dcargood @r Odi

Mao eft2lpfjoposed a framework to predict

anal ysi nrsg ttuhe hienmal properties o f prev|
approach empl oys a CNN model , consistin
foll owed by a pooling | ayer, and conclu

framework was tested on computed tomogr a

Oster|[ 2Xd8lalel oped a porositysipruedihcetrinoong rre

dat a, |l everaging a custom CNN algorithm.
t her mal hi story of an Al SI 316L stainles
After preprocessing, this data is wused t
porosity prediction. The model achieved
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Smoqi [ @tld%edvie.l oped a met hodol ogy-sf bu det éec
pool i mages captured by a pyrometer. Th
solely on mel't povoLlal igma g ¢ $ ms wistuflc hotals e rKN
which were trained on process signatures
and di stribution. The findings demonstr

comparable classification accuracy witho

I n addition to experimental dat a, Si mul @
detection methdAlklvAhosped at maldel for det
a CNN and synthetically generated poros
training approaches: one using CAD dat a
findings indicate that the model trained
detecting por@m. as small as 200

I n addition to its wuse in defect detect

classificlhBi odi ajmgz2&l#p-l aye-dxasa oamera to
i mages of the powder bed dubLBngTheg ¢€hE¥6
trained a CNN algorithm using a defect p
i mages, achieving a defect <class[id2x]ati o

e
proposed defect classificatiormimaet lsddssn al
0

fusi n of photodi ode dat a. Their appr oce
accuracies depending on the signal fusi o
opti mal signal fusion met hod achieved <

74.41% to 98.83% forOnmd eafnedom500Di zes bet we e

Schwer 4 2@d3¢eJvaell.oped an algorithm for defe

based on OT and CNNs. They produced Ha
processing parameter s, resulting in dist
of fusion, keyhol e, and residual por osit
situ OT data <collected during fabricat:i
defect s, and was subsequently tested on

accuracy excéeedBI)g. 96% (see

Luo ¢R2delv.el oped a method for monitoring

acoustic signals in conjunction with ML

6 3



neur al net wor k, l ong short term memory a
model s, spattering behaviourspaed wame rca
enabling the algorithms to correlate ac:¢
dat a. For the category MMININh atclwo espat ttdarei

accuracy, reaching 85. 08 %.

» Precision
- 378 4 6 97.4%
Keyhole porosity |S535 79 0.4% 0.5% 26% —|» False
discovery rate
&
©
h— 0 347 6 98.3%
; Lack of fusion |SegEIqA 30.9% 0.5% 1.7%
3
02
o : ) 1 8 372 97.6
E Residual porosity (SRR 0.7% 33.2% 2.4%
Recall « 99.7% 96.7% 96.99 97.8% > Overall
0.3% 3.3% 3.1% 2.2% 3
Falsa accuracy

i

negative rate S & 5
o@ @‘J dp
Q & Q
2
S oF N4
oS > O
S V 2
@ @
True class

Fi g2l Confusion matrix of th2z223]NN tr ai

CNN algorithms have also been wusedB for d
surfaces. For i[NS2capipd @y e Warmmg CaNtN all .gor i t
sur face irregularities such as balling
mi croscopy images coll ectled22d@efvted roptelde af an
pool moni tor i ng -asxyisst-efme guds i magmedah asrddd a |
CNN al gorithm. Foll owing the preprocessi

algorithm was trained to perform segment .

Pan dt22w@ded a type of CNN, DeepLabVv3 +
def ect segmentation on -LtBompagnrtaphifabnimaat
Ti 6 Al 4V all oy. [S2 288nfipd rolyye,d GNNe tf oal .i mage
tasks. Their approach involved using CNI
i mages -soefc tciroconsssL B r @ ampPIBés , as well as to
compared various CNN -Metchi teokdees, andcl
di fferent backbone modBY s and p &elinlf ie dNEelit ¢ y

6 4



resul ts demonstrat edNdath awi tth eB fcfoiandhih enmatt N e

the highest detection accuracy.

Some studies have focused solely on wel d
as the quality of the weld track can inf
guality of the firrR&4d990]mdwdtued .amChiemv edt iad

track qualsiittyy wsiorugtin sensing combined

al gorithms, i ncluding SVM, ANN, and CNN.
from atcoppétoy with varying | aser power
categovieed t ed, nor mat heafQdiNudmenbhetr at ed
classification accuracy, achj 2 8%vlad uaa treat «
weld track quality by categorising the w
oveel t ed, nor-mal f edndDundeg t-hB $ampl est
under various processing parameters, pho

photodi ode signals were then converted i
analysed wusing a CNN algorithm. The apj
95.81%, with a minimal processing time of

Despite ongoing devel opLnBe nma cahnidn eosp,t idneifseac
o the recoater and other powder deliver

t

have identified such defects wusi[n2g3 1NN &
Y

I

roposed an online monitoring system ut.i
ayerinigi ndeelfuedcitreg i nsufficient |l ayering,
stacksFi 26 7 usi n-gi tiun opti cal i mages. T
demonstrated a detection accuracy o f (
approxi madedryds3.. 5Si mi[l128BR2¢yel Qperd eda @adbr f a
evaluation model | everaging a CNN algori

n £BF processes. They trained a CNN al gt

separabl e convolution net wor KL,B wsuirfg@c es

exhibiting varicausgbal bedgabkbegél ght, mo d
mo d e | achieved a recognition accuracy of
high efficacy i n surface qual[f232]disseetm

all 233ANvestigate assessing the qualLBty of
They utilise various types of CNNs to de:
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(b) Lumpy powder stacks
1 ¥ —
Ultra-high

; Insufficient powder
—"sintered layer laying pow dpr
) de

Strip powder stack

rection
f scraper
Normal powder layer movement

| _———Scraper stripe
X

Fi gax2 Different types [0Z23 Pplowder | ay

Ansari [ 2Bdfall.i sed powder bed I mages col

monitoring system provided by the machin

wi t h over hang geometries t o i ntenti onal
categorising the images as either defect
to predict surface deformation. Their te

classification accuracy| 23ddeedioped9 2%.s ul

def ormation <c¢lassification algorithm tha

i mages, captured dynamically by a camer a
was trained on 45 data sets, enabling th
Fi g28i such as spatters, i ndovnpglhe tae pfeuask

accuracy rate of 99. 15 %.

Homogenous

o

=
»
7

Incomplete
spreading

Fi gax3d®etection of defectg@38hd homoge

Chen [e23pGu]loposed a framework utilising CN
|l ayering, based on images of the powder |

6 6



They trained and tested the algorithm on
enabling it to identify and classify thr
powder, and recoater scratches. The resul
approximately 93%, achieved wistttiomdan av

Xing [e23ct@ihducted a comparative anal ysi s

assess me | t pool g u asl pieteyd wucsasnmegruaa d attoea X W
collected during the fabrication of Q23"
energy |l evels. The algorithms demonstrat
ResNet and I nception, both achieving an :
Sever al studi es empl oyi ng CNNs have i nt
i mprove detection accuracy, despite the

nstanceg,2 3d8]v elto pdfdu sai omulsteensi ng framewor
fabricati on-LdBualriotcyesefesPBBEi ng CNN al gor
empl oys three dibkdpgtnicdals einmd guign ¢,y sa ceanss t i
and photodiiotde idrediecitdwal |y train the al
assess the effect of sensor fsuesnisoonr. fTuhsei ¢

approach significantly enhances the accu

et [&I39rloposed a defect c lLaBs sp rf d cceast si eosn, M1
CNN and Fkoenrgm snheomotr y al gorithms. They e mj
technahogibse | ight, infrared, bratcdk r e f |
gat hem ocess data for detecting t hree c
conduction mode, and keyhole defects. To
stainless steel sampl es c-sotéenBPmsfy sttheens e
equi pped with the semayng magegicihag ol ogiceosn f

f ormati on.

Gai kwad 2eld0ejvadl.oped a framework to detect
samples prod-ut8edgprbygesas PBIFth varying | as:¢

SVM and multil ayebapedcapgoonshmaw&&dNe mp
porositi-wist wsdatga ifnrom opti cal and t her me
capture process signatures, including me
al[.178mhpl oyed CNNs for d esfietcut -s mmelstioeirc t d an a
including optical I mageec torfalt heemipsoswidoerrs ,b
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vector dat a. Ti 6 Al 4V s amp.lBe sa nwde r :2u bfsalgruie
scanned via XCT to i derstiitfuy ddd fae catcsc oa rdd
authors then compared the classifi-cation
situ data types as well as on fused dat a
I n addition to defect detection, predict

empl oyed t o predict sur f a¢ & 4picihoaproascetde r A <

framework that wutilises CNN to predict s
samples protdBcbdsedaoRBRYyperspectr al I ma
2. 4UAsupervised |l earning

Unsupervised | Marmanganal wawseypadatod wit hol
or categorisation provFiFdeg®Bd#by Thhuinsa n maskue
unsupervised l earning particul arly effe
knowl edge about the dat a. Unl i ke supervi
not rely on output data for training; i

atterns and relationships within the da

©

l earning algorithms, unsupervised | earni |
detection t adBs pwiotclkeissesPBEompar ed t o s

approaches.

Unlabelled data

/A .‘i‘\r\ /..

