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Taman tutkinuksen tavoitteena oli tutkiamiksi ja millaisia muodonmuutoksia syntyy
metallisiin kappaleisiin, jotka ovat valstettu jauhepetigatuksella.Kirjalliseen osaan
etsittiin ja kerattiin tietoa aikaisemmista tutkimuksista, joiden aiheena on metalliosien
muodonmuutokset jauhepetisulatuksessa. Kokeellisesssaodkittinmetallikappaleiden
muodonmuutoksia erilaisissa  geometrioissa, ulk koekappaleet valmistettin
jauhepetisulatuksellaiostumattomasta teraksesta

Kirjallisuusosarpaduloksia olj ettd kappaleen suuri lampdtila kasvattaa-althan kokoa,
hidastagddhtymista sek& madaltaa kappaleen myo6tdlujuuden arvoa, mika &isigpdeen
muodonmuutoksille. Jauhepetisulatuksessa metallikappaleiden ~ muodonmuutokset
maaraytyvat lampogradienttien mukaaetojaanndsjannitys muodostuu kappaleen
pintaan, kun taas puristusjgdnnosjannitys kappaleen sisdo$ggpillista on, etta
mahdollsen muodonmuutoksen tapahtuessa kappaleen reunat nousevat rakennusalustasta
korkeiden jadnnésjannitysten vaikutukse§aurimmat jaanndsjannityspiikit muodostuvat
rakennussuunnassa, koska suurimmat lampogradigatiuttavat rakennussuunnassa
ennemmin kin vaakatasossa Myos suurimmat muodonmuutokset havaitaan
rakennussuunnassa.

Kokeellisessa osassalmistettiin erilaisia geometrioita erilaisissa asennoisbaganattiin,

ettA muwdonmuutoksia syntyi vaakatasossasekd 4 5 e k u |lvanassetudin
koekappaleisiin Nama muodonmuutokset noudattavat muotoa, jossa kappaleen reunat
nousevat ylos rakennusalustasta johtuen korkeista jganndgksista. Pystyasennossa seké
kyljella&nrakennettujen koekappaleiden koHdadi havaittu muodonmuutoksia, kappaleen
geometriasta riippumatta. Kappaleen orientaatiolla on siis merkittdvd vaikutus
muodonmuutosten syntyyn jauhepetisulatuksedskainen erilainen geometria pystyttiin
valmistamaan ilman muodonmioegta, orientaatiota muuttella
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Aim of this thesisvas tostudywhy deformatbns occur irmetalparts made by laser powder
bed fusion andvhat is thedeformation shap# his thesis was dor®/ conductingliterature
review by searching and collecting data from studies relating to the topic of metal part
deformations in laser powder bed fusion and performing an experimental part in éich t
deformationf stainless steglartswereexamined bynanufacturinglifferentgeometries

by laserpowder bed fusioand capturingheir deformations by macroscope

Asresulsfrom literaturepart higher temperature of the part increases melt poollszers

cooling rate and lowers yield strength of the material, exposing the part for deformations.
Deformationof metal parts made by laser powder bed fusiogys the tempature gradient
mechanisnthat aims to lift the edges of parts from the buildimatfprm due to residual
stresses. Tensile residual stresses are generated on the surface of the part whereas
compressive stresses locate inside the part. Higher temperature gradients exist in the building
direction rather than in horizontal plane whichulesin the highest residual stress peaks in

the building direction. Also the largest deformations are observed in the building direction
rather than horizontally

Different geometries were built in different orientations in the experimental part wad i
observedhat deformations occurréd testsamples built horizontallyandn 45e angl e
positioned flat on the building platfornThe deformation shapes oleelthe temperature
gradientmechanismand as a result, thedges of partbent upwarddrom the building
platform.No deformations werebserved irtest samples built verticallyr horizontally on

their side, regardless of the geometry of the. @2nentation of the part plays an important

role in generation of deformations lmserpowder bedusion. Each test sample geometry

could be manufacturedgithout deformation, by adjustintge orientation of the part.
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1 INTRODUCTION

Additive manufaturing (AM) gives such freedom for manufacturiagique and complex
shapes that is not possible to achieveothermanufacturingechnologies (Wohlers et al.
2018, p. 1718). Especially the AM technologies that utilize metal material are gaining
interest in the manufacturing industry due to the possibility of production of high
performance endse part§Wohlerset al.2018, p. 149, 15158 173-174). However there
arealsosome challenges with metal Alhd defect related challengae studiedn this
thesis(Wohlers et al. 201§). 185)

1.1 Research problem

The most populametal AM technology, laser powder bed fusi@nPBF), is capable of
producingstrong, high quality andigh performance parts with complex sha@#shlerset
al.2018, p161,173174) HoweverL-PBFhas its limitations due to the cyclic heat delivery

that is inherent in the process. Cyclic heat delivery leads to subsequent expansion and
contraction of te material which creates stresses in the part during the build. These stresses
can rise higher than the yield strength of the material which causes deformations in the parts
either during the build or while removing the parts from the building platiehen the
residual stressemrereleasd. (Masoomi et al. 2017, p. 784, Simson et al. 2017, p. 184

185 Yang et al. 2017, p. 599When the heat is continuously applied to the part during the
build, thepart is exposed for accumulation of haatlincrease bpart temperaturéYang

