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ABSTRACT

The additive manufacturing industry has undergone significant innovation and
advancement in thigeld of selective laser melting technology during the past decade. A
common concern ken fabricating parts usimgpwder bedusion, which is a form of selective
laser meltingis unintentional internal porosity. Unintentional porosity in a fabricated part can be
problematic lecause it can negatively impact badmechanical and heat trsfier properties.
When fabricatingomponentsising powder bed fusion there are many alterable process
parameters thatanaffectinternal porosity. ATi-6Al-4V padwith 25 rectangulafins rangingn
thicknessrom 300 to @ micronswasprinted using powdebed fusiorto testwhetherbuild
anglewith respecto therecoater bladaffectsinternal porosityThelaser scampatternfor each
uniquefin thickness wasot changeavhenprintedat angles of 0°, 30G0°, and 90° with respect
to the recoater blad®ata on &ser sposizeand corresponding masbol sizewerealso
analyzed for possib effects on internal porositidsing computerized tomography scanning
eachfinpads i nternal str uct ustractured sachduilgin washene d .
analyzedor internal defectsising acustombuilt MATLAB program. Analysisof the collected
defect datandicates that internal porositf thin-walled structuresan be decreased
substantiallyif fabricated using Eserscanpatternand spacinghat @usesnelt pooloverlapto
occur. Internal porosityf thin-walled structuress independentf fabrication angle with respect
to the recoater bladehen melt poobverlap occurs duringart constructiomnd isdependent on
fabrication angle witmespectad therecoatebladewhen melt pool overlap does not occur during

part constructionFurthermoreywhen melt pool overlagoes not occur during part fabrication
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internal porosity is most significamt partsprinted at 0° with respect to the recoater bladeéis

least significantn partsprinted at 90° with respect to the recoater blade
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Chapter 1

Introduction

Additive manufacturing (AM) is a termdhdescribes the building of a thrdenensional
object throughalayerby-layer deposition of a material. Some of thetenals currently being
researchdand fabricated with anmetak, polymers compositeandceramicdLi, 2016]. AM is
not a new technology, but it has experienced a peris@yoificantgrowth during the past
decaddLi, 2016]. One of the more recent iovations h AM is powder bed fusion (PBFRNhich
is a form of selective laser meltindy.description ofPBF follows after which pogtrocessing

techniquesnon-destructivecomputed tomographgvaluation, and part porosity are discussed.

1.1: Powder Bed Fusion Additive Manufacturing

PBF AM buildsathreedimensional objedayerby-layerby selectively melting metal
powder to form a solid mass. The powder contained in a build layer is melted using a high
intensity laser bearor electron beanThe laser ben spot sizes large in comparison to the
relative size of the metal powdearticlesyet small in comparison to the area of a build layer.

Figure 1 displays the layering and selective melting of metal powder during PBF.



«— Reference Line A

Laser
scanning Laser
direction beam Pre-placed

— powder bed

Laser melting

Seage Layer 6
Layer 5
Layer 4
Layer 3
Layer 2
Layer 1

Unmelted Powder in

Melted Previous Layers

Powder
Particles

Figure 1: Layering and selective meltingof metal powder during PBF[King, 2015.

Not all of the metal powder in a build layer is melted by the laser beam. Contained in

me

Figure 1 is a reference |Iine | abel edéANAdat Bai
single point. Along reference |ine O0AO6 the
pass from the | aser beam. Therefore, Layers

points within their respective layers, but alsoetibgr because they share a common boundary.
Layers 3 and 6 also share a common boundary with solidified Layers 4 and 5. However, because
Layers 3 and 6 were not melted by the laser beam, they are not physically connected to Layers 4
and 5 along referenceine 6 A6. The | aser beam that melts
with alterable parameters such as speed, intensity, and velocity.

A micro-view of a PBF layers shown in Figure 2 and details tinéeraction between the
metal powder and lasbeamduring printing More specificallyFigure 2 displays a single

powder layer that has reced/évo passedabeled Pass #1 an@$s #2, from the laseWhen

4
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metal powdercomes into ontact with the laser beatihis first melted, formingvhat is known as

amelt pool, and then cooled through convection and conduction to form a solidified mass. If the
melt pools of two laser passes oagreach othethenthey will becomea conjoined solidified

mass Theregion ofoverlapbetweerthe melt poobf Pass#1 ard Pass #2n Figure 2 is

highlighted The trough of theemtielliptical melt pooldrom Pass #1 andaBs #2 extenuhto

the previousbuild layer.PBF AM is able to produce thre&kmensionabbjects layeiby-layer
becausehetrough of the melpool in thetopmost layeextendsnto the precedindayer.

