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SUMMARY

This research aims to investigate the influence of the microstructure, defect features, and surface
roughness on the high cycle fatigue (HCF) strength of IN625 manufacturedLasiegPowler

Bed Fusiorn(L-PBF additive manufactumnig (AM) process.11AM buildseach containing several
fatigue test specimens with axis of specimen oriented in eitherdimection puild direction) or
transverse direction were manufactured to explore the influence of variations in laser scan speed,
hatch spacing, and-PBF machine system. These processing conditions resulted in variations in
microstructure, defect features, and surface roughness, all of which can influence fatigue strength.
All specimens were stresslieved before removal frotouild plate and then a hotastatic press-

ing (HIP) was performed. Specimens were tested in eithisrcasmdition, with no further machin-

ing or polishing, or in a polished condition to establish the role of surface roughness on fatigue
strength. The fatigustrength of each specimavas determined using a step test method. To
establish a reference strdge curve and to validate the step test method, fatigue tests were also
conducted on a colmblled IN625 sheet having similar strengths as the AM specim@tiesdife

curves thainclude the influence of microstructure are estimated using the fatigue strength data
and the reference strelie curve from the wrought IN625The fatigue fracture surfaces were
charactezed with SEM microscopy to determinet microstructure featur@ssociated with fa-

tigue cracknucleationand understand the variability of the fatigue results. Average roughness for
all builds was measured to find trends with the high cycle fatigue results. Tensile test results for
various mehanical properties itading Youngs modulus,yield strength ultimatetensilestrength
andstrain tofailurez andxy specimens was plotted against fatigue strength to find trends. Fatigue
strength was also evaluated against processing parametersssothesafluence and find optimal
design parameter&inally, mean stress correction methdds different R valuesvere used to
calculate average fatigue strength for designer specifications
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1. INTRODUCTION

Improvements irthe quality of additive manufacturing techniqiresopened doors to new pos-
sibilities in design and manufacturalthough the concept was first introduced by Raymond F.
Jones in an article known &To ol s o f asteérlg asThe 49608 ¢ | naptos ofr y ad
additively manufacturing processisrelatively recent. Additive manufacturing offers improve-
ments with respect to more traditional methpasiucing pieces witehapeshat were previously

not attainable with conventional castjrigpt working,and machining processddnfortunately,

new techniques bring new challenges, and additive manufacturing is no different. The purpose of
this study is to study high cycle fatig(t¢CF) of additively manufactured specimenanufactured

by theLaser Powler Bad FusionL-PBF processnd find correlations between tensile mechanical
properties, internal porosity and roughness for optimal design specifications and future studies
with IN625. Therefore, the ultimate motivation is to obtain just as good fatiguerpghce as
traditional nethods, or improve them the same time as conserving the improvements that addi-
tive manufacturing brings to industry applications, which will give way to new findings and de-
signs.

Although specimens with goadeld strengthtendto obtain high fatigueifl, it is not always the
case. This is the motivation behind the tensile tests armbthparison of static mechanical prop-
erties with fatigue stredgfe. Furthermore, the design of experiments was set up to introduce var-
iability to the results by modifgg processing AM parameters. This will underline the best design
parameters than generate optimal results for the 11 avdilaitde.

Due to the nature of process, additive manufactured parts contain defects deperdengro-
cessing parameters. Althghtheycan be optinded to some extent, the surfaces will have a spe-
cific roughness and internal defects caused by unfused material. High roughnessandfpes
rosity have been found to be detrimental to high cycle fatigueeptiep. The motivationsito
correlate roughness measurement resuttsfatigue life.In many caseshese properties correlate
better than static mechaniqabpertiesso a specific design of experiments was created to under-
stand the impact of surfafi@ish and internal defds

In other words, e objective is to create a design of experiments forlARBF IN625, obtain

data from tensile tests, HCF testing, roughness tests and microstructure measurements to design a
machine learning model than canused by designers ingHuture. More in depth explanation of

this process is detailed in thext chapter.



