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ABSTRACT

Hindrance to the advancement rofaterialsprocessingand components using metbhhsed
additive manufacturings a result of numerowhallenges dut the complex mechanisms that
occur such as multiple modes of heat, mass, and momentum transfers induced by localized
laser scanning. This results in processing defects such as gas entrapment, unmelted and over
melted powders, aggregatiohconstituent pases and microcracks that affect the integrity of

the printed parts. To avoid defects/flaws in parts and establish relationships between process
parameters and part quality, it is critical to understanding the effect of processing paramete
on the evolubn of microstructural heterogeneities which influence the properties and quality

of parts fabricated via AM. In this study, the effect of DMLS parameters on part quality and
microstructural evolution is studied as a baseline for taildhegmicrostructee of parts for a
specific applicationvVarious printing parameters are combined to create fifteen samples, which
are then studied extensively to find parameters that create good microstructure and mechanical
behavior.It was observed thaluring the procgsing of 316L stainless steel using Direct Metal
Laser Sintering (DMLS), parts with good microstructural integrity as well as high performance
were obtained when Volumetric Energy Densities (VEDSs) betwgand 1.0 J/mn? are used.

The volume fraction of arface porosities, unmelted powders, ewezlted regions and
consequently part quality and performance were compromised when MHEMgthis range

were chosemut above the rangenore gas pores are introduced into the sanigie.range

above the suitablean be used fahe part required in biomedical application, components for
heat exchangers or parts placed in front of car bumpers for energy absdtfptistructural
application, the total elimination of pores is required hence usihigleer laser poer in
combination with large hatch spacing, or a combination of low power with a small hatch
spacing is going to yield a better microstructure. The scan speed is the most sensitive parameter
of the threandividual parameters even though how sensitiveescan speedepends on the

other parametersThe evolution of microstructure features is also very dependent on the
printing parameterswithin the range of acceptable VEDs that produced parts with good
microstructural integrity and performance, it was obseé that the laser power, scanning speed

and hatch spacing had a significant effect on the evolution of columnar and cellutpasub
structures. Increasing the laser powed scan speedssulted inthicker and wekldefined

cellular and columnar subgins with relatively lower hardnesghile an increase in hatch
spacing leads to less developed substructuseser power, scan speed, and hatch spacing also

affect the wear resistance of the sample.dasing power improves the wear behavior of the



sampe if the hatch spacing of 100 um and above but tends to reduce the wear performance if
using small hatch spacinghus, samples within the acceptable range also exhibit better
mechanical properties in tas of higher hardness values and good wear propeffleese
mechanical properties are compromised when the heat accumulation in the sample during

fabrication is very high
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1 INTRODUCTION
1.1 Background

Metalbased Additive Manufacturing (MAM) is gaining a lot of traction in the manufacturing
industry mainly due to its ability to create parts with complex geometries or intricate shapes.
Such attractive capalties have been adopted by the medical fied dustomization of
orthopedics to fit each individual patient, with the added advantage of tailoring the
microstructure of these implants to mimic the stiffness of bone to preventdtresng[1]1

[4]. MAM can be used in the produmti of lightweight components in the Aerospace and
Transportation Industrio increase part safety and fuel efficieriéyi [7] However, therés a

major hindrance to thisiyanufacturing process which has limited further applications in these
fields. Parts processed using this manufacturing technique are confronted with many defects
and discontinuities which affect the integrity of the printed.@2efects such as porosithat
compromises the loallearing capacity and cracks resulting from residual stresses, are induced
during the printing of the parts [18]i[12]. Also, the presence of neequilibrium phase
changes, due to the irregular and repetitive thermal cycles during the printing process makes it

very difficult to predict mechanical and material properties of the printed[B&rf$2]i [14].

1.2 Problem Statement and Research Objectives

The full capability of these techniques is not realized dadgick of consensus on the methods,
materia) and design that will help manufacttsebetter compare parts. The performance of
parts from different printers of the same technology and evdereht manufacturing
processes can be compared as Wd]. An optimized parameter for one material will not
necessarily result in the samestbperformance of another material,en when the same 3d
printer is used16], [17]. This gives the need to extensively study the effect of the printing
parameters on the migwuctural integrity of the printed part to understand the exact
contribution of these parametéo the micostructure Studies oiMAM have shown that there
are over 130 printing parameters that affect the structure of the final part, which include laser
power, scanning speed, laser spot size, layer thickness, scan patt¢i8]i¢a9d]. These
parameters are found in the printing machines that have adopted theoasker bed fusion
technology for metal additive processirtdowever, detailed studies on how these printing
processes and parameters affecffitied microstructure and other printingduced defects are
still being carried oufThe most common parameta@f the laser powder bed fusion technology

that requires little to medium level of expertise to manipulate include laser power, scan speed



and h&ch spacing between the scan lines. Also, these are the parameters that can easily be

changed without voidinthe warranty of a Metal 3D printer whichvery expensive.

A few researchers have explored the effect of individual parameters on the mattostiaf

the final printed part. The hardness of lasiatered 316L steel parts was attributed to the hatch
spacing in the research conducted by Debak[B}.alhis study also found no relation between

the micrehardness and the part density. Kasuma concludethtaalling effect is a result of
extremely high laser scanning speeds whereas instability zones are brought about by low speeds
[20]. MAM techniques such asdlSLS is currently being used to produce complex metallic
and highperformance parts for use in higtress aplications in the aerospace and automotive
industries. However, there is no widespread use of AM processes for direct part production in
these indstries because of various concerns including gaps in performance metrics, standards
to improve the accuracyf &M parts and lack of consensus on properties of produced parts
[21]. Also, processing parameters and constituent powder materials produce microstructural

heterogeneities which influence the properties and quality of fadoticated via AM21], [22].

What researches have been doing over the years is to combine the critical printirggraram

and coming up with different iterations. These combinations are then used sets of printing
parameters to fabricate the parts, which are extensively characterized to determine optimized
parameters for printing. Optimized parameters that are beyonithitegions of a 3D printer

results in the entire process of finding optimized printing parameters being repeated. Because
of this, a single expression is nedthat is going to depict the combined effect of these crucial
printing parameterdn this cas, giving an optimized expression withake it easier for others

to work their way back to spitting out parameters based omtheir nlitmigatiodsor resource

limitations.

This single expressioemployed heres the Volumetric Energy Densitf’VED) which
combines these critical printing parameténsorder to find an optimized VED which produces
parts with good microstructure and mechanical integrity, pagsto be created with different
parametershatneed to be extensively studied to find thBuence of the parameters on the

final parts. This leads to the objectives of tisdy.



1 Process 316L Stainless Steel Alloy with varying parameters (Laser power, Scan speed
and Hatch spacing) using Direct Metal Laser Sintering

1 Assess the effect of theipting parameters on the microstructural Integrity of 316L
Stainless Steel Alloy

1 Evaluate the effect of the printing parameters on the hardness and wear behavior of
316L Stanless Steel Alloy

1.3 Research Methodology

For this studywe are focused on-PBF tehnology because of the ease of use of these
technologies and their widespread use in the manufacturing lfikBF has undergone a
variety of iterative improvements over thears making it exceptionally useful for a variety of
engineering applicationdhis technology can be used to creafally dense part that offer
close to or better properties theonventionally manufactured par&ainless Ste€16L is the
materialof choice for this studpecausehis material is known to have high strengti &gh
corrosion resistant properties. Also, this material has gone through nurmerdiisationsto

be used on most 3d printers without special permission from the manirfgcin fear of
voiding warranty of the machineghe first part of thgrojectwas printing thestainlesssteel
coupons usinga variety of printing parameterasing the DMLS M280 equipmenthe
parameters argroupedbased on the hatdpacingusedstarting with 80 pnas the least and
140 um as the largest. The other parameters gn#iellaser power and the scan speeds are

also varied to create 15 different iteragdor each sample coupon.

The £cond part of thexperimentation isrying to access the printed sample to determine the
effect of the parameteos microstructural irggrity. The densification of the parisaccessed

by determininghemass of the sample in air andititbe mass in the air as statedthie ASTM
standard39621 17 thatoutlines the methodetermining thalensity ofcompacted osintered
powdermetallurgy (PM)productsus i ng Ar ¢ hi meTbdesanplesRre characterizdde .
based on the parameters that givgoad microstructure. Techniques used include sample
preparatiorusing various metallography processes (grinding, polishing, etctimglly, the
samples are studies undgatical microscopy ¢ study the morphology of the sample surface
The surface porosity is done using Image J softwbea images are taken through image
binarization and thresholdirand the pores are then easily identifialsid analyed to find the
fraction the surface dhe samplsthat are covered by porehe optical micrographs are used

to investigate the effect the printing parameterve on theize, shape and distribution of the



pores.The second part of the microggoanalysis involved the use of a scannalgctron
microscope toget detailed informatiomboutthe particles that are present on the sample
surface Thespatial distributiorof these partickewhich wereon asubmicron rangas well as

to conduct a chemal analysis of the particle to ascertain if they are any chemical chiznagies

occur during the printing process.

The final part of tis study accesses the contribution of these parameters ometifenical
behavior of tle samplesThe hardnessaluesof the samples as a function of thanting
parameters are also accessed. The hardness properties of the apspldged using/ickers
Hardness Testewhich gives the hardness values on the msmale in HV. The other
mechanical performance behavibat was investigated was the wear resistance of the sample
as the printing parameters are changing. The wear resistance of the saamddyged using
Universal Mechanical Tester (UMT) Tribolab

1.4 Summary of Findings

The effect of printing parameters ¢ime bulk material properties such as porosity, cracks,
density and amount of unmelts seen in the printed sample has been established by numerous
researches which have also confirmed with this study. It is easier tan=omhie printing
parameters into argyle expression to study the combined effect of these parameters on the
bulk material properties. This expression is referred to as the Volumetric Energy Density
(VED) which combined the Power, Speed, Hatching Distaawe,Layer thickness. Increase

in the VED shows a considerable reduction in the porosity, density, amount of unmelts and
Lack of fusion (LOF) cracks but extremely high VED less to these discontinuisserging

on the sample surfac&he stable VEDrange that produces a quality part withogd
microstructure integritys 40-100J/mn.

Although, the VED shows a direct correlation to the bulk material properties but no observable
trend with the evolution of the microstructure features and properties stiehrasrphology,

size and spatial disbution of the sub substructures that form as a result of the rapid
solidification of the 3D printing process. A better understanding is derived by looking at the
effect of the individual parameters have on the micuoture features, which was eviderst

the increase in power and speed independently cause the subgrain structures to increase in size

and spatial density.



The hatching distance is the parameter that influences the extent tosedicting speed, the

mog sensitive parameter among the thafects the microstructure as well as the mechanical
properties. For whichever application, choosing a hatch spadgihgetermine the rangef

values of the other printing parameters required to create a better microstructure. To use a low
hatch spacig, a malerate level speed and power are required to maintain the microstructure
integrity as well as the mechanical properties. Structure application components require either
a high laser power in combination with a hatch spacing or a small hatch spathng
moderate level of power. In all these scenarios the scan speed should also is moderate. For
creating porous parts with stable pores, high laser power in combination with low hatch spacing
is desired as well as a combination of low laser power@amndtanspeed.The change in the
individual parameters and the effect on pore size and empeatar to be random and perhaps a

volumetric analysis wilgive better insight.

