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Abstract

The mechanical properties abmponents producday additive manufacturingrocesseare the
result of thgpowder layeguality. In powder bed fusion, more uniform powder layer is necessary
for the laser to penetrate the material evehlyilding a mechanically stronger part that contains
less defects.Research has shown that the powder bed parameters directly infthengewder
layer quality Ideal powder layer quality is defined as havimgximum packing density and
minimumsurfaceroughnessThis study focusson how the recoating system process impacts the
layer qualityby varying recoater velocity and blade gap thickndasonel 625 powder, with an
average parti cliseisedtostudythe powddbedplrdnetSenerallysurface
roughness decreaswiith increasing blade gap thicknessid increasgwith increasing recoater
velocity. Additionally, packing density increadawith increasing layer thicknesand decreaske
with increasing recoater velocity.inear regression analyses were used to identify exactly what
input parameters produce the best layer quality. In conclusion, the most optimum powder layers

occur ato  10mm/sando  256um.
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Introduction

Additive manufacturings themethodof joining materials layeby-layer to produc@artsfrom a
threedimensional solidmodel. Comparedo conventional subtractive manufacturing processes
(i.e. CNC machining, laser cutting, et@ilditive manufacturingllows for more design freedom.
Thismethodproduces avide variety of complex, nearet geonetries encouragingnore efficient
designsand reducing material wastel]. Additive manufacturinggencompasses a collection of
processeghat areprimarily differentiated based on material and energy souréelditive
manufacturingorocesseshat ug metal powderssuch apowderbedfusion,arebecoming more

popular due to the quality of ttemponentsheyproduce.

Powder Bed Fusion

In the powder bedusion process, sequential layers of metal powalerdeposited onto auild
surface. The layerare exposedo a highpower laser beam that melts and fusespbeder
together. This process takes place in an enclosure with a controlled atmospherdytypied
with argon or nitrogen to prevent undesirable impacts on the microstrugfure [

The powder bedusion procesdncludes thdaser, thesupplyplate the build plate, the overflow
chamber, and the receat(Figure 1). When the process begins, teapply plate travels a
predetermined vertical distance, egposinghe supplypowder beyond theurfaceof themachine
This vertical distance iselected to ensurthat the new powder layecompletely coverghe
previous layer The recoarthenmoves across the supply platellecting the exposed powder to
spread evenly across the build plate. The excess powder is carried intcetflew chamber
Once theecoateclearsthe build plate, a laser beam selectively melts the polagler The laser

beam path is predetermined from a 3D CAD file rendering that slices the component into layers



After exposure, the build plate and the supply plate both move ,dowandingthe recoateras it
returnsto its initial position These steps are repeated until the final layer gbéngs completed.

Oncethe process is finished, the build plate is removed, anpaties separated

Application of Powder Layer Laser Exposure
_ %Scanner Scanner
—

Processing Processing
Chamber Chamber

Recoater
Recoater

R A e
Build Plate

s 5
-------------

i1 b\

Figure 1. Schematiof the powder beflisionprocess?].

Research has shown thihe powder bed parametedgrectly influence thenechanicaproperties

of additively manufactured partPowder layer inhomogeneity affects the melt pool behavior and
the shape of the solidiiyg material. Auniform powder layer is necessary for the laser to penetrate
the material consistentlyldeallayer quality isdefined as having maximupacking densityand
minimum surface roughnessThis study will focus on how the powder bed fusion recoating

processmpacts the layer quality by varying blade gap thickness and recoater velocity.
Powder Characterization

Powder particles are characterized by morphology and size distripwtich afiect the overall

powder behavior during the recoating process. It is important to understand the relationship



between the powder characteristics and the recoating process parameters in order to select the most

appropriate powder.

Powder Morphology

Morphology describes thgize,shape and roughness of particle$Spherical particles are often
desiredin powder bed fusioecause theshape correlates tugher packing densitgFigure2)

[3, 4].

Dentric

Irregular

Round

Varying particle
shapes of powders

i

Spherical

e
Increasing apparent density
Figure 2. Effect of particle shape on apparent digns].

Smooth particles have higher flowabilitgecauseinterparticular friction and mechanical
interlocking both increasas the particle shape becomes more irregidar Irregular shape
generally have a highaurface roughnesandtheyare moresensitive to layer thicknesshich

decreasslayer quality(Figure3) [4].
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Figure 3. SEM imagef Ti64 powdemorphology(a) spherical and (b) irregular in sha@é [
Powder Production

Powder manufacturing methods largelgtermine the individual particle propertieddigher
guality powder is oftendefined as having a more consistguairticle morphology (i.e. fewer
irregular particles). Plasma atomization is a process that produces hggfhlgrical particles.
Feedstock is fed into the atomization chamber wiptasma torches and gas jstsultaneously
melt andbreak it apart into small droplets (Figute[8]. The surface energy of the liquid pulls
the molten droplet into spheres as it faisidifying the particledefore they reach the bottom of
the atomization chamb@®]. This process minimizes potential impurities since the material does

not come into any contact with other surfaces during the solidification pri@less
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Figure 4. Schematic of the plasma atomization pro¢&ks

Particle Size Distribution

The particle size distribution is a representation that indicates the size and proportions of particles
that are present in a powdefGenerally, &rge size distributionsead to higher packing densities
However, t is important to note thahey are more difficult to spread due to the introduction of
cohesive forces between the smaller particBs3| 10]. In DEM simulationsthat comparel
different size distributiongt wasfoundthat with decreasing particle siaed increasing recoater
velocity, the number of particle voids increaadingto higher surface roughnegbsigure5) [11].
Therefore, the ideal grain size distribution fawalers isnarrow with an emphasis on lagg

particles.



r I r T w T T r
20 @ original size distribution

< od o2 60 um

0 40 80 120 160
VR(mm/s)

Figure 5. Comparison of the original and modified size distribufibti.

Interparticle Forcesand Flowability

Cohesion is the tendency of particles to stick together due to interparticle fQ@essive forces

(i.e. capillary, electrostatic, van der Waal) between particles become increasingly important as
particle size decreasek?. Powders with particlesize bel ow a range of 100c¢
to be cohesive9].

Capillary forces are introducex the granular material becomes saturaBaduration occurs in a

natural environment due twmidity present itheambientair. Only in a vacuum cacapillary

forces be avoidedIn the presence of humiditg, film surrounds individual particlesA liquid

bridge forms across two particles as they get clsgether. The surface tension from the liquid

introduces an attractive force between the tamiples[9].