]
A . Unsupervised . .
. . * Learning
A

>

¥ Kk m A ko ok
A @ w %

. Y, \

Fi g234 Schematic representation of ur

2. 4K-medns clustering

Them&ans clustering (KNN) algorithm cate

number of clusters. Cluster centres ar e

6 8



for subsequent iterations. During weach

near est cluster centr e, and the distance
cal cul at ed. New cluster centres are t hen
Jayasi ndgmArR®it | iadenédamnvecKustering algorit

S
Mi xture Model ( GMM) to -lcB apai ffy -bheedeol
photodi ode data. Their approach achieved

83% and 93 %, respecfta2adepydpploce itmeammma IBye u

met hods b-meaeds ool Kstering wusing optical
i mages. Simil ar24&6¢ mpragleld estupeadvi sed an.
classification algorithms to analLyBs.e por

Their findings -mamamnsatéedstdraitng hal gkor i th
accurate r esawl tcso nfpaurt exdD tXomogr aphy dat a.

Grassd 2effterlmposed an automated met hed for

|l ine recordings of me | t poaneainmagdusit er

al gorithm. Before <clusterinpmr,octelses e dneluts i
Principal Component Anal ysi s (PCA) . T h e
approach was effective in identifying def

2. 4S2bRkganising map (SOM)

A Seft §ganising Map (SOM) ,Orndami sieferkFeat u
( SOFM) or Kohonen MMIlpmo diesl arno outnesdu pienr VA NsNe.
commonly wutilised for tasks such as di me
mapping. Unlike other artificial neur al |
rather than error correction techniques
neighbourhood function to maintain the

i nput dat a.

The SOM algorithm has been widely appli
procdg#xds9] For i nst an[cz4i7n¥ebur gattedal t he
powder reuse on fabEBcayi cexaqual ngy mi or
characteristics, oxygen content, and por
SOM analysi s. Si mi[ I2de8Hpyl, o yTad elrikdhlatni i ett e md
coaxi al photodi ode t o dlLeB esca mppFoergd8(bsteye f o
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for the detection results). Theinrenan alnyd |
Il i ght i ntensity data and i dé¢R2u®dypl itende al
SOM algorithm to predi-cB padmMmpDIse ¢ ys idtma Imad
optical tomography data and -svualui daada mpuwt e

tomography results.

Fi gax% Porosity detectiscrhbiy8]a) SOM,

Beyond PBF, the SOM algorithm has also b
AM techniques, including|[RaBHr rmet ald ea
deposi tij2iBFPEaDNd fused fil gm@eémt] fabricat

2.4D2eB. bel ieedOBMNet wor k

Deep Bel i ef Net wor ks ( DBNs) ar e a type
automatically | earn patterns from | arge
DBN operates in twoapnimguandgdg®sripget
training stage, the network | earns the p
subsequtemni nfg net age, typically involving

parameters are adjusted to perform tasks

The DBN has been wutilised for valbB ous a
processes bysipmuocodeastsai.ngFoirf li2an7sleanc i ede f
di stinct mel tpirnogc esstsa gaecso ufsrtoint idnat a usi ng
pretraining st ep?255Pil mieldartihye, sYeemee tmeatlh od
five distinct makt shngernangds ( NFBm d&f a,

pl ume and spatter information, again | evi
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The DBN has also been employed for def e«
[ 25perloposed a met hod for posriotsu tme lctl apsa
coll ected wusi-sige ead ccoaame raa. hT hgehi r approac
ML algorith®B®PNNbackudirrmgpagati @B Nanedur al
SVM for <cl ustFkirg 23d¢p rpeogeorstist itelse accuracy
results of these ML algorithms, showing

others in this case.

Additionally, the DBN has been utilised
fabricat-eB. viFar PB¥kampl e, Jibaasetd aall.goemplh
predict the fatigue | if e BofprsofcBepslisiess f abr i

b [JseNNEZZ svm I pBN| 0.4 H_TspNNEZsvv R pBN
T ] 0.3+

X 9.0 N 7§ 7§ VS 12 2f & 7 % 7
0.11: [ — - -

£ 0.0000 |

Classification accuracy (%)
o
§ LA
=
T T T T T
Model classification time (s)

92.0 0.0000
3PCs 4PCs 5PCs 6PCs 3PCs 4PCs S5PCs 6PCs

The number of PCs The number of PCs

() (b)

Fi g6 Accuracy and classificati@neéfi me

2. 4A8t dencoder

An autoencoder operates by fi-dismeresicordaln
representation, known as the | atent spac
back to its original di mensi ons. The pr
accurately as possible by minimising the

reconstructed output during the training

the performance of the autoencoder. Once
class of data, testing it with data from
rat es. By examining the error val ues, (o
bel ongs to the same class as the trainin
clustering, keyword detection and i mage
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u p25&Joposed a defect dB8t sutrif@amc emetulso d
attering in combination with a convoll
ained usi ng simul at ed -dleifelctt i % e a tstue rf ian
bsequently tested on both simul ated 3

monstrated classification accuracies of

. 4ABomhaly detection algorithms

omaly detection algorithms, such as i :
ctor (LOF), can determine whether new
nlier) or represents a distinct catego

ta point by partitioning|[25bhe, d@ahlas e hr

rtitions create a tree structure, wher
rmi nal node. The number of partitions I
e path | ength. Anomalies are typically
sulting in shorter path |l engths withir
or e, known as the | ocal outlier factor
ser v[a2t6iloints eval uates how much the | oca
viates from that of its neighbouring
hi bit much | ower |l ocal density and hi gl
e i Forest algorithm has been wused to ¢

centl y[.26Rals epr apdasent,a umasalper vised anc
amewor k uswinmge i &roc ead d if tOIWAA Mnangi agt wrn

—~+

a collected during industrial product
clusions and geometric hoTkes fvi damewdr |
hi ewvteismer edaedlt ecti on (under 10 sesccoomrdes f o
0. 93.

tterp2e@3dvadluat ed and c ohlpnaetehdo dusn, s uiprealvu

or est and-tiLO&, ahomalryeatletection i n WA
ffecee training dat a. Their study addre
|l abell ed dat a, dynamic operational e
nerati on. Both i1 Forest and LOF achi eve
eir precision scores in the time domai |
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2. 4D2ns6baswpdatd alst emap mlgi codt nooinsse Wi DBWS CAN)

The DBSCAN algorithm H®Bs phbeoecressesl ifoaed c
pattern clustef RG6dgnt rBaodrudceskdara ehty barli.d def e
Il ncorporating both supervi sed and unsurf
approach, def ect s-LB ns &nip ldeast awefrreo mf iPrBskt [
supervised |l earning algorithm, foll owed
these defects as pores or [REHbmpli onesd S
DBSCAN to categorise melt pool i mages ba
powder bed, di stinguishing between overl
Voi gt[ 26éd6elavylel oped a met hodol ogy to invest
on the fabrication process, -ursoan@gs DBSECANI

melt pool monitoring data obtained via pl

I n addition to clustering defects, DBSCA
featur elsB o$ a RBIFe s . For | h6ufth nlcies,e dWahByS CeAtl

identi fy texture orientations i n 316L
PBEB.

2.4S8miupervised |l earning

Semwiupervised |l earning, a hybrid approach
unsupervised |l earning, utilises both | ab
some | abelled data helps to mitigate the
met hods. Conversely, the reliance on onl
reduces the time required for data | abell

|l earning.

I n the | iterature, both supervised and u
as sampiervi sed models in tasks such as de
withi#®BPBFoOT exampl 4,2 6a8Bmmlda yeads ugp € s &arhis e d

approach to train two CNN models using a

the -IPBBFf abrication process. These model s
i ncluding balling and [p26r9srbdaesedlLar semr
mo d el ut i-duape myi sseedmil ear ni ng -4 pe eidd ewnitd € o
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recordings captured during fabrication a
t hat t he model achieved a porosity det e
oD. 999.

The samervised approaches have al so been

tracks.[ 2L7pOrjep o aé-dupeseimsed model empl oyi
cl assi-fBf weBIFd tr acks i ntnoelttherdagne lunaEteée g arnid
nor-mal t ed. The model was trained wusing
scanni ng, and its perf-womhdcelatwvasett.esTh
demonstrated the model ' s robustne38l]in ¢
empl oyedupesemised model based on CNN to

par amet erlsB ftoerc hmMmBF ogy when working with

was trained using optical i mages of sing
guality, enabling it to predict processi:
The samervi sed models have also been i mp

bet weppmodess dptaceaesns loatact[erpsjopased Ok
a sempervised met hod fLBr sfaanpllte sgpe toad@tdissn
photodi ode data and wultimate tensile str
model , trainsdpersvinged apepmioach, achi eve
comparable to that of a][ & ddBepwrevli ospeedd neo dsu
classificati enB nidsdeeel2B & for PBFMme <cl asses) l
supervised ML techniques combi ned wi t h
correlations bet ween opprtoicceasls isnugr fcahcaer aicntae

as surface roughness and tensile strengt|

. lack-of-fusion

anomaly-free

. overheated

unfused powder

Input image Prediction

Fi gax7 | nput and pueecirvi iserd [d27 3sjé mpior i t |
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Semiupervi sed methods can be used to | ab
| abell ed dat[a2.7edNMptayedntbtmg . &l ustering al
assign | abels to 200 OT dataset s, utilis
| abelling process involved comparing the
This approach i mproved the accuracy of t
reduced the time required f[@&r7ibrthreo d wded |
sefmiupervised deep |l earning -mBdsbahmploes .det
evaluated the performance of hi s model
avail able dataset.