The hardness values of the printed samples are higher than conventionally meesigiu
stainless steels due to rapid heating and cooling which leads segregation of the grains creating
fine cellular and lathe/columnar substructures. The hardness values for VED above 40 J/mm3
were averaging at 235 HV. The mass loss recorded shows Wwetiproperties obtained when
considerable energy input is delivered to the sample which is mostly dictated by the hatch
spacing usedn all when the energy is too much the microstructure begins to deteriorate and

with low energy inputthe propertiesire lowe than expected.

1.5 Thesis Organization

This dissertation is structured into six chapters. The following are summaries of the chapters:

1 Chapter 1 introduces metal additive manufacturing, the need for such technology, the
hindrance to the advancemaitthis technology, and why an extensive study on the
processing is going to help improve the technology specifically for 316L stainless steel
alloy.

1 Chapter 2 reviews studies done on the various types of Metal Additive Manufacturing,
the advantages, amtiallengs with the field.

1 Chapter 3 describes the material and experimental procedures used in this research. A
detail description of the equipment and procedure used for characterization, including
metallographic and microscopic examinations used.

1 Chapte 4 provudes comprehensive observations of the results from the metallographic

studies and the properties.



Chapter 5 discusses the main findings in this research based on the results of the
microstructural observations of the specimens.
Chapter 6 presenta summay of the results and conclusions from this study. In

addition, references and research contributions are presented at the end of this thesis.



2 LITERATURE REVIEW
2.1 Metal-Additive Manufacturing

The numerous advantages the 3D can dféee led to the studies in advancing this sector of
manufacturing most of which will be discussedi@tailin chapter 2.33D printing started with
plastic and polymeric materiaisatare insulated and do not possess the mechanical properties
to be usedn functional components and later research began with metal feef{@8hckn

1983, the firstever 3D printer saw the light of day with Chuck Hull creation. Since then, the
industry has been dominatbg studies otthe 3D printing process and techngio Metal 3D
printing was born out of experimentation with laser on polymer powuatts was later
replacel with metal powdel24], the powder bed process was bdrhe firstevermetal 3D
printer part madby ManriquezFrayre and Bourelh 1990usingthelLaser Sintering technique
[24]. Five years later, EOS started to get into the market and came out with the first
commercially available metal 3D primtevhich uses the Selective Laser Melting technique
(SLM) and then went on to license Selective Laser Smieights from3D systems with the

sole purpose of developing the powtled technology aspect of the licelfi2g]. In the same
year, LaseEngineeringNet Shapgng was developed b8andia National. aboratoriesvhich

was had a different delivery mechanism to thetmetal powder to the build platfor{26].
Anotherpowder bed technology was invented in 2000, which asekectronbeam EBM) as

the heat source insteadalfaser.Arcam AB industries licensed and then developed=is
technology tahe market. Metal 3D printing has seen a lot of iteration and evolutions over the
years to what it is now, although these technologies and gesdesve not gotten to the level
that weperceive them to get to at this stage. This is mainly the reasothete/has been a

growing interest among the scientific and technologittese areas.

2.2 Types of MetalAdditive Manufacturing

There are various metal AM technologies that are currémtiiyg adopted in the industries.
These are grouped under two main gjdeased on the feed material and the way the materials
are bounded, Powder Bed Fusion (PBF) and Direct Energy Deposition (RED)28]. For

PBF technology, the source of the power or heat is supplied by either a |d3BF)Lor
Electron Beam (EPBF) and the fedstock material ipowder bedhence the name, Selective
Laser Sintang (SLS) or a variation of that, Direct Melting Laser Sintering (DMLS) and
Selective Laser Melting (SLM)12]. SLS technique involves solstate fusion, where the

powders are heated &pproximately half of their melting temperature to achieve a-stdid



fusion. Generally, SLS involves the useeadbinding agent to aid in particle consolidation.
DMLS is used when there are no binding ageedgiiredand the laser is used diarectly heat

up the powders for sintering. SLM is liquid state fusion wheeentlaterial or powders are
heated to their melting temperature, so the solution forms a liquid pool. The distinguishing
factor between these technologies is the temperaturei@t edich is achieved but lategven

SLS systems can reach high enough tentpexdo induce melting making the lines between
these two blurryEBM is the powder bed technology that uaésgh energy electron beam as

the energy source.

2.2.1 Powder Bed Fusio(PBF)

Powder Bed Fusion technology involves using a high energy laséearon beamto either
partially melt or fully melt metal powers to help them sulfidation into a solid mddhes.
separatgthe technology into Laser PFB-@FB) and Electron Beaielting or ElectronPF
(EBM/E-PBF). L-PBF is further categorized into two magirocesses; fien the powders are
partially melted, to approximately half of the melting temperature of said matleeigrocess

is called Laser Sintering (LS) or Selective LiaSentering (SLS). Selective Laser Melting
(SLM) is another process &f-PBF that involves the complete melting of the metal powder
which at this instance involves attaining the same or above the melting point temperature.
Lately, the printers used for botypes of Laser powder befiision technologieare equipped

with very high lasrs that can achieve full metal powder melting, makimg difference
between then blurry.A typical L-PBFincludesof a ppwder bedvhich has the substrate serving

as the platform for the part being printed, a powder tanks containing the reserve megal powd
a recoating blade or roller that moves the metal powder from the tank to the powder bed, a
laser sourcand sets of mirrors thavork together to move the lasd29]. The schematic of

the L-PBF is shown irFigure 2 1below. The processvolved fusingof metal powders using

a laserbeam.in a chambelhe same temperature is maintained in the as that of the powder
bedfor better thermal distribution. The firgiyler of powder is fused first with the laser beam
and then the piston lowers thed the same distance as the layer thickriée roller arm then

is used to push more metal powder onto the bed and then the next layer of théusad.is

This is repeated a number of timastil the part is completelywlt [30]. EBM employs the

use of high energy electrons as the heat source to achieve full melting of the powder bed
feedstock. Both IPBF and EBM use the same principle but have a difference in the setup of
hardware[24]. Manufacturers who have jumped into this aspect of manufacturing includes
EOS,Arcam, Farsoon, Realizer, SLM Solutions, Sisma, Concept laser, T[Rapi31]i [35].
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The EBM uses similacomponents as the Scanning Electron Microscope like the filaments to
generate the electrons, the collimator to help position the electron beam, all shielded in a giant

column([24].
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Figure2-1: Schematic ofheLaser Powder Bed Fusigmocess 28]

This technology consists of electron Beam gun providing the focus electrons, powder hoppers
to deliver powder to thbed, and a rake to spread the powder supply unto thE28gd his

process is very similar t&LS/SLM processebut usesanelectron beam as energysource

In this cutting edge PBF texblogy,a high electron beam with 360 KV is used to melt the
powder feedstockThe chamber isacuumsealedio prevent oxidation from oocring. This
technology is favored for different types of metal and compositions asaknisarked to be

used in makig functional components in outer space in the near f{ifjird he schematic of
theEBM is shownin Figure 2 3PBF is characterized by a sqgaaittern and strategy and laser
control parameters. The powders that are not used in creating the 3D printed part is recycled
and used later in another print by sifting to getafdany sintered clusters. EBM powder
recycling goes through a recovery systiemit to be used again. Some of the PBF parts stick

to the substrate and need to be cut off using a method that does not introduce deformation or
heat that can affect the mictagcture of the Agrinted part.The best form of machining to
remove partsrbm the substrate is the Wire Electrical Discharge Machining (Wire EDM).
Using material combinations with poor adherence such as a Titanium alloy print against a
stainlesssteel sibstrate does not require cutting, because the prints fall off the sulbsfinate

after printing.3D printed WCo parts are usually stuck to the stainisteel substrate and
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require wire EDM cutting to take them off, and most of the time lose some ofatezial in
the process. With the DED technique, the fusion of the medtieek (powder/wire) happens
as they are being deposited. DED involves the use either wire or powder metal feedstock, and

use either a laser, arc or electron bgah

E-beam gun

Powwder hoppers

Rake \\ -

]  — o
Powder bed—__| |
Building screwq—__ | L/
— | ﬂ
A
[ H

Figure2-2: Schematic of Electron beam Maly Technology[29]

2.2.2 Direct Energy Deposition (DED)

A wire DED and Powder Bed EEschematics are shownhigure 2 4 & 2 5This technology
originated from the old fashion welding technologhere the feedstock which asitside the

build environment is delivered coaxially with the source of heat, either laser or electron, into a
melt pool [5], [24].Direct Metal Deposition (DMD), Laser Engineering Net Shaping (LENS)
and Electron Beam Free o Fabrication (EBFFF) are thimost common DED techniques.

DMD is favored for adding features to already existing parts. EBFFF is used in a vacuum and
employs a metal substrate. Laser Engineering Net Shaping (LENS) is the most studied type of

DED technolog and patented by the Sandiatidaal Laboratorie$36].
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Figure2-3: Schematic of a wire DEBechnology 23]

Figure2-4: Sclematic of Power Bed DE[24]

LENS has to do with building parts with molten metal powder injectetbattion. The molten

metal solidifies after cooling dowThe chamber used for this type of technology is purged
with argon gas to get rid of trapped oxygBuie totheinert atmosphere created by the argon
gas, the typeof metals that can be used here rueneroudike stainless steel, nickélased

alloys, ttanium6 aluminium4 vanadium, tooling steel, copper alloys, 8this technology
suffers from high amountsf residual stresses as a present in most types of metal 3D printing
technologies. LENS techniquebeing adopted to be used in parts reget wll cost an arm

and leg to do with other techniqués illustration of the LENS technology is shownHigure

2 6. DED is not as popular as PBF technologies due to its lower level accuracy and the less

amount of research done in these areas of $8J{87], [37].
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The DED setup is also like the PBF in a way such as having a build plate/substrate and hopper
filled with feed material. The build plate can have@egree of freedom fastationarysysten

and when it employs a rotary build platedégree of freedom. The rotary platform gives more
freedom to design very intricate shapes or dantg The build chamber is filled with an inert

gas only if the material used to produce the pantsdstive, but an inert gas is not necessary

for nonreactive material since the shield gexted by the gas aimed at the melt pool is more
than enough to shield the process from oxidation. Reactive material such as titanium requires
purges the chamber \miteither argon or nitrogeto reduce the amount of oxygen in the
chamber thereby reducing idation to an acceptable amoyg#]. Postprocessing usually
required to relievehe material of any residual stress resulted from the high thermal gradient
associated with these types of technologiEse wse of techniques such as severe piasti
deformation, to improve the mechanical behavior is sometimaebaits the part has been
printed and based on the specific application requikgadin excess powder may be recycled

by collecting them with a vacuuf@4].