Extension of te melt pooltrough into the precedingyerallows build layers todidify with

one anothein an additive manne¥Whether or not the melt poof adjacentaser passes overlap

one another idependent ohatch spacing andser intensityHatch spacing is the distance that
separates laser passes measured from the center of the lasesissaen in Figure Raser scan

pattern is the pattine laser travels when selectively meltnegionsof a powder layer.

Laser
power

$ Solidified

~
0\(\%/
/D
S/ &
= Melt Pool
Hatch spacing
7 A i
/7

Pass #1 ! | Pass#2 | Layer
Powder bed | | > W

7

Preceding layers or substrate plate

Figure 2: Micro -view of two overlappingPBF laser passefYap, 2015]



A macroview of a PBF process illustratedin Figure 3. Figure 1 and 2 depicted
micro-views of PBFobject being fabricated. In FiguretBe object being fabricated is labeled
and locatedvith an arrow As per the iterative manufacturing method that is PBF, a new layer of
metal powder must be spread over the build area at the start ditelaldayer. Eaclpowder

layer is spread ovehebuild areausing a recoater blagehich is shownn Figure 3.

Scanner
system
Blade
Fabrication
riiend powdos e Object being
e
ey fabricated

system

LI

Powder
delivery Fabrication
piston piston

Figure 3: Macro-view of PBF processKing, 2015.

An important geometric characteristic regarding the recoater blade and object being
fabricated is the angle reiat to each other. Depending on how a paihg fabricated is

positioned on the build plate, the angle with respect to the recoatembladary.
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After the completion of aBF build the fabricated parts are typically stress relieved to

minimize any esidual internal stresses and then heat treated to ensure the parts are of the highest
quality possible. The pogirocessing techniques of stress relieving and heat treating are

discussed in the next section.

1.2: PostProcessing of PBF Components

After aPBF print job is omplete the fabricated partsanbe removed from the build
plate. Before the partseremoved, howevetheyshould undergo a relieving processedue
any residual streescontained withirthem Oncestresgelieved theabricated prts can be
removed from the build platnd theirlikelihood of eitherplastically yieldingor prematurely
failing while in serviceis considerablyess[Mercelis, 2006\Withers, 2007J. With the parts
removed from the build plate they can be hesdtedusing hot isostatic pressing reducehe
size of any internalefects whichwill in turnincrease densitjAtkinson 200Q Lu, 2013. The

postprocessindechniqueof stresgelievingis further describeth the next sectian

1.2.1:Residual Stress Relkef in PBF Components

Residual stressarestresses that remain in a fabricated p#drit coolsto room
temperature [Mercelis, 20p@uring PBF printinginternalstressegorm within the parbeing
constructedecausehermal gradierstinduced bythe hgh intensitylaser beancauseregions of
the parto eitherthermally expanar contract [Mercelis, 2006 Physical @mageto both the

build plate anadtonstructegartcan result fromargeresidual stressen Figure4, residual
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streseshave causkafabricatedpart tofractureanddetachfrom the build plateThereason for

stress relieving?BF componentis to minimizethe magnitude ofesidualstresgs

Thermal stress relievingf partsconstructed using PBBE donewhile the partsarestill
attached to the build plat@he printed parts and buifate aréheatedo atemperature
well-belowthe melting pointof their respectivenaterias for a period of timetypically spanning
a fewhours. Then, th&abricatedparts and build plate astowly cooledto room temperatureBy
following this process residual stresses are minimizbépurpose of stress relievingnot to
affectthe mechanical properties thfe printedparts Hot isostatic pressingvhich is discussed in

the next sectionis usedo affectthe mechanical propertiesf the PBF printedpars.

Figure 4. Residual stresses within part fabricated using PBFcan be strong enougtio causeit to fracture and
detachfrom the build plate [Simpson, 2015].

1.2.2:Hot Isostatic Pressingof PBF Components

After minimizing the residuastresses withithe PBF constructed parthrough stress

relief postprocessingthe parts are ready to be removed from the build plate and undergo heat



treatment. Th@rimary reason foheat treatingnetal fabricated parts to optimizetheir
mechanical propertie3hetype ofheat treatmenhost commonlysed to refinéghe material
propertiesof PBF AM partsis hot isostatic pressin§Vhen a part is subjected tothsostatic
pressingt is exposedo fia high pressure andlevatedemperaturén a specially constructed
v e s $Aekingon, 2000] Exposing the fabricated pattshigh pressuréelps collapse any
internalpores[Atkinson, 2000] The elevated temperatuwrausedoththecollapsedporesas
well asanyunmeltedmetalpowderwithin the constructed pait fuse[Atkinson, 2000] Post
process bat treatingpf PBF fabricated parts througiot isostatic pressing beneficiabecause
it allows parts toapproacmearfull densificaton, whichresults inmechanicapropertyand

performanceptimization.