2. 4Réinforcement | earning (RL)

Rei nforcement Learning ( RL) S a dynami
i nteracting with an enamnarornamenliasilgd, owheart
are taken, and their consequences are otk
framework receives rewards for successfu
ones. The primary goal of RL is to maxin
time. This approach has prowemi wifrigcuelviec
and game theory, where continuous adapt
success.

However, there are some challenges- for R
LB. Firstly, swhitlee Rlo idetwelmi ni ng di scr e

PBEB processes-deméasisesnal hdomti nuous s p

parameter combinations, rendering evalua

i mmedi at e rewards can be assessed t hro

\Y

e
ch
nu
e

X
ho
pr

De
op

aluating t he cumul ati ve I mpact of ac
all enging due to intricate interactio
mber of training sampl es-i ntwdhn ihvearteo ba
peri mentally. Si mul ations are often u:
wever, they may f ail to fully represe
actical applicability of the control p¢
spite the challedfh®BedorRIdefe®ecusendti gatP

ti mi sattioon | n@gdalsec eand|[ FQhGrliomarsied a dyn
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control met hod capable of adjusting proc

This met hod, based on deep RL, was trai
Mal i k[ 27e7/nppll.oyed RL within the dif4Btal to\
to optimise process parameters, with the
physdsdiassed model was i mplemented to simula
parameters, and a classification algorit/|
Was mer [ d2wthill.i sed reinforcemamtcelssararcionug
data to classify part gual ity into threece
The acoustic data was coll ected during
components at three distinct | aser speed

accuracies ranging with a corresponding

I n order to reduce the porosity format:i
parameters.[ 2KKiBgak|l epecla dynamic control
process parameters t o i ncrease t he fab
empl oyed a CNN-machinedowttbaloni maging t
roughness of the powder bed. Subsequent|
optimise the process parameters based o

Mohamed [ 27®davle.l oped a parameter opti mi sa

porosity formation based on RL. The 71 ew
physindor med principle. The model wa s e
aluminium all oy sampl eLsB freabcrhii cnaet, e d d eursoinn
effective prediction capabilities.

The RL model i's also employed to optimis
anomal i es associated wi[ B Bpor]oapsoesre-disacgaamdnR Ln g

contr ol meEhagmldPs nf olfrsetehe | aser -EBanmheg j

RL mo d e | was trained using dat a from
characteristics, and its performance wa
experi ment al v & IBi dmaatcihoinn ean TdhePBFRsul ts d
mo d e | effectively reduces 1ne Bdle]vpeol oo p eidn haor
algorithm for t ool path generation base:
t her mal gradients. They demonstrated tha
gradients in both simulated and experi me.]
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Fi g238 Reinforcement [[2&0CIning (RL)

2. 5Light scattering

As di scuss&damah, 3Stelcte i medsur ement and mon
criticalB,i msPBRY microscale impurities i
of the final componentwhiAch i gt ucseend thtea r 1 |

empl apwedlet ect sur f alcBe liamypeurssi.t eebnib-quBFs

contact ,efdredctcost and it infersf 282 f ace
which can be critical for evaluating fabi
I n t he optical sur face topography i nst
interferometry and confocal mi croscopy,
coll ected, propagated through the optic
[ 283, 284h]le surface topography i s reconst
intensit¥8P.a28REne instrumenpsocesabdqghbal
assessment after fabrication is cloBnpl et e
machine, | ong measurement time and small
a | ight scattering -pecbasgueamecasssr esmarttabi
applied to measure surface roughness ar
[ 287, 2B8Wwever, full reconstruction of th:
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i s

-t

nmensive and challenging due to the

probl em. I n this thesis, a | ight scatte

mi croscal e sur facleB i snprufrade £s wiotnhoRIBF r e

reconstruction. The method involves il lu
source and capturing the reflected | ight
an intensity image on a screen. Variati o
changes I n t he sur face topography, pot
Similarly, this approach has been propos
guality of AM sampkatefeoeausmda®m8lanomat ges
Al t hough statistical met hods can be empl
may be | imited in their-l abedi tygtrtwct Wreeag
dat a | MLicoahmiaguessi aed wel t he rapid pro
of | arge datasets, facil i toaltviinogu st hree lIda tsico
ioften with mi ni mal or [nlo7 6dWhem a@mpnlao yni
unsupervised ML, the need for manual |l ab
the considerable time and effort typical
unsupeMlvi akedori thms were adopted in this
scattering patterns.

Given the |l arge data requirements of ML ,
scattering patterns. To generate such da
Sever al model s exi st for t his pur pose,
met hods. This section introduces the fu
foll owed by an overview of commonly wusec
ri gorous and approxi mat e Ampprwiaddleys . U A€
approxi mate @ampplkied in this thesis, its
end of the section.

2.5Madelling of |l ight scattering

The propagation of i ght t hrough di f fel
reflection, Famgd2BRpef rant iboen dlescri bed us |
el ectromagneRiigcQ4®@p28eRPs(sde explanation
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behaviour becomes more detailed from ray
di fficulty of undé¢r®0dnding it also incr

Transmission ! Refraction i Reflection
E E
N
N\
\
.
\
AN
A Y
Figax% The propagation of | ight during tr
Ray optics, al so known as geometric opt
perspective for describing |ight and its
because many of the phenomena it expl ai |

principles governing the propagation of

Her o00s principle, Fermat 290 .p2Rlnlgi mlpd ,i c a
particularly usef ul for designing and z
i nvol ving beam alignment.

However, ray optics has certain |imitat:i
Il i ght is significantly smaller t han the

medi um it i[ 21 & rWhcetns twhiet hwavel engt h of | i

di mensions of the medi um, the wave natur
di ffraction and intgr2f92rilemceyuycihecames, arp
which models 1 ight as a scalar waves, p

l'ight pifa@ag&dati on

At a more advanced l evel, el ectromagnet
el ectromagnetic wave consisting of osci l
These two fields are perpendicul ar to ea
[ 289] El ectromagnetic wave theory offers
compared to ray theory of | ight by accou
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el ectromagnetic field, thereby providing

in complex medi a.

Quantum optics

Electromagnetic optics
Wave optics

Ray optics

Fi g4 0 Optical theories describing |light
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evolving from ray optics to quan

mi ssion refers to the p2épRgdtriacn i o
e bending of Il i ght as [i2t8 9fRaesfsleesc tfiro
ves a change in the direggBéiThef I
sses of transmission, reflection, a

ti ngnafttem liingrtracti ons [a2t891he& aseb mi

the surface is rough, the iacident
menon known as scattering or diffus:
urface topography, materi al propert
, i ncluding the angle of i ncidence,
eri hpbgo9oaWwWhénghte properties of t he
rties are fixed, the scattering dep
ered l i ght contains information ab
sfeasdiion

ce topography measuring instruments
al system and subsequently apply s

red data to gene2&3knt héi siumehgisregt o

d is i ntroduced to evaluate surface
rn, wi thout the need to reconstruct
exity, cost , and time associated w

ing a more efficient alternative f ol
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When a surface is illuminated by a | ight

the surface. Under a fixed illumination
I's influenced by FihegQ4sh 2f8&09c & 9@ ¢ g dhger aspuhryf
optically flat, the |ight scatters pri ma
surface with a smal.l amount of height \
However, a small fraction of the inciden
di ffuse reflection, deviating from the p
surface I mpurities causing significant

predominant than the specular reflection
the specul ar component of reflected 1|ig
componehtrijgRB4)k. t he propagation of l i ght
which are perpendicular to the wavefront:

Fi g24l a) Specular reflection, b) specul ¢

reflection dominant with protrusi

The propagation of | ight, t hat I s, el ect
medium is governed pbpb¥92MErwmb]| asekdqgqbat Ja
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Maxwel | in 1861, these equations Torm th
determine the total el ectromagnetic fi el
scattering, biyt a ssunrefcaecsesary to sol ve Max
ri gorous or approxi mat e met hods, empl o
approfazh®z.s2%9bé¢se methods include:

anal ytical approxi mate met hods

numer i cal ri gorous met hods

T numerical approxi mate met hods
Notably, there is no analytical ri gorous
probl em, particularly for strongly rought
strongly rough surfaces, the total field
at ot her | ocations (a phenonena]Skal wn
i nterdependencies render an analytical s

2. 5Rlgbtrous approaches

Ri gorous model s ar e capabl e of accur at

simplifying assumptions, even [I78 XI[Ekinar i
applies to surfaces with high sl ope angl
Among the principal ri gorous numeri cal a

(FEMRO97, 298hite ddiofniacirne n[cEDB®I)mgor ous ¢ o0
wave anal y[s3G0 e REMWMAKknown as Fourier moda
boundary el ement30M@eadsdd oaBIEIMd as moment
( MoM)30O4]Each method possesses distinct

respect to various applications. The FEM
scattering probl emg 306dm a@arpleerxe ss ttrhu cst W
di fferenti al equations wusing boundary <co
t he domai n|[ d05]Howveves: t he computati ona
significantly when small er mesh [s3i0z6el]s ar
FEM is highly accurate and offers consi ¢
compl ex g[e3o0nve]lt r i eas been applieeriodbot |
structures for mpod8ea8 |]agnddg | i sf psaaatitceurliamrd y
addressing monochrom®©i7¢c 29834t tering probl
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TheDTD met hod, on the other hand, di scr e
time domain expres$8dOjTm dadichfi eventsiudlf i fcc
FDTD often requires fi nset epessh Hpmwieder and
meshes andstsempasl Ic atni heead to I h8iLePeegi ten
t his, FDIDi t sd wledéd model |l ing systems wit
[ 299]