There are four degrees of saturation depending on the amount of liquid present@f-igtriee
forces betweerthe particlesin the pendular formatiomare larger compared to the other three

formations. As the humidity in the system increases, the formatizaings from pendularto

%
o

(c) (d)
Figure 6. Degrees of liquid saturation: (a) pendul@) funicular, (c) capillary, (d) droplet [L2].

droplet[12].

The totally capillary force is represented by a pendular scheifiagare 7) in the following

equation:
O ¢ YrQEp —, 1)
where'Yis the particleradiug,i s t he f | ui dioistheshalffilingpaoge, andwt s i o n

is the pressure differencgd].
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Figure 7. Schematic of a symmetric liquid bridge?].
Electrostatical force¢i.e. Coulomb force, image force, electrostatical potential differeac)
introduced through friction when there is a difference in charge potential between pgatitBs

Electrostatic force is represented by the following equation:

o - @

wherery andny are the charge of each partidleis the distance between particles, ands the
relative permittivity of the mediung.

van der Waal forces are inttoced through particle dipoleand they are a function of the
interparticlespacing (Figure8) [12]. More attractionoccurs as the spacing increases. More
repulsionoccus as the pacingdecreases The difference in the potential is represented by the

equation below:
0 i -, 3)
whereis the interaction constarandi is the distance between particl®s12]. The Hamaker

theoryassumes the interaction energy between an isippaiticle and the particles of a large body



is additive. The net interaction energy is represented by the particle interaction integratéaeove
entire particle body. This results in a force relationship represented in the equation below that

covers distances that are larger compared to when the distance between two particles is considered:
o —, (4)
whereo is the Hamaker constany,is the radius of the sphere, aint the distance between the

sphere and the surfact?].

Potential Energy

\ Repulsion

Separation S

o

Net interaction
energy

/
/

/
" Attraction
{

Figure 8. Potential energy diagram?.
Lower flowability is not desired as it may lead to irregular packing densitgwability reduces
significantly with decreasing particle siziie to the introduction of cohesiverces[13]. In
experiments comparing different particle sizes, lapgeticles (206m) are found tdhavehigher
flowability than smalleparticle63&m)[3. The amount of surface oxi de
surface also influences flowabilitylncreasing the amount ofudace oxide present decreases

flowability for irregular shaped particle$4).



Packing Density

Packing densityor packing fraction ad iis referred to in some casds)defined as the ratio
between thenass and the empty spamzupied in a given volumeT he packing densitpf mona
sized spheres (i.e. faoentered cubic onexagondlis 74%. This can be increased by adding
secondary, smaller spheres to fill in the voids (Fid))reln a bimodal distribution, the packing
density increases to 93% if the secondary spheres are assumed tedwdse close packing

between the primarypferes 15].

Maximum Packing
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Figure 9. Packing density reaches a maximum wimefuding botH fine and coarse particle] [
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Generally, the packing density of a powder bed is betweenr@¥pwhich depends on powder
morphology, powder size distribution, and the powder bed parameters. Hagtkémg densies

lead to more uniform powder 8g. As blade gap thickness and recoater velocity increase, layer
packing density increases and decreases,ctegply [1, 16]. In DEM simulations that considered
powder with a Gawussian distribution and a bl :
equaled 58.44% Al. Cohesive powders also affect the packing density and typically correlate to

lower values(Figure 10). When considering maximum cohesive powder, the packing density

resulted in 54%. Nooohesive powder resulted in a packing density of 628fa [

(a) Intermediate configuration: y=0. (b) Intermediate configuration: y=1y.

(c) Final configuration: y=0. (d) Final configuration: y=1yy.
Figure 10. Recoating configuratiosifor no cohesiorfa) (c) andequivalentcohesion (b) (d)15].

Surface Roughness

Surface roughness defined as the variatioof particle heightin the powder bed9]. Surface
roughness and packing density are the two defining factors of a quality powdeF heeske two

properties are independent of each ofRggurel1l) [15].

(a) Low SR, High PE. (b) Low SR, Low PF. (c) High SR, High PF. (d) High SR, Low PF.
Figure 11. Powder particle configurationgarying surface roughnesmdpacking fractiof15].

11



Lower surface roughnesmsprovesthe mechanical and structural properties of printed partse
variation in layer thickness can build up over tireadng to areaghat aretoo thick forlaser
penetratiorjl7]. Generally, surface roughness decreases with decreasing layer thickndase
roughness is commonly caused by the formation of powder agglomerates in finer powders.
Agglomerates form when surface forces and cohesive forces are larger than theagrahitate

[9, 18]. However, hcreasing blade gap and decreaseaupatenelocity can help avoid the impact

of agglomerates. Narrower size distributions have also been found to help decrease surface

roughnes®ecausehe number of particle voids decreadeen spreadinfll].

Powder Bed Parameters

It is important tooptimize the powder bedparameters for the powder that has been selected.
Powder particlebehavelifferently depending on the recoaggometryrecoatenvelocity, and the
blade gapthickness Some options are more c@stving and time efficient, but not without
compromising lte quality of the finished partUnderstanding how the powder bed parameters

control powder behavior during the recoating process is essential.

RecoaterGeometry

The most common recoateaserollers and bladeswith bladescoming in a variety of different
shapes.When comparindlat, round, and sharp blade geometrieéss found that thelat blade
geometryproduces the lowesturfaceroughnesqFigure 12) This is becaus¢he horizontal
contact zone between the blade and thveder bed is largethan the other two geometrie\
more consistencompression is producednd thereforea more uniform and dense powder bed
[3]. The sharp blade geometiy more susceptible to particle draggingcause the blade only

interacts with the powder at one pomhich increases surface roughngkg].

12



flat round

sharp

Figure 12. Different bladegeometrieg3].

A roller significantly outperforms a bladeecauseits geometryallows for gradual particle
rearrangemenandbecause a roller has a larger contact ewtiathe powdef20]. Particlevolume
fraction decreasesand surface roughnegsreases in the case in which a blade is used (Figure

13) [20]. This results in a decrease in powder bed quality.

0.61 TE— v:mll-r=0‘03’ sn\n«-:"ﬂ)p
. S Sl b
—* Vi =0:04, 5, =4D, %
il —"— V, 3 =0.06,3 . =4D Vs
0'06 oller ‘roller » /,
— >V, 1,=0.:03, 5, ,,.,=5D, /
s V,u.=0.03, 8,,.,.=5D,
0.524 blade 3 Olade "
I —e— Viiade=0-04, Fniade=4D, ’/ A

o e

045T—— o < . 7z =

7 -
< K e 1 w0.44 ,// w S,
> il 3

o g 4 = 3 3 7 3
().4.. \\\ \\\\‘ 0.4" /y " -~ ////

N »
e OB0f B T
a il e

0.35+1 i 0.324

(a) Volume Fraction (b) Bed Roughness

Figure 13. The effects of particle shapad the spreader type on the loedlity [20].