After a PBF part has undergone ppsebcessing, the internal structure of the fabricated
part can be evaluated to determine if it will perform as engine€mdputerized tomography
(CT) scanning is one metl discussed in the next section that is commonly used to evaluate the

internal structure of additively manufactured parts.

1.3: Computerized Tomography Evaluation of Additively Manufactured Components

When anAM build is completedthe printed parts can either enter service or undergo
testing and evaluation to determine their mechanical properties and internal structure. The
internal structure of a fabricated part can be evaluated either destructively, meaning the part is
destroyedor nontdestructively, meaning the part is not destroyed. Computerized tomggraph
(CT) scanning generates a digital thdimensional rendering of an object by compiling

thousands of twaimensionalX-rays captured at multiple anglgs$oel, 2008] A commecially
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available industriaCT scannemade by General Electric is shown in Figbr&igure 6contains

a computefaided design (CAD) rendering ofppadwith thin rectangulafins on top. Shown in

Figure 7is an image of the sanpadafterfabricationusing PBF AM.

Figure 5: Ind ustrial CT scanner made by General ElectricCorporation [General Electric Company, 2016].

Figure 6: Computer-aided design (CAD) rendering of goad with thin rectangular fins.



Figure 7: A pad with thin rectangular fins after fabrication using PBF.

CT scanning is a valuable form of nrdestructive evaluation because both therexie
and internal structure @fscanned part are digitizelgigure 8contins aCT rendering of din
padfabricated using PBBimilar to the onshown in Figure 7Additionally, the internal
structureof one finfrom the finpadfabricated using PBF shown in Figurésdisplayed in
Figure 9 CT rendering are generatagsingvoxels which aresimilar topixels except they are
threedimensioml [Noel, 2008].Therefore, the CT rendering shown in Figure 8 was generated
using voxels while thenternal fin structure displayed in Figuren@dsgenerated using pixels
Many defects, olinstances of porosifyare containewithin the fin body shown in Figure Jhe
fin structure shown in Figure 10 is identical to the one displayed in Figure 9, éxaeal
internal defects have been highlightttds important to understand the imp@orosity can have
on the structural integrity of a part, especially if the part is subjected to mechanical stresses.

Porosityand what itwill meanin the context of thisesearclarediscussed in next



Figure 8: CT rendering of a PBF fabricated fin pad.

Figure 9: Internal structure of a fin.

Figure 10: Internal structure of a fin with instances of porosity highlighted

10
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1.4: Porosity in PBF Fabricated Components

Internal prosity is a broad term used to describe the presence of pockets or voids inside
of a fabricated part. The term porosity will be used in this documeafeoto any unintentional
pocketor voidin a location within a pathat should be unifonly solid. Figure L is a
zoomedin view of the internafin structureshown in Figure 9Thedashectircles in Figure 11
identify instances of internal porosityimiting porosity in PBF fabricated parts is important
becausgorositycand e g r a d emeahanicaperforinancgTang 2017} When the
mechanical propertiedf a partaredegradedprematurdailure can resultTherefore, it is crucial
thatparts built using PBF are printed as per the CAD file specifications to ensygetiiermas
engineeredPublisked literature onhe relationship PBF process parameters loaveternal

porosity is reviewedh the next chaptefhe research direction of this thesis is also discussed.

Figure 11: Zoomed-in view of internal fin structure with instances of poosity circled.
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Chapter 2