Figure2-5: Schematic of LENS technolo[8]

2.2.3 Binder Jetting

Binder Jetting (BJ) basically uses a bindaenich in some cas is another metal, to help hold

the metal powders together. The binder is usually made of materials that have a low melting
temperature. Porosity is a huge impedance to this metallurgical process as it is in most sintering
processesAn illustration of he BJ techniques is shown kigure 2 7 This technology is

developing based on several studies conducted on powder metallurgy and ceramics in the past.
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The manufacturer that has jumped on this additive manufacturing techniqu®ne &ko
developed the Bgrinters used mostly for this process of manufacturing. Mostly, the use of
boron as a binder fdhe iron sintering process is common with this technological process.
After the sintering pr oces se hustbue fompdrigdwft , r ef
a quarter to half a dayhen sintered for-1.5 days at a temperature close to 200® obtain

a 60% dense material. The sintering process bufrteebinder, so the parent material is the
only one left after thgprocess. To obtain higheedsification, the binder material used is a
metal that does not burn off but infiltrates the parent material and eventuslthdilspaces
between the powders left after sinterimyg.typical bronze binder can achieve up to 95%
densification and annealing done to remove residual stress and improve the ductility of the
material at the endJ is not as researched as PBF or DED techniques and as such not very
detailed schematic is readily available in the public dorf2th
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Figure 2-6: Schematic of Bindedetting[29]

2.2.4 Sheet Lamination

Sheet Lamination involved using numerous techniques including brazing, welding, diffusion
bonding, or ultrasaic consolidation to stack 2D metal sheets in a 3D dBjgttWelding
techniques employed here are lagat eesistance welding, and the sheets used are either cut
accoding to the required dimension before stacking them together or the stacking is done and
then thegeometriesare machined unto the 3D objd@4]. This technology has several

advantages; the metsteets retain their initial properties, there are less geisruatiation in
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the final part, better surface finishnd extremely cheaper to make. This type of production
creates parts that are consgbbstrong in the stacking direction but cannot widimsl shear or
tensile loading due to theay they are madeausng anisotropic behavior in the final part just

like most 3D printed object3 he detail steps to brazing in this type of manufacturing technique
areshown inFigure 2 8 Here brazing is achiexd by coating the sheet with flux and serves as

a brazing alloy between the joining she@#]. For resistance welding techniques, fixtures are
required to produce the resistive force need for the sheets to adhere to each otheseRue pr

of this severeimitation in joining sheet metal together, other avenues of joining sheet metal is
being explored to come up with a better and more resilient joining process. This brought about
the Ultrasonic Seam Welding process referred to adJttiasonic Additive Manfacturing
technology (UAM) which is the method mostly used in this type of manufacturing process and
therefore studied more into det§dl0]. The process for UAM is as follows; milhd blow

tailing off the substrate to obtain a flat and polish substrate, deposit metal tapes with the
ultrasonic welding and trim off excess tapes from the edges of the sheet, repeat until the desired
object is achieved, and finish the process off by nmciany remaining feates into the part
where necessaf¢l]. The illustration ofhis technique is showin Figure 2 9

Flux coated aluminum alloy sheets Mold design
2D profile laser
beam cutting

Shice data
clamping and bonding
7 Milling and finishing

NC data
(,, — ——

Figure2-7: Steps involved in brazing sheet metals togefipwy
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How the material is joined #te interfaces is the bases for understanding how this material is
going to behave. Also, since there are no support structures employtbd itype of
manufacturing technology, creating parts with overhang feature will prove problematic and
therefore isest used to create metal composites. This manufacturing technique is always in
conjunction with the machining process to produce the #aigiroduct. Tooling or machining

can also be hindered depending on their location on the ¢B{dct

‘Dummy’
Transducer Booster  Hom Biali:
—A—~— A
Rotating Al Tape /&2
Transducer,
Booster, Horn
System

Figure2-8: Schematic of UAM Sheet Lamination technidgé]

2.3 Advantages andApplications of Metal-Additive Manufacturing

Since the 1990s, demand for advancesdditive manufacturing has developed from the
advantages addditive manufacturing over traditional manufacturing processes. Parts of any
desired mechanical and chemical property, with a continuously growing lishte#le metals,
metallic composites andlloys enable manufacturers to produce a wide range of materials.
Processes such as DMLS can manufacture convoluted units or structures without fbe need
tools. Sectors such dke Military, Aerospace, Medical, Déal, and Automotive industries
benefitfrom the use o&dditive manufacturing technologiesdditive manufacturing has many
benefits in terms of cost savings, shorter time to market, product quality,
innovation/transformation and societal significance owgerrent manufacturing methods
[41][42]. Traditional production methodsannot be entirely replaced bwdditive
manufacturing buareexpected to reduce in many niche areas [42]. Customization can easily
be achieved witladditive manufacturing techniques. Designs can be easily be shgitadi\di

thereby aidinghe adjustment and customization of products.
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2.3.1 Intricateand lightweightpart fabricaton

The challenge with making lightweight comporseint the transport industris making sure

that they have the same if riatter mechanical pperties MAM hasintroduced the capability

for the manufacturing adpen cellular foam type designs with-@uits that greatly reduces the
weight of the part whiles maintain the same gitkifil], [43]. The capability withVIAM on
creatingan optimized design with less materihlan traditionally being achieved is endless.
Traditional methods are limited in the intricacies that they can manage nut with MAM, the
limit is with imagination. Any pralloy mé&erial has theotentialto beadditively fabricated

for optimized performaze and weight reductiamhich is not only going to improve efficiency

but also reduce cost since less material is involved in the manufacturing grgcess
Environmentally friendly procedures are possible using AM techniques. The flexibiAtyl of
enables manufacturers to improve product designs for lean productidittlerid no waste
production. Reduced raw material usage contributes toahénuously growing need for the
world to goenvironmentally friendlyand reduce net carbon emissioite reduced raw
material used helps lessen energy consumption which inafteats the environment less.
Additionally, the advanced designs that AM realizes increase the range of capabilities, hence
reducing fuel, energy or natural resources requiredtferproceqg44]. AM could make
efficient use of raw materials to produce little or no waste while arriving at decent geometric

efficiency.

Figure2-9: Airfoil with embedded cooling chann¢lg

A typical example is the fuel nozzle tip design by General Electric with 14 distinct fluid
passagewaysvhich could only be manufactured with Metd\l. This new desin after

manufacturing weighed 25% less than the old model and increased fuel efficiency by 15%.
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Components like an aerofoil with embedded cooling chantreds are challenging to
manufactured ge to the small volume of the embedded features are easiy \witdMetat

AM. Airbus A350 brackets made by LMD usinglitary-grade titanium alloy employing a
stateof-the-art bionic design brought the weight of the old desigmhich were made by

convenional milling, down to 30%.

Figure2-10: Lightweight applications of MAMa) GE fuel nozzle tigb)bracket for Airbus
350([28]

2.3.2 Defenseapplications

For the defese industry, it is very critical to be in the capacity to replace missiiical
components of equipment on thddisvithout having to return to base for repairs. Having the
capability to print functional parts that are missieady will be a huge step in the right
direction without the lifehreatening and logistical challenges of having to move defective
equipmentThe 6éJesus nutdé also known as the main
component in an aircraft thathen it fails leads to immediate and sure catastrophic failure.
Successfully printing a functional nut will usher a new paradigm in aircrafiteraince and

safety.

Ti6Al4V and Alloy 718 are widely used in turbine applications of aircraft with tempegature
exceeding 315 . GE has used 50% by weight o
turbines [45], [46]. Having replacement parts and techniques that significantly reduce
downtime wilile preserving structural integrity is extremely desirable. Repair processes using

some additive manufacturing techniques will reduce downtime and cost considerably by
substituing only the damaged or worn out part whilst maintaining structural integdtjitive
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manufacturing has a much faster shift from the design stage to the manufacture of the final
product. With a direct transition from 3D Computer Aided Designs (CAD) rspdel molds

and tools are required. This provides the possibility of complemgtries that are difficult to
reach using subtractive methods to be easily and efficiently manufactured. The inability of
traditional manufacturing methods to construct complexmetries comes short to the ability

of MAM technology to print differently mnufactured parts as one consolidated gdre
military employs MAM to prototype wind tunnel testing models for planes, missi¢c. to
compare the performance of new desighsis reduces the cost of hiling a full-size part
without testing a model ahe time it takes to model these complex parts with traditional
manufacturing technigueBameshmand et al used SLS to fabricateiind tunnel modekith
subsonic and transoniesting methodology. The SLS model was accurate and shaved of time
and cost awell [47]. Bell flight working out of FortwWorth in Texas uses LENS technology to
create a gas turbine exhaust nozale 1/8" scale. Arcam, a subsidiary of GE, is the industry
leader in EBM technology. Arcam uses this technology to create a wide varietjitafy

aircraft functional componentsisingthe most widely research metallic alloy, Ti6Al4Rats

like turbines withthin walls and embedded channels are the components that benefit the most
with MAM. MAM can also be used in a support ayafor other traditionaimanufactumg
technology like moldingor castig by additively fabricating mokland dies Satellites for
military and communications also benefit from MABthese techniquesre used to rapidly
createseveral of itfunctional componentOptome is a leading indstry partner in making

satelliteand jet engineomponentsvith an expertise ihENS technology48].

Figure2-11: a)Turbine blade with cooling channdd¥Bell rotorcraft mixing nozzlemade by
EBM[1]
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2.3.3 Medical Applications

Additive manufacturing in the medical field Hasen grouped into five major groups: medical
models, surgical guides, surgical implants, external aids antdnmufacturing49]. Improved

quality through this technology is possible as the medical field has followed this form of
manufacturing. 3D printed implants and prosthgti@sents are getting an improved quality of
healthcare. Orthopedics are being customized to fit each lone patient better thereby allowing
companiego enhance their final product and services. Rapid technology is also being used in
dentistry and is beingsed to fabricate maxillfacial prosthesi§50]. An added advantage of

this process is the ability to prevent strebgelding by tailoring the microstructure of the
material of the implant to resle the rigidity of bone. Medical grade titam alloy Ti6AI4V
trademarked ELI are intentionally employed with induced pores to make tissues grow into them
for extra supportThe fact that pores can be induced and controlled with MAM in transplant
opensawhole other area of interest to manufactgriechnologistdmplants with just the right

size distribution and interconnectivityf pores can tremendoushelp in osteointegration

[51]. This is where the bone tissues and muscles can grow througtdticed or controlled

pores to offer moreeinforcementgo the implantsThis type of implantss reported ¢ have

better mechanical propertiagith reduced density and also reduces the risk of bacterial

infection[1]. Plaster molds with unique designs are easily fabricated with techniques such as
SLS, SLM and EBM. These aid dentists in creatingad ent i cal teeth mol d
teeth[2].

As-fabricated
hip ”lf?}r—
Solid hip stem
<2 vol.%
porosity

_#" Porous hip stem
20 vol.%
- porosity

L

Figure2-12: Hip stems designed with controlled porosities using a)EBM b)L[ENS
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2.3.4 Prototyping and research purpss

Researchinstitutionshaveinvestigated the MAM technology far whiletrying to determine

the resulting behavior of the parts made by these technologies. t&d$mg methodsind
experiments are designed torepeated for easy characterizatadrMAM parts.Most of the
researchnto comparing the methodology and results of various MAM process come out from

universities. These studies are detailed in se&in

2.4 Challenges of MetalAdditive Manufacturing

There many benefits such as the possibilifyriot complex structures, customization, and ease

in designing parts. However, metal AM still has many challenges before being entirely
implemented into allrealworld applications.Parts processed using this manufacturing
technique are riddled with mamjefectsand discontinuities which affect the integrity of the
printed part. Defects such as porosity, that compromises thdo&zathg capacity and cracks
resulting from residual stresses are induced during the printing of the parts [1]. Also, the
presene of norequilibrium phase changes because of the irregular and repetitive thermal
cycles during the printing process makes it very difficult to predenechanical and material

properties of the printed part [2].