In a 48 DEM simulation studyalade shapéns), width (as), and heightbs) werevaried to identify
an optimum blade shape that produces layers with maximum volume fraGererally, blade

profiles with smaller heights and larger widths generaigher volume fractionsThe optimum

13



blade profilewasidentified with values ohs=5, a&=10spn, and R =10Dspn, WhereDsphis the

sphere diameter for rodigl] (Figurel4).

z a=5D_,, b=20D_,

| n =035
v n=10

h "(=2
n=3

n=2

a=3D_,, b=50D

u_:j[)‘."h, l"ZZUD\,&

a=3D_.b=I ()D\:\\\

a=25D_, b=20D_,

a=100D, . b=20D

Figure 14. Different spreader profiles used for the optimiza{iaf.

At varying velocities, e optimum bladeroducel lower surface roughnessthan the roller.
The optimum blade also produced similaut lower, volume fractionthan the rolleFigure
15). Theoptimum blade isnuch less sensitive to increasivgocity than the rollerwhich is

significant The volume fraction is slightly gagerat higher velocities, meaning the impact of

quality is limited.
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Figure 15. Comparison between a roller and the optimized blade type spf@afer
RecoaterVelocity

The recoater velocity translates to the productivity of the machines desirable to increase
recoater velocityn orderto produce partat afasterrate However, packing density decreases
and surface roughness increageligher velocities This is because it becomes more difficult for

the particles to fill in the voids that appedecreasing the powder bed qua({ffygure16) [11].

R
G - -d
Figure 16. Side (a)(b)and top views (c)(ddf powder layer spread at 20mm/s &o)d 180 mm/s (d}1[1].

However, with more adhesive powders, layer quality is less impacted at higher velocities
(100nMm/s and above)ln DEM simulations that studied the effectsidreasing friction at high

velocities, the flowability of the powder reckd, which slightly increasd thelayer thickness

15



(Figure 17) Nonethelesghe powder lagr quality will still decreasavith increasing adhesion at

high velocitieg15].
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Figure 17. Surfaceroughness and mean layer heightlifferent blade velocitigd.5].

Layer Thickness

Layer thickness is defined as the minimum distance the heat source must travel through the powder

to reach the previous laygt7]. Layer thickness iselectetbased on the particle size distribution

of the powder. Typically, thinner layers are desired since deformities have less of anampact

surface roughnesandthey may average out over the course of the billJd However, tinner

layers are equivalent to longer builehich decreases the powder bed productivitpyers that

are equal to or smaller than the maximum particle size lead to discontinuities in the geguer

18) [15].

16
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Figure 18 Top view of powdetayers for different layer thicknessasd surface energie$).
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With more cohesive powders, smaller blade dapsito less dense and more irregular powder
layers (Figure 19) Particle agglomerates within cohesive powdars subject tostronger
resistance forces when passimgderneath the recoatety. At larger layer thicknesseshd
particles have more room to arrangéoia denser patterrand agglomerates are able to fit
underneath the recoate©ptimum powder layer quality is usually reached at two to three times
the maximum particle diameter for cohesive powdarsl three to four times the maximum

particle diameter for nenohesive powers[15].
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Materials and Methods

The materials and methods used in ttiglyhelp quantify the quality of the powder layers over
the build plate The blade gap and recoater veloatgvaried to study how these input parameters

impact the surface roughness and packing density of thegodayabrs.

Powder Bed Machine

Thepowder bed machine built by Aubutimiversitytp s Depart ment of Mechani
usedto study the recoating procefSigure 20). The recoating system is enclosed within the

powder bed machine and controlled using an Arduino Graphical User Interface (GUI) system.

Figure 20. Powdetbed machine.
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Recoating Process

The recoating process similar to many conventionadditive manufacturingnachines The
supply platga) moves upwhich exposepowder in the supply beyond the surface of the machine.
Moving from left to right, the recoater(d) collects the exposed powder from the suppiyd
deposits it across the build plgt® in a thin layer.Excess powder is carried into the overflbim

(c). Therecoatedocates home, a predetermined location to the right of the build plate set by the
GUI, and waitsvhile the supply plate and build plate both move downward. The recoater moves

from right to left to return to its initial start positioand the process repts(Figure21).

Ball screw linear stepper motors are used to move the supply plate and the build plate in a vertical
plane of motion. This vertical displacement correlates to the supply and build travel program

inputs.
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A motorized belt driven linear actuator is used to movedheater Attached to the stage mount
is a cantilever that houses the blade adagteeblade adaptes designed to allow rubber blades
to be removable and changed frequently.

Geometricaly sharp rubber bladgrovided byEOSareused inthis study(Figure22). A blade is
easier to switch out and easier to implenwarhpared to a rollerA rubber materialvaschosen
to allow for more errorShould any incident occuthere would be less impact dme powder bed

usinga flexible rubber bladeather thara rigid one.

Figure 22. CAD design of kade geometry.

GUI Interface

The default program inputs serve as a baseline for how the machine operate$)(Table

Table 1. Default GUI program inputs.

Repetitions: 1

Recoat park position (cm); 37
Supply up tr240
Supply down |200
Build down travel € m) | 40
Build speed |50
Supply speedh50
Recoat speed (cm/s) 5
Delay source: Time
Delay between move(s): | 0.2
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The supply down travel def albatcktashi Fupharstudy cishs e t
recoating process is neededimimize the displacement The build speed and the supply speed
arevelocities at which the respective plates travel. These speeds are laothseb 0 e m/ s t o

any additionalvibrationfrom potentiallyaffecing powde settling behavior.

Inconel 625Characterization

The means of havingoacentrated gas (i.e. nitrogen, argon) flowing throughout the powder bed
machinds na necessarfor this studybecaus@o laser interactions occuror this reasorinconel

625is chosen primarily because of its protection against oxidati@oncept Laser providedk§

of highly sphericalplasma atomizegowderin the largest particle size offered large particle

sizeis needed t@nsure thesurface roughness of the powder layensle determined optically

A JEOL JSM7000F SEMequipped with Energy DispersiveRay Spectroscopy (ED$ used

to analyze the morphology of the powder. The powder particles are confirmed to be primarily

spherial with smooth surfaces (Figugs).
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20.0kV X110 WD 10.5mm 100um AUBURN SEl "UOkV X500 WD 104mm  10um