Literature Review and Thesis Direction

Porosityin parts fabricated using PBF is an AM topic of great importance. Presently,
extensive research into the relationship PBécesparameters have on internal defests i
underway in both domestic and international academic institutdumeerous®BF AM
publications indicate that printing leporosity, highquality parts is achievable through
optimization of the following process parameters: laser power, scanning apeg@dwder layer
thickness [Yadroitsev, 2015].tRer publications document thext hatch spacingnd melt
pool overlaphaveon build prosity [Gong, 2014; Yg015].Methods for evaluating theffects
thatPBF parameters have on build porosity vary widelyabse of the fundamental differences
many parameters have with one another. Therefore, definitively linking a set of parameters to th
consistent fabrication of loyorosity, highquality pars poses a significant challengén
understudiegbrocess parameatevhose effect on built porositg hot well understood is
fabricationangle with respect ttherecoater bladeA diagram illustratingpartfabrication angle
with respect to the recoater bladedsplayed in Figure 12. Figure AZymbolially represents
partfabrication anglevith respect to the recoater blaging the variabléheta,i . Furthermore,
Figure 12Band12Cillustrate fabrication anglesith respect to the recoater blade of @dd 0°,

respectively
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— — —
A Recoater Blade B Recoater Blade C  Recoater Blade
Travel Direction Travel Direction Travel Direction
Oﬂ
' ‘ MWH 90° —
- L
o Vi
PBF Part PBF Part
Recoater Blade — Recoater Blade — Recoater Blade =

Figure 12: lllustration 6 A dmbsligally represents part fabrication angle,  \lith respect to the recoater blade. )
lllustration 6 B6 and o6Cd6 di splay what fabrication angles of 90A and
blade for a part under construction.

To experimentallyevaluate whethd?PBF partorientationwith respect taherecoater
blade has an effect on internal porositgpecialized test was develop&te developed test uses
acustombuilt padcontaining25 thinrectangulafins. Theheight of each fin decreases with
decreasing crossectionakhicknessat a heighto-thickness ratiof 10. Thepadwasdesigned
with fins of thincrosssections becauseternalporosityis a particularly poblematic
development in smaltlesign critical structures.

To test part orientation with respectthe recoater blagene fin pad wasuilt at each of
thefollowing angles0°, 30°,60° and90°. All four fin pads were fabricated during the same
print job using Ti6Al-4V powder on an EOS Corporation EOSINT M288erPBF printer The
internal structuref dl four fabricated fin padsvere then nordestructively evaluated using CT
scanningThe voxel rendering of each fin pad vihenrecharacterized as thousands of .TIFF
images Using the fin pad image stacksdefect detection and evaluatiprogramwas created
using the computing langgeMATLAB . Theporosity data returned by tlieveloped defect
detect progranfor each fin pad wathenplotted and analyzedh addition to analyzing the

porosity datdor a potential relationshifp recoater blade anglbpthlaser beam and melt pool
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sizewere considered as welh the next chapter the design considerations that went into creating

and fabricating the fin pad are discussed.
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Chapter 3

Fin Pad Development and Fabrication

To test whetherecoater blade angle has effectoninternal porosity othin-walled
structuresa padwith 25 fins of decreasing crosgctional thickneswasdesignedA side-view
CAD rendering of the designed fin pad is shawfigure 13 The fin pad was designed by
Corey Dickman from the Pennsylvania State University AggpResearch Lalkach finon the
fin padis assigned aumber FHn #1 correspond$o thetallest and thickedin, and Fn #25
correspondso the shortest and thinndst. Thefin padshown inFigure 13 has Fin #1 arkn
#25 labeledTable 1documentshe thicknessand height corresponding éachof the 25fins on

the padThe heighito-thickness ratio for each fin is also outlined in Table 1.

A

Figure 13: Side-view CAD rendering of the designedin pad.
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Table 1: Designed eight, thicknessand heightto-thickness ratio for each fin.

Fm No. 1, 2|3 4|35 6|7 g 9 10|11 1213 |14 15|16 |17 18 1920 21 22 33|24 125

Fm:HELG‘htj* 30 29|28 27 26 25242322 21|20 19|18 17 16|15 14 13 1211|1009 08 07 06

FinTh1:' |:lm:l 03 020 028 027 026 0.250.24|023/022 021020019 018 |0.17| 0.16 | 015|014 0.13 012/ 0.11 0.10 0.09 0.08 0.07 0.06

Height to
Thickmess 10 10 10 10 10 10|10 10 10 10|10 10| 10|10 10 |10 | 10 10 10|10 10 10 10 10 10
Ratio