2.4.1 Printing Parameters

Printing parametsrcan begrouped into two main categories; laser control parameters and
materid control propertiesLaser control parameters involve the manipulation of the laser
properties or laser position which includes power, speeds, hatch spacing, beam diameter, poi
distance, exposure time, modulation of laser wave, scan strategy, etc. The material control
paraméers include layer thickness, size distribution, material alloying, etc. All these
parameters can affect the material integrity. Mostly these parameddteararious ways that
defects in the materiarecontrolled.Studies on MetaRM have shown thahere are over 130
printing parameters that affect the structure of the final part which include laser power,
scanning speed, laser spot size, layer thisgkngcan pattern, e{d.8]i [20] These parameters

are faund in the printing machines that have adopted the laser powder bed fusion technology
for metal addive processing. However, detailed studies on how these printing processes and
parameters affect the final microstructure and other printidgced defectare still being
carried out. The mostritical parameters of the laser powder bed fusion technotbgy

requires little to medium level of expertise to manipuéatd dictates the final microstructure
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arelaser powerlayer thicknessscan speed and hhtspacing between the scan linadist of
studies that hae been done on the effect of printing gareters othe microstructure of 316L

stainless steel is shownTable 2 1

Table2-1: Printing parametetombinations for getting optimized parameters for printing [52]

Stainless steel 316L P(W) v(mm/s) t(mm) h(mm) E (J/mm3
Kamath et al. (2014) 150400 500 0.03 0.15 28-74
1800

Li et al. (2012) 190 800 0.05 0.15 32
Miranda et al. (2016) 50-100 300 0.03 0.0700.140 32-80
1250
Spierings et al. (2010), 104 175 0.0306 0.13 33107

800 0.045
Spierings and Levy
(2009)
Kruth et al. (2010b) 100 175 0.06 0.126 3576
380
Yasa et al. (2009) 85105 300 0.0206 0.1120.125 38156
0.060
Yusuf et al. (2AL7) 200 1600 0.05 0.06 42
Liu et al. (2011) 50 100300 0.05 1 0.08 42-125
Casati et al. (2016), 200 750 0.05 0.11 48
Yakout et al. (2018a) |
Kruth et al. (2010a) 105 380 0.020 0.125 55111
0.040
Dadbakhsh et al. (2012) 87 150 0.075 10.13 59
Kurzy nowski et al. (2018) 100200 200220 0.05 0.124 81-150
Yadroitsev and 50 120 0.04 0.12 87
Smurov (2010)
Yasa et al. (2010) 100 300 0.03 0.0810.126 88137
Yasa (2011) 100 300 0.03 10.1120.125 8999
Sun et al. (2016) 380 625 0.05 0.0250.120 99-109
3000
Liverani et al. (2017) 100-150 700 0.02 \ 0.0500.070 102214
Saeidi (2016) 190 800 0.02 0.1 119
Yadroitsev and 50 100 0.05 0.07 143
Yadroitsava (2015)
Liu et al. (2016) 200 400 0.04 0.08 156
Yadroitsava and 50 100 0.05 0.06 167
Yadroitsev (2014)
Shifeng et al. (2014) 180 900 0.02 0.06 167
Yadroitsava and 50 10 0.04 0.07 179
Yadroitsev (2015)
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Also, these are the parameters that can easily be changed without voiding the warranty of a
Metal 3D printer which is very expensive. The energngity (specifically the volumetric
energy density) combines these three influential parameters into aesipgdssion to compare

these process parameters on the microstructural integrity of the fini8Jps2], [53].

2.4.2 Porosities

Paosity can be a gooar undesiregbroperty in gpartdepending othe application of the part.
Even if the application requires a porocsmponent, being able to control the formation and
sizes of the final printed part is very cruci&lorosiy is very characteristic of additive
manufacturingndis attributed taseverafactors.Porosity can bprocessinduced or as a result

of trapped gas that could not escape fast enough before solidification occurs.

Process induced pores are also refetoess Lack of fusion porgs OF) which are formed as

a result of low energy inpueliveredto the powde to achievecomplete fusion. This can
happen bylower laser power, very fast scanning speadi&ack of overap between the scan
pattern (high scan sping[34][54]. These types of pores/voids/holesntain unmelted
powdersthat did not complkely fuse to each otheA typical LOF can be seen Figure 2 14

below. LOF pores are seen as a lack of bonding between two adjacent scan tracks or build
layers. The presence of unmelted powders confirms theolaoverlap between two adjacent
scan track [55]. Also, when two layers do not bond properly because ¢nergy input
delivered was not enough to penetrate deeper through the first layer to the one beneath to fuse
the layer together, interlayer bonding will not occur prop¢84][54]. LOF pores can,
therefore, be seen mostly between laser seaks and layerf30]. The interlayer bonding
defect can propage to the surface creating a midtyer defect. Some LOF pores are covered

up with subsequent layers and hence cannot be detected by surface analysis tedheisees.
cases can sometimes be detected by actrBle Dispersive Xay Spectrometry analysis/

exposing areas rich in oxyggso].

Porosity is very rampant when using metal powders with very low packing densities which
leaves huge spaces-letween hie particles. These spaces are then filled with gas that gets
trapped in the molten metal pool and cannot escape fast enough to the [@@ifaGas can

also be trapped in the molten pool due to vaamion at higher energy densities. The process
by which the metal powders are produced such as gas atomization cantratiace gas into

the metal powd€[i30]
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fusion

pore Lack of
fusion
pore

(= 200pm = 20m -
Figure2-13: Lack of fusion pores a)at low magnification b)at high magnification revealing

unmelted powdef80]

A lot of explanations as to how gas pores are formed have been proposed by researchers lately.
Gong et al attribute the formation of gas potesvery high laser energies thaause
vaporization oflow melting point ally constituents in thenolten poolthat gives rise tdhe

gaseous state of the molten metal getting trapped in theAdter the molten metal solidifies,

these gas a trapped, sometimeslerneath the surfaf]. It is, however, believed across the

field that gagnduced pores are specifically spherical in €hapd are enriched in oxygers

seen irFigure 2 15These types of pores are difficult to entirely get rid of, ef/émey arenot

visible on the surface does not mean that they are not underneath teg3@lyer

Figure2-14: Spherical gas pore in a) 3143L M pat[55] Ti-6Al-4V-EBM pa{35]
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2.4.3 Residual Stresses

Residualstresses are chatadstic of metal 3D printing due to the huge thermal gradient as a
result of the rapid cooling and rapid solidification. Thermal stresses coupled with the high
thermal gradient are induced into the part after printing and when leéféendad cause cracks

to emanate in the samge8][59]. When the cracks are initiated, they grow into the wipairt

in due time and that comprises the integrity of the part. Cracks can form along with the grain

boundary or through grain themselves.

The crackslonggrain boundaries are called intergranular cracks whereas crack through grains
is transgranular ciks which bring about intergranular and transgranular fractures/failures
respectively Metal alloys with low thermal conductivity experience thermal stregess
strongly since the thermadnergy accumulated during the printing process cannot easily
disspate which makes them very susceptiblectacking.Examples of these types of crack

are shown irFigure 2 16 Such materiaincludesstainless steel and nickiebsedalloys[60],

[61]. This phenomenon is reduced by preheatingsthiestrateto try and create a uniform

thermal digribution.

. R |

Figure2-15 Cracking between layers in M2 Tool S{é2]]

2.4.4 Non-equilibrium Microstructures

Using variaus MAM techniques to fabricate padBanges the microstructure from structures
that are induced with traditional manufacturteghnologiesSteel MAM shows a lot of these
microstrudural changesvith the introduction of new solid phaseswell as micreegregation

of the subparticles.These phases and microstructuaesnofpresent when traditional methods
are used to produgmarts with the same chemical composition. These nevosticactureshat
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evolve change theroperties from the know behaviors thavébeen recordedbteel is among

the most researched material for MAM pdebricationand as all other metal used in AM,
experience the sanmmaicrostructural inconsistenciesypically for geel AM parts, there are
fine-grainedstructures that form due to the high cooling rates present duringaiigfacturing
processg$3][64]. The microstucture changes that occur can bguperstructure such as a

melt poolboundarya substructwe like cellular and columnar structures, as wekesondary
phases that form as tlehanges in temperatures occur during manufactyésp[66]. Also,

grains that orient in a specific direction has been reported in MAM steel parts that create texture
and consequentlyause anisotropic property behavibine LM D technologies are known be
susceptible to thicker melt plsoboundariesvhich shows broadening microstructures due to
slow cooling rate§63], [64]. Texture developin the microstructure due to the parametead

were used in the fabrication proce$6&$ [69]. Due to the thermal cycles experiencedaby

part thatis additively manufactured, some alloying metals under phase transformations. This
evolution that the microstructure goésaugh changes the properties entirely from its initial
properties. The transformations that happen during the printing process islet@pen the

type of AM used to fabricate the part. The microstructure shoviigare 2 18is that of a

316L Stainless tgel that is manufactured by LENS technology. This microstructure reveals
the presence of intercellular ferrite on the boundaries afdhealar dendritic structurd88].
Austenitic stainless steel is known to entirely censf a singlephase microstructure,
however, most of the MAM fabrication techniques used introduces a second phase
microstructure thathanges the behavior completely but SLM technifi@[71]. After
fabrication 316L and 304L steels are observed to be dominated with cellular and columnar
dendritic structures baden the printing process parameters and the type of MAM technique
employed[5]. Second phase particles particularly, ferrites are reported when using DED
technques for part fabricatiofb]. Due to he low content of carbon in these types of alloy,

precipitated carbides are not common in the final parts.