2. BACKGROUND

The motivation oFIGUREE <sTthedy bij®ecdh ovvweriisnutcd ue £t
proprerfyor manrceel a(tPiGoPnPspagc pbsne | ea,hnigmd bpét kads
yell ow boxes in the diagram. dévebobi aveaatabsa s
di fferent structur es pgemedreaFteerd tbhyi sd ipfrfoereecntt, pa
ment was ,wlkiveh opendsi st ed 1 @b tmadnfdi ffaacteiogsu enygd di f
mi crostructursepedbdiamancs ewi zhtitbde objective of
treatingseaspeoif mernred adi @i tddalscvelt ume. Then, t
attributegsotpleat iesnt(telinspl e and zhd ghTlRiys | ®t f @&«
information of thpudifhepenat spepelcd mesdgdrimn tima
|l earning methods. The purpose of ¢odssi n@olhi gts
of different | ocations within that component
predict | ocal erfoprerhii gl HGIF)IT & ih8 smicghesé can t he
design specifi cattiiom, ,perfocremasnoeptpgmadi cti on,
t i @amade r t i fThisthedisirepants on the work to generate the structure and prigtaiipse

to achieve this gbctive.

Processing Structure Properties Performance

o | b

| iy

Ly | By L ==

L3N -
X A Tenszile tests
- Transform to Identify atiributes
Collect all Acquire digi ical controlling
. quire digital uaniification "
processing 4 properties to CIT—T
=

structure and amenable fo ML i
T i
Model history for each awantty

surface features
Development discretized
Builds digital volume

Ty
i “a[ Process A

Compute low-

COF

. b

Establish the 5-P
i ip via

Establish the P-5 descriptions
i ip via of

Collect all 7 Lit= of Gomponen:
i g processing
\ / history, surface /
r Xray inspection B

Process B

Impose loading and thermal

~/
?ala: sgi Ifuadlng Predict the low- boundary conditions on FEA of Prognose performance of
rom . m.- dimensicnal descriptor of component to determine loading each volume in the digilal
Component each discretized microstructure of each history of discrefized volumes to twin; validate predictions of
Builds digital volume discrefized volume predict local properiies and life microstructure and properties

FIGURE1: PSPP map for IN62project

2.1. Additive manufacturing

Additive manufacturing (AM) has opened the gates to new forms of design and production of
parts. Some of the benefits of AMcinde:

1. Reduce number of parts and process steps to fabricate a component, which reglaces mu
tiplefisubtracti ve, | ¢l] pnocessgs. Monedverf furthemmachinngei®
normally not needed unless the part requirggegific roughness or polish finish.

Increase in automation.

Reduction in waste.

Constraint reduction for different geometrical shapes that cannot be readily maraafact

by conventional methods.

hwn
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In particular, IN625 can effectively be manufactured Bfedent AM processes includirg-PBF
(Electron Powder Bed Fusign)-PBF (Laser Poder Bed Fusion), tDED (Laser Directed En-
ergy Deposition) and binder jettinghe methodology used for this project was Laserden\Bed
Fusion (L-PBF).

2.1.1. Laser Powder BedFusion

There are two main lastasedprocesses involving PBE-PBF (Laser Powler Bed Fusiopand
SLS (Selective Laser Sintering). SLS employs a higingrgy laser to partially melt powder into
the desired shape by scanning the laser over the diffeses[2]. This process however does
not fully melt the material; it heats it enough to fuse the particlesrati@cular leve[3]. On the
other handlL-PBF (seeFIGURE 2) provides sufficient poder so as to fully melt the powder for
fusion. This process normally requires additional stress relief while doutlieplate but is an
effective way of syntheaing titanium alloys, steels, and{dase alloys likéN625 or IN718. Both
methods are selective which means they target certais @iatthe powder to create the desired
part.

Enclosed Scanning System
Chamber (Filled

Recoater

Object Being Fabricated

I Building Direction

Build Platform

Powder
Delivery
System

Powder
Reservoir

Powder Delivery Piston Fabrication Piston

FIGURE2: Laser Powder Bed Fusior4].

The microstructure and propertidsparts built by PBF are anisotropic and therefore the influence
of orientation needs to be consideretGURE 3 shows the two possiblbuild directions (among
many others). These directions will affect mechaniodl fatigue properties, as additional manu-
facturing can lead to certain anisotropy.