Eachfabricated fin pad waprinted atthe unique anglef either 0°, 30°60°, or 90°with
respect to the recoater blagigure 14showsthetravel directiorand angleof the recoateblade
in reference t@ach fin paduilt. Thelaser scapaternused tdabricateeachfin padwasthe
same across all testegcoater blade anglesd was dterminedusing proprietarfeOS
Corporationsoftware Figure 15shows thdaser scamatternusedto fabricateeachfin. Fin #1
throughFin #24 share the santeser scapatternand hatch spacingutwith adjusteccontour
spacinglo compensate for thidecreasingrosssectionakhicknessof eachfin. The green lines in
Figure 15representhepath traveled by the lasduring PBF fabricatiomndthe blue lines
represent theutline of thefin under constructioree X | n  Fidegtifies the widéh
component ofheinnercontourrectangle used for the fabrication of Fin #1 through Fin #2é¢
width of the innercontourrectanglefor each fin isdocumentedn Table 2 Because of the
extremely thin crossection ¢ Fin #25its laser scamatternis significantlydifferent fromall the
other fins.Due toEOSINT M280 PBF printelimitations, Fins#22, #38, #24 and #25 failed to

print properlyon all four fabricated fin pads.
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Figure 14: Overhead view of all four fabricated fin pads. Listed in the corner of each fin pad is its fabrication angle with
respect to the recoater blade.

Fin #1 Through Fin #24 Fin #25

Hatch #

Inner
Contour
Rectangle

Figure 15. Laser scanpattern used forthe fabrication of each fin. Thewidth component of the inner contour rectangleis
identified by &ex
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Table 2: Width component,aexof the inner contour rectangle usedfor fin construction.

Fm MNo. 1] 2 3 45 ] 7 8 9 W nm12)13 1415|1617 18 19|20 21|22 13, 4 13
Width of Inner
éﬁ;gﬂ?i 2440 234 220 208 198 190 183 167 150 154142 136|125 | .114) 102 | 002 .082|.076 039 040 045 033 022 011 NA
(mam)
After fabricatingthe four fin padsusingPBEach paddés i nternal stru

nontdestructively evaluated using CT scanning. The CT renderings of each patievere
recharacterized as image stafiksuse by the porosity detection and analysis program. Appendix
A contains hyperlinks taccesshe image stacks for each fin pathe rext chapter the design

and development of the MATLAB porosity detection and analysis program is discussed.
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Chapter 4

MATLAB Defect Detection Program Development

In this chapterthedesign considerations that went into developing and implemeihting t
MATLAB defect detection program are discussafier digitizing the internal structure of each
fin pad nto thousands of .TIFF images automatedethodof analysiscapableof
systematicallyevaluating and quantifyindpe porosityof each finwas needd.Using the
computing languag®IATLAB, acustombuilt programwas developed to return porosity data
on a finby-fin basis Required program capabilitieseoutlinedin Table 3 The firstrequired
programcapabilitylistedin Table 3is the ability toreadandanalyzeimage stecks that can

containthousandsf images.
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Table 3; Required program capabilities.

Analyzelarge image stacks.

Returnan interactive sid@iew representatioof the CT scannefin pad

Acceptuser input regrding whichfins to analyze.

Processnultiple fins at the same time.

Selectimage stills corresponding to the approximfatecenter.

o g & W NP

Forall selected image stdl the MATLAB programwill:

6.1- Define a region of interest (ROI) within the fin.

6.2- Calculate the area of the ROI.

6.3- Highlight regons of porosity within the ROI.

6.4 - Calculate the percent porosity within the ROI.

6.5- Calculate the total area void of material within the ROI.
6.6- Determine the number of defects within the ROI.

6.7 - Classify voids within the ROI by size.

7. Exportdefect data to a Microsoft Excel spreadsheet.

To address the program capabiligguirementf analyzinglargeimage stackin a
seamless mannemage cropping was uselthage coppingwasusedto forceexploitable
elemens of uniformity into every image in thenage stackThe elementof uniformity forced
into theimage staclkhrough croppings sharpgreyscale pixel transitioredong edgesoinciding
with fin edges. The presence of sharp greyscale pixansitionsalong fin edgesneanssearching
algorithmscan beused to automatically detect the edges, or outer boundary, ofvatfout
requiringuser input

Becausef thenewly createdgharppixel transitionsn areasorresponding to fin
boundariesall of thefin imagesin an image stack can be quickly analyzed using an unchanging
set ofedgefinding algorithnms. The ability to use an unchanging set of edge finding algorithms

for every fin imagesatisfiesCapability #1 from Tabl@ of seamlessly amgzing large image
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stacks Figure 16containstwo image stills of fins that have been cropped differeriigure 1&\

is properly croppetiecause all regionsith sharp greyscale pixel transitgm.e., ablack to grey
transition correspond to a fin edg&hedashedutline in Figure 18 highlights the area ere
dark greyscale pixelsre required for the MATLAB program to operate propeflgnversely
Figure 1@ is not cropped preerly becausthetwo dashedectangles bordersharp grgscale
pixel trarsition area thatorresponds to build padedge, not a fin edgéfter properly cropping
all four imagestacksthe program capabilities oeturning an interactive sidgew image of the

CT scannedin padand &cepting user input regarding whifths to analyze were addressed.