& Wang 2008, p. 1066)The heat conductBom the top layer to the building platform
through the partTherefore, geometry of the parbas an effect on thkeat transfeand
accumulation of heaih the part (Mukherjee et al. 2018bp. 373) Theseheat related
challengedorm theresearch problem of thikesis

1.2 Aim of research and research questions

Motivation for this thesisvas to search thehallenges that relate toarufacturing metal
partsby L-PBF. As L-PBFinduces cyclic hat delivery to the material, it causes residual
stresses in parts and exposes them for deformgtitasoomi et al. 2017, p. 784; Yang et

al. 2017, p. 599 The deformations can be so large that the parts cannot be used in their

function.Aim of this thesisis to studywhy deformations occur iparts made by-PBFand



what is thedeformation shape. The fdemations relate terrors in the outer shape of the
part This thesisvill seek answers for the following research questions:

- Why deformations occ@r

- What kind of deformation shape can be expéetted

- How to preventleformation8

This thesias industrial relevance as interest in metal AM has been strongly growing amo
manufacturing industry anid-PBF is proceeding towards serial production of high guali
enduse partgWohlers et al. 2018, p. 149, 13%8,173-174). It is important to recognize

both the pasibilities and challenges bfPBF in order to adopt the technology into use.

1.3 Research methoa@md framing

Research methods of this thesis condifiterature review and experimentadp. Literature
review is atheoretical frame to the thermal phenomena and their effect on the formation of
deformations inL-PBF of metal Mainly relatively recent articles (published since 2014)
relating to the topiof metal part deformations In-PBF are used as references in this thesis.
Based on the information collectedthe literature review,aformation behaviorfametal

parts wasexamined intie experimental patty designing different shapegth computer

aided designCAD) software, manufacturing the test samg4 -PBFandcapturingtheir

deformationwith a macroscopeiming to clarify the reasons for thefolenations

This thesis focuses ib-PBF of metal materiabnd the experimental part is execltgith
stainless steelSS) 316L The deformations discussed througfe thesis relate to
dimensional errors ithe outershape of the part and do not include internal defects such as

porosity or lack of fusion in the part.



2 LITERATURE REVIEW

L-PBF is anAM processthat includes subsequent rapid melting and solidification of the
powder and nearby regions of already solidified materialmuti-layer, multihatch builds
(Mukherjee et al. 2018b, p. 369). gchematic of a muHiayer, multithatch buildis

represented in figure. 1

Layer n+3

Layer n+2

Layer n+1

Layer n

Figure 1. Schematic of a muHnatch, multilayer buid (4 layers with10 hatchesach).

Cyclic thernal load appkd to the part during the builcteates residual stresses due to
subsequent thermal expsions and contraction$ the materiglwhichmakes the part being
built, exposed to deformations either manufacturing stage or pegtocessing stages
(Masoomi et al. 2017, p. 784;Yang et al. 2017, p. 599rhermalphenomenaf the process
must beecognizedo be able to better understand the vulnerahlityetalpartsfor defects
anddeformationsn L-PBF. One key phenomendhataffectsthe formation ofleformations

in L-PBF of metalis heat transferas itaffects the temperature field, loaaoling, build
shape and size of the melt pool and the reach of fusion rediloa part(Bertoli et al. 2017,

p. 385386 Ilin et al. 2014, p. 39899 Mukherjee et al. 2018b, p. 3§9This will be
discusedin this chapter

2.1 Effect of heat
Mukherjeeet al. (2018) studied thethermal phenomena df-PBF with SS 316 They
created a model to estimat#ferent thermal phenomena that $8 will ercounter during
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L-PBF. The model wascludedwith parameters represented in tabl@ukherjee et al.
2018b, p 370).

Table 1. Parametes used in modeling of th#nermal phenomena &S 316in L-PBF
(Mukherjee et al. 2018 p. 370)

Laser power 60 W

Focal point diameter 100 pm

Layer thickness 2535 pum

Scanning strategy Unidirectionalalong positivex-axis
Material SS 316

The model to predidhe effect of laser scanning speed on the rpetil geometryor four
different scaning speeds in a single track experiment was created by Mukherjee et al.
(2018, p. 37). Results areepresetedin figure 2.

7
@ - 5 B, (b) 2 Lo 9

102}
g ;.z Temperature, K Temperature, K
S0
3 1693 1733 1693 1733
z W,
(C) 1.18 ’%_,h (d) s nauf%
Y 113 7

Temperature, K

1693 1733

Temperature, K

1693 1733

Figure 2. Single track melt pool geometdas with temperature contours with scanning speed
of (a) 250 mm/gb) 500 mm/gc) 750 mm/s andd) 1000 mm/sandlaser power of 60 W
Other parameters are same as ingdb(Mukherjee et al. 2018 p. 371.)
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In figure 2 red region indicates the melt pool in which the material is in molten state. Green
region indicates the material mushy zone in whichrtteerial solidifies White regim
behind the mushy zone indicatdseadysolidified materialTemperaturén the mushy zone
(green)is between solidugl693 K)and liquidug1733 K)temperaturgspecific for SS 316
Laser beam traal is in direction of positive-axis.(Mukherjee et al. 2018b, p. 38Y1.)As

it can beseen in figure 2higher scanning speedsults in smaller melt poddy volume
because of lower heat inptd the materiaper unit lengthHowever, melt pool is longer
with higher scanning speeout does not penetrate the materiand extend as widaswith
lower scanning spee(Bertol et al. 2017, p. 393lin et al. 2014, p. 394Li & Gu 2014, p.
106, Mukherjee et al. 2018b, p. 3BY1) Figure 3represents the thermal cyabd the
previoussingle trackexperimentin which temperatures armeasuredn the track mid-
length onthetop surfaceThetemperaturgeak is observed at a time when the laser beam

scans righon top of the measuring poirfMukherjee et al. 2018 p.371-372)