The RCWA met hod provides an effective
i nhomogeneocplsanaanrd snueraff@8ddd , SOM g dtsurwisdel y
model | i ng di ffraction efficiefhd@0&6s 3ba]d
RCWA employs a staircase ap[p¥o&xTmat menh d

i's |l ess efficient fo[r30MiJligm | vyercmsnpbé&éx cge
Speed, RCWA is generally faster [t3h0a6n] FEM
Finally, the BEM utilises the integral f¢
probl ems. This approach is typically fas

di fferential equations [0o3n02y, 3a0l30jng t he sul

2. 5AppRoxi mate approaches

I n order to predict the scattered |ight
as overhangs, rigorous models rather tha
because they take into account multiple

solutions for scattering from any sur f
approxi mati ons. Neverthel ess, certain ri
results for specifi&8l3]Pempitteesherr mptec
model s are generally more complex and ¢
approxi mate models, while neglecting phe
the advantages of simplicit[y296ndhigy esad cetri

provides a gener al overview of the commol

Perturbative approach

The vector perturbation -Rtiltteortyh e oalys o pk o
approxi mate analytical solution for [1igh

[ 314Due to the smal/l surface height wvari

8 3



scattered away from the specular directi
that the scattered field can be expresse
i n powers of the surface profile.-The m
measnquar e height of the surface is smal.l

' ight. Al tRoweh thaeywlrggi gls one of the ol de

perturbation met hods, numer ous ot her p
devel oped to describe | ight [S3clebtlMesti ngf f
these perturbation theories are derived
valid when the sur[f3alc3e] i s weakly scatter]
Numeri cal approaches

There exi st numeri cal solutions to the r
perturbative nor rigorously derived. The
solve scattering problems for | arger S ul
me mory resources t o t hose of ri gorous
applicability depends on the validity of

met hods <cannot address scattering from

surfaces that cannot be resolved using p

Born and Rytov

The Bornonfaoer FBorsn) and Rytov approxi mat

utilised approaches for sol ving Il i ght ¢
refractive i ndex variation is smal/l. The
when the scattering potenti al i's weak wh
[ 292]Il n this model , the total electric f
el ectfi2O 6fli el d

The Rytov approximation, in contrast to
probl ems involving | onger pf 8P apBaottiho nt hpee

Bor and Rytov approximationgd 2®&r2ewivtahl itdh el

=]

Bor

=]

approximati on being mor e effective

approximation being b¢tBtlé&Tos wietdaucc ef acro mpa

8 4
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mpl exity, a cylindrical surface is rec

ane surfaces are sugggstléd for the Ryt
ckmdinnchhoff (BK)
e BK whadcerl i s used in this isgsudyetof mto

st widely used approxi mate me285d2894Dp

der the assumption that multiple scatt

e scattering process as a |inear filte
rfi@a8&This filtering process [ &d8@a)aar act
pends on the optical system and il |l um
mplifications, the BK model reduces th

|l ving the scattering probl em.

e BK model has the capability to si mul
rger height wvariations compared to oth
96 However, the model assumes the surfa
e BK model i's sub[j2xa] nol wekirnai a comgt
flection coefficient across the range
d multiple scattering effects[,283]d di si

.5TReory of the BK |ight scattering mod:
is section outlines the derivation of
eory. Mo s t derivation steps have been
vel oped wi t hin t his t hesi s; however,

fer[e2mMBc3eg .86, 31 7]

deemBeor n approxi mation for iipciaddncpeo swsiit
attered wave wWedtearmi ned pby¥wmhhehEwasl d v

1,7, and, in a Cartgégsvanvoownd®leasce fnP$E

ssrong scattering occurs when EwhBiduwect o

242 Il lustrates the scatterin® @an®ight f
represent the incident, scatt,eamdd and t
O O.
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E((r)

e

Fig242 Schematic representation of sceze

T i Fi g242%2s the outward surface normal and

(N R (2.3)
I 1S

for el astdiv¢ S¢ &tk i'BAigs the wavaeinsu mblee a
il Il uminati,ngaqwdEv &l engt h
The scattered fi(eil glaafp, omtda emd dirurh, el d ca
as

Ol Qi — (24)
whi ch shows that the scattered field beh:

P

Fi g24 3% Obser vRits odi ptoamtt from-t.he scatt

I n B4, Q-ysrepresents the scattering ampl
under t he 2B&s]t heory
8 6



w h

as

w h

ho
f u

t h

as

w h

Q¢ 0 TQERI (2.6)

gD

eelis the foil mod el rled8a6njsle n tsa teixqpmr e®

O T Yo'l dih (2.5)
eliies a 1D Dirac delta functdiiohn otfhaat f o
mogeneous materi al as a ¢tulnict i@ansmdditr
ncEg@mMs hows that the scattered field is
e foil model . With[2902)t BEwakdatpberagda
written as a filtering operation appl

o ES o \ v 6
Q ¢ %O g€ 00 £h 2.7)

ePeis the Fourier tr.&n&hfioirdme oEwalhdke o mhd

which can be expressed by a 1D Dirac del

0 ER; 1 X g (2.8)

When the integral t heorem of Hel mholt z a
can be defined HKisr ahmafrff@asc ebawnndagrryalcondi
to solve this probl em. The first conditi
the incident and reflected field:

Ol p YO, (2.9)
wheRies rtehfel ecti oMnd bredf mali e doefr i tvlmitd vieound
condcanobhe expressed as:

T 3 N~ ™

— ©.3J p YOI, (2171
wheiries nor mal to the surface.
Up to this point, the equations demonstr .
the total field and the scattered field,
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field. The intensity observed on the scr

amplitude of thiasanscabnebedeapeessied faisel
0 Q 7. (21}

The dedeliotpreids st udtyh ec ail ctud mstietsy vi ewed
accor daimikqgg23wadltlh Gi ven t hat the scatterin
nomransparent, the oovehemredhérietdl psoell
the projection of the scattered field fr
the field distribution over the Thim sphe
projection is based on the -soaftftguragi gtk
described in Chapter 5, where further d

provi ded.

2. 6Summar y

Thi s chapter has provided a comprehensi
knowl edge colnB eaddintgi vPeBFmanuf acturi ng, W |
on mi croscal e s usriftauc e mei anspuurrei nheinets , t eicnh n o
met hods for fabrication quality-LBs$%esame
promising technique for fabricating compl|
it -swvelted for critical applications in t
sectors. Neverthel ess, the technique is
surface anomali es due to i ts compl ex t

numerous interdependent parameters, and |

The chapter began by outlining the princ
PBEB as a widely adopted met al AM met hoo
advantsaugcens as design freedoimmamadd| mat eat ia
i ncluding hprgohc essstn,g pegtui rement s, and

critically examined. Particular flLRB,us wa:
categorised i nto | aser, sedraniedg ,f agowd s
par ameters govern me | t pool formati on,

i ntegrity and performance of the fabricat

8 8



Foll owing this, the chapter examined the
i mplications of wvarious microscale surfa
bal ling, Sspatrteelrat ednddefecoast erl t wa s d e
I mpurciatni essi gni fi cantly degrade mechanical
and fatigue |ife, whil e also acting as i
The | iterature review illustrated -that d
LB remains susceptible 40n¢adesenaaodape
powder inconsistencies, and environment al
of each | ayer plays a critical role in
reinforcing thwi secesfseéedcTyh avoenfi draagie mghi s t
tadevel op a qualittyaregveatliunagt i om dnet dotd mi

I mpurities.

I n addressing the | ismittuatiinosnpse cotfi ocno nnveetnhtc

transitiormedpt horawiidm afeasor ement t echn

met hods aim to detect defects in real ti
fl aws become embedded. The review encomp
visible imaging, t her mal sensing, el ect |

fringe projection an-tho crothed esengarag, n@ahn
sensing. Each method was evalwuated in te
detection accuracy, and practical i mi t a
among the most mature and widely adopte
projection and cohedeménsiinoangailn gi nosfifgehrt s

topography, albeit with increased compl e

| mportantl vy, t he i ntegration of mul tipl

promi sing avenue for enhanci-saagnderf exy s tde

can mitigate the | imitations of individu
However, chall enges remai n i n dat a re
computational efficiency, particularly i
varying materi al s, geomet rOmree, ofmaitlh enac h

l i mitations of t he me t & @ & bti d e vegltroapte d I i

i mpurities at the microscasliet.u Tdheitse ctthi eosni
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t hat

such

i s-efbfoe it icwestand suffi-ci maetmpnraerdn

i mpurities.