Figure 16: Fin imagestills illustrating the areasthat need to be includedA) and/or removed(B) via cropping for the
developed MATLAB program to operate properly.

Capalility #2 of an interactive sidgiew rencering and @pability #3 of usecontrolled
fin selectionwere required design constraints for the MATR.Arogram because they help

streamline and automate the procesdeatermining which fingo analyze UsingMATLAB
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arraysummation functions arttiresholdinghe number of pixelwith a greyscale valugbove

60is determined foevery image iranimage stackGreyscale pixel values range from 0 to 255
A greyscale pixel with a value 6fis considered blaclanda pixel of value255 is considered
white. A greyscaleghresholdingvalue of 60wasselected and usdzkcause iseparatesegions
containingmaterial from regionsoid of materiain a finimagestill. A sideview rendering
unique to the fin pad being analyzedhengeneratedby plottingthe number of pixels with a
greyscale valuabove60 for each image stillArray summation and thresholding works because
imagestills without afin present provide a baseline pixel count and the decreasing heggutiof
fin pad fin results in @ecreasig pixel countFor comparison, €T rendering of a fin pad and
its corresponding MATLAB sideziew renderingcan be seen in Figure 17TheMATLAB

returned sideview rendering contains clearly identifiable fins that correspmosklyto the CT
rendering othe fabricated fin padidditionally, locations where finaremisshapen or

malformedare easily discernable on thieleview rendering.

Select the Middle of Each Fin

Figure 17: Side-view comparison ofa CT scanned pad anda MAT L AB returned rendering.
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Using the MATLAB returned sideiew rendering, the user is tasked with selecting
which fins to analyze by clicking on each of their respective longitudinal centers. The vertical
lines in Figure 18 show the approximate longitudinal centers of 21 fins selectrubfysis.
Moreover, once the user selects which fins on the fin pad to analyze, anotheewidendering
is displayed with each fin numbered in order of selection. The numbering of each selected fin is
also shown in Figure 18. The ability to selecrethan one fin for analysis satisfies program
Capability #4 listed in Table 3. Additionally, Capability #5 is also satisfied, again from Table 3,
because the usselected longitudinal center of each fin is logged by the MATLAB program,
and its correspating imagestill is selected and retained for later analyAfter selecting all of

the finsdesired forporosity analysishe 7 subkcapabilitiesthat defingoprogram Capability #6

wereaddressed.

Selected Fin Middles

| Fin Fin |Fin |Fin |Fin |Fin |Fin |Fin |Fin |Fin [Fin |Fin |Fin |Fin |Fin |Fin |Fin [Fin |Fin | Fin |
#1 #2 #3 #Ha #5 #6 HT #8 #9|#10 (#1171 |F12 [#13 | #14 |#15 | #16 |#17 | #18 | #19| #20| #21

Figure 18 MATLAB returned sid e-view rendering offins selectedby the user for porosity analysis.

After the imagestills corresponding to the center of eachdne selected by the user
which isCapability#5 from Table 3theprogram beginso systematically analyzée internal
porosity of each fin irthe ordeiin whicheach fin waselectedEach of the Bubcapabilities

that define required prograna@ability #6areexecutal for every finselected for analysis
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Capability#6.1dictates that a region of interest (ROI) must béngeff for every fin. It is within

the ROI for each fin that all porosity measurements are taken. ThefRGinh is a scaledlown

rectagl e based off of rdcthngle.Using $earchgonthms designeddon d ar vy
detectsharpgreyscale pixel &insitionsthe fourline segmentghatcomprisethe outer boundary
rectangleof afin aredetected. Figure lilustratesthe aproximate location and seardirection

of eachsearchalgorithm as well as the respectivaterboundaryline segmentietected # each
searchalgorithm. InFigure 19 search algorithm direction and location are represented by dashed
arrows and detected fin boundaries are represented by solid Thespecificsearchalgorithm

used tadetecteachfin boundaryline segments indicatedby similar color. For example, thgink
searchalgorithmappliedto the left side of Figure 18etects the pinkne segment of the outer

boundary rectangle

Figure 19: Searchalgorithms (indicated by dashed arrows) are ged to detecthe outer boundary (indicated by solid lines)
of each fin.Eachline segmentof the outer boundary rectangleis detected bythe searchalgorithm of the same color.