2800

2300 — 250 mm/s
X | —_— 500 mm/s
) —_— 750 mm/s
5 1800 —————— 1000 mm/s
© |
Q 1300F ||
= |
) \
= 800 \\

Ty e s —

0 5 10 19 20

Time, ms
Figure 3. Thermal cycles ofour different scanning speeds, measurettack midlength
on top surfacelLaser powenf 60 W, dher mrameters are same as in tahléModified
from Mukherjee et al. 2018 p.372.)

As figure 3 illustrateghe lowest scanning speed results in highest peaidrature because
of the highest heat input to the material. Higher scanning speéatly swipes through the
scanning pathresulting in lower heat delivery to the materidli & Gu 2014, p. 104,
Mukherjee et al. 2018b, p. 3BIr2) Therefore,higher heainput leads to botlnigher
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temperatures in the build and larger melt pool as it can be stated bdgpdesn2 and 3in
addition, higher heat inplgads tcslower cooling of the scannadgeawhich can be obtained

in figure 3by comparing the width ahetemperatur@eaks. Highest scanning speed has the
narrowest temperature peak which indicates the fastest coblurqig cooling a smal
shoulder(highlighted by red arrovin figure 3 can be noticed inhe temperature peak
between the solidus andgliidus temperatuge which is the stage of material being
solidified, the mushy zond& he shoulder in the temperature peigkat the same temperature
for all the scanning speeds examifedause solidus and liquidus temperatures are material
related vales (Li et al. 2017, p. 161Mukherjee et al. 2018 p.371-372)

Thermalcycle foralsoa multihatch scamvasexamined by Mukherjee et #2018, p. 373.
Unidirectional scanning strategywhich laser beam travel is only along the positixaxis
(20 mm scannindength during the whole buildwas usedTop surfacein thetrack mid
lengthof the first hatchyas chosen as measuring pointtfe themal cycles for 10 hatches
in a singlelayer. (Mukherjee et al. 2018 p. 370-372) Measuringpoint isillustrated in
figure 4

Figure 4. Measuring poinfred dot)of the thermal cycles in a single layer, 10 hatch build
(Mukherjee et al. 2018b, p. 372).

The model describethe planareffect of heatduring the build of one layeiThe thermal

cycles are represented in figls€Mukherjee et al. 2018 p.372).
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Figure 5. Effect of heat in 10 hatches, one layerlduvith scanning spekof 1000 mm/s
andlaser powepf 60 W. Temperaturés measuredn track midlengthonthetop sufaceof

thefirst hatch.Other mrameters are same as in tablé@Mukherjee et al. 2018 p.372)

It can be seen in figurethat as the laser beam moves towards theduttatcheghe peak
temperature at the measuring point decreases, as it casuaagibecause th laser beam
goesfurther from the measuring pdim each hatcliMukherjee et al. 2018b, p. 372; Yang
& Wang 2008, p. 1066)The tempeature peaks decrease gradually atabilizeto the
ambient temperatureshen the laser beam is far egh from the measuring pointhe
temperature provided frormcanning of the second hatch is sufficient tenedt the first
hatch.(Mukherjee et al. 2018 p.372.)A corresponding model with three hatches ameeh
layers build was also creategt Mukherpe et al(201&, p. 373. This malel describes the
spatial effectof heat during a mulinatch, multilayer build The measuring point of the
thermal cycles is agn in thetrack midlength on top surfacef the first hatch in the first
layer (see figured). (Mukherjee et al. 2018 p. 372) Thermal cycles are represetta
figure 6
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2300 —
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- 1% hatch
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Figure 6. Effectof heat in three hatches, three layer build withnning speeaf 1000 mm/s
andlaser power 060 W. Temperaturés measued onthe top surfacen trackmid-lengthof
the first hatchof the first layer Other mrameters are same as in tahléMukherjee et al.
2018, p. 372.)

It can be seen in figuretBatthe planar thermabehavioris equal to theituationrepresented

in figure 5 However, once theaser beam returns on top of the first hatch in order to build
the second layer on top of the first layer, the measuring point experienmms lagh
temperature pealRhe temperature peak of the first hatch of the second layer is sufficient to
re-melt thealready solidified lower layer locallyAgain, the further the laser beam géesn

the first layer inthe building direction(z-axis), the lower the temperatupeaksare (Li et

al. 2017, p. 164Mukherjee et al. 2018 p. 372 Yang et al. 2017, p. 608A singlehatch
may re-melt and solidify multiple times during the buildepending on the parameters and
geometry of the parA hatchwill melt and solidify when exposed to laser beaubmay re

melt and solidifyagain due t@canningof nearby hatched ypically the layer beneath the
surface is rameltedin L-PBFdue to the reach of high intensity laser beélmet al. 2017,

p. 163164; Mukherjee et al. 2018b, p. 3y2

Theeffectof heat n L-PBF was also studied by Yaegal.(2017).Theycreated anodel to
predicttemperature historgf 4140 steel. Thheat transferdepends on the local geometry

which can be very complex in-PBF but the geometiin this experimentvassquare(2.5
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mm x 2.5 mm) because of simplicityThe unidirectional scanning patnwas rotated by
6 7e f or e a(¥ahgehat 2017, @0B-&0D4.).The result is shown in figure 7