AUBURN 20.0kV X400 WD 10.4mm 10“3 AUBURN = 20.0kV X2,300 WD 10.6mm 10um

Figure 23. SEM images oplasma atomized Inconel 6pswdermorphology

The grain size distribution provided Boncept Lasewas determined using laser diffractiand

sieve analysisThe particle diameter distribution is specified by 10%, 50%, and 90% percentiles
according tdv(10)= 20.278m, Dv(50) = 31.313m, andDv(90) = 48.397rm with mean particle
diameterd= 31.313rm ='Q (Table 2) The sample was sieved over d®® 8Gdmm, 63mim, 451,

32mm, and 2@m sievegTable3).
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Table 2: Results of the grain size distribution

Particle Size Distribution Unit Result
Percentiles

Dv(10) nm 20.278
Dv(50) nm 31.313
Dv(90) mm 48.397
Width (90;10) 0.898

Table 3: Results of the sieve analysis

Sample No. 17-01746001
Sample Name CL 101, Chg.: UK81452
Grain Size Unit Result
<100m % 100.0

<80nm % 100.0

<63mm % 99.06

<45mm % 98.91

<32mm % 76.26

<20nm % 23.70

Input Parameters

Layerthicknesf the spread powdé&s measurable using DEM simulations; howeites difficult

to calculate with a legitimate machine given the technolagylable. As it is defined, layer
thickness is not accurately represented for the purposes afittlis Therefore, layer thickness

is referred to as blade gap thickneds ] as a morexactdescription of this measurement. Blade
gap thicknesss defined as the vertical distance between the tip of the blade and the build.surface
It is important to note that blade gap thickness is not an actual measurement, but aift isput.

distinguished by the difference between the supply up travel and the supply down travel. This is

also equal to the build down travel.

The ratio between the suc@area of the supply plate and the surface area of the build plate is 1.5.

Therefore, lhe ratio of the amount of powder spread over the build plate from the supply plate is
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also 1.5, which again, is distinguished by the diffeegmetween the supply upavel and the
supply down travel being equal to the build down travel. Further studies could be done by altering
this powder spread ratiolncreasing the amount of supply powder while maintaining the same
blade gap thicknessould prove to result in bett layer quality.

In order to guarantee for a gap between the recoating blade and the largest powder, faticles
maximum particle diameteiQ 80mm, is chosenaccording tothe results from the sieve

analysigTable3). Four dfferent bladegap thicknesse® Q ,2Q ,3Q ,and4Q )

and fve differentrecoatervelocities(w  w, 2.50, 5w, 10w, 15w, wherew  10mm/g are

investigated

Experimental Setup

Trials are conducted for each blade gap by varymegoatervelocity. Ten sample layer@re

recorded for each combinatiorBoth density and surface roughness are calculated using the
relative measurements recorded throughout the trials.

The build plate and thsupply plateravelvertical distances according to the input controls. To
ensure these distances are accurate, both plates must begin flush to the surface of the machine at a
start position of Omm. Since the recoater height remains constant, a papetegius used to set

the start positions.

Preparing the Supply Powder

The supply plate is lowered 30mm. Before the povigldepositednto the supply, iis weighed
using aScientech SM 124D SerMlicro Balance and its massis recorded. The maximum
capacity of the scale is 120gequiringsome measurements to be divided into several smaller

measurements

25



First an empty, clean cup weighed,and its masss recorded & . Powderis then scooped
from the source bucket amtpositednto the cup. The cup nowwith the powderis weighed

and its masss recorded & . The powder from the cup thenemptiednto the supply.
The now empty cujs weighed and its masss recorded & . This processs repeated until

powder fillsthe supply.

Leveling the Supply Powder

Before the trials can begin, both the powdeerthe supplyplateand the powdeover the build
plate need to be leveledThe recoahg process runs until the powder in the supply is visually
smooth The total displacement of the supply plate is reatbrdehe powdeover thebuild plate

and in the surrounding areas is swept into the overflomagiimg a bristled brushThe empty cup
from beforeis weighed and its masss recorded & . Powder from the overflow bin is
incrementallypouredinto the cup. The cymow containingoverflow powdeyis weighedand its
massis recorded(a . The overflow powder ishenreturned to the source bucket.
The empty cup is wghed and its masss recorded & . This process is repeated as needed.
After emptying out the remaining overflow powder, thesrflow bin is cleaned and returned to

the powder bed machine.

Leveling the Build Powder

The build plate is reset to start position Omm using a paper touclTtestecoat process runs
until the powder in the build is visualgmooth The total displacement of the supply plate and

the build plate is recorded.
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The powder in the surroundirageas is swept into the overflow hising a bristled brushThe
empty cup is weighedand its masss recorded & . Powder from the overflow bin is
incrementallypouredinto the cup. The cymow with overflow powderis weighedand its mass

is recorded(& . The overflow powder is then returned to the source bucket. The
empty cup is weighe@nd its masss recorded & . This process is repeated as needed. After
emptying out the remaining overflopowder, the overflow bin is cleaned and returned to the
powder bed machineThe cup isalso cleanedandits masss recorded. The cup is set aside for
the trials.

This experimental setup process is performed once fordthe 8 0 e m 6anld6 0em t r i al ¢
After completing thed 160em trials, there was notyfoenough
thedo 240emoamB®0em trials. The machine was cl
experimental setup procedure as aboMee packinglensity of the supply forthe 8 0e m and

o] 160em trials was , andthecpadkimgtdendity of the sugply ®Othe

0O 240emoamd@20em tr i aMWhsile theadifferén® %n packing densities was

taken into account durg calculations, it can be assumed that the slight differenceegigible

Trials

The temperature and humidity in the lab rommecorded using an Extech RH300 Psychrometer
beforeeach triako ensure the capillary forces within the powder remain considtensignificant
change was recorded for temperature or humidity in the lab over the course of the trials.

The GUI program inputs are set startingat 8 0 eamdw 10mm/s The ecoating process
sequence occurs one time, spreading a layer across thelateldOnce the recoater returns to its

start position, the powder bed machine lid is opened. A Next2EDLumen Battery Powered,
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Flexible Neck, LEDWork Light is placed ontop of the flow channelperpendicular to the
recoatingdirection(Figure24). The shadows help taghlight the surface defect3 helab lights

are turned offand aCannon 80D camera with a 200mm macro Isnsed to take pictured the
powderin the center of the build plateOnce complete, the flashlight is removed, the lab lights

are turned on, and the powder bed machine lid is closed. The bottom of the powder bed machine
is openedand the overflow bin is removed. The overflpamwder isemptiedfrom the overflow

bin into the empty cup. The cup is weighadd its masss recorded. The overflow powder is
returned to the source bucket. The empty cup is wejgmetits masss recorded. The overflow

bin is returned to the powdéed machingand the bottom is closed. This process is repeated for

each layer of the trials.

T T

Recoater direction
—

Figure 24. Flashlightorientation across build plate.