The chapter also reviews ML -dalngeonrsiitomnas u

situ

l ogi s

sensor dapart iMdluladrgloy i ¢ thpnesr vi sed mo

ti cchmegr elesnomstrated consi derable p

nombvi ous defect pat t-eumpear.vilbresdupearwd se e,

| earn
under
such

di ffe
I mpl e

I mpur

parti
appro
appro
contr
speci
bet we
moder
si mul

consu

Il n su
mad e
remai
sol ut
techn
syste
stage

syste

i ng techniques further broaden the
uncertain or dynamically <changing
as data | abelling, training dat ase
rent syst ems continue t o present

mefdhasi oonh.esi s aims to develfoopr mac!
ity, ded etheer methods are <capable

sional dat &, ttuheaeregdbeycteamanhl i ng i n

@aH pmoteessre nt s an overvi ew caft ttelivée himo dhe |

cul ar focus BK model . In the I|itera
X1 mat e, have been developed to add
aches of fer high |l evel s of accurac
ast, approxi mate methods, including
fic conditions. Notabl vy, the®f BK mo
en computational efficiency and ac

ate GiowgrmnebBe. advantages oafi mshe BK
ate scattering patterns using the 1

ming data coll ection.

mmary, the chapter has highlighted
I n detecting and under stlaBh,di nige rnei ¢
ns a pressing need-t i me debest, meui
i ons. A  mul tiicdoinsbciinpilnign apiryo caepspsr o@arc di
ol ogy, ainids deastsae nanallyttiocsdevel op i nt
ms that are both accurate and pract
for future research 4diooectfeadbr atc at

ms aligned with the broader objecti:
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As a comel wmsimom,f tthis thesis is to devel
of detecting microscale iIimpurities, i ncl
detection accuracy of at | east 90 %, whi |
r etaill me det ecdfifoenctiinvea ncaomnsnter .
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3. Sur famakysi sL BeaafmpH BFs

As di scuss@2dike ns Brefcadeonqual i tLtyB aofane gpd eyl
cruci al rol e i n determining a partos 0
i mpurwhtirch$ er to protrusions or recesses,

a suchmacedecrease the qudSleictty omf 2t IRe afl aslor

t hat these iIimpurities are either direct|
associated, as t hey may contribute t o
i mperfections, thereby further .compromi si

I n this -lsB usdaymp IPeBsF wer e fabricated with t
i mpurities formed on the topsistuu fianctee gursait
Prior to detection foll owi ng-maarutf afcd urr ied
components was examinesiior @ddh@lsutcih@amp ttegct
scanning el ectron mi croscopy ( SEM) , i n
i mpurities preskenst ahppies dearpasei bl e ef
t heiscepuront itese surface and f3aliriesanitsnt g

details of the fabricationsomethedsampl e:

The formation of the microscale surface
processing parameters empl oyed3.&aandi 8g f al
explores the effects of these parameters

and | ayer thickness on the microscale s
defects such as spatter, aggl omerati on,
anomal i es.

The parts analysed have been fabidBcated
machine and the analysis has been done b
described in this chapter [hZav®] been pres:

3. 1Fkabrication of the sampl es

The specimens were fabricaFied®@iaeh &r eam mp
Ti 6 Al 4V all oy using RBi RElbé¢ sERBRF MRemAMeS500
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RenAM 500Q f elagdsugeresscaanfnrainrg system t hat
continuous -wiad/teh omo dowll ssteed modes. Each |
(1070 N 10) nm, with a beam diameter of
machine's build volume is (25 I 25 1 35)
parameter s: hatch spacing, exposure ti me
points. Further details[aboput the machi ni

Ti 6Al 4V is a titanium alloy that is wide
high strength, good fabricability, excel
heat treatment {82dRiitmMosghpi 6pevatsi @3 i gi
aerospace, its outstanding mechanical pr
suitable for med8R2pdi vappltihceastei oamdv ant age
selected for fabricating and analysing t|

RENISHAW
RenAM 500Q

LT

11 12 13 14
Units in cm

Fi g3l eaf) aBbesi ccaBes ®BfpFl e, b) -RBnABMcBEDAO® P
[ 320]

The samples were manufactured Tasbltm a r a
The 3D enewage/aldceunlsaittefElqls Tmg ¢ dleecti on o
parameters was based on -LrBe cnoantnhei nndea t mhaonnusf a

and findings from the | iterature. Certa
deviate significantly from the opti mal %
surface quality.
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Tab3lle Ranges of the process paramet e

Laser powScan sp Layer t 3D Ener gy
/I W /It s [ Om /3% mm

12870 1.-20.0 30, 60 430

3. 2Analysis of the microscale surf a

I n this section, a microscale surface ar

all oy speci mensLBpr cSdurdeactc evicehaRBFEt eri stic

an FEI XL30 at the Nanoscale and Microsc
o f Nottingham. To preserve the true sur:
altering microscale features, no coati ng

mi croscal e f elad iulrte s s wmf atchees anser e examine
i mplications for fabrication quality we
abnor mal s ufref aatcuer e sni cweor e identi fied, a

mechani sms were proposed.

3.2Spatter particles

SpatterkinggB2(feoee exampl es) I's a cenBmon ph
processes and is generally wundesirable d
Both the | iteRgPRurned (tsheee SFEevc tainoanl yses pr
identify wvarious types of spatters. The
partially melted powders (those | ocated
(ejected from the | iquid mel't pool ). T h
attributed to the interaction be9weea]th
During the melting process, the recoil p
powders. Once these powders | and on the
I n cases of insufficient power, some powil

formation of partial By Wihneint ecdarpowdeéry sned

form between two narrow mel t tracks, t he

94



Additionally, recoil pressure can eject

upon |l anding on the solidi{ibbBedO8S8brface,
ENon sintered powdcrliil y/ Partially melted
7 f 4 ; particle -
X ' £ >
Q) A

\.,/50 pm
Partially melted

O

y ,

Fi g32 e SEM i mages of -mameal ftacg-uBersifadd@d-esf, .

showing spattering.

Powder spatters and droplet spatters oft
mel ted powders are distinct i n appear anc
formations can increase surface roughne
properties of the7.maWhidmcd patetders apnpr teisc | €
fail to melt completely, they can act as
prematuf &0f &ai6llur e

3.2A8gl omerati on

When partially melted powders adhere to
partially melted, they can fd&drinmgad®ggl ome

Research indicates that aggl omerati on oc
spacing i[s323Mplotylkedr i nteraction between
and the | aser can result i n t[Be 4fTohremat i
substanti al aggregation of materi al may
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i ncompl et e mel ting. Additionally, t he a

increased surface roughness similar to t|

Agglomerated and ]

partially melted particls Adhered particles

Fi g3 e SEM i mages of -mameal ftacg-uBersifadd@d-esf, .
showing aggl omerati on.

3.2B@dl ge

As observed in the F$BM4iemaid egse sp raersee nftoerdne

materi al bet ween the weld tracks. A poss
bul ges is insufficient melting at the ed
as | ow energy density or the remelting o

tracks may contribute to this phenomenon.

A |l ower scanning speed combined with hig
the weld track and the overlap area betw
the formation of bulges. Conversely, a h
the number of bul ges. Bul ges have a sim

aggl omeration as they have similar char a:

Fi g34 e SEM i mages of -mameal ftacg-uBersifadd@d-est, .
Sshowing bul ges.
96



3.2Hdl es and gaps

Large hol es RingBbpamps i Maekel y form betwe
predominantly due to insufficient | aser
adequately melt the powder along the mel
narrower melt tracks fail to merge effec

gaps between them.

Addi tionally, | arger hatch spacing, whi c

can al so contribute to the occurrence of

Anot her potenti al cause arises during th

of the surface may become devoid of powd

beam and the surface. The reduced availa
an insufficient guantity of ' i qui d met a
bet ween the melt tracks, thereby resulti.

Fi g3 e SEM i mages of -mamea ftacg-uBersfad@d-esf, .
showing holes and gaps.

Surface gaps and holes can |l ead to the f.
subsequent | ayelrBs.c oPoproonseinttys icnanPBaFdv er s el
propéarstuicdeas as ductility, fati ghe reducsciag
t he ef f ebcetairviengl caardea and provi[d8hlgThsei t es
severity of these effects i s i nfluenced
di stribution, and morphol ogy of the por
previous studies have indicated that a
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i mpact on mec hari8cldglBepentl ormeacnhcaeni c al C
porosity can also compromise <coOorrosion

| ocated at or near the surface,[ 8&8] they |

3. 2M&rangoni fl ow

The oxygen content in the surrounding el
|l ocally altef323njSuabel beasieersd variati on
reverse the direction of Marangoni fl ow,
the formation of Fiisgl8&nedAsd,diatsi oinlallu syt,r atheeds
i n surface tension may compromise the st

wetting and spreading behaviour of the ||
3.2Sa6rface Pit
When ejected molten materi al solidifies

when a powder particle |l ands on the pow:
protrusion is f[®dOmMMdt eni aheaggl bmeeati on

transfer can also |l ead to the formation
the | ayer thickness may be removed by th
process, | eFa vgiB@)oge opni ttsh e ssewer f ac e. I f t hese
be rectified by subsequent |l ayer s. How
potentially causing defects in both the

Reversed
arangoni flo

Fi g3 e SEM i mages of -mameal ftaccg-uBersifaadd@d-esf,
showing the surface pit and revers
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3.2Udknown features

This section introduces <certain microsca
the and pf8&8%tepAtdedd ti1 onall vy, it outlines
responsible for the f or naB i some coifmetnhse seex hf

these features were producedTadd2eg t he p

Tab32e Process parameters of the ance

Prof Laser Scan slLayer 3D Energ:
name/ W m s thickne/ J3 mm
530 145 1.25 30 59. 49

6-3 0 220 1.25 30 90. 26
660 370 1.5 60 63.29

Fi gB7#iel l ustrates fHsSwapeypéseaovoturesunavhi ch v

rippleso ahidkdekpdtosi emm. The f eaRiuguerse of
3.7a) are similar to the ripples on the w
circul ar shape and some particles in th
formed nearby appears to be influenced b

the ripples on the weld tracks were forn
whil st the ripple structures were pusheq
ripples may be caused by pores that esca

the circular ripples were observed on all

For the-ldaxpl ofseiactnu rFei,g Ba@bse sah odwnnami ¢ i mpac
the cause of IiIts formation as it seems t
bel ow, and the upper | ayer was therefore

contains some debri s.
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FigB3Znea) Circul ar -riilpelfesat br)e Expl c

Fi gB3e shows a feature that has a pentagoc
to those of the ci#fddwklearf eraitpuplesss drud ewig
shape. |t can be observed that t here ar
col I-laipksee centre. These dendritic structu
[ 326]probably haviindhet henpaame otapaesgs i cl e
the surface or solidifying the melt pool
di stinction at the-sbkbdpgpedafeatworfe,t hwehipemt

this feature was formed due to cracking

may have hit the solidified surface aftel
Fi gB8e shows one partially melted or buri
border of two adjacent scan | ines. What
i's that it has many small shiny flecks
particle while the spatter was airborne

the surface.