Temperature (°C) Temperature (°C)

Base plate Base plate

Base plate Base plate

Figure 7. Effectof heat inL-PBF of 4140 steelLaser powebof 350 W and scanning speed
of 867 mm/swvere usedMelt pool regionis representedh graycolor. (Modified fromYang
et al. 2017, p. 6Qy

The effectof heat was plottenh four different stages of builgiayers 14), as shown inigure

7. Gray color indicates the melt pool regiointedwith red arrowin figure 7). (Yang et

al. 2017 p. 606607.)It can be seen in figuretat heat spreads around the melt pool only
to thealreadysolidified areaof the parbecause of its higher thernw@nductivity compared

to powder sidehat acts aaninsulator(Mukherjee et al. 2018b, p. 378ang et al. 2017, p.
606-607). Figure 8represents the thermal cycbeperienced in the same experiment as figure

7 shows buspecificallyfor layers 2, 4 and grang et al. 2017, p. 608
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Figure 8. Thermal cycle measured on top surfacthe middle othe(a) second (b) fourth
and (c) sixthlayer. Laser poweif 350 W and scanning speefl 867 mm/swere used
(Modified fromYang et al. 2017, p. 608

It can be noticed in figure ®at thepeak temperaturs lower when more layers are built
because tlaser beam gets further from the measuring point as thedbyaldt continues
which was noticed also in the studadd.i et al. (2017, p. 164) anMukherjee et al. (2018b,
p. 372)(Yang et al. 2017, p. 60Gn addition tahis observationit can ako be seem figure

8 that the temperature peak bktpreviously scanned layerl@ver as the buildontinues
in upper layers. @mperature aheseventh layemeasured frorthesixth layer, is in a range
of11 50 ( s e e whereastfthe tgraperature8bé third layer measured fronthe
second layeri s i n a r a nsgeein figure 8)1 Be&alse this riodeh figure 8
describes how the heat conducts in the part during the, ibigd phenomenon add be
explaineddue to the increase in volumetbe part as the build proceadbich enables the
heat b spread into larger volumeeducing the local temperatupeaksnear he surface
Accumulation of heah the parttannot be observed figure 8asthe temperature decreases
continuouslywhile proceedingn the upper layerddowever,the global temperature of the
part increases as the build proceeds because more heat is input to the part fyaevey
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hatch and layeaccording toyang & Wang(2008 p. 10651066).The global temperature
evolution is represented in figure 9.

650

600 -

Scanning direction
«—»

Valley bottom Peak Valley bottom

Temperature (K)
W B A~ oo
155 -] n (=} n
o o o o o
1 I 1 | 1

' L
300+ Measuring point
250 T T T T T T T T T T T
0 10 20 30 40 50

Time (s)

Figure 9. The temperature evolution of a 30 x 24.0 mm block Every peak indicates
scanning of a new hatchemperature is measured in the center point of the hiblddified
from Yang & Warg 2008, p. 1065.)

As observed in figure 9, the temperature of the part increases gradually as the build proceeds
which is known as accumulation of he&very peak observed in figure 9 indicaths t
moment when th laser beam scanstime track middle lengtkt a location ofew layers up

from the measuring poinand every valley idicates the cooling of the hatch while laser

beam is mowvig away from the track middle leng{fyang & Wang 2008, p. 1066.)

Based on figure 8, it can beted that the area with highest temperature is the surface of the
pat, being nearest to the laser beaand as the build continues to the upper layers, the
temperature of that area decreagesiuallybecausdaser beangoes further from it after
each lagr until it reaches the ambient temperat(iYang et al. 2017, p. 60&08. On the
other hand, Wwile the laser beam travels further from a specific layer to the upper,layers
more heat is inpub the part by every layavhich increases the ambient tengtere of the

part, as seen in figure(ang & Wang 2008, p. 1065069.
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2.2 Heat transfer
In L-PBFthe heat transfers from the melt pool to its surroundings in different ways which
are conduction, convection amddiation(Yang et al. 2017, p. 601 .hese leat transfer

modes are representedfigure 10 (Masoomi et al. 2017, p. Y4

Radiation Convection
B Track

Figure 10. Modes of melt pool heat transferlifPBFincluding conduction, convéon and

thermal radiation (Masoomi et al. 2017, p).74

Heat transfers by convection withthe liquid melt pool, by conduction within the solid
material and byhermal radiation ifboththe liquid and solid state materidls et al. 2017,

p. 161;Mukherjee et al. 2018a, p. 30MIso some of the laser energy is reflected from the
surface oflie powder bed due to the lustrowure of metalsThe heat transfer by thermal
radiation isstill minor compared to the other heat transfer modémg et al. 2017, p. 601.)