Post Processing

Surface roughnessascalculated usindmageJ.Images taken from the trialgerefirst imported
into Adobe Lightroom. To ensure the imagexeprocessed correcthnd in the same wathey
were cropped and converted to black and whig@pendix D) From there, the imagesere

individually loaded into Image&nd analyzed using a surface roughness plugimagelJ is an
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image processing software that converts topographical information from the pixel intensities into
numerical values representing surface roughness. Foemeterblack = 0 and white = 25%he
valuelmageJ providess Ra, which is thearithmetical mean roughness valsculated from the
absolute values of the profile height deviations of the mear{Aippendix E). The final surface
roughness value is callated by dividing the Ra values by 25Backing densityvascalculated
usingthe series of equationand mass measuremefasated inAppendixA, Appendix B, and

Appendix C

Error

The measurements in this study are not perfétiere are several instances in whiat every
powder particle isaccounted far The mwder adhere to the recoating blade, the inside of the
overflow bin, and the inside of the cuphe pwderalsowedgel insidethe small gap between the
surface plate and the build plat&dditionally, the pwdergot caughtbetween the brush bristles
when it was swepinto the overflow bin. Furthermore, pening and closing the powderdoe
machinefor each samplpotentially shifedthe powder particles.

To minimizethis error, @ach measurement asdbsequent actiomasreplicated to be asgentical
ashumanlypossible. For exampleach time th@verflow powdemwasemptied into the cup, the
overflow binwash el d over tamdtapped ip a @unterti@kngse motion five times
using a similar force Ideally, the same amount of erreccurredin each measurement, making

the values comparable.
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Results and Discussion

In this study, packing density and surface roughmes® calculated while varying blade gap
thickness and recoater velocitigeallayer quality is defined as having maximum packing density

and minimum surface roughness.

Powder Layer Quality

As expected,gface roughness increaseith increasing velocityanddecreasd with increasing
blade gap thickneg&igure25(a) (c). Comparatively, packing density decredwgth increasing
velocity, and increasgwith increasing blade gapicknesqFigure 25(b) (d)).
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Figure 25. Surface roughness and packing densigf results

At higher velocities, the number of particle voids increlaséhich creatd a larger variation in

the layer height, and a higher porosity within the layer powder. At lower blade gap thicknesses,
agglomerates do not pass under the blade as easilgh initiated more resistance forces and
decreaed the powder flowability.

It was observed that at higher speeds, the recoating incneasinglyvibrated. Generally,
controlled vibration integrated inpowder bed machine can be used to prodhigker quality

powder layersThe added movemertcourages settling and cauagglomerateso break down,
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increasingpowder flowability. In this study, the recoater vibrationvas unintentional not
guantified,andrandony occurredn all directions of the XYZcoordinate system.
Interestingly, he vibration only impaatdthe quality of the powder bed at = 32Qum (Figure
26).
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As the velocity increased far ~ 320um, lines in the surface became more defi(fédure 27).
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Figure 27. Images of sample layers from trials
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This is not because the surface roughness accumalstedre layers were spread. The raw data

from O 320um shows that the surface roughness still varied as the trials proceeded though

samples with the same blade gap thickness and recoater velocities (Table 4).

Table 4.ImageJlvaluesfor 0 320um trials.

<
—_
Y
w

4 5 6 7 8 9 10 |Average

10 | 126.37]128.76|129.25|127.24|131.06|127.02[126.14]128.62 | 131.15]|128.37| 128.40
251128.14|127.70|127.72|128.76|131.91132.67|133.56 | 128.73 | 126.27( 131.04| 129.65
50 | 127.77]132.32|132.95|131.04| 133.36|135.59(132.56|126.77 | 127.11|132.25| 131.17
100]132.21133.38(130.61|134.32(132.58|135.45{131.39(129.15|134.23| 134.58| 132.79
150]131.84)133.32|135.44|132.64[134.92]|131.60|136.35[135.88|136.28| 133.38| 134.16

The cause of this effect is unknown. As far as the author is aware, there are no instances in

literature in which vibration is not applied to all layers eveily.0 320um, the powder layer

guality decreaseat similar ratest@  80um (Figure 28).
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The particleto-blade adhesions stronger at 0 80um compared too 16Qum and
0  240um because the blade is closer to the powder bed. Cohesive forces could lead to an
explanation astowhy  320um behaves in a similar manner, however no supporting evidence

has been found.

One studynoticed that surface roughness surprisingly increased with the addition of roller
vibration [22]. Compaction is generally limited to the thin layer that is spread over a solid surface,
and corresponds to two to three particles on average. In this study, th®wnibrgacted layers

that were at least four particles in thickness, which may be an explanation for this phenomenon.

Linear Regression Analysis

Linear regression analgswere used toquantify exactly hav blade gap thickness and recoater
velocity affect both surface roughness and packing defBigure 29). The high R values
indicatethatthe models explain much of the variation in packing density and surface roughness
data The surface roughnesg Ralue is noticeably higher than the packing densftyadRue, which

would suggest thdtlade gap thickness andecoatervelocity better explain variation in surface
roughness tham packing density. The significantly low P-valuesfor all coefficientsin both
modelsconfirm that the blade gap thickness and recoater velatgtrongly correlated wittoth

packing density and surface roughness.
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Packing Density Coefficientg Standard Errcrt Stat  P-value
Intercept 0.530 0.0121 43.71 6.58E-19
Blade Gap Thickness (um) 0.000255( 4.88E-05 5.22 6.90E-05
Recoater Velocity (mnvs) -0.000256 8.48E-05 -3.02 0.00768
R?| 0.68
Surface Roughness Coefficients Standard Errcrt Stat  P-value
Intercept 0.523 0.0027 190.93 9.17E-30
Blade Gap Thickness (um) -0.000060 1.10E-05 -5.44 4.38E-05
Recoater Velocity (mm/s) 0.000156 1.92E-05 8.16 2.80E-07
R?| 0.85

Figure 29. Linear regression analyses

Packing densityPD) and surface roughnegSR) are represented as functiord blade gap
thickness(BG) and recoater velocit{fRV) in the following equatios that were developed from
the linear regression analyses seen in FigQre

0O M ONMTIMTNCO®D® TBTTCYED (5)

YY M@ OoTBI MM Na® 18inmpyY (6)
Excludingd  320um leads tdhe observation adven strongerelationshipgFigure30). With
320um included, the packing densityodel had an Rof 0.68 When the data corresponding with
a blade gap thickness of 320 was removed, the’?mproved to 0.92 A similar observation can
be made when looking #te surfaceroughnessnodels whose R jumpedfrom 0.85 to 0.97 when

removing the320um data.
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Packing Density(excluding 32um) |Coefficienty Standard Errort Stat  P-value
Intercept 0.500 0.0081 61.73 2.16E-16
Blade Gap Thickness (um) 0.000464| 4.21E-05 11.02 1.24E-07
Recoater Velocity (mm/s) -0.000232 5.33E-05 -4.35 0.00095

R?| 0.92
Surface Roughnesgexcluding 32Q0m) | Coefficients Standard Errcrt Stat  P-value
Intercept 0.530 0.0016  330.02 4.03E-25
Blade Gap Thickness (um) -0.000105 8.34E-06 -12.64 2.70E-08
Recoater Velocity (mm/s) 0.000146 1.06E-05 13.82 9.88E-09
R?| 0.97

Figure 30. Linear regression analysexzcludingo 320um.