The sampl e wi-ltihkda hfee aetxprishsaipodmie fpeeanttuargeo na |
adhered particle were6manwhachuhad wheht
power val ue among t he t hree profil es.

responsi ble for the formation of these f
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Fi g3& ea) Psemapaegdonf eature, b) FIl eck ad

Fi gB%e shows an area with dar kim#dblkei ngs
shows a particlelisiermanedeidalby PphHhasne t wo
from the same sampl e. The sample having
prof-30e Bhe formation of tkkardamukdear kiam
may be related to the high 3D energy den:

Fi g3 ea) Half dirty haluff roluemalre ds prafrd ¢ &

Fig8Xx® shows dark spots whsbhpadel f ne me a

width is about 30 Om to 50 Om. It seems
zi gghgped |l ine and the | aser scan tracks:s
mat erial defect mayshapedel icmamse of the .

Fi g showshasped kf eat ur es Ishagpteadd srtagairct
Similar str ucsghiapeed tfoe atthuer e$t3i2aArde nraenpeodr t
Aneddlremed precipitateso. They were cl ai |

guality of the parts.
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The sample thahapad Itikselr azmeydk afge a tclkkr e s  wa ¢
using 8M0of Allkel® olfad et lbe | owest | aser powe

It may be the cause of these features.

tick shape features

Fi g3lrte a) -Zhgmred def esthalpieme f ela} uteisc |

As showngBitfe there i s a | arge dark mar k
about 100 Om. A powder spreading error o

be the cause of this feature.

Fi gBlrle a) SEM i mage of a bl ack mark, b)
3.3l.nvestigating t he ef fect of prc

mor phol ogy

Additive manufacturimBg apreodheghdey seanlsids

par ameter s, whi ch can influence t he qu
component s. Al t hough there are s-bbBe pro
fabricati on, it may not be possible to f
materi al and geometry. Among the proces:
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and | ayer thickness play significant rol

mor phol ogy, and defect formation. This s¢
parameters on surface quality, particul a
track uniformity. By evaluating the top
i magi ng, i nsights i nto how each par amet

characteristics are obtained.

The findings further shows that small de
the microscal ewhsiuohdacmeemi mput hei esirface q
the microscale surface features need to

fabrication to assess the fabrication qu:

3.3L4dser power and energy density

I n the initial set of experiments, t he ¢
| aser power , while al/l ot her FprgdBda@&ss pa
presents SEM i mages of the fabricated s

parameter Jad3BeaThedl aywer thickness and sc
at O30 andnsl1 .25 respectively. The | aer po\
14W, andaV, 1Zdrresponding t o 3DJmm,er gy (
59 .Jn%, andlmdd . X3 spectively.

The SEM iFmag@das eivre a l t hat , as the | aser
decrease ( £3r0o B Op rBonfd |seusb s30g uy e rt thley utnd fd r mi
weld tracks progressively deteriorates.

observed on the surfaces remains relati v

Tab33e Process parametEBr glo2d sampl es

Profi | oo, IOOLelyer trSc_fln «3D Energy
name / Om / 18 [3mm3

1-30 170 69. 74

530 145 30 1.25 59. 49

4-3 0 120 49. 23
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Fi g3r2z SEM i mages of top surfaces fabric

3.3S2anning speed

The second set of samples was manufactur
mai ntaining al/|l ot her parameters, such a
Tab3d4e or the process parameters). The pu
examine the effect of scanning speed on
i Fi gBIr3x the number of spattered particles
fromms .10 me 1. &mgd T72.. OAddi ti onal |l vy, the wu

tracks deteriorates with an increase in

Tab3de Process paramet EBr g8l sampl es

Profi Laser Layer Scan sp3D Energy d
name power thickne/ mt [ hmd

160 1.0 82.05

26 0 320 6 0 1.5 54.70

360 2.0 41. 07




Fi g3r3 SEM i mages of top surfaces fabric
speeds.

3.3L3@yer thickness

FigBr4 | |l ustrates two samples fabricated
1.nbs T, but wi t h di ffering | aser power s
fabricated weQ,h hdhe @Pprlodider 21l ayer thick
(s€&bld5, exhibits a significant amount of
suggests that the occurrence of spatterd:i
but also by other parameters. The subst a
l i kely attributable to the increased | ay

produces smoother surfaces.

Tab3be Process parametEBr g8lod sampl es

Prof il Layer tFrScan 3D Energy
name Laser pc,am / rat Jmm?
230 170 30 58. 12
1.5
260 320 60 54.70
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Fi g3lrde SEM i mages of top surfaces fabric:
| ayer thicknesses.

The experiment al observations <clearly de
scanning speed, and | ayer thickness h a

mor phol ogy ipmrRBEFE A reduction in | aser p

poorer weld track wuniformity, while 1inc
hi gher presence of spatter. Further mor
spattering effects, even when compensate

hi ghlight the need for a balanced opt i mi
surface defects and i mprove the overall

manufactured parts.

3. 4Summary

One hoef sabifm t his thesis is to develop a
i mpurities f or aeBd pdruorciensgs .t hFer i RBF t o devi
PBEB sampl es wer e fabricated under a r
subsequently subjected to microscale sul
findings of that analysis, the primary o
i mpuriti esr asssdlnwt iaonhitgehchni que, SEM, as :
detection method.

Additiemalbhy, pseviously unreported surfa
their potential formation mechani sms wer
mi croscale features and the correspondin
Finally, the i mpact of such surface def e
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component s wa e metvad iuaitregl t he i mportance
understanding these features in order tao

PBEB manufacturing.
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41 mpurity detection

Sect2i.avi ews key microscale surface 1 mpu
di scusses their potential i mpact on surf.
on this, Chapter 3 presents amadneutfaa clteudr end
PBEB sampl es, highlighting the types of

effects on component quality. These sect
detecting such 1 mpurities, either -to ass
time indepowvemti @ainly including correctivVve
fabrication if the defects are critical

Al t hough the concept of detecting surfac
precisely defining what constitutes a de
I mpurmatyi ees t her be corrected in subsequen
t hemhenet hods f or detecting i mpur-LBi es d
comporfesmrtes 2e)8t ctcan broadly be classified
direct detection using fabrication dat a,
I ndirect met hods rely on correlations b
process oOsiugrhatawsr eascousdrcol becté@er chat i nagt t
These technigues establish a relationshi
known ground truth dat a, enabling i mpuri
focus on detectipgocenpuridbtas Bucocm ias i

topography measurements, without using c

Detection methods employ groersisng att @ac rsn
acou[s32&]i magykel |t hpBaAr] hei ¢ HtBdartaap. I n orde
det ect the impurities from the <collecte
approfazh@smage pr oc dq 3301Mlga lag ogrdi 2t ichicahemsb e

used.

This chapter presents two approaches de\

i mpurities through i mage processing and
approach, desdr ilbuetdi liilmeSeaticounst om | mage
i mpl emented in MATLAB to detect Mmi Cr 0s c ¢
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overall surface quality from SEM i mages.
the procedure for SEM i mage3 adasuitdiet ifmorcu
Chapit sr on the devel opment of i1 mpurity de
repeated here.

The second approach,2 owmtvloil ved itmhe Saaail g
topography dat a, in |ine with the overa
prioritises the detection of surface f e:
met hod includes acquiring surface topogr.
and evaluating the surfac 3p320lamdenat sf gde
di stinguish surfacAdst hexhgihb itthien gmeitmhpoudrsi tdie
study ar e applied of fline, t he i nvest.
I mpl ement@mrtamenss napmlications with furthe

4. ll.mpurity detection on SEM i mages
I n this section, a defect detection al goc

Il mage processing. The algorithm was devel
SEM i magelsBosurPiBFces to denecdorandeavaloe

as spatter s, bal ling, and ot her sur fac
nouwmni form objects within the i mage, cal c
proportion of the image pixels that thes:s

def ect coverage (referred t o as t he de

cl assiifeiid adnteiron Good Quality"™ or "Poor Qua
Here's a breakdown of the purpose and f ul
Read and Prepare the | mage

wD. T AYNBIFIROGAY LIz AYIF3ISE0T
L ' NHOHIANI@6wD. 0T
06 I AYOAYLFINRI SOLOT

The initial step involves | oading the im
The | oaded image subsequently converted
This enhances computati onal efficiency f

subsequently binarised with #Ai mbinari zeo
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by setting the values 0 and 1, respecti:
sel ect thhiegdyt®ll weaist rates the | oaded i mag

binarisation.