The primary heat émsfer directiorvia conductionfrom the meltpool to itssurroundings
changes continuously dag the buildin a multilayer and mult-hatch builé becauséhere
are varying surroundings for the melt pool in different stages of Kilindet al. 2014, p.
398399; Mukherjee et al. 2018 p. 373) These surroundigs ae represented in figurkl

(Mukherjee et al. 2018 p. 373)
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a) Laser

Powder bed
Platform
Heat transfer
b) Laser
Solidified layer Powder bed
Platform
Heat transfer
¢) Laser
Powder bed Solidified region

Platform

Heat transfer

Figure 11. Surroundings of the melt pool in different stages of baitdl primary heat
transfer direction in these stagéength of the heatansfer arrow indicates its magnitude)
Reportedly, dser beam is transmitted perpendicularly to the powder(betified from
Mukherjee et al. 2018 p.373)

The melt pool is surrounded by powder from both sidethe beginning of the build,
especally in the first hatch(seefigure 11a). The primary heat transfer directiom that
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situationis towards the platfornbecause of its higher thermal conduityi compared to
powder bedThe melt pool is suounded by powder from orsgde and by solid materiah
the otherin the second and further hatches of the lagetid material has higher thermal
conductivity than powdeand therefore the primary heat transfer direction in that situation
Is towards the already sdified hatches and the platforiike stown in figure 1b. When
proceeding in the build to thedt hatch of the next layethe melt pool is again surrounded
by powder from both sides. However, melt pool hasv already deposited solid layers
undeneath it through which the primary heat tré@sgoes all the way to the platforrike
shown in figure 1k. Distancerom melt pool to thglatformincreasesvhen number of built
layers increase®deanwhile the heat transfer fronethighest layer to the platforisismaller
assome of the heat wilemainin the part(Mukherjee et al. 2018b, p. 373yJhen the heat
is continuously supplied to the growing part and the disthooetop layerto the substrate
grows the heastarts to accumulate imé part which may causdefects(Mukherjee et al.
2018Db, p. 373 Yang & Wang 2008, p. 1065066).

Thermalconductivity is essential matter InPBF as it affects the accumulation of heat in
the part during the build.ower thermalconductivityresults in larger melt po@nd higher
temperatures of the bdil (llin et al. 2014, p. 399Mukherjee et al. 2018a, p. 337,
Thermalconductivity is material related property but it can be slightly tuned by parameters
such as powder packing efficiency and powder particle Siaermal conductivity of a
powder be that consists of inert gas such as argon and SS 316 powdeaises with the
increase iriemperaturdecause thermal conductivity of both SS 316 powderagguh gas
increase with increase in temperatiHigher powder packing efficiency enables higher
thermal conductiity of the powder bedThe powder particles share larger area of contact
per unit volume(specific surface areayith higher powder packing efficienciacilitating

the heat transfer between the particles, which results in higher themcaictwity of the
powder bedAlso, smaller particle size results in higher thermal conductivity of thedsow

bed Smaller particle size reducte inter particle space fehielding gas, leaving less room

for shielding @s in the powder be@ecause skiding gas has lower thermal conductivity
than metal powder, thiesults in higher thermal conductivity of the powder f&ahaller
particles also have larger specific surface area that improves thermal conductivity of the
powder bed(Mukherjee et al. 2(8a, p. 306307.)
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Different surroundings of the melt pe@thich arerepresented in figurgél, affect the melt
pool volume inL-PBF of SS 316. Mukherjee et 201&, p. 374 created a modéb predict
the melt pool volume in dierent stages dfuild. The melt poolvolumein this modelwas
measuredat third hatch forfive subsequent layers andtatrd layer for five subsequent
hatcres (Mukherjee et al. 20b8p. 374).The resultare shownn figure 12
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Figure 12. Melt pool volume for fivesubsequenthatches irthird layer anl for third hatch
in five subsequentyers Measured on top surfade,themid-length of the trackScanning
speedof 1000 mm/sand laser powenf 60 W were usedOther parareters are the same as
in table 1 (Mukherjee et al. 2(8b, p.374)

It can be seen in figure 1that melt ol volume increases (blue grgpWwith increasing
number of lgers.As more layes are builtheat will eventuallyaccumulate in the paand
increaseheparttemperature which leads kargermelt poolandreduced cooling rate of the
melt pool(llin et al. 2014, p. 396Mukherjee et al. 2018lp. 374. However, melt pool
volume decreases remarkably after ithe hath of a layer (red grapland melt pool volume
remains neayl stablefor the followinghatches of the layer (sée figure 123. Melt pool
volume decreaseand stabilizegfterthefirst hatchbecause the second and further hatches
of the layer have solid material on the other s has higér thermakonductivity Thus,

heat is effectivly transferred through the soliddsi Melt pool is surrounded by powder in
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both sidegn the first hatch and thisausedarger melt pootlue to low thermal conductivity
of surroundingpowder (Mukherjee et al. 2018 p.373-374.)

2.3 Cooling rate

The partgoes throughiepeating cycles of heating and cooling during the build-PBF.
The excessive heat must be transfiwat of the part as effectivels possible in order to
ensue a successful buildMasoomi et al. 2017, p. 784, Yang et al. 2017, p. %9
Mukherjee et al(2018, p. 376377) modekd a five hatches, five laybuild with cooling
rates.Cooling rates are measuar atthird hatch for fivesubsequentyers and at third layer
for five subsequertiatchegfMukherjee et al. 2018 p. 377) Thisis shown infigure 13
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Figure 13. Cooling ratedor five subsequerttatchesn third layer andor third hatch irfive

subsequent layerMeasured on top surface, themid-length of the trackScanning speed
of 250 mm/s and laser powef 60 W were sed Other @mrameters are same as in tahle 1
(Mukherjee et al. 2018 p.377.)