For martengic steels, small volumes of ferrites are introduced after they have been additively
manufactured. The same microstructure has been observed for precipitation hardening steels
such as maraging steel, AISI 4204 PH, etc. [63], [64], [68] A Bt of steeparts fabricated

by various AM techniques and the different phases that are repoegtown inTable2-3.
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Figure2-16: Microstructureof 316L Steel fabricated with DED showing cellular dendritic

Table2-2: Various MAM techniques and the different kinds of phases it induces in the final

structuegd5]

parts madefdron Alloys [5]

Alloys MAM Phases reported in References
techniques studies
4340 DMD Ferrite, Cementite, [73]
Martensite
316L LENS Austenite, intercelliar [36]
ferrite
316 GMA-AM Austenite, sigma, delt: [74]
ferrite
420 SS DMLS Martensite Austenite [75]
ER70S6 3G-GMAW Ferrites (polygonal anc [76]
acicular)
FeCrMoVvC SLM Martensite(fine), [77]
austenite, carbides
H13 EBM Martensite [78]
H13 DMD Martensite, fine [79]
carbides, retained
austenite
M2 Steel DMLS Austenite, Martensite, [80]
Carbides
Maraging Steel SLM Not reported [81]

26



Figure2-17. Presence of ferrlte in Austenitic Stalnless Steel produced with LENS
(316L)[38]

Figure2-18: Sigma and delta ferrite in 316L pracked with Arc AM74]

Chen et al made a study to investigate the microstructure changes that occur in 316L that are
fabricated using arc additive manufacturing technique and discovered different pleases. p

The austenitenatrix, the intermetallic phase (sigma, which is metastable at room temperature).
The sigma phase is reported to be a strengthening phase but at the same time, it depletes the
ductility of the structure. The microstructure from thisdy showing the varigs secondary

phases are illustrated kgure 2 19
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2.5 316L Stainless Steel Alloy

Steel is used in almost all fields of engineering, from food processing to using them in nuclear
power plants. This is mainly because of its high perfoceand material propees[68]. Steel

has also found favor in MAM technologif8]. Steel alloys are among the most researched
metals used in MAM aside from titanium alloys. Commonly available steel grades used for
MAM purposes include austenitic steels, preciptahardenable steelsjaraging steels,630
steel,155 PH steels, tool steels, ef63]. Austenitic steels that are used more often include
304L and 316L since they are low carbon steels that are resistant to corrosion due to their low
carbon content®8]. The 316L Stainless Steigla singlephase austenitic stainless that is used
most often in areas that require a material with high strength and corrosion resistivity. This
variant of low carbon steel has numerous properties that influence its widé2js846L SS
maintains its high creep and tensile strength at elevated temperatures. Also, 316L is
biocompatible ad can be used as medical implants as well as surgical tools. Because of all
these properties, these steels are being used in the oil and gas industries to processes corrosive

chemicals

Table2-3: Chemical Conposition of 326L Stainless Steel Powder from EOS

Element Composition (%)

Fe Balance

Cr 17.00/19.00
Mo 2.25/3.00
Ni 13.00/15.00
Mn 2.00

Cu 0.50

@ 0.030

P 0.025

Si 0.75

S 0.010

N 0.10
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They areseen in the food processing and pharmaceuiealts because they do not easily
corrode and leak dangerous elements into the food or medicine. Due to their polished nature
after surface treatment, they appeal to the architectural industry to be useshtingcr
astonishing structures. They are usethaking parts of ships that are susceptible to corrosion

by the seawater and are used to build structures close to the sea due to the amount of salt in the
atmosphere that can easily corrode other types dclrmkkys. The 316L SS used for this study

hasa chemical composition listed in Tablet2

2.1 Printing Parameters effect on Laser Sintered 316L Microstructure

PBF as discussed earlier involved a layerwise fabrication of 4§#rtlt involves a single
scanning using a laser of specific poweM{Pmoving at a constant speed(mm/s). A layer

is completed by multiple scans depending on the type of scategt used. The distance
between adjacent scan lines is referred to as the hatch sga@img). A new layer is started
after new material isleposited onto the previously completed layer, and the height of the
deposited material is the layer thickneisémm) [8]. A single expressiors derived from a
combination of these four important printing parameters to evaluate part density, porosity,
surface roughness, etc. which is the volumetric energy density (8BDMaterials such as
316L stel have been successfully printed by Selective Laser Melting technology(SLM) to
achieve a 99.9% densification2010[84]. However, the microstructural integrity of the part

as a function of the printing parameters have been unpred{84ple

6 %S (21

Kamath et al. inveggated the densities of 316L AM parts using 15@00W laser power and
concluded that the part densities are affected in two ways, insufficient melting and keyhole
mode. For the insufficient melting, either the gpeaincreasing, or the laser power isueidg

(at low powers). The keyhole mode occurs when the laser energy is too high and that results in
lower densities as well. Also, Kamath and his group found out that the speed sensitivity is
dependent on the imsity of laser power used. According teeth, using high laser power
causes negligible variation in part density when the scan speed is changed. High laser power
gives the same densification over a wide range of scan speeds but at lower laser powers, the

density varies significantly with changesoan speefl8].
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Yakout et al stued the densification and mechanical behavior of 316L Stainless Steel Alloy
using 200W laser power and suggested a stable energy density range betwed.@2.5
J/imn?. According to Yakout and his group, this rangfeenergy density provides better
densification, reduced level of voids and defects and highest toughness bE#vitnuth et

al assessed the effect of lasenrelting with further part densification. They provided us with
optimized printing parameters which are 380 mm/s speed, 1888 power, 125 um hatch
spacing and spot sizef 200um (energy density of ~ 76 J/Mfnwhich gives maximum
densification at 0.77% porosity level and bymelting porosity reduces significantly to
0.032%. But J. A. Cherry et al after conducting researchaser melting on 316L Stainless
Steel achieva that the lowest porosity which was recorded at 0.38% occurrax eatergy
density of 104.52 J/minThe parameters that were studied are point distance and exposure
time. Also, they concluded that the amowftporosity present in the sample affects the
hardness of the material. The maximum hardness recorded for this started was at 225HV with
anenergy density of 125 J/n#§85].

Metalbased Additive Manufacturing (AM) techniques such as the SLS is currently being used
to produce complex metallic and higlerformance parts for use in higttress applications

the aerospace and automotive industries. However, there is no widespread use of AM processes
for direct part production in these industries because of various concerns including gaps in
performance metri¢cstandards to improve the accuracy of AM partg lack of consensus on
properties of produced parf21]. Also, processing parameters and constituent powder
materials produce microstructural heterogeneities which irfiiére properties and quality of

parts fabricatd via AM[21], [22].

Currently, Metalbased Additive Manufacturing (MetalM) techniques such as Direct Metal

Laser Sintering (DMLS) is being used to produce complex metallic anepbidbrmance parts

for use in the aerospadeiomedical and automotive industries. Howegrict requirements

for part quality and standards have prevented widespread use of AM processes for direct part
production in these industries. This is attributed to various concerns with AM parts including
quality and repeatability of produced metaftpagaps in performance metrics and standards

to improve the accuracy of parts. Understanding the effect of processing parameters on the
evolution of microstructural heterogeneities which influence the piiep@nd quality of parts

fabricated via AM, ca be used to tailor the microstructure of parts for specific applications. In
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this study, the effect of DMLS parameters on part quality and microstructural evolution is

studied as a baseline for tailoring tiherostructure of parts fa specific applicaon.

2.2 Mechanical Properties of 3D Printed 316L Steel
Printing parameters and microstructural featuptsy an essential role in thmechanical
responseof the 3D printed316L steelfor varous applications. Mechanicdestingsuch as

hardness andear testire discussed in this section

2.2.1 Hardness

Hardnessas amechanical property ia measure othe resistance to the localized plastic
deformationwhen a load is applietb the metal. This is normally determinedena flat
surface igmpacted withan indenbf a predefined geometryickers hardness testhich was
developedn 1922 by theengineersat VickersLtd is the most commonly usédrm of micro
hardness testiig6]. Various Vickers hardness equipmethas different loadsranging from
25gf to 400gf (2NA90N) are equippé. The diagonals from thesquarebased pyramidal
impressiommadeon the surface with a specific loatemeasurednd thearea undetheindent

is usedto estimate the hardness of tmetallic surface using thequation 2.2) below. The
schematic for the mdness test is shown kigure 2 20

HV ™ Y wp— (22

Where F = the applied load (N)
d = average of the two diagonals

square based —-
pyramidal indenter

Ly impression
S
sampie —

Figure2-19: Schematic representation of the Vickers hardness process
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Therehave beerseveraltypes @ researcldonethat relate the hardness to the porosity of the
printed sampl¢85], [87]. However, Zuback et al found no relation between the micro harness
and part densification but attributed the hasdnof the part to the variation in hatch spacing
which plays a big role in the cooling ratg. Other studies also confirm no correlation of
hardness with padensity[35][88].

2.2.2 Tribological Behaviour of 316L Stainless Steel Alloy

The phenomenon of rubbing surfaces has been
was first introduced by the Jost when he reported on his landmark in[22J06 he term

Tri bol ogy was derived from the Greek word ff
simple terms def i ne d[90 $ribdlobydas thereforethe stedg othef r ub b
science and engineering of the relative motion of contacting surfaces. Since the twentieth
century, it has been developed to include the study of friction,, vaear lubrcation of

interacting surfaceq91]. Specific applicable fields of tribology include biond,

automotive, aerospacetc. Poor wear resistance and galling wear are characterized in most
stainless steel including AISI 316L Stainless steel. They are usually proiféetent forms

of wear and contact damage due to their soft nature andHienitapplication$92].

2.2.3 Friction and Coefficient of friction

Load (N)

Direction of

Direction of
ﬁ
movement

movement

Normal Force (N)

Figure2-20: Schematic of friction on a sliding body
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Friction is defined athe resistance to the relative motions of two bodies in contact. Friction is
essential since it exists ideally in every formaofmechanical system. The mutual contact
between two surfaces sliding against each other will experidincgi@al force. Ths force is

due to the resistance that is tangential to the contact surfaces of the slidingfigdres2 21

shows that the frictional force is experienced in the opposite direction of the sliding.

The frictional force is also refled to the applied noral load, the contact area and surface
features such as asperities and roughness. The term coefficient of frigtimngenerally
defined as the ratio of the maximum frictional force(F) between the two surfaces and the normal
force applied (N). The nmathematical expression of the coefficient of friction is given in

equation 2.3) below

(2.3)

| Ro

2.2.4 Wear

Wear can be defined dset progressive removal of material from the surface of two materials

in contact and relatively moving against each other. Wear can also be described as the level of
plastic deformation occurringn a surface as a result of the mechanical action inducttby
constant sliding actiori93]. These normally occur in mechanical processes such as magchinin
grinding, cutting and even polishing. Wear can be both desirable and undesirable in a system.
Constant andexcessive wear is most undesirable in many engineering applications leads
because it leads to the deterioration and sometimes catastrophic d&ilnost components.

The degree of wear of surfaces is normally quantified using wear rate. Wear rateed dgfin

the mass or volume loss of material per unit sliding distance. However, most weareate
expressed in simple terms using mass loss @yalume loss(mr). The rate of wear of two
surfaces is influenced by many factors. The type of materiamegep of contact surface,
macroscopic and microscopic irregularities, surface roughness, atmgspmgreperating

conditions highly affect the vee performance of parts in service.

2.2.5 Wear Mechanisms
Due to the nature of the contact surface and their interactions, different wear modes can be

experienced on the surfaces of the materials. These wear mechanisms can act alone or
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simultaneously on the dace and can be grouped as follows: adhesive wegasiab wear,
surface fatigugand tribachemical weark-igure 2 2Zhows the wear mechanisms experienced
on various metal surfaces including stainless s#&edtither prevalent wear mode is fatigue
wearwhich results in surface crack formation due to tipeated sliding cycle of the contact
surfaces, as shown figure 2 22c These cracks brealp eventually and result in loss of
material from the mating surfaces. Corrosive or oxidative or-timicalwear occurs as a
result of chemical interactions beten the mating surface and the environment. This mode of
wear is also demonstratedkigure 2 22dvhich shows the formation of chemical products on
the mating surface. These products can be regardaotastive layers but are easily worn as
sliding coninues, to expose the surface for material I[2&g. The medical industry has
embraced this new manufacturing technology, 3D printimgtie huge advantage it offers to
the field. Frombuilding custom implants to designing intricate surgical tools, additive
manufacturing is revolutionizing the industry. It is very crucial that the toxic chemical
component of the materials used in theas@tl s do not | eak into pat.i
results in the need to access the tribological performance of such materials.