-
ot
—

Figaarea) The input image and b) the
Mor phol ogi cal Processing
This section of the code applies morphol
order to eliminate noise and enhance the
06 I' 06FNBI2LISYyo6o0s6Zp0T
aS I' aiNBfOURAA|IUZIYOT
60 I AYOf2aSoéosx asSoT
0 I AYUtfoopszUK2fSadoT
The first two | ines of this section rem
functoigdo NBEBH2IWIBYnoves §malwler oppijxeecitsss are sel
here based on the size of the 1 mpuriti

mpurities, morphol ogi cLaOfaRliadS#i wd alp skper

structuring alioeBearvti nrga ngeidx aftl s u s TobARY USt U rEc t |

ensures that all/l object s, such as hol es
become Fsiogulde)l.l ustr at es before and afte
operations to the binarised iomag\NSb2BySyad

and the diameter a&afidNBdieslk, richué asi sdapfe ©

can be deter mined.
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Fig4a2xea) The i mage before and b) after a

Boundary Extraction and Visualisation of
w. X[ 8 I 0602dzyRF NASaoo66>U4y2K2fSadqorT
F2NJ 1 I mYESy3adKse. o

02dzy R NBE T . 91YT

SYR
a0 Ga I NBIA2YLINRLIAG] ZU! NBIUOT

I NBlFa I 2ySaotSyaakKoe. 0ZzmoT

F2NJ {I'mYESy3aidKo. v

FNBFaolor aidlidaoloo! NBIFT

SYR

ddzy! NBFa I adzyol NBlFaoT

The f udnocstoizoday Rk NA&&a€Es the boundaries of

QD

each connected componefdthe( L) rsh tbepbhasn
through each boundary found and extract ¢
|l oop extracts the area of each detected
of all adayj &4 sigomputed by summFingédtde in

shows before and after applying the boun

Fi g4 ea) The i mage before applying the I
boundary extraction.
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Def ect Rati o Calcul ati on

wkz 6 08 I aAl SowD. 0T

¢20GFf! NBI I FFoT

I NBFwlka2 ' NRdzyRo&adzY! NBFake¢2irkt! NBFFmManno-

The | ast section of the code here determ
the defect ratio. |1t initiald2yilddlhdul at
mul tiplying its di mensions. It subsequen

covered by thed NBdiwdci2deed o@hij gichi sl i mage |
the segmenfeddd eeddhe idefect ratio is disfyg

i mage.
When the defect ratio is below 5%, t he
text) . Ot her wi se, it is "Poor Quality"

depending on the acceptable | Evglis of de

presents the results-qafaltihe-qalado miptoltra sfes |

Non-uniformity ratio: %1.85

Good quality

Fi g4 eThe result of surface impurity det
surfaces.
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4. 2Topography analysis

|l mage processing techniques, dudhr egqauitr lee
the careful selection of opti mal i mage ¢
detection accuracy. However, this select
tr-amdlr r or approach. Consequently, a syste
essential for the ef[fX3]i ve detection of
The pixel values in digital i mages repre
the i maging system; however, there iIs no

pi xel val ues and surface hei gshttajn@d&@aRgur e
defines a set of surface topography par
These parameters are geometrically based
manufacturing process and the mechani sms
an approach based on the analysis of sur

251 Z8metrics is deemed essenti al

Surface topography parameters derived fr
detailed information about wvariations in
the geometric stisvspeei éit ©ed&lIfloyhn [a30A4f]d et
Owi ng to-etshaibd i whleld use withiip3/aitwhfeayct u

of fer practical and intuitive means of ¢
are particularly valuable for identifyin
the resulting surface morphol ogy, and t

component .

Sever al studies in the Iliterature have
manufacturing quality|] 33F&ramexamplte,e Fends
bet ween surface height parameters and th
certain nanostructured][88Aiimendgst o Li dewi is
systematically select the most appropria

manufacturing processes.

I n this section, surface topographBy anal

samples to assess smpiiac&hgaalbrfgcasdwde

using the EyNgXo2 NeSxIViiems t r ulmema g mwii ft ihc & thieo n
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Foll owing data acquisition, surface anal

softwar e.

4. 2SLope angle distribution

Surface topography plays a critical rol e
and quality of component s. One paramet e
analysis isiahsosltepermaaedl ¢ios tarsi ktuntei ognr,a
provides a statistical representation of

2517[8332t he sl ope distribution is:

ARThe density functi eln ntiatlecdu lsautrefda cfer osnh otwhi
freqguencies against t hedxahgywe t bf rebpesct
zzax i sdiarnedct i on of thlfxe) syd mteip®lsa c lgaviaigi®.ednrt o m

The schematic repr epanitataroen si lllifgdaihrea tgerda

These gradients can Man@dl)cut aspdcubvaby:

| OAT — OAT —— (4.2)
I OAT —. (4.1)
Z Y
7 n
a
U
ny ..................
2
U X

Fi g445r e Schematic remgadesentation of

I n the context of iIimpurity detection, sl

for di stinguishing bet we e mp wruir ¢f uaealss regi
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protrusi onisandadh orsec eéeshsaes are uni f or m. Thi
sl ope angl e dilsB rmaruufi aontsu roefd PsBuF f ac e s,

and without observable iIimpurities. The o
sl ope characteristics can be used as r el
guantitative analysis usiFmn g 4.6)l@ u nsttaa tnissMaij
metrics such as mode, me an, and main sl
their potenti al for classifying surface
efforts.

5
4
X
S 3
&2
1
5 0
4 0 20 40 60 80
§ 3 Non-uniform surfaces Slope angle/
S
1
0
0 20 40 60

Slope angle/®

Ratio/%

(=R S A e

#“

40 60 80
Slope angle/®

(=]

20

Fi g4 eS|l ope angle distribution of select

topography measurements.

The sl ope m@merafl yrsined wsmest s of surface port
t hose withoRlitgd.7nemwullriigtdi8edse.pi ct the select
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portions alongside their respeEtga®res!| op:
provides graphs displ ayi ngnitfhoer nr essuurlftasc ef
focusing on mode, mean, and m#&i yga¥ial ues
has obempdarhel ope angl ef dt &6 er iubmu tbhing fmo ram d

surfaces extracted FfirgdihaenkhiegdBreed s showr
observed that the mode and main exhibit

bet ween these two metrics is evident for
i n surface classification. I n contrast,

compared to the mode and main, showing g
This is due to the absence of overl ap be
enabling the establishment of a threshol

nouwmni form surfaces.

No Mode/° Mean/° Main/°

1 2.5 7.06 2.61
2 1.5 6.57 1.61
3 2.5 7.28 2.41
4 1.5 6.26 1.61
5 3.5 5.97 3.01
6 2.5 7.33 2.61
7 1.5 6.99 2.01
8 3.5 6.59 3.82
9 L5 5.9 1.61
10 25 5.63 2.41
Fi g4 e Mode, mean and main values of sl o

uni form surface areas without i
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No Mode/° Mean/® Main/®

1 7.5 12.08 7.23
2 6.5 15.74 6.02
3 95 19.81 8.64
4 10.5 16.11 10.24
5 2.5 12.57 241
6 6.5 16.51 11.05
7 9.5 14.96 943
8 35 15.85 342
100 um 9 115 15.19 11.45
' ! 10 10.5 32.43 10.86
Fi g4& e Mod e, mean and main values of sl op
uni form surface areas with I mpt
Mode values of slope angle distribution Main values of slope angle distribution
14 14
12 12
25 10 & 10
g W og
g 6 2 6
=2 4 2 4
2 2
0 0
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Location Location
Uniform =#=Non-uniform Uniform =—@=Non-uniform
Mean values of slope angle distribution
35
30 F
. 25
%20
gli F
@ 10
5
0
1 2 3 4 5 6 7 8 9 10
Location
Uniform =—=Non-uniform
Fi g4 eThe graphs of mode, main and mean
Al t hough the slope angle distribution p
bet ween uni-imirfmoramds wmrofnac e s, it has <cert
the recorded slope angles may be constr
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objective Il ens. As a result, this method

detection, as its effectiveness is depen:
used.

4. 2AReal surface texture parameters comp:
Thi s section examines t he appliciati on

speci ftihmeaslel ydefi ned2 [i3n32F®0Ohe5eval uati on
classification of sulrB agresc epsrso.d uRa&rdt ibcyu It
given to three key paradatemaxi aaumt pmaki
Sp, and devel opedSdnt elrhfeascei ap a raarnmeeat err ast iw
identi fied by Re[d¥0&$d eafnfdecMulvbBanyndi cat

classification.
The definitions of -2h®3adnet mais:c$ of t omsl SO

U0 Saepresents the mean of the absolute

l i mi ted <Swraflaucee.c alnhase cal cul at ed
YO A G NOQ W (4.3)
wheoeepresents the value of the evaluatio

U Spepresents the | argesti mea&dheughace

0 Sdmepresents the ratio of the i-ncr eme
l i mited surface ové&duvdlhee evan ulae i ool au
t he e @Waatsi on

vai 2 p LWL T WD e @4
0 T w T w
I n this study, surfaces are categorised
mi croscal e 1 mpnurfiotrines ,i nodri cmdan ng their p
classification, threshold values were de
T a bdlle
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Tabdlle Threshold values for surface topo

surface types.