As figure 13illustrates upper layers of the buildave lower cooling rateblge graph This
occursbecause théeat will accumlate irto the partduring the build and asheé build
proceeds for higher layers, themgerature of the part increaseghich causesreduced
cooling ratglMukherjee et al. 2018b, p. 376ang & Wang 2008, p. 1065066. Also melt

pool size inceases when proceeding for upfarers in the build, @sobservedn figure 12
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Larger melt pool cools down slower than smaller one due to higher vdBentli et al.
2017, p. 391; Mukherjee et al. 2018b, p. BThen again, the first hatch of the layer has the
lowest cooling rate beaae ofpowderbeingon toth sides of the melt paorhisdisables
effectiveheat transfeandalso leads to larger melt poa$ observeth figure 12 After the

first hatch, the cooling rate increasescause onside of the melt pool is solid matertagt

has higher thermal cductivity than powderFor the following hatchesf the layer, cooling
rate remairs stable as shown in figure 18ed graph. (Mukherjee et al. 2018 p. 376.)
Based on figured2 and 13it can be stated that melt pool volume and cooling rate are
dependat on each otheland they are affected lbgmperature of the buil&hortly, higher

temperatureausesarger melt pool and lower cooling rate.

Parameters such as scanning spkeséy powerlayer thickness and hatch spacing affect the
cooling rate of lte part(Mukherjee et al. 2018 p. 376377). Higher scanning speeds go
through the scanning lines faster amdount of heat input is smaller the partBecause of
lower heat input per unit length with high scanning speeds, the melt pool is smalleragbmpa
to lower scanning speeaccompaniedmelt pools. Smaller melt pool cools down and
solidifies quicker tha largerone (Bertol et al. 2017, p. 391llin et al. 2014, p. 394
Mukherjee et al. 2018b, p. 3J%An increase in laser power results in decreasmoling

rate because more heat is input to the (Battol et al. 207, p. 391)Higher layer thickness
results inlower cooling ratdbecause of the combination of higher absorptivity of heat and
lower heat transfer through thicker powder layss.long as subsequent hatches overlap
each other sufficiently, cooling rate remains nearly constant but when the hatches are too far
away from each other, the surroundings of the melt pool consistafipowderThis causes

reduction in the cooling rate anasufficient fusion(Mukherjee et al. 2018 p. 377.)

2.4 Thermal stress

Subsequent rapid melting and solidification of powdédr-IABF is he natureof the process
and it sets challenges in manufacturing as deformatioparts may occudue to thermal
stressegKruth et al. 2004, p. 61 Masoomi et al. 2017, p. 784 Yang et al. 2017, p. 599
Response of metal to the local temperature changes is to expand or ecaméther heated
or cooled, respectivel\and when expansion or contraction of metal &rieted, thermal

stresses occur (Simson et al. 2017, p-183.
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The generatiorof thermal stresses can be explained with temperature gradient mechanism
(TGM) and cooldown mechanisniKruth et al. 2004, p. 618imson et al. 2017, p. 185
TGM is illustrated in figure 14Li et al. 2015, p. 709

a) Heating b) Cooling

Material expansion

Material contraction

Ocomp

Figure 14. Schematic othe TGM (modified from Li et al. 2015, p. 709

When the laser beam interacts with powlied the powder melts and the surface of the part
is strongly heated. Durinthis heating cgle, surface of the part pursues to expand due to
strong heating but the expansiohthe heated top layés limited due to surrounding solid
material which createsompressive stresgomp0n the upper surfacas seen in figure b4
Whentheoccurredcompressive stregxceedyield strength of the materidhe top surface
will haveplastic deformatiothatpursues to upséte material towards the laskke shown

in figure 14a. When cooling of the material begins, the material starts to contract. Now
contraction of the surface is limited due to surrounding solid materath ends up in
tensilestressliens 0N the top surfacéWhenthe tensile stressxceeds yield strength of the
material the top surface pursues to beni the opposite directidike shownin figure 14.
(Kruth et al. 2004, p. 61818 Simson et al. 2017, p. 1§5Additional stresses are created
only below the melting point which means that TGM does not reqeteng of the material
(Kruth et al. 2004, p. 617; Mercelis & Kruth 2006, p. 255).

One importantunction of the support structureslinPBF is to anchahe part to the building
platform and to prevent the part from warpidgring the build,in the presence of the
stressesHowever, the resistance for warping gains residual stress in theSpa@mort
structures also have an important role in conducting the heat away from thieypart

transferring the heabwardsthe building platform (Liu, Yang & Wang2016, p. 654.)
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Higher temperature of the part lowers the yield strength of the material which increases its
vulnerability to havedeformations (Kruth et al. 2004, p. 617). The more heat is input to the
part, the more residual stress it will gain. This neetihat by each new scanned layer, more
stresses are generated (Mercelis & Kruth 2006, p. Z@ematic of coetlown mecharsm

is illustrated in figure 1%Simson et al. 2017, p. 185

al) Tn+l> Tu

Tn—'—l

Figure 15. Schematic of the comlown mechanisnimodified fromSimson et al. 2017, p.
185).