For 316L steel, the nickel content is toxic if leaked intollo®dstreamso it is very prudent

to access the wear propert@ghese parts printed with 316L Steel.

a) k)

Sliding directi
Sliding direction

@ = FN‘

d)

F Sliding direction

| h\@ =_

,_‘.' V‘N"w‘

Chemical reaction product 1

Figure2-21. Schematic representation of wear mechanisms (a) adhesive (b) abrasive (c)
fatigue wear (d) corrosive wdgab]
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Y Sun et aldid some workwith testing thevear behavioof 316L steel. Theperformed a dry
sliding reciprocating wear test and concluded that densethe fabricated part, the more
resistance it iso wearwhich ultimatelymears that sintered parts are not asisemnt to wear
as bulkier more dense part fabricated by conventional or traditional nMiéan316L-SLM
partsfabricated with different scan speddgsheir study were able to achietlee lowest part
porosityof 1.7% and a high porosity level &.7%. This study also concluded that a denser
partwill be more resistartb wear than a pouspart[96]. However,some studies condigxl

on SLM fabricated316L showel thatthey had better wear ppeties than conventiondf

manufactured pés. SLM better wear property

Bartoloneu et al[97] compared the wear properties of pdatisricated by SLM casting and

hot pressing technology single SLM part with70 W, a scan speeaf 417 mm/s, hatch
spacing of 70 um, and an optimum layer thickrefs30 pumobtained fron studieson printing
parameters optimizatiof®8], [99]. Among these three technologies used to create the tested
spedmen, the SLM part showed the highest wear resistare@&# lower wear rate that the
casted specimeThese studiesompared the wedrehavior additively manufactured part to
conventionally maufactured 316L SSHowever, the studies into the effect afinting
parameters on the wear behaaoestill being explored. Li H. et al investitgd the influence

of parameters such as build direction on the COFcandequentially thevear rateThe efect

of temperature on the wear rate was also investigated.

Li et al found out that the build direction hasegligible influence on the wear rate and COF

but at hightemperaturesay 200C, the COFdecreased greatljt00]. In adhesive wear as
shown inFigure 2 22amaterials on the contact $ares stick or adhere to each other due to

the formation of bnds between the asperities of the sliding surfaces. This eventually leads to
material transfer between the two surfaces and the loss of material from the contact surfaces as
the load is continugsly applied. Abrasive wear is characterized by the rubbatigraof a

softer surface with a harder surface. Surface asperities of the harder material cause flow or
plowing of the softer material or more ductile material. When there is just an abradeve sl
along one of the surfaces, it is termed as-bwdy abrawe wear. When a hard particle is
caught between the mating surfaces and plows the softer surface, then we hdclthwear

[94]. A schematic of the abrasive weailligstrated inFigure 2 22b
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3 METHODOLOGY

3.1 Introduction

The samples are first 3D printed using varied printing parameters and then studied extensively
to characterize their behavior based on two categdfes.the samples were printed, they are
taken thmough two different forms of studies: the microstructural and mechanical
characterizations. The microstructural investigation involved density measureamnface
morphological analysis that involveshalyzing porosity, unmelted powders and the evaluati

of microstructural features. The mechanical characterization involves determining the hardness
and the wear performance of the printed parts. The overview of the experimentations is shown
in Figure 31 & 3 2.

|
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Density measurement Optical Microscopy
ASTM B962-17 (Porosity Analysis)

Figure3-1: Microstructural Analysis of 3Eprinted Samples

\ / Countel

ball
holder

N

Wear Track

ample

c Sample
ounter holder
ball

wlckers Tester [15] / k ASTM G133-10 /
Micro-Hardness Wear Test

Figure3-2: Mechanical Behaviour Testing of 3D printed Samples

36



3.2 Sample Processing

Figure3-3: M280 DMLS Printer from EOR01]

The steel powder wused to print thbasesamapl| es |
mill certification test conducted by Elect@ptical Systems based out of Finlaiitie various
parameters used to fabricate these samples are shdahlen31. The parametric values were
selected to be within the range that has been desadritedeview of laser sintering of 316L
steel paper by Yakout et fi2]. From Table 31, there are three different laser powers 150,
200 and 250W. Each sample is printed withyirg hatch spacing (0.08, 0.10, 0.12 and 0.14
mm) and laser scan speeds (250, 750, 1250 and 1750 mm/s). The hatch spaisngéhat

and the potential overlap offset between the beam diameters of the scan lines are shown in
Figure 35 & 3-6. Square gboids, measuring 20 mm x 20 mm x 15 mm, were fabricatad in
chamber filled with nitrogen gas withsubstratéemperature of 375 K. Fifteen samples with
different ginting parameters were manufactured using a commercially available printer EOS
M280 DMLS machineshown in Figure 3 using appropriate AISI 316L stainless stéie

scan pattern used to create the sample is referred to as a stripe scasipattermFigure 3

4. The stripe patterns are rotated at byf6éi every layer of the samples proédc The entire
details of the scan patterns as portrayedrakout et al[52] is shown in Appendix DThe

nomenclature of the sample is explained with the diagram shokigure 37.
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Table3-1: Printing paameters for AISI 316L Alloy

Group P1=150W
Sample G2B1 G2D1 G4Al G4C1 G4D1
Hatching spacing(mm) 0.10 0.10 0.14 0.14 0.14
Scan speed(mm/s) 750 1250 250 1250 1750
VED (J/mm?3) 66.67 28.57 142.86 28.57 20.41
Group P2=200W
Sample G1B2 GlC2 G2B2 G3C2 G4B2
Hatching spacing(mm) 0.08 0.08 0.10 0.12 0.14
Scan speed(mm/s) 750 1250 750 1250 750
VED (J/mm3) 111.11 66.67 88.89 44.44 63.49
Group P3=250W
Sample G1C3 G3C3 G3D3 G4B3 G4D3
Hatching spacing(mm) 0.08 0.12 0.12 0.14 0.14
Scan speed(mm/s) 1250 1250 1750 750 1750
VED (J/mm3) 83.33 55.56 39.68 79.37 34.01

Scan tracks

Figure3-4: Stripe Scan pattern

]- Stripe overlap
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Hatch spacing place holder:
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Scan speed place holder
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C=1250mm/s and D=1750

L/

A3\
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Laser power place
holder:

1=150 W,2=200
W,3=250 W

Figure3-7: Nomenclature of Samples for Identification

3.3 Surface Preparation and Microstructural Characterization

The samples after printing are shown in Figu& Bith the dimensions shown with the help

of a Vanier caliper in Figure-8b. A 5 mm thickness of the sample was cut from the bottom

part of each cuboid W a wire Electric Discharge Machine (EDM). 5mm gie¢as taken from

the bottom part of the whole sample as shown by the schematic diagfagnrne3-9. The 20

x 20 x 5 mm cut pieces wehet mountedat 190c and 260 bars using the automatic mounting

pres from MetLab mounting shown Figure3-10a.
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Figure3-8: a) Sample Coupons after printing b)Dimension of sample coupon

Objective lens
to reposition
__ lasers

Focused
Laser beam

Stripe scan
pattern

20x20x15m

5 mm thickness cu
for metallography

DETAIL A
SCALE 10 : 1

Figure3-9: Cut partfrom the bottom of the sample

The mounted samplésne of them shown in Figure13) were grounded with SiC grinding

paper from MetLab starting with the roughest grit (180), then with the 400 grit,600 grit, 800

grit and finally with 1200 grit paper. Pdhi;mg was done with alumina suspension, starting with

the alumina particle size of Iphén finishing it with 0. O5u to obtain a mirror finish. The
grinding and polishing are done on the StarGrind20@rinding and polishing station shown

in Figure 3-10b. Approximately 10 minutes of grinding was spent on each grade for each
sample. Polishig was done with ADs suspension (0.1 microns) to a mirror finish for 15
minutes.The polished samplese then taken through chemical etchmg t h mar bl eds r
Theetchant used was a combination of Cu3€CI and HO. Each sample was immersed fully

for 25 seconds for the etchant to react completely with the sample. The samples were removed
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from the etchant and rinsed thoroughly under running water and then nedtvatizethanol.
The etched samples were studiedamitie optical microscope to document the structure and

morphology of the observed microstructural features.

el g SR

Figure3-11. a) Mounted sample b) Sample after grinding

The samples were also studied with a scanning electron microscope (TESCAN SiMyto

the structure and morphology the samples. 9kV of energy, with a beam intensity of 9.0 and

at 25 mm working distance was adopted as settings for microstructural study. The SEM
chamber was kept under vacuum in the presence of nitrogen gas. Thessewang wrapped

in carbontape to rduce the rate of charging on the sample surface. The chemical composition

and elemental mapping were carried out on the sample using the Electron Dispersive
Spectroscopy (EDS) equipment attached to the SEM.
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3.4 Determining the Surface Porosities and Density

Porosity in these samples was qualitatively analyzed using a 2d analysis approach. The porosity
level in each sample was measured with the aid of ImageJ software by Gsiffedent
pictures of the same magnificatidBach image measures approximat&lg92 x 4.246 mm

and a total of 15 images represents a theoretical coverage area of 75%. The size of one
micrograph is shown iRigure3-12a. The approximate areas that the micrographs where taken
arealso shown irFigure3-12b where each area represents arage area of 3 micrographs.
Average porosity is obtained from thgiinages as a representation of the whole sanipie.
surface porosities were determined using the image analysis software, Image J. Micrographs
undervarious magnifications from the opéil microscope of the unetched samples were used

for the porosity analysig.he termed surface being used here is to denote the 2D measurement
technique even though the surface here in internal to the sdfoplkeach saple, 5 separate
images under theme magnification were used for image processiaging sure to stay away

from jaggereadges of the sampldsach of the &images is taken through thresholding, where

they are binarized, based on the threshold valatectbarly distinguishes the graykcaalues

of the pores from the sample itself. The average

Micrograph

. area

Sample

. /‘/ Surface
Jaggered
B B e

avoided

Figure3-12: a) Micrograph sizé) Approximateareas wheranages were taken

porosity is determined from the percentage aredifna from e/ery single micrograph.

Part densities of the printed pantere determined by usirthe Archimedes principle according

t o t he 0 A%IJtdndaR IJé&st2Methods for Density of Compacted or Sintered Powder
Met al lurgy (PM) I&waedlkanaedsfitst wittd diluged cdeanimgp soap to
remove dirt trapped on the sample surface. Secondly, the ssanpiensed completely with
deionized watefollowed by cleaningvith ethanolto get rid of any remaining solvent on the
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samplesAll the cleaning processesredone withn a Branson Ultrasonic Bath with pressure

68 Pa.The ultrasonic bath employed in this study is shown in Figtirg. 3

The samples were weighed in both air and distilled water. The mass of the santipéesrin

wasreco ded as OAOG6 at room t empe rskowuimFguredd h a M
For the mass in water, the pores on the surface of the sample are coated with wax to prevent
water from entering the sample. The wax coating was used to seahtiexttogsurface pore

that will affect the buoyancy of the printed samples. These samples are made to cure under
room temperature for 8 hours. The coated san
the coated samples were submerged and weigheadtthie nass underwater.