Vertical Build (Z Orientation)

Horizontal Build (X Orientation)

FIGURE3: Z and XYbuild directions [19].
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2.1.2. Additivemanufacturingparameters folLaser Powder Bed Fusion

There are several parameters that cambdified in the LPBF process to optirme properties to
the desired applications. These include thickness of the lay€IGURE 4) , powder sie, sub-
strate temperature, scan angleh@tch spacin@® (FIGURE6), scan speeW and laser poweP.
Further parameters will be related to ppstcessing of laser manufactured parts.

Hatch spacing is the distance between two consecutive jpessas, measured from the center of
one beam pass to the next. A larger spacing will significantly reduce production time, while thin-
ner spacings produced finer features but increase the leadftthmee procesgs]. Having a arger

hatch spacing will require a larger diameter laser sgettsiavoid the formation of pores within

the part. Note that there i s no r ealpooiibg-paci ng

tween them overlap. This is necessary ensure thtenmef all the powder together, reducing the
formation of defects. These beams can be approximated to a Gaussian beam, where the strength
of the laser beam is higher in the center comparedetedpes.

The scan strategys the rotation of the scamyg direction after each layer. Two common scan
strategies are 67 and 90 degrees with counterclockwise rotation. Moreover, scanning direction can
be alternating or unidirectional, the second feimore time consuming. The scan angle, on the
other hand, fates to the angle between the position of the laser source and the location of the
build, with larger angles at locations near the edges obtiild. Some of these parameters are
used to calculte the volumetric energy density (VEB):

w00 — [eq. 1]
This represents the amount of energy supplied to the local spot in the powder bed per unit of

volume. The volumetric energy density will affdoetgeometry of the melt pool, the quality of the
fusion, thecooling rate and consequently the microstructure of the manufacturdd]part

Laser.

Powder

Substrate plate /

N —>
Moving
platform

i. First layer. ii. n® layer.

FIGUREA4: Different layers and their thickness [19].
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FIGURES: Hatch space [19]
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FIGUREG: 90 vs 67 degrees scan angles [18].
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2.2. Inconel 625

Inconel 625(IN625) is a high strength, high fatigue resistaiiebasesuperalloy By definition,
superalloys are alloys capable of withstanding temperatuadsgit fraction otheirmelting pont
[8]. The alloy receives its name from thedeaarkii | n ¢ ¢whiH b&longs to Special Metals
Corporation, a company based in New Hartford, UB625 belongs to a family of austenitic
nickelchrome alloyswith different canpositiong9] [10] [11], which can be found iMABLE 1.
This alloy is considered a modificationldf718 sathesolidificationstudiescarried oufor IN718
can be used to extrapolate the behavidN&R25.

IN625 hasaspecific composition thagives excellentnechanical and fatigue properties as well as
resistance to corrosiodMo and Cr are responsible for a high corrosionstasice and strength
properties. Elements suchldb and Fe are used to obtain a higher degree of strength in the mate-
rial. Other elements including Ti and Al are used for refi@ndfor welding purposeflL2].

Common apptations of this alloy include supercritical water reactors or high tempeesigiees

[13], and is thereforlighly used by the aerospace amérgyindusties These outstanding prop-
ertiesare reflected intte cost, and Iranel parts are considerably more expensive than stainless
steels, due to high market price of thelementaused in the compositioiuthave better higher
temperature strength and durability.
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2.3. Solidification of Incond 625

Different coolingprofiles after solidificatiorand processes will affect the microstructure of the
material. The existence of different phases will impact the resulting mechproparties and
fatigue performance.

FIGURES8 shows the TTT diagram for wrougN625, althoughT TT diagrams willslightly differ
depending on the compositiofhe primary phases that céorm include carbides (MC, AC,
M23Ce), d', Laves, and deltdhese phases can improve or owprish fatigue propertie$he most
relevant phases are their effects are described below.

1000 ~
MC

900 A
Laves and Delta

Phase
800 |

Temperature, °C

700

600 |

0.1 1 10 100
Time, Hours

FIGURES: TTT diagram of IN625 [7]

Intensity (a.u.)
F
Intensity (a.u.)