Packing density (PD) and surface roughness (SR) are represented as functions of blade gap
thickness (BG) and recoater velocity (RV)thre following equations that were developed from
linear regression analyses in Fig@@

0O MNANTMIIMNTHO MInn¢Yq (7)

YY M omm@Inmpdt® TnmpYw (8)
Excludingd  320um suggestdhat too large of a blade gap can beunterproductive when
trying to improve layer quality This confirmsthe conclusions found in previous research
indicating thatthe gtimum powder layer quality is usually reached at two to three times the
maximum particle diameter for cohesive powders [15].
While the previouslinear regressioranalyses were able to establish general trends, it was
important to also establish optimum operating parameters for the recoating pcedtm
between the packing density and surface roughmess createdto help quantify which
combination of input parameters produced thest optimum layerquality. This ratio is

represented by the following equation:

1 0o Q¢ 9)
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Based on how this ratio was calculated, it can be surmisedtthégher ratios, the layer quality
will be better In order to find the optimum blade gap thickness and recoater vetoaityrovided
the best layer quality, a multiple linear regression analysis was first consiaer@dgossible
method However, a liminhg factor of linear regression is thgenerated guations have no
maximum and thereforgecannot be utilized to find the optimum poirAdditionally, trendlines
were used taleterminewhich type of relationship had the highegtRlue between the ratio and
blade gap thicknes3he data was found to beest fit with a quadratic trend line, which is not
compatible with linear regression.

To find the optimunblade gap thicknegsoint, the blade gap thicknesgs graphed against the
calculated ratip and a quadratic trendline was calculated (Fig8d¢. The equation that
corresponded with this trendline was utilized to find the maximum vdlhis.was done by finding
the derivative of the trendline equation, setting it equal to zero, and solvitigefoorresponding

blade gap thicknes$:rom this proces# was found thaablade gaphickness of 256m produces

the highest layer quality
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Figure 31 Blade gap thickness vs PD/SR ratio
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In contrast to blade gap thickness, the relationlsbtpveen the ratio and recoater velocity was still
found to be linearBased on the data collected from this study, the exact optimum recoater velocity
could not be conclusively determinedA general trendshowing that as recoater velocity
decreases, layer quality improyess shown to be statistically significatiowever,because the
relationshiphad beeround to be linear, no peak was appafentise in finding an optimum point

It is possible thatacoater velocities less than 10mm/s could perform eydrewever velocities

this slow were not utilized in this studyThis was primarilydue to the necessity to stay within
realistic machine productivityThereforejt is concludedhat 10mm/s is likelyo be the optimum

recoater velocityhat produceshe highest layer quality.

Conclusion

This study focused on quantifying the impact recoater velocity and blade gap thickness have on
the powder layer quality.ldeal powder layer quality is defined as havingaximum packing
densityand minimum surface roughnessA uniform powder layer is necessary for the laser to
penetrate the material evenly, building a mechalyicifonger parthat containgess defects.

Inconel 625 powdewi t h an aver age pawdsiused te stusly ttegowdelr 3 1 .
bed parameters. In general, the surface roughness decreased with increasing blade gap thickness
and increased with increasing recoater velocity. The packing density increased with increasing
blade gaphicknessand decreased with increasing recoater velocity.

Due to unintentional recoater vibratian, 320um resulted inunusual behavior thaésemble
the behaviorof 0 80um. The smallest blade gap thickneds € 80um) is more sensitivéo

recoater velocitythan the other thicknesses due to stengerpresence of particio-blade
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adhesion. It is unknown exactly what causéhis to occur, butohesive forces could lead to an
explanatiorfor the phenomemn.

Whilew 10mm/sandd  320um does result in the highest packing density and lowest surface

roughnessin this study the results are unreliable due to the behavior at subsequent input
parameters Linear regression analgswere used to identify exactly what input parameters
produce le best layer quality In conclusion, the most optimum powder layers occub at

10mm/sando  256um.

Future studies need to be conducted looking at how exactly vibration and compactiolapéfect
guality at varying powdecharacteristics and recoating process paramekarsn thouglgeneral
powder behavior trendsave been confirmelly this study and numerous othetgther analysis
is still neededo better understand the recoating procé&speatingexperimentaising legitimate
machines is difficultconsideringall of the variability with powder behavioand recoater
parametersHowever, it is important to quantify exactly how these treedstin order to improve

the production and properties additively manufacturegarts.
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Appendix A:List of Equations

Supply Fill Process

a a a

Supply Level Process

a a a

Build Level Process

a a a

Supply Packing Density

%o —h
h
(b ﬁ d ”
W i YO W

Supply Density

Layer Mass
a a R a
a R ” W
W R 0 “YO
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Layer Packing Density
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AppendixB: Experimental Seip Mass Measurements

Table B1. Supplyfill procesdor 0

80¢e moanldé O triats.

Meup (9) | Meup + powded9) Meyp (9) | Meup + powded D)
39.69453  90.4339 40.6953 89.8390
40.2248 |  74.8909 40.6937 87.7868
40.5074 90.6831 40.6964 90.7528
40.4664 | 102.7125 40.5839 80.2518
40.8004| 950427 40.6493 102.8643
41.2003 86.9138 40.7315 90.2873
41.4669 | 85.7079 40.8001 85.7541
41.4494|  83.4103 40.7301 | 97.2472
ala227 | 933141 40.5401 101.1825
42.0231| 91.2803 40.5181 90.1530
40.7720| 86.0648 40.6362 90.8154
210008 | 723203 40.5354 91.7771
40.9644 |  78.8206 40.6616 887141
40.7746 | 92.9538 40.6127 82.8538