To reduce the likelihood of incorrectly locatindim boundaryline segmenteach search
algorithm is applied over a lengténd the detected boundary locations are averaged together.

Thetwo red searclalgorithms in Figurd 9 detect the top edge tfefin pad which corresponds
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to thebottomhorizontal line segment @ff i nubesboundaryAfterd et ect i oaouterof a f i

boundary, its ROIis defined.

Throughscaling f t he f i n 6 sectamglethe ROI is definediFigure 20
illustrateshowd i n & s 0 u tisescaleddawnta fdran thgg ROIThe scaling used to
generate the RQ$ basedff of thenumber of pixels in the length, X, and heightcémponents
ofaf i nd s o0 u trectanglbLength, K aandyheight, Y, are idéfired and labeledn Figure
20A. All of thefins analyzed in a fin pad have their XY components scaladbwn by the
same percentage. Calculating porosististicsusing the area sidethe ROl as opposed to the
outer boundaryectanglereduceghe likelihoodof erroneouslydentifying dark greyscale pixels
trapped betweea f deacfedouter boundaryectangle andts actual, nonlineaouter
boundaryasinternaldefecs. During the process of CT scanning @bjectits voxel dimensions
become known. As a result, whaT rendering is exported to an image statsipixel
dimensiors becomeknowntoo. Using the knowdimensions of one pixels well as the known
number of pixes containedvithi n  a RAI allond progranCapability #6.2 which is
calculating theROl area to be satisfiedTo detect instances of porosity wittthe RQ and
saisfy program @pability #6.3he image segmentation technique known as thresholding was

used.
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Figure 20: The detected outer boundaryrectangleof afin is reduced by a percentage iits length, X, and height, Y,
comporentsto create a ROlrectanglethat will be usedfor porosity measurements

Internal defects withithe ROI appear darker, borderline black, when comparsdlitd
material. Thresholding of the greyscale pixels containedmiktie ROI allows dark pixels,
which correspond tinstances of porosity, to be located and identifiegure 21A is a
histogram of grey=ale pixelscontainedvithina f RQiand Figure 21B isie ROl used to
generate the aforementioned histogrémalysis ofnumerousROl pixel higograms ld to the
selection of greyscale thresholding value of 100 for analyzing the porosity asalselected
fins. Additionally, agreyscale thresholding value of 1¢@lded the most accuratketection of
internal defects within the R@¥henvisually comparedagainst other thresholding valuésthe
Figure 22A histogram he selectedpixel thresholding value of 100 iaggedwith a vertical line.

Additionally, the ROI rectangleontained in Figure B has undergone defect detection using
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greyscée thresholdingvalue of 100anddetectednstances oporosityarehighlightedwithin the

ROI. Highlighting detected defectsithin the ROlsatisfiesprogram Gpability #6.3.
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Figure 21: A histogram (A) of greyscale pixel vales contained within a ROI (B). Porosity within the ROI (B) was detected
using agreyscalethresholding value of 100

After using thresholding to detect ROI porosity, the following two quantities are
calculated: (1percent porosity within the ROl and (@jad areavoid of material within the ROI.
Calculating percent porosity atotal areavoid of material satisfies program Capabilities #6.4
and #6.5respectivelyThe calculated values of percent porosity, total R@avoid of material,
and total ROI eea are displayetb the usem the manner shown in Figure 22Using
MATLABG6s array manipul ation f unct ofdetesnininggheogr am
number of ROI defects and generating a histogram &@lldefects, respectivelyyere

addessed.



Fin #
A Parcant Porosity =0.7678 % 25000
ROI Total Area =27020652.0101 um”
RO| Total Vioid Area =214843.125 nm®

m BO 80 100 110 120 130 140 180
Bins - Grayscale Pl Value

B Dofect Size Histogram
Humber of Defects in ROI =118
u T T 11T T 1T 17T 17T 1T 17T 17T 1T 7T T T T 7T 17T 17T 7T 7T 17T 17T T 7771 T T T T 171

Mummiber of Defects

Size of Defect (um®)