The densities are determined using this formula based on the ASTM staaslaithwn in

equation 8.1)

Part density,

Jp=——o (3.1

Where A= mass of the part in the air(g)
B=mass of the waxoated part(g)
F=the mass of the wasoated part in watewvith the mass of the support tared(g)

} w =the density of water

Figure3-13: Branson Ultrasomator

43



Figure3-14: Mettler Toledo Balance

3.1 Hardness Testing

Hardness measurements were obtained using the Vickers-Miéoness Tester. This tester
uses a pyramidal diamond tip indenter to impinge a knfosce to a point of interest on the
sample surface. ThHeardness of the printed samples was tested with a force of 300gf which is
equivalent to 2.94N. Ten different indentations were done per sample with dwell time for each
indentation as 15 seconds. g the hardness testing, all indents that fell into paree

ignored.

Figure3-15: Vickers Hardness Tester
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The hardness valug$lV) are obtained by measuring the diagonals of each quadrangular
pyramidshaped indent anadind the corresponding hardness to the measured diagdhals.
average of the indents was taken as the hardness of the sample.

3.2 Roughness Measurement

According to theASTM G13305, in order to effectively compare the wear rate of samifiles
is required thathe average surface roughness of each sample should mothire 0.02-0.05

pm. The surface roughness measuremehthe printed 316L samplesemeasured using ¢h
Optical Profilometer from BrukerBfuker Contour GT Optical profilogtel). This surface
roughness measurement system employs @&aotact method for measuring surface asperities
and using high and low pass filters, the averag@r®nsionalsurface roughness values are
obtained according to ISO 25178 standard.

Using an aeraging technique to measure five separate regions, each measuring 1 x 1 mm area,
and then taking the average measured roughness values to be representative of the roughness
of the entire surface. To obtain the 1 farea, a window 0.3 x 0.3 mm was stiédhover that

area, with a 20% overlap which resulted in approximately 294 separate measurements.

Figure3-16: Optical Profilometef102]
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3.3 Wear Testing

The wear testare done accordingo ASTM G13310 and the sampl@reparationwas in
accordance witthesane standardlhe counter body employéadr the wear testis a hardened
steel E521Q A 10 mm diameter ball is used wighhardness of 58 HRC and surface roughness
measuring 0.04 unifhe ball and sample surfaces are thoroughly deanbath for 10 min

prior to the test.The ball is firmly secured in the holdand the sample is also tidjfixed to

the stage to avoid any motion psssible.The samples have an area of 20 x12® to work

with, but before the sample is secured in place, it is vesigim the balance to read the mass
before wear.The ball is brought as close to the sample surface without touching it to make
sure that running the test will not be done outside the sample surfaase there was any
misalignment of the sample and the ballnormal loadof 25 Nis used for the dling test
while maintaininga constantate of 5 HzThe strokdength is 10 mm witlime 1000swhich
resulted ima total sliding distance of 100 m. This is equivalent to 5000cycles of the main drive

on the tribometerThe equation used for this calculatic showrby Equations3.2 and3.3

Sliding distance m@timt¢ O £ (3.2)

Cycles=0 £ (3.3
The test was scripted in two steps;

Steplthatbrings the ball into contact with the surface with a-pvad of 5 N for a total of 5s

This is to ensurthe safe operating conditiong the sensors used in the equipment.

Step 2 involves thexperimenitself. Here the load begins to ramp from 5N to the t&ting
load of 25N at a rate &N per secWhenthe full 25N is attained, the slider that moves the

sample begins to oscillalradt o6 and O0frod manner to begin

After the first war track is completed at the end of the full cycle,sdmaple is carefully
removed, and the debris cleaned off the track with a brush to make sure that all loose debris is
gotten rid of.The sample is then weighed for the second time to calculate the mass loss after
the experiment. The sample is placed badkénequipment for a second experiment using the
same testing parameters. This is repeated three times and the average of tlessriass

determined to form the three separate tests. For each test, a new ball surface is used by rotating
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the ball in the hlaer or using a new ball when there is no room for more wear scars. The mass
loss for each step for each sample is recorded amdsmpedSee Appendix B for detailed
results form the wear test experiment). The Tribometer used is shokgures-17 anda
schematic of the test is presentedrigure3-18. The tribometer records the COF of each of
the test against time. The graphsdach test per sample are combined and shown in Appendix
Al-8.

Figure3-17: Universal Mechanical Tester Tribofdo3]

Counter
ball holder Wear Track
Sample
Sample
holder
Counter
ball

Figure3-18: Schematic of the wearge
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4 RESULTS

4.1 Effect of Printing Parameters on Surface Porosities

60091 o pocy

6009 cc deT

éSOQrMHHCDyOC

Figure4-1: Effect of increasing V.E.D on surface porosity with (a) high level of porosity at
28.57 JJmm3 (b) moderate level of porosity a682/mma3 (c) low level of porosity at 66.67

J/mm3 (d) very low level gborosity at 111.11 J/mm3 (e)eenergence of pores

There was a good relatiship between the printing parameters and surface porosities. Figure
36showsthemicrographs of the printesamples showing the surface porosities. The pore type,
size and distribution changed as the printing parameters were changed as skayunad-1

The printed sample which had a volumetric energy density of 20.4 £Maudifferent pores
dispersed acss the sample as was observed for all the other samplesongth jhe sizes of
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surface pores in this sample were relatively biggersa®h as a black smudge as shown in
Figure 311b.

An increase in the energy density from 20.41J/non28.57J/mrh decreaed the volume
fraction and sizes of the pores as shown irukad-1b. In Figure 4-1d, the sample with a
volumetric energy density of 111.11J/ fihad the relatively lowest volume fraction of pores
together with the lowest pore sizes. Beyond the volumetrergy density of 111.11J/ im

there was an abrupt and siiigant increase in the size and volume fraction of the surface pores
as shown by Figre4-1e. Thus, the surface porosities of the samples reduced as the volumetric
energy density increased mno28.57J/ mrito 111.11J/ mrhand increased as the volumetric
energy density increased above 111.11JP msnshown in Figre 4-1. Table 41 shows the
measured average porosity and the standard deviations and errors for the micrographs

processed with the lageJ software.

Table4-1: Porosity level from Image processing (ImageJ)

Sample Energy Average Porosity Std Dev Std error

Density (%)

(J/mm3)
G4D1 20.40816 49.4310 3.391906 1.072615
G4C1 28.57 8.8576 2.439748 0.771515
G2D1 28.57143 6.2480 2.11106 0.667576
G4D3 34.01361 5.6310 1.515855 0.479355
G3D3 39.68254 1.4030 0.389686 0.12323
G3C2 44.44444 0.8090 0.334898 0.105904
G3C3 55.55556 2.4000 0.886716 0.267355
G4B2 63.49206 0.1450 0.024412 0.00772
G1C2 66.66667 0.4134 0.110894 0.035068
G2B1 66.66667 0.3990 0.06662 0.021067
G4B3 79.36508 0.0170 0.007315 0.002313
G1C3 83.33333 0.1560 0.06606 0.023356
G2B2 88.88889 0.0076 0.012619 0.00399
G1B2 111.1111 0.0972 0.054228 0.024252
G4Al 142.8571 6.3186 1.46929 0.441723
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Figure 4-2 shows the measured volume fractions of the surface porosities as a function of
volumetric energy density. The highest volume fraction of pores was obtained at the least
energy density, 20.41 J/ninwhich was a recorded 49%. Tloavestvolume fraction of pores

was acquired at volumetric energy densities betw&HmMma3 to 11 J/mm3. Increasing the
volumetric energy density from 20.41 to 39.68 Jhwaused the volume fraction of pores to
reduce by a massive 48%. However, increasire eergy density from 39.68 J/mm3 to 88.89
J/mn? did not result in any significant reduction in the volume fraction of the pores since there
was approximately only 1.39% reduction in surface porositiesddition, any more increase

in volumetric enagy dengy beyond 88.89 J/mm3 to 111.11J/mm3 does not present any
significant reduction in surface porosities. Thus, volumetric energy densities between 39.68
J/mm? and 111.11J/méoffer approximately the same volume fraction of surface porosities.
Beyondthis VED, the pores on the surface of the samples begin to increaseTdgasample

with the highest volumetric energy density of 142 Jfiad 14.13% volume fraction of
surface porosities which is almost the same as the sample with volumetric enesigjgsien

28.57 J/mmwhich had a 17.14% volume fraction.

There were 2 main types of surface pores observed in the printed samples as shown in Figures
38 and39. These were lackf-fusion pores and gas pores. Typically, the surface pores in the
samples th volumetric energy densities between 2055156 J/mm3 were lack of fusion

pores. These pores are polyangular in shape as shdvwgure 3a-f. There are instances were

these pores join to form larger pores and they are also populated with powdeisuAis|

the surface pores in the samples printed from 668711 J/mrivolumetric energy densities
showed circular surface pores as shownFigure 4-3a-e. The sample with the highest

volumetric energy density of 142.86 J/rhsimowed keyholes as seerFigure4-3f.
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Effect of V.E.D on Surface porosity
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Figure4-2: Porosity levels as a function of V.E.D
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Figure4-3: Micrographs showing low v.e.d samples impregnatéhl lack of fusion pores at
increasing v.e.d of (a) 20.41, (b)28.57, (c)34.01, (d)39.68, (e)44.44 and (f)55.56 J/mm
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Figure 4-4: Micrographs showing high v.e.d samples impregnati circular gas pores at
increasing v.e.d of (a) 66.67, (b)79.37, (c) 83.33, (d) 88.89, (e)111.11 and (f) showing keyholes
at 142.86 J/mf




Figure4-5: Effect of Laser Power and Scan Speed on Rgreze and distribution using a
constant hatch spacingGléx¥ 80 em a) G1

4.1.1 Effect of Parameters on Pore Size and Distribution

The individual parameter effects on the size amwlistribution of the pores are also accessed.
The analysis is dw in groups depending on the type of hatch spacing used to fabricate the
part. The first group studied are the samples printed with a constant hatch spacing of 80 um,
and the effect of powemad scan speeds are acezkseparately. The orange arrow deisode
change in speed while the green arrow shows a change in laser gampleG1C2in Figure

4-5b with ascan speed of 1250 mm/s and power of 208 Wéed as the reference sample here
This reference sample surfabasa high aspect pore randomly diswited on the surface.
When there isa reduction in speed to 750 mm/s, the pores reduce consideradze but
maintains a uniform distribution across the sample surface as shdwgume 4-5a. The pore

count also increasavith relatively the same pogzes However, an increase in power from
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200250 W though also causes a reduction in pore sizes, the sizes are not uniform. In,this case

there are bigger pores amidst smaller ptinasare randomly distributed’he sample with the

lowest amount of posaty in this group is sample G1B2.