Figure 1&illustratesthat he heatedop layerTn+1 has higher temperatusempared to the
layer beneatlt T, and when the top layer solidifies and cools down, it contracts more than
the layer beneath it. As the layers ardteteand solidified strongly together in the process,
presence othelower layer limits the contraction of the upper layer, whigsults in tensile
stress in the uppdayer and compressigtress in the lower layéseefigure 1%). (Mercelis

& Kruth 2006, p. 255;Simson et al. 2017, p. 1§5rGM and cooldown mechanism work
globally in the part, meaning that the residual stresses and deformations occyr amxl

z-directions not only in certain directio(Li et al. 2015, p. 70911)

2.5 Residual seess and deformation
Yanget al.(2017) havemodeleda solid block to demonstrate the resial stressederived

from L-PBF and abridge sampléo demongtte the deformation behavior of metal parts
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The maerial used in these simulatiowss Inconel 718 angarameters used in the build and

the nodel, are represented in tabl€Yang et al. 2017, ©605,607).

Table2. Parameters useahithe model and the build oftdock anda bridge sampléYang
et al. 2017, p. 607)

Laser power 285W

Scanning speed 960 mm/s

Focal point diameter 100 pm

Layer thickness 40 pm

Scanning strategy Unidirectional, ro
Material Inconel 718

Figure 16represents the predicted maximum principal stdisibutions inthe bbck
model. The model isa crosssectional viewenabling to see thstreses irsidethe block.
(Yang et al. 2017, p. 613

Maximum Principal
Stress (MPa)

Figure 16. Crosssectional view of thénconel 718block including maximm principal
stressesScanning speeaaf 960 mm/s and las@owerof 285 Wwere usedOther parameters

are same as in table@.ang et al. 2017, p. 613

As it can beobserved infigure 16, compressive stres&omp dominatesinside the block
whereas tensile strefgnslocateson the outer surface of the blgakhich obeyshe TGM
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and cooldown mechanisnThe highesttsess value can be obtained lower cornersf
the blockthat are attached to the buiidi platform(grey area), actingensile stressHigh
tensile stress valud€appeaiin red infigure 16) are obtained onlytasurface not extending
deepinside the block(Mercelis & Kruth 2006, p256257, Yang et al. 2017, p. 611
Compressive streseeaches inside the building platformin addition to the block itself
exposing the upper seatiof the building platform ircompressive stress and the lower
section of the building platform itensile stress (Mercelis & Kruth 2006, p. 25Me tensile
stres values appear higher than compressive stress valiigsre 16 Based orthe residual
stresses ifigure 16, possible defrmationin which the edges of the block would rise from
the building platform¢ould be observed at theghest tensile stress ars thelowercorners

of the block (indicated with grey colgr The brdge samle usedto demonstrate the
deformationsn the study ofYang et al(2017)is represented ifigure 17,

Figure 17. As built kridge sample anids dimensionsLaser power 0285 W and scanning
speed of 960 mm/s were used. Other parameters are same as in(Mdtg 2t al2017, p.
606-607.)

Figure 18represents the predictddformation magnitudesf the bridge samplii building
direction (z-axis) and predicted deformatioshape magnified by five in order to enhance
the visualization of the deformatiorf¥ang et al. 2017, [612613)
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Figure 18. Predicted deformation magnitudesbuilding direction(z-axis)andexaggerated
deformation shape of the bridge sample (Yana.€2017p. 613.

It can be seen in figure 1Bat theoriginal flat surfaceon topof the brdge is bent down in
the middleand bridge legs have spreadd raiseddue to the residuatresses caused by
cyclic heat that is inherent InPBF(Yang et & 2017, p. 612613) Themanufactured bridge

sampleafter removing from building pl&trm, is represented in figure {9ang et al. 2017,
p. 619.
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Figure 19. The bridge sample after removing form building platform. @Gratded to clarify
the defornations (Yang et al. 2017, p. 614.)

The predicted eformations representéal figure 18existalso in the actugbart as seen in
figure 19 The deformations look smallen the partbecaus in the modelthey were
magnified by five in order to enhance thsualization of the result$heoriginalflat surface
on top of the bridge is bent down in the middle and the ¢éghe bridge are spreaak the
model predictedh figure 18 (Yang et al. 2017, ©12-614.) The measures of deformations
in the buildirg direction (zaxis)on top surface of the ioigesamplearerepresented in figure
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20. Deformaton zergpoint is inthe middle of the top surfacérang et al. 2017, p. 612
614.)
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Figure 20. Deformationin the building direction (axis)on top surfacefdhe bridge sample

(Yang et al. 2017, p. 614).

It can be seen in figure 2Bat the outecorners of the bridge are@19 mmhigher than the
middle point of the bridgeaccording to the modelhemeasurement fldws the same slope
as theprediction (Yang et al. 2017p. 613-614.) This deformation shapsmplies with the

TGM and cooldown mechanism

Also in the study of Wu et al. (2014), deformations inducedywjic heat inL-PBF were
examinedWu et al. (2014) usea prismshape to demonsteathedeformations occurred in

SS 316Lparts Parameters used in the study mapresented in table 3

Table3. Parameters used in the study of Wu ef2014, p. 6261, 6263).

Laser power 400 W
Scanning speed 1800 mm/s
Focal point diameter 50 um

Layer thikness 30 um
Scanning strategy 5 x5 mmislands
Material SS 316L
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Geometry and dimensions of ttest samples and their orientati@am the building platform
are shown in figure 2(Wu et al. 2014, p. 6262)

60 mm

50 mm

Figure 21. Geometry and dimensisrof thetest samplesind orientation on the building
platform fnodified fromWu et al. 2014, p. 6262).