Figure 22: MATLAB returned analysis of porosity for one usesselected fin

Using the porosity data acquired through thresholdirfgstogram documenting the
relative size and frequency of all detected defestsin theROIl is generatedn the title block
of thereturned defect size histogram is the number of detected defects thghiROI, as shown
in Figure 2B. Generation and display of the defect size histogram and total number of detected
ROl defects by the MATLABprogram satisfies required Capabilit#.6 and #6.Tfrom Table
3. The 7 sukcapabilities thatompriseprogram @Gpability#6 are executefibr each fin selected
by the user foanalysis Figure 22contains a MATLAB windowof all porosity and ROI
statistcs retuned to the user for the analysisone fin.
At the completion of each individual fin analysis, the following pieces of information are
compiled into an array: fin number, defect size and frequency data, percent porosity, and ROI

area. For each soessive fin that is analyzed, the same information is concatenated into an array
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with the previous fits data When the program is finished analyzing the last fin, the array is

exported to a Microsoft Excel file. Exporting defect data spreadsheédr all fins analyzed in
one usesselection process satisfies program Capability #7. With the 7 required program
capabilities outlined in Table 3 met, the developed MATLddBect detectioprogram was
tested to ensurieoperatepropety.

To verify that thedeveloped MATLAB program performs as intendegstomimage
stills with known porosity measurements were run throughhe MATLAB code used to
generate theustomimage stils can be found in Appendi® under the r¥file labeled
TestimagesA detailed eplanation ofhow the custonmmage stills were used to validgieogram
operation and measurement aemyrcan be found in Appendix 8ppendixB alsocontains the
MATLAB code for the defect detection program under thélenlabeledFinSelectionAnalysis
After developing and testing tiperosity detectioprogram the four fabricated fin pads were
analyzedThe porosity data returned by the defect detection program for each fin pad is plotted

and discussed in the next chapter.
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Chapter 5

Execution of DefectDetection Program and Plotting of Data

After verifying that thedefectdetecton program sequences properly and ret@arsurate
porosity datathe fourfabricatedfin pads wereun through the prograend analyzedBecause
the fourthinnestfins on eacHin pad failed to build properlyonly Fns#1 through #21 on each
pad wereanalyzed for porosity. Figure 23 23D contairs the MATLAB returned sie-view
renderingof eachfin pad built at 0°, 30°60°, and90° with respect to the recoater blade,
respectrely. Under the sideriew rendering contaned in Figure23A i 23D are the
userselected fin middles correspondingetachfin selected for analysissingthe defect
detection programAfter executing the program for each fin ptte retunedmeasuremestof
percent porositytotal void areaand total build area within tHeOIl were used to creatdots of

percentporosity and area fraction.
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il I

C - 60° D-90°

Figure 23: MATLAB returned side-view rendering of fin pads fabricated at0°, 30°, 60° and 90° with respect to the
recoater bladeas well as theapproximate longitudinal center of each finselected for analysis omrachpad.

Plots of percent porosity and area fraction were cchagangthe returnedneasurements
of percent porosityROI total void areaandROI area for eacfin pad In Figure 24 aplot of
percent porosityt angles of 0°, 30°, 60and 90° with respect to the recoater bleddisplayed
for all analyzdfins. Out d the 84 fins that were analyzethere werenly threeinstances of
inaccuratadefectdetection Theerroneousletection ointernal defec causedhreeporosity
values to be inflatedachinflated percent porosity measuremenidentifiedwith an asteriskin
Figure 24 The cause of théhreeerroneousnstanes ofdefect detectiomeregreyscalepixels
below the thresholding value of 1@@pped between the ROI boundary and the aatoaljnear
fin boundaryA fin still representative of how all three instances afccurate defect detectio
occurred is showm Figure 25note the dark greyscale pixels trapped insideRt¢by the

irregular fin boundary along the tophspection of the Figure Z%rosity summary returned for
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each fin by the MATLAB defect detection and analysis program revealed the instdnces

inaccurate defect detection.
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Figure 24: Plot of percent porosity at angles 00°, 30°, 60° and 90° with respect to the recoater blade for fh #1 through
#21.



Figure 25: Dark greyscale pixels trpped between theROI boundary and the actualnonlinear outer boundary result in
the erroneousdetection of aninternal defect.

The other plot created using the returned defect data was area fehetighes of 0°,
30°, 609 and 90° with respect to theaoater bladeFigure 26contains the area fraction plot for
all analyzedins. The asterisks in Figure 2fentify inaccurate area fraction measurements
resulting from the three instances of erroneous defect detegftencreating the percent
porosityandarea fraction plots in Figure 24 and, 26spectively, conclusions were dravti

drawnconclusionsarediscussed in the next chapter.
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Figure 26: Plot of area fraction at angles of 0°, 30°, 60° and 90° with rpsct to the recoater blade for Fn #1 through #21.


































