A
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Figure4-6: Effect of Laser Power and Scan Speed on Porosity size and distribution using a
constant hatch spacing of 100 em a)

The second gup of samples looked at are fabricated with hatch spacing of 100 um, which
showszerooverlapand zero offsebf the beams of adjacent scan lines from the schematic
shown inFigure4-6b. Using sample G2B&hown inFigure4-6b asareference witha power

of 150W and 750 mm/s speekh increase in power by 50 W leanisly toareduction in pore
count, but the size of pores present remains the aanesizesin the reference samplehich

is evident inFigure4-6¢. On the other handncreasing the speed 1350 mm/s shows a huge
increase in pore sizes with noniform pore sizes and distribution232 shown in Figure4-

6¢ hastheleastporosity levelin this group.
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The third group of samples looked at are fabricated with hatch spacing of 120 pum, whish show
20 um offset of the beams of adjacent scan lines from the schematic sh&igurea24a.
Taking sample G3C3, which haspower of 250W and 1250 mm/s speed, asr#ierence
sample. Thigeference samplehows irregulaty shaped porewith different sizeandmostly

with high aspect ratio®\ reduction in laser power ®00W shows the high aspect ratio pores
becoming globular (increasing roundnessjhe pore count leows negligible change as
observed in sample G3C2 shownHRigure 4-7c. Sample G3D3 to théeft of the reference
sample showsn increase in scan speed/eaing a reduction in pore sizdsut also shows
negligible pore countlifferencesas seen irFigure 4-7a. SampleG3C2 recorded the least

porosity in this groupf samples.

Figure4-7: Effect of Laser Power and Scan Speed on Porosity size and distribution using a

constant hatch spacing of 120 em a)
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Figure4-8: Effect of Laser Power and Scan Speed on Porosity size and distribution using a
constant hatch spacing of 140 mm a) G4D3 b) G4B3 c) G4B2

The fourth group of samples fabricated made with hatch spacing of 140 um, which is an
offset of 40 umshown in the shematic presented irigure 4-8b. SampleG4B3 with laser
power of 250W and speed of 750 mnsisown inFigure4-8b, is used as the reference sample
An increase in scan speed from 750 mm/s to 1750 mesldted in irregular pore sizes and
random distribubn of the pores. The pore countreaseshe same as when the power is
lowered to 200Win sample G4Bzs shown irFigure4-8c. The pore size incese withthe
nontuniform distribution of poresThe effect of scan speeahly is alsoaccessedamong three
different samples as shown kigure4-8. Usinganother referenceample G4D1 which shows
the higher level of porosity in all the 15 sampdssseern Figure4-9c. When the scan speed
is reduced from 1750 mmit® 1250 mm/s, the pore sizes redsagnificartly as well as an
increase in pore counthe poreghat were seen in the sample with the lower sjprezréase in

roundnesamidst high aspect ratio poresth a decrease in spedeurther reduction in scan

57



speeds yields the same result by a reductiorome pizesand the pores become completely

round Sample G4B3 recorded the lowest porosity level in this group of samples.

= Y
A A

Figure4-9: Effect of Scan Speed on Porosity size and distribution usingstant hatch
spacing of 140 em a) G4Cl1l b) G4A1

4.1.2 Parameter Sensitivity on Porosity

The individual parameter sensitivity on the formation of pores on the sample surface is also
analyzed. Firstly, the sensitive of scan speeds against porosity ssetcAs evident from
Figure4-10, using the lower laser power of 150 W and hatch spadingd 40 &€ m, an

in speed by 400% led to a 3.02% increase in porosity level and a 40% increase resulted in a

corresponding increase in porosity by 32.29%e laser power of 200W and hatch spacing of
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80
porosity level from 0.09% to 0.41%.
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Figure4-10: Sensitivity of scan spes to part porosity
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Similarly, an increase in speed from 750 mm/s to 1750 mm/s (133.3%) leads to a 5.6% increase

in porosity when

at 1250

mm/ s and
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ng 250 W at a
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eEm,

in scan speed by 40% in this regard resulted in a reduction of the porosity level to 1.4%, a 1%

reduction in porosity level.

In the second part of the parameter sensitivity analysis, the influence of the lasergoow

porosity was stdiedas shown irFigure4-11. An increase in laser power by 66.7% from-150
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250 W, while maintainings peed of 1750 and hatch spacing
reduction of 43.8%. A reduction in porosity (by 0.25%) is obseasdell when the lase

power gets increased by 25% from2Q05 O W whi | e maintaining an 8¢
1250 mm/s scan speed.
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Figure4-11: Sensitivity of Laser Power to part porosity

Similarly, an increase in power b5% underac onst ant speed of 750 n
spacing results im 0.14% decrease in porosity levels. A reduction of 0.39% in porosity is
observed as the power increaseal’33.3% form 1560250W at a constant speed of 750 mm/s

ad hatch spacing of 100 & m.

For the final part of the parameter sensitivity assessment, the hatch spacing influence on

porosity is exploreds illustrated irFigure4-12. At a constant power of 150 W aadcanning
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speed of 1750 mm/s, a 40% increase inthatcs paci ng from 100 em to

increase in porosity levels by 43.8%n increase in porosity is observed as well when the
Sspacing i s | nctroe als4e0d efnmr of083)%,Ch 0.d00Mchanges &l while
maintaining 200W of power anti250 mm/s laser speed. A similar trend is observed by
increasing the hatch spacingfrdm®2 0 e m to 140 em (16.7%) undet
250 W and speed of 1750 nfsn

However, a decrease in porosity level is observed when the hatch spacing id feaiucg0

em to 120 em, a 50% i ncr dmepgowerat2db0 Vg gndhe scang whi |
speed all250 mm/s.
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Figure4-12: Sensitivity of hatch spacing to part porosity

61



4.2 Effect of Printing Parameters on Part Density

Generally, as the volumetric energy densities increase, the relative densities of the printed parts
also increase as shown in &ig4-13. These results were consistent with the volume fraction

of the surface porosities. Part deitsifion initially increased as the volumetric energy densities
increased to a point where the density remains steady until the volumetric energy slensitie
cross the 111.11 J/mirthreshold where the part density begins to drop. The sample with the
lowest vdumetric energy density also recorded the lowest relative density at 5.9°gah

is 33.84% lower than the theoretical value (7.99 §/cAn increas from 20.41 to 39.68 J/mm

causes the density to rise by 22.3%, from 5.97 to 7.30 §)/fitms, volumetic energy densities
between 39.68 JJmm3 and 111.11J/mm3 gave the highest amounts of densification as indicated
by their relatively high densities whietere closest to the theoretical densities
However,anadditional increase in the volumetric energysisn(VED) from the 39.68 to 111

Jimn?, a 180% VED increase resulted in only a 2.74% increase in defisity, regardless of

the huge amounts of increase in VED, there is no significant incretiseratative density of

the printed samples. These resuitere very consistent with the observed trend in the volume
fractions of the surface porosities.
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Figure4-13: Part Density as a function of V.E.D
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4.3 Effect of Printing Parameters on The Hardness and Evekd Microstructure of the
Printed Samples

Table4-2: Micro-hardness measurements of samples

Samples Volumetric Energy Density(J/mm3) Hardness (HV)
G4C1 28.57 208.70 £ 15.52
G2D1 28.57 209.82 +11.91
G4D1 2041 230.10 + 14.68
G2B1 66.67 233.80 + 4.69
G4A1 142.86 238.64 + 9.89
G1B2 111.11 234.10 + 6.47
G3C2 44.44 235.10 £ 5.15
G2B2 88.89 236.10 + 11.86
G4B2 63.49 240.10 + 7.53
G1lC2 66.67 241.00 + 6.99
G3D3 39.68 224.80 + 13.84
G4D3 34.01 227.00+14.9
G3C3 55.56 231.00 + 13.97
G1C3 83.33 233.42 + 8.03
G4B3 79.37 236.50 + 10.00

The hardness of the printed samples ranged from approximately -2B817HV as seen in
Figure4-14. Two samples with 28.57 J/mm3 VED had hardness below 210 HV. Sample G4D1
and G2B1 with energy densities of 20.41 Jfamd 66.67 J/mfhad hardness values below
230 HV (230.10 + 14.68 and 233.80 * 4.69 HV respectivélyg. majority of the samples fell
within 220230 HV hardness values as shawifrigure4-14. A sample with amnergy density

of 66.67 J/mm3 had the highdsardness of 240 HV. Thus, volumetric energy densities
between 44.44 J/mm3 to 111.11 J/mm3 gave the highest hardness valuesradocisistent

with the trends observed for both the volume fraction of surfawesities and relative

densities.

Generally it was observed that the printing parameters had a significant effect on the evolution
of the microstructure as well as observed discontinuities and defects. It was observed that the
amount and size of unmett/unfused powders reduce as the amount aoggrelivered to the

powders during printing increases as shown in Figti®.
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Figure4-14: The hardness of samples as V.E.D Increases

The asprinted samms had many regions riddled with langefused powders when printed
using volumetric energy densities between 20.41 J/toam4.44 J/mm Increasing the VED

by 42% from 44.44 to 63.49 J/mimesulted in a drastic reduction in the size and amount of
unmeltedunfused powders as shown in Figu#el5b. There were no observed

unmelted/unfused powders when the VED was increased beyond 66.67 J/mm
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Figure4-15: Effect of v.e.d on the amount of tmelted powderstowing (a) high amount of
unmelted powders at 44.44 J/rhth) moderate level of unmelted powders at 63.49 Jmm

and (c) powder depression at 66.67 JAmm

For all the 15 samples there were two distinctssulstures or microstructural features
observed at # microscale, cellular structures, and columnar/lath structures. It was clear that
the individual printing parameters affected the size and morphology of these microstructural
features including instansewhere there were distinctions in the orientation tledse
substructures. Comparing these substructures that evolved in the samples, increasing the laser
power makes the substructures more distinct and well defined as shown in4=iduréhe
boundarie®f the cellular and columnar structures become thiakd welldefined as the laser

power increased from 200 W to 250 W which translates to a 25% increase in power level.
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Figure4-17. Effect of scanning speed on sghain structures a), b) Sample G1B2 with
P=200W, h=0.08nm and v=750mm/s c), d) Sample G1C2 wts200W, h=0.08 mm and
v=1250mm/s

In addition, the boundaries of the substructures become thicker andlefietd as the
scanning speed increases as showsignre4-17. For example, the boundaries of the cellular
and columnar structures become moremtistand thicker when the scan speed is increased by
66.7% from 750 mm/s to 1250 mm/s as shown in Figet&c-d. On the other hand, as the
hatch spacing is increased, the boundaries of the cellular and colurnoaurss become less
distinct and thinneas shown in Figurd-18. For example, the boundaries of the substructures
become | ess distinct and thinner when the
is a 50% increase in scan line spacing.
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Figure4-18: Effect of hatch spacing on sigpain structures a), b) Sample G1C2 with
P=200W, h=0.08 mm and v=1250mmjsd) Sample G3C2 with P=200, h=0.12 mm and
v=1250mm/s

The effect of the individal parameters on crack/debonding is also acce&sdgl showed no
visible cracks but had micro pores aligned along a melt pool boundary as shown iMFigure
19a. Increasing the scan speeds resulted in the formation of deboratikg along melt pool
boundiries as shown in Figudel9. Increasing the hatching space of the same sam@@2,G1
introduced debonding cracks that traversed melt pool boundaries agditggether as shown

by sample G3C2 in Figuee20b. Increasing the laser power reduces{akusion/debonding
cracks seen in the sample, but at the same time, 1triaoks are formed on the grain boundary

aswell as within the grains themselves as shown in Figtitéc-d.
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