40.6640 108.3810
40.9059 | 95.0767 10 6268 ST
40.6775] 87.0762 40.5118 101.0676
40.7905 |  94.8439 70.5861 57 2103
40.8516 | 91.8209 06277 3 155
40.8058| 85.9680 40.5637 | 100.6641
40.6215 103.6727 40.4873 77.6553
40.5457 | 104.6838 40 5346 84,4060
40.6074| 98.7818 20.4290 97 5307
40.5048 | 99.4717 413672 22 6381
40.5671 104.2089 41.2851 102.3057
40.6607 101.6501 41.9354 87.2703
40.8256 | 106.6649 42.4349 80.6273
40.7347 107.7127 43.3551 94.3957
40.8624 | 103.2638 42.7373 91.9389
40.8204 | 94.6574 43.4447
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Table B2.Supplylevelprocesford 8 0 €¢ m 0a nld6 O ¢triats.
Meup (9)] Meup + powderd(9)
43.444F 717776
40.6574  79.3655
40.5224  83.2165
40.3255

Table B3.Build levelprocesfor6 8 0 ¢ m 6a nld6 O ¢riats.

rn(:up (g) rn(:up + powder(g)
15.65832 29.106¢
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Table B4. Supplyfill processfod 24 0&e mo aB @ 0 triabs.

Meup (9)] Meup + powderd@)] [ Meup (9)] Meup + powded9)
15.6997  94.1401 18.3074  95.3519
16.244%  97.5858 18.4833  103.0152
15.9280  99.8869 17.6931 33.8374
16.3713  96.5657 16.9181

15.9591 98.9566
16.0529  55.5028
16.821] 98.4943

16.0124 99.9753
16.67/83  86.7904

16.0279 106.0228
17.40927 107.1416

17.389] 91.3212
16.8529 102.3464

18.1571 88.7719
17.339] 76.5701

17.2581 93.3600
17.3633 103.9993

17.7083 102.1569
17.5222  96.2426

17.7517 109.1060
16.3154 92.5480
16.5903 119.9559

17.759 99.5760
17.6796  99.5609

17.8627 97.0189
17.9343  97.5086

17.8124 109.6052

16.9701 103.4437
17.7351 84.8650
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Table B5. Supplylevelprocessfoo 24 0e mdo aB @ 0 triats.

mcup (g) mcup + powder(g)
16.9181 69.4529

16.2891 53.8844
16.2553 79.6521
16.316(

Table B6. Build levelprocessfoo 24 0¢e mo a8 @ O triats.

mcup (g) mcup + powder(g)
15.6920 29.4849

15.966(
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Appendix C Trials Mass Measurements

Table C1. Mass measurements of

80umtrials.

V, = 10mnvs

1

2

3

4

5

6

7 8

9

10

Meyp (9)

16.1726

16.2931

16.4640

16.5174

16.4205

16.5727

16.6044

16.6527

16.6527

16.775]

16.6963

I'T’[:up + powder(g)

19.8759

19.42472

19.4244

19.9064

19.4594

20.3395

20.3395

20.3464

20.7199

20.6489

V, = 25mnvs

1

2

3

4

5

6

7 8

9

10

Mewp (9)

16.6963

16.7743

16.94371

16.80171

16.7486

16.8037

16.8179

16.8787

16.829(

16.8965

16.897(

I'T’(:up + powder(g)

19.7669

20.2894

20.4817

20.3739

20.3914

20.9885

20.7473

20.9123

20.8933

20.8659

V, = 50mnvs

1

2

3

4

5

6

7 8

9

10

Meyp (9)

16.897(

16.86971

16.8609

16.8577

16.8807

16.8993

16.9093

16.9011

16.8809

16.8757

16.8959

I'T'bup + povvder(g)

20.4741

20.8505

20.8837

20.778§

20.7142

21.262(

20.9404

20.959§

20.932(¢

20.9503

V, = 100mm/s

1

2

3

4

5

6

7 8

9

10

Meyp (9)

16.8954

16.8994

16.879¢

16.8825

16.8834

16.8957

16.9164

16.915%

16.919§

16.920§

16.899§

m:up + powder(g)

21.048(

20.8725

20.920(¢

21.0554

20.9527

21.3258

20.8135

21.0563

21.138(

21.0223

V, = 150mm/s

1

2

3

4

5

6

7 8

9

10

Meyp (9)

16.8999

16.8973

16.9056

16.9087

16.9169

16.9044

16.8976

16.9158

16.9085

16.9153

16.9149

rT’(:up + powder(g)

21.3299

21.153]

21.2809

20.9894

20.9337

21.2574

20.1635

21.2624

21.0233

21.2337

Table C2. Mass measurements of

160um trials.

V, = 10mm/s

1

2

3

4

5

6

7 8

9

10

Meyp (9)

15.6536

15.8456

15.7784

15.7823

15.7848

15.86371

15.8509

15.7617%

15.780(¢

15.8325

15.7937

Meup + powder(9)

22.4847

22.43446

22.312%

22.160§

22.3142

22.4958

22.5541

22.6914

23.0659

22.5174

V, = 25mm/s

1

2

3

4

5

6

7 8

9

10

Meyp (9)

15.7937

15.8293

15.7927

15.8277

15.7603

15.8304

15.79671

15.7769

15.8774

15.9116

15.8289

Meup + powder(9)

21.8194

22.4617

22.7209

22.443(

22.5829

22.803¢

22.7954

22.6729

22.7673

23.1164

V, = 50mnvs

1

2

3

4

5

6

7 8

9

10

Meyp (9)

15.8289

15.9097

15.8494

15.8629

15.8584

15.8837

15.8874

15.87472

15.8617

15.891(

15.8733

rrl:up + powder(g)

22.63071

22.257(

22.8514

22.6151]

22.93717

22.6124

23.2434

22.7010

22.987(

23.0087

V, = 100mnvs

1

2

3

4

5

6

7 8

9

10

Meyp (9)

15.8734

15.8653

15.9129

15.9184

15.8904

15.8905

15.8983

15.919]

15.9481

15.9741

15.9104

rT'l:up + powder(g)

23.1697

22.8989

22.9797

22.7089

23.2423

22.7991]

23.1284

22.5519

22.9077

23.1409

V, = 150mm/g

1

2

3

4

5

6

7 8

9

10

Meyp (9)

15.9104

15.9364

15.9300

15.91754

15.9641

15.9861

15.9553

15.97271

15.9853

15.9916

15.9734

rT'l:up + powder(g)

23.3661

22.8117

23.4637

22.8154

22.666(

23.0414

22.9961

23.1323

23.2713

23.2693
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Table C3. Mass measurements of

240um trials.