FIGURE7: BSE images of th&Ni 3 (Nb, Mo) and the Laves phases forme
the Inconel 625%61].
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FIGURE 9: Exarﬁﬁie of carbides detected at tendriic boundaries of
t h @i coystals of Inconel 625 clads [63].

2.3.1. Laves anctarbides

A commonmicrostructure feature of BR5areLaves phasesvhichareintermetallic compounds

thattake the form of AB. The approximate composition of this phase leafound inFIGURE?.

Niobium is theprimary elementesponsible fot. aves phases and carbides that appearrasult
of the enrichment of the interdendritic liqyt4]. Thesephases have been found teignificantly
reduceroom temperature ductility and ultimate tensile strerfigtiN718[15]. Thisreduction is
caused by several mechanisms, being brittle fracture the most dominant. Maastvey,take
large amounts of Nlthematrixis depleted of the main hardening agenming coherent g" phase

In order tominimize the Laves and delta phases hencancrease toughness, the iron and silicon

contentcan bereduced TABLE 2 shows Charpy Wotch tests of two different composition

samples

TABLEZ2: V-Noch Charpy for standard vs Ldve, Si specimens. [6]

Charpy V-Notch

Filler Wire Test Temp. Impact Energy
Standard RT 42.3
-320°F 37.2
Low Fe & Low Si RT 152.7
-320°F 127.7

A loss in ductility and toughnessn alsobe produced by the bands of carbideseFIGURE 9

for composition)which can debond anmbalescedo localize the fractureHowever, the impact of
carbides to toughness and ductilitgs been shown to ®where near as detrimental lzesves

phas€g[16].

Moreover,Cieslaketal. [14] concludes that microstructuiseheavily influenced byi mi nlloy-

ingelemens such as

C and Si

The presence MJ

a
car b

carbides However,it can reducd.aves for low Si alloysso fine tuning is necessary to obtain

optimal performance of partBurthermoreSi causes theofmation ofLaves and MC carbides



for low carbon samples. If both elements are present at a high composition, high ambawés of
phaseand carbides in the form of MC will occur.

Some processes can performedto mitigate the effect or reduce carbiaedLaves phases. As
for Laves, solution annealing can significantly reduce or eliminate them. MC carbigieNI§C)
form astablephase and cannot be eliminated by traditional metl@ds.way of eliminating car-
b des is sol uti ¥orha gy mEfdoanmexposiradf 1 hbud.9 3

2.3.2. Delta phase

The delta phase is shownRIGURED. This phase is known to form in conventional solid solution
strengthened whesubjected to high temperatures for an extended time péniddstry standard
stressrelief heat treatments for 1 hour at 870°C has been shown to generate a significant amount

of this phase in {PBF[18]. Its chemical composition NisNb (FIGURE7), forminga DOa struc-

turee. Del ta phases can be easily obiskevedr aét eree

FIGURE10: Delta phase precipitation of Inconel 7[8.

Homogenzationtreatmentgan be used to mitigate eliminate formations of delta phag&hang
eta. [19] found out thahomogenzation treatmentwill reduce or eliminate delta phase formation
(see sectio2.4.4).

2.3.3. Fine tuning

The influence of the various alloying elenteem IN625 on microstructure and properties are sum-
marized inTABLE 3 andTABLE 4, respectively. Taking Nb as an example, miging its con-
centration in thalloy has a vey positive effect on reduction of carbides, Laves phase and delta
phase during solidification and precipitation during heat treatments. However, reducing Nb can
also have a negative effect on mechanical properties, as it greatly redeogshsii the man

Nickel matrix



TABLES3: Effect of microstructure of fireining composition [7]

Minimise Minimise Minimise Minimise
Formation of Formation of Carbide Laves and Delta Avoid
Element Niobium Carbide Laves Phase Precipitation Precipitation 5
During During During During Precipitation
Solidification Solidification Heat Treatment Heat Treatment

Minimise Nb

Minimise Fe

Minimise Mo No Effect
Minimise Al & Ti

Minimise C

Minimise Si

Notes:

1. The effect of a lower carbon/niobium ratio probably outweighs the effect of minimising the solidification range.
2. Low molybdenum and/or silicon retard the formation of Laves phase, but have little effect on the formation of Delta phase.