<Sg 2pym
Uniform

<Sp 4pum
surfaces

< Sdr, 15%

Figdit@resents representative eMampbem o
surfaces, together with their correspon.
il lustrated,dcwmpfrdrsm ngurpfra or@aexihliybiof snuerlft
texture parameters below theanidiedi medut ha
that contain microscale impurities displ
demonstrate that the selected parameters.
reliably <c¢classify surface qualitTyhisn a

approach willSebdéifmp| ofyedcliassi fication

pm

a) | . hm
80 80

E60 60 ¥ | 4

=40 40 40 4
20 201 = 2
0 0l O W— 0

um0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

Sa 0.32 um Sa 0.49 um Sa 0.76 um
Sp 1.15 pm Sp 1.32 um Sp 3.96 um
Sd16.83% Sdr11.43% Sd1 12.22%

b) Hm
80 I 801 100
60 60 80

g 60
40 40 1

- 40
2 - ] 20
" 0] AN N T .
umO0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Sa 13.05 um Sa 9.06 um Sa 14.47 um
Sp 27.61 um Sp 39.32 um Sp 41.28 um
Sdi1272.30% Sdi111.80% Sd1254.90%

Fi galrCe a) Uni foum amdmbgumbaces with the

surface texture parameters.
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4. 3Summar y

This chapter has presented an 1 nBestiga
manufactured componentbsas eampdnndybtag e dgrtanf
met hodol ogi es. Two distinct approaches v
i nvolved a custom i mage processing algor
the identification and quantification of
concept of a defect ratio as a practica
demonstrated its effectiveness in classi
based on the proportion of surface I mpur
i nsight i nto defect detection, a key lin

Il mage processing algorithamelrwhirclprowrersen |

The second approach focused on the anal.
t hrough t he CSi i nstrument . I nitially,
i ntroduced as a quantitative tool t o de
bet ween unid{orfrmomamdr ea@ginons based on st a
surface inclination. However, as previo
constrained in its effectiveness due to
aperture of the objective | ens. Finally,
par ame3aSps &Srddas defined-2i,bntloSAi25T7T&nti a
surfaces with and without mi croscale i m

when wused with appropriate threshold va

classify surface quality in a quantitati:
The SEM met hod i-pr oiods s ue v albu &t ifonm, ias tt
fully fabricated before measurement s c
topography measur ement using a CSI- instr
process assessment . Neverthel ess, this t

the devel oppmercte saef momiitror i ng met hod.

One hoef ptsopogsdis thesis is to develop a
i mpurities thatLBrprsecasug.i nign tdired BFt o i ¢
it is first necessary toofestthaeb l.i mfluiras t g u

chapter evaluates two approaches to achi
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second approach based on surface texture

the classification of surf aces.
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5.Devel opmeenxtp eorfi Imiehgegh 8|l scatterin

Whil e v-artausmet hods show potenti al for d
PBEB, their applicability in tindesdatal.i
of t en coll ected, but d eptreoccteisosn dtuyepi ¢ @ |
computati onal demadds. t Pethoec@gttisomgddli anes
hinder I mpl emeinmheat f eadmasc kr eayyst ems.t uMor e
measur ement and monitor iSreg t2Zmedrehca ®so dc an |

highlights microscale surface Iimpurities
affect part guality. Howsveémnu, meethedtsi ogne
declines for features below 100 Om mostl
i ndustri al solution must consistently d
including those smaller than 100 Om. I n

s acomotmct , feddticiamd sgst em, and can i
[ 159has been developed to meet these req
Thi s chapter presepési httegshiagd n ssnegtt it elrd n g
moni t ordentgecatnidon of mi cr doaanea -OBT HHRaBcFe i 1

chapter also introduces a microscopy uni
into the scattering setup. This wunit fac
aids in aligning the beam within weld tr:

I n addition to setting the experiment al

pol arisation and neutr al density filter
analysing and comparing scattering patte
the systemdés effectiveness in different.i
These findings demonstrate the potenti al

i mpurity deltRBcmamumf aant PBIFng.

5. 1Experi ment al |l i ght scattering se

I n the |ight ¢scagbbher iangiodteupd a(seae wi t h a

of ®@5and a beammdi ameteemplofyedtl. T o il [ ur

surface. To reduce the beam sizemm a sconyv

pl aced between the | aser source and the
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the surfaomen,i s esaitl ttiamg80 n a bearmM@mdiadamet e
the surface. This configuration ensures

track.

Tabblle Lens specifications.

Lens Shape PlaneConvex
Substrate Material N-BK7 (Grade A)
Focal lengthiim 75

Diameter/mm 50.8

Anti reflection coating 3501 700nm
Reflectancever Coating <0.5%

Index of Refraction 1.515

Surface Quality 40-20 ScratckDig
Focal Length Tolerance +1%

The |1 ight scattered from the surface for
VS1l), t hat i's specifiThet or etlhaet i iolnlsuniipn abt
scattered | ight and the illuminatAad surf

Ni kon O88®&m0a was wused to record this sca
(sEeegbhl)y@e@he | ocations and the positions o
Fi gbhltTehe specifications of thd&abd¥meTa@a anc
mi ni mise the effects of vi bration duri ng
triggered. Following the image capture ¢
cropped to extract the field of iIinterest.
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b)

Screen

Microscopy

Lens

Laser

Fi ghlt e a)

Experi ment al

Camera

schema.

T a b5l2.e

Camera specifications

Specifications

of

setup

ofc )t hiet 4 i gh

the camera andc

Screen specifications

Body type Compact SLR Size 150 mm x 150 mm
Max resolution/pixels 6000 x 4000 Thickness 3.0 mm
Effective pixels/megapixels 24 Material White Polystyrene

Sensor size/mm APS-C (23.5 x 15.6)

Sensor type CMOS

Minimum shutter speed/sec 30

Maximum shutter speed/sec 1/4000

Flash range/m 12.00(at 1ISO 100)

Continuous drive/fps 5.0

Exposure compensation +5 (at 1/3 EV steps)
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As s hofwving Gilae and b, the | ight scattering

mi croscopy uni-t to inspect the ill umina
assists I n aligning t he Fhbh @abflae)avm d hiim we
characterising the i1illuminated surfaces

(Ol ympus PLN 1071), an -ICBD dl iWhhtt eg ouwrideé (;
( EBCI5-MD) , a beam -BpbDiBt M), (ECMbDcuGBA-ng | en
ML), and a camera (DCCl1240C) for capturi.

with | aser can obsFdwrbdaesaurd alt)e, diemagd s 4
both with and without illumination to cl
Examples of impurities on the weld track:
magi Fi gbdbe ankdi glbdce and e il lustrate the su

map of wuniform wel d ItifiagBdse ssut haoae i mapye
obtained wusing the microscopy wunit, and
using the Zyga SlexfVaew NXBgography measur i
cCsl

o5382883 885

100 pm

Fi gbhZ ea) MicroscopiBc siumage eofwia hPBve |l d tr
by red dashed | ines, b) and c¢c) microsc:
i mpurities, respectwivteh yand )wiatnldo ef) ihmj

respectively
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5. 1Athalysis of the illumination beam

I n the proposed | ight scattering method,
cruci al for the detection of microscale
and experiment al measur ement of the 111
objective. The beam profile on the surtf
profiler, and the results were compared
section. Addi tionall vy, the beam size on

processing al glneiictrloms caoppel ii eha gtecs .

5.1Méadurement of the beam profile with
To analyse the beam profile and deter mi
experiment al measurements were carried o
seflea b33d or speci fications) . During the me

positioned at Fhgbhlmenhpkel|l hpsat henbeam pr
the surface plane, showing the measured
corresponding Gaussian fit. The average

pl ane was calcul at &&th.t o be approxi mately

TabSl3e Beam profiler specificatic

Wavelength Range/nm 200- 1100

Detector Material UV-Enhanced Si
Aperture Diameter/mm 9
Scan Methods Scanning Slits, Knife Edge
Slit Sizes/pm 5 and 25
Beam Diameter Range 2.5umi 9mm
The beam profile at the surface pFane wa

sof twarfFe g b.&e e The Gaussian beam di amet e
approxi nam,elwhio3h differs slightly from

possibly due to setup misalignments.
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Fi gbhX eBeam profile and the calcul ated Ga

beam profiler and, b) obtained by

5.1AhaPRPysis of the -bBRaswmpfrdded e on PBF

The-masuf act-uUBesam®MBlFe was secprelcy smomnt &
stages (XRNM23/aM)s in the experi ment al set
from various areas, the stages enabled c
xangaxes, ensuring precise alignment of
During the surface scanning;LBt sarlfaser wk
verified wusing images acquired by the mi
opsmurce | mage prFaoedsel nigl Isuosfttrwaatree .t he p

determining t he beam si ze at the surfa

greyscal e, generating a mask, and fittin
beam di amet®m, alpsearoveNdloduring verificati
As the | aser source remained stationary .

i ncidence was assumed to be constant dur |
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