V, = 10mnv/s

1

2

3

4

5

6

7 8

9

10

Meyp (9)

15.7055

15.8706

15.8947%

15.9354

15.9495

15.9635

15.965915.8784

15.8929

15.9343

15.9448

Meyp + powder(9)

23.1887

23.9067

24.3197

24.4972

24,7214

24.5989

24.132024.7224

24,9867

24.748]

V, = 25mns

1

2

3

4

5

6

7 8

9

10

Meyp (9)

15.9448

15.9445

16.9437

15.9144

15.960(0

15.9994

15.928315.955%

15.9714

15.9794

15.9498

r'n:up + powder(g)

23.8544

24.2329

25.1794

24.903(0

24,1214

25.3981]

24.641325.7704

24.9933

25.1374

V, = 50mnv/s

1

2

3

4

5

6

7 8

9

10

Meyp (9)

15.949¢

16.0199

15.9684

15.9607

15.9767

15.9834

15.997315.981¢4

15.9795

16.0267

16.0035

rTl:up + powder(g)

25.2087

25.0984

24.8541]

24.248]

25.4769

24.7531

25.335324.0729

25.4637

24.7883

V, = 100mm/g

1

2

3

4

5

6

7 8

9

10

Meyp (9)

16.0035

15.9904

15.988¢4

16.003¢

16.033(¢

16.0014

16.035416.0064

16.0157

16.0057

16.0024

rn:up + powder(g)

25.0934

25.0329

25.715]

25.2819

25.1289

25.4897

24.999724.9754

24.9313

25.0759

V, = 150mm/s

1

2

3

4

5

6

7 8

9

10

Meyp (9)

16.0024

15.99071

15.9945

16.009¢4

15.9937

15.997(

16.008116.0124

16.02645

16.0327

16.0344

rTl:up + powder(g)

25.8224

25.2034

25.088(

25.0811

25.8359

24.9259

25.502324.8017

24.9328

24.8987

Table C4. Mass measurements of

320um trials.

V, = 10mnvs

1

2

3

4

5

6

7 8

9

10

Mewp (9)

15.7191

15.8487

15.8844

15.9086

15.9244

15.9529

15.979315.9914

15.9945

16.0171

15.9934

I'T’t:up + powder(g)

27.2185

27.178(

27.2904

27.125]

27.1864

27.3341

27.301127.1587

27.2794

27.0034

V, = 25mnvs

1

2

3

4

5

6

7 8

9

10

Mewp (9)

15.9934

16.0104

16.0044

16.0217

16.0166

16.0469

16.033916.0133

16.0500

16.0159

16.0459

I'Tl:up + powder(g)

28.7786

27.9743

27.5224

28.103§

27.6049

28.755(

27.782428.0874

27.9379

28.0307

V, = 50mn/s

1

2

3

4

5

6

7 8

9

10

Mewp (9)

16.0459

16.04471

16.0789

16.0335

16.0641

16.0393

16.064916.0447

16.075(

16.0704

16.0725

I'Tl:up + powder(g)

28.697(

28.5713

28.4914

28.4099

28.5414

27.6687

28.843129.2023

30.2404

30.2417

V, = 100mm/s

1

2

3

4

5

6

7 8

9

10

Meyp (9)

16.0725

16.0537

16.0625

16.0544

16.0729

16.0904

16.049416.0607

16.0725

16.0714

16.1113

I'n:up + povvder(g)

30.6917

28.5576

30.342§

30.1664

28.0013

30.0137

30.394525.4911

30.5173

28.5774

V, = 150mm/g

1

2

3

4

5

6

7 8

9

10

Meyp (9)

16.1113

16.096(

16.0716

16.0765

16.1186

16.1069

16.069016.0941

16.1033

16.0995

16.0936

Meup + powder(9)

29.4944

29.164(

29.457]

29.540(0

29.416(

29.1309

29.904229.5634

29.9494

29.0804
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AppendixD: ImageJ Ra Values

Table D1. ImageJ Ra Values far

80um trials.

2

3

4

5

6

7

8

9

10

Averags

10

133.21]

133.21

131.01

133.78

133.78

131.44

134.36

132.85

132.61

131.14

132.74

25

134.12

132.15

135.671

135.85

134.32

135.571

133.1§

132.27

133.37

135.07

134.15

50

136.14

134.55

136.472

134.92

136.18

138.79

136.59

132.30

133.57

136.24

135.57

100

134.55

138.28

137.08

138.48

137.68

135.43

138.12

137.22

137.44

137.6(

137.19

150

137.24

136.89

137.73

137.82

139.69

137.93

139.26

137.16

137.31

139.37

138.04

Table D2. ImageJ Ra Values far

16Qum trials.

2

3

4

5

6

7

8

9

10

Averags

10

131.13

131.24

129.60

129.18

131.35

132.44

130.61

129.23

129.31

131.35

130.54

25

129.73

133.99

132.65

130.65

131.96

129.49

132.61

133.58

130.71

132.29

131.77

50

132.79

133.56

132.95

131.75

133.29

131.9§

133.8§

134.37

131.56

133.0(

132.91

100

132.59

133.95

135.09

135.86

136.71

134.34

132.52

134.45

136.87

135.74

134.82

150

137.39

136.74

134.93

134.70

135.00

134.04

136.69

134.98

137.88

135.09

135.74

Table D3. ImageJ Ra Values far

240um trials.

2

3

4

5

6

7

8

9

10

Averagg

10

126.37]

128.76

129.25

127.24

131.06

127.02

127.14

128.62

131.15

128.37

128.50

25

128.14

127.70

127.72

128.76

131.91

132.67

133.56

128.73

126.27

131.04

129.65

50

127.77

132.32

132.95

131.04

133.36

135.54

132.56

126.771

127.11

132.29

131.17

100

132.2]]

133.39

130.61

134.37

132.58

135.45

131.39

129.15

134.23

134.5§

132.79

150

131.84

133.32

135.44

132.64

134.92

131.6(

136.35

135.88

136.28

133.3§

134.16

Table D4. ImageJ Ra Values far

320um trials.

2

3

4

5

6

7

8

9

10

Averagsd

10

126.08

130.61

129.97

124.5(

125.10

128.19

131.78

127.64

128.20

131.9(

128.40

25

133.00

131.58

127.78

131.76

128.67

132.43

128.42

126.69

130.15

130.84

130.13

50

129.38

133.27

130.57

133.43

134.31

129.73

131.61

132.79

134.27

133.04

132.24

100

130.79

132.272

137.92

135.72

131.59

134.43

137.79

132.33

136.19

134.29

134.32

150

135.54

134.79

137.02

132.86

135.35

136.19

135.93

136.35

137.06

132.44

135.35
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AppendixD: Surface Roughness Images

R

Figure D1. Pictures oD 80umw  10mm/strial.
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S,
2

Figure D2. Pictures o 80umw  25mm/strial.
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