TABLEA4: Effect of mininding composition on properties of Alloy 625 [7]

Element Weldability

Minimise Nb

Minimise Fe
Minimise Mo
Minimise Al & Ti

Minimise C

Minimise Si
Notes:

1. Aluminium and titanium are only important to strength if precipitation hardening is employed.
2. Some aluminium and titanium are helpful to weldability, but the minimum levels required are not known.
3. If grain boundary carbides are necessary for corrosion resistance, minimum levels of carbon and silicon need to be specified.

2.4. Additive manufacturing of Inconel 625

2.4.1. Mechanical propertiesof Inconel 625

As for many other alloys, mechanical properties will highly depend on the different manufacturing
processes. However, according toMidPDS-14[20], for annealed material at room temperafur

the Young's modulus is 206 GRiad Poisson ratio is 0.28. Increasing the temperature up 16900
causes a decrease in the Young's Modulus of 50% and an increase of the Poisson ratio of 20%.

Typical mechanical properties for different forms and condstiohinconel 625 are provided in
TABLE 5.
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TABLES: Nominalroomtemperaturenechanicalproperties[21].

Eorm and Condition S-I;f:nsgﬁ] StTie?:gth Elongation Reduction of area Hardness, Brinell
MPa MPa % %
ROD, BAR, PLATE
As-Rolled 827-1103 414758 30-60 40-60 175240
Annealed 827-1034 414655 30-60 40-60 145220
Solution-Treated 724-896 290414 40-65 60-90 116194
SHEET and STRIP
Annealed 827-1034 414621 30-55 - 145240
TUBE and PIPE,
COLD-DRAWN
Annealed 827-965 414517 30-55
Solution-Treated 689827 276414 40-60

TABLE 6 summarzes the same mechiaal properties of IN62according reported for different
additive manufacturing processes, post processing aedtation. The three methods are com-
monly used: EDED (Laser Direct Energy Depositiori;PBF (ElectronPowder Bed Fusignand
L-PBF (LaserPowder Bed Fusioj The postprocessing of these parts was one or a combination
of the following: AF (AsFabricated), SR (Stress Relief), SA (Standard Anneal), and HIP (Hot
Isostatic Pressing). Each of these treatments is described in more detail below.

2.4.2. Annealing and Stress Relief Treatments

Annealing is performed to improve ductility, reduce internal steasd refine the internal struc-
ture by increasing homogeneity while reducing brittlenaasgealingtreatmentgor IN625 range
from 900to 1200°C fo 1 hour[22], which are typically temperatures above tbéerystallzation
temperature of the metal.

Stress relief, however, consists of heating to a predetermined temperaturecoeisiallzation
temperaturdollowed by @oling in air[23]. For the standard stress reliefrtpaare exposed to a
temperature of 1600°F (871°C) for an hour. On the other hand, the alternative treatment subjects
builds to 1475°F (802°C) for 4 hours with the aim smluce the formation of delta phase which

can be detrimental to ductility and fatignepertiesThese stress relief treatments are typically
performed before the parts are removed from the build plate.

2.4.3. Hot Isostatic Pressing (HIP)

The purpose of Hot Isadic Pressing, also known as HIPing, illustrate&IGURE 11 is to re-
duce internal porosity, which improvése mechanical properties. The part is subjected to a high
isostatic pressure at a high temperature using an ind2%jasor IN625, the temperature the part
is subjected variglsetween 1170 to 1280°C atite pressure i$00 to 150 MPa. The main objec-
tives of HIPing include reducing internal porosities, removing internal defects and pdhsibly
rejuvenation of fatige or creep damaged part#ot Isostatic Pressing or HIPing ttegentcan
reduce internal porositieggowever HIPping will not be successful in minimizing porosity in cases

11



where thananufacturd partscontaina high porosityafter the build procesgVith ideal processing
and HIPping parameters, the porosity isl#&n0.1-0.25%][26].

FIGURE 11: Diagram describing the HIPing procef4].