Sampleswere built both horizontally and verticallyith parameters shown in table 3
Deformationsoccurred dung the removal of the sampléem the buildingplatform, when
the residual stresses reledsad resuktdin deformationgWu et al. 2014, p. 6268265.
Deformations othe horizontally built sampldga x-, y- and zaxis are represented in fige
22 (Wu et al. 2014, p. 6264

{mm] fmm]

0.045 0.040 ] -

0.015

0.030
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0.010 0:000

0.000 -0.015

~0.010 L -0.030
-0.020 “ -0.045 b 1 A
-0.030 Zl Zl
x-displacement -0.045  y-displacement 0070  z-displacement
(a) (b) (c)

Figure 22. Deformationmagnitudes of thedrizontally built test sampleis (a) x-, (b) y-
and(c) z-axis, represented in a local coordinate system measured on top surfatecal
z-axis indicates building directiohaser power of 400 W and scanning speed of 1800 mm/s
wereused. Other grameters are same as in tahl@/Bu et al. 2014, p. 6264.)
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It can be seen in figure athatthe displacement ik-axislocates irthe lower corners of the
prism being equal on both sides (maximum 0.045 mm). The corners have contracted
towards the center of the prisfisplacement in3axis in figure 22kzan be observed in the
bottomand top regions of the prisragain contracting themwards the center of the prism
It can be noted that displacement of the top re@@d70 mm)is higher ompared to the
displacement of the bottom regi¢®m040 mm) (Wu et al. 2014, p. 626@265) This canbe
explained due to theigher heat input ithe smaller top regiotihat has shorter cooling time
comparedo the larger bottom region of the prigkruth et al. 2004, p. 617Displacement
in z-axis in figure 22aescribes the deformation in building direct It can be observed
figure 22 that the prism has spherically deflected in a way thatdiheers of the prism have
bentupwards (0.08@nm) while the center of the prism has baetdwnwards (0.050 mm)
(Wu et al. 2014, p. 6268265) Figure 23 illustrates exaggerated view of thetal
deformationshapeof thehorizontally builtprism sampléWu et al. 2014, p. 6264

Figure 23. Exaggeratedatal deformationshapeof thehorizontally builtprism sampléWu
et al. 2014, p. 6264)

The overall deformatio shape represented in figure @Beys the TGMand cooldown
mechanismDeformations of the verticallguilt samplesn x-, y- and zaxis are epreented
in figure 24(Wu et al. 2014, p. 6264
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Figure 24. Deformation magnitudes of #vertically built test samplas (a) x-, (b) y- and

(c) z-axis, represented in a local coordinatesteyn and measured at side surfaaeal

axis indicates buildinglirection Laser power of 400 W and scanning speed of 1800 mm/s
were used. Othergpameters are same as in tabl@/8u et al. 2014, p. 6264.)

It can be seen in figure4d that the ésplacement irx-axislocates in the bottom region of
the prism, more spdically at the sides of the prism just above the bottom corners, and acts
contractive(0.009 mm) Displacement in yaxisin figure 24bdescribes the deformation in
building direction and itocates inthe bottom cornerthat have benapwards(0.025 mm)
while the middlebottomregionhas rounde@0.025 mm) Displacement in -axisin figure

24cis minor compared to the »r y-axisdisplacements and it locatestire bottom of the
prism.(Wu et al. 2014, p. 6268265) Based on figures 22 and 2t can benoted that the
largest deformations occur in the building directaomd when it comes to horizontal plane,
larger deformation occurs along the longer side of the patso appears that horizontal
building orientation induces larger deformation thartigal building orientation, as it can

be seen when comparing the deformation magnitudes of the prism sample between figures
22 and 24 Figure 25represents exaggerated view of the total deformation shapes of t
vertically builtprism sampléWu et al. 204, p. 6264.
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Figure 25. Exaggerated total defaration shape of the verticallguilt prism sample
(modified fromWu et al. 2014, p. 6264).

It can be seen in figure 25 that the deformation shape of the vertically built sample is different
compared to thdeformation shape of the horizontally built sample represented in figure 23.
The residual stresses induced by TGM pursue to kftatiges of part from theuilding
platform, as seen in figures 23 and 25. Therefore, the deformation shape varies depending

on thebuilding orientation of the part.

Deformationsof metalpartsin L-PBFwerealso studied by Li et al. (2017)heycreated a
model to predict residual stressaind deformations of a twin cantilever made of aluminum.
Parameters used the study arshown in table 4and the geometry of theample and its

deformationis illustrated in figure 2€Li et al. 2017, p. 159)

Table4. Parameters used in the study of Li et(2017, p. 159).

Laser power 195 W

Scanning speed 800 mm/s

Focal point diarater 100pm

Layer thickness 30pum

Scanning strategy Unidirectional, ro
Material AlSi10Mg
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Figure 26. Schematic ot cantilever deformatiomgodified fromLi et al. 2017, p. 159).

It can be seen in figure 2Bat deformationsccur after the support structures have been cut
from the building platform, enabling the residual stresses to reheaséting in deformation
of the part(Le Roux et al. 2018, p. 325j et al. 2017, p. 165Mercelis & Kruth 2006, p.
263264). The defomation obeys the TGMnd cooldown mechanisiiigure 27shows the

cantileversnade of different thicknesséafter cutting the support structuyéki et al. 2017,

p. 159.

Figure 27. Deformations of cantilevers afteutting the support structur@s et al. 2017, p.
159).

































































































