2.4.4. Homogenation treatment

Homogenkation treatmentareoften carried out tamnitigate the formation of the delta phdse
IN625. The typical treatmems similar to annealing bincludes subjecting components to a leigh
temperaturel150C for 1 hour was found to be an effectiveninmgenkation treatment of -PBF
IN625. This treatmenteduces thelelta phase formation, but it has been shown to promote grain
growth, whichcanbedeleterious to mechanical propertj2g].

TABLE 6 shows shows the tensile properties that have been obtained on AM INGRBws
thatvery high yield strengthand ductilitesare possiblethough there is considerable variability

in propertiegeported Note that thenajority of specirenshad 0.2% offset yield strengths (YS)
that exceeded00 MPawith 800 MPabeing he highest value (data point 8). Nevertheless,
some low values where observed EsPBF (data points 11, 14), probably due to the annealing
that occurs during the build duo the higher temperature in the build chamber. It is important to
note that the ifferent postprocessing techniques will furthaffect mechanical properties.

TABLEG: Mechanical properties of AM IN625 reported in the literature

(Iﬁ c
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£ |8 = a o e = >T | g g =

o [<5) ° @© (&) o (7] — <MK c hasl
245 5 g o h D (JC.) > s uj S) Q

S| < o °8 = S| E W G

S o) S e
1 Xue 2007 | L-DED AF X-Y 477 | 744 48 [28]
2 Xue 2007 | L-DED AF z 518 | 797 31 [28]
3 EOS 2010 | L-PBF AF X-Y 725 | 990 35 [29]
4 EOS 2010 | L-PBF AF Z 615 | 900 42 [29]
5 Betts 2011 | L-PBF AF X-Y 384 | 898 60 [30]
6 Betts 2011 | L-PBF AF z 376 | 884 57 [30]
7 | Yadroitsev| 2009 | L-PBF AF X-Y 720 | 1070 9 [31]
8 | Yadroitsev| 2009 | L-PBF AF 4 800 | 1030 9 [31]
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TABLESG continued

9 | Optomec | 2012 | L-DED | AF X-Y 694 | 1052| 33 [32]
10 | Optomec | 2012 | L-DED | AF Z 490 | 829 43 [32]
11 Murr | 2011 | E-PBF | AF X-Y 300 | 590 53 [33]
12 Murr | 2011 | E-PBF | AF Z 410 | 750 44 [33]
13 Murr | 2011 | E-PBF | SA+HIP Z 330 | 770 69 [33]
14 Murr | 2011 | E-PBF | SA+HIP Z 230 | 610 70 [33]
15 | Rombouts| 2012 | L-DED | AF X-Y 480 | 882 36 [34] [35]
16 | Rombouts| 2012 | L-DED | AF Z 656 | 1000 24 [34] [35]
17 | Amato | 2012 | L-PBF | SA+HIP | X-Y 380 | 900 58 [36]
18 | Amato | 2012 | L-PBF | SA+HIP Z 360 | 880 58 [36]
19 EOS | 2011| L-PBF | SR X-Y 720 | 1040] 35 [37]
20 EOS | 2011| L-PBF | SR Z 650 | 930 44 [37]
21 Dutta | 2011 | L-DED - Z 598 | 795 14 [38]
22 | MMPDS | 2019 AMS 414 | 827 30
5666

Althoughadditively manufactured IN625 cachieve tensile properties comparable or better than
wrought form, the fatigue strength many not necessarily correlate to the tensile properties. Defects
such as porosity and high surface roughness may not significaietty tainsile properties, partic-

ularly the yield and ultimate strengtmless porosity is extreme, but can have considerable influ-
ence under cyclic loading. This is because local defects, acting agzddcatilumes where the

cyclic stress isaised, drive the local fatigue crack formatiprocess. Therefore, the objective is

to understand the relationship between the local defects and their impact on fatigue crack formation
and early crack growth.

The effects of these process parameter seitiogether with powder material charactersstin

the variations of the resultant part quality in terms of density, material properties, dimensional
guality, surface roughness, and defects are not well under§fdoBresentf, these parameters

are established by tri@hd-error methods usingimple relationships such &ED as guidance.
Empirical datacan help when designing new pafdGURE12 shows how dferent combinations

of scan speed arldserpower will generatelifferent depth to widthmelt poolratios with a ratio
0.5considered close tmptimal [39].

The common powderzg used fotiN625 is15-45° ain diameterthoughsmallpowder thickness
variations with respect to the previous thicknlegs no noticeable effect on proper{¥g].

Crialeset al. [41] experimented with different parateesto study the influence of processing
parameters on the microstructufide variables were scan an@¢®®° vs 67), laser power, scan
speed and hatch distanddae following conclusins wergound

1 Larger energy densities lead to larger gramsi

1 A scanning angle of 67° helps with the reduction of the relationship between laser power
and speeds. grain growth directiondt also obtainginer szed grains than 90°.

1 Medium to high speeds and medium hatch distances are needed tcsthtiimreswvith
nearlyisotropicbehavior
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FIGURE 12: Melt pooldepth to width ratios for different laser power and speed combinations for Incondl-&FH. [21]
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FIGURE 13 Microscope imaging for power ardser speed combinations fdié25fabricated byL-PBF[21].
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FIGURE 14: Porosity measurements (%) for different scan speeds and laser power [21]

FIGURE 13 showsoptical microscope imagefhiowing porosityor different scanning speeds and
laserpower.FIGURE 14 shows the same information porosifyantifiedas a percentage. There

is a clear trend: the higher the scanning speed and laser powenvéngHe porosity. In other
words,the higher the esrgy density provided by the scanner, the lower the porosity and the higher
the relative densityHowever, very high energy densities with lead to keyholing defects, increasing
porosity agairas illustraéd inFIGURE 15.

Curves of Constant Cross Sectional Area IN625
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FIGURE 15: Experimental curves of constant cresesctional area for IN625 anain annotation for the keyholing region. Colors
represent a given cross sectional area.][33

Inadequate combinations of the previous parameters will give way to AM deédegiisVEDsare
used to reduce internal porosity, but they can increase surface roudi2jddswever, roughness
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and porosity can also be caussdsery low VEDs. Moreover, higher roughness can also be caused
by overhangingeometrieslue to the effect of gravity during solidificatioj26].

FIGURE 15 showscurves of constardrosssectionalareafor a range of source power and laser
velocity. The region where keyholing has been found to be generated is shown Higlugower
with low speeds will promote the formation of this defect and should therefeneoimbed[33].

2.5. Fatigue of L-PBF parts

Fatiguedescribes the process of degradation associate@mwétpplieccyclic loadthat is sufficient

to cause of crack to nucleate, typically at some defect or heterogeneitynoittbstructureand

the subsequent growth the craaukd eventual failuref a componeni43]. This phenomenon oc-

curs in rotating machines and is one of the most likely causes of component failure. Fatigue pro-
cesses can be classd according to the number of cycles until fagudistinguishing low cycle

and high cycle fatigue. For this report, only high cycle fatigue (HCF) will be described, as it is the
process the designed component will undergo. HCF includes processeshigthh number of
cycles that involvgrimarily elastic deformation. Stresses applied are typically less than the yield
stress but plastic deformati@anstill occurring locally near internal stress concentrations associated
with the microstructure or defes within the surface or on the surfg44.

Themaximum stress generatky cyclic loadingcan be well under the yiektrengthof the mate-

rial, meaning that parts can perform perfectly during a given time, baftiilthe component has
experienced several cycléome naterials like steel or titanium have andurance limit or fa-

tigue limit, defined as the stress level that ¢@nendured for infinite cyclic loads in a benign
environment. However, this endurance limit can be highly affected and reduced by periodic over-
loads and corrosive and high temperature environménotgger cycles than typically defined as

the endurance liits (10 cycles) can result in other defects, often internal defects, be site of crack
nucleation. Furthermore, thigndurance limit is not strigt related to the material, as many vari-
ables can affect the fatigue life. These include surface finishughress, temperature, notch
sensitivity, sze, environment and reliabilifg5].

2.5.1. Fatigue review oprevious work o.-PBF IN625

External and internal defects can reduce fatigue life-BBF parts.HCF strength is typically
reduced by an increase in surfaceigmess[46]. Furthermore puild direction and the ge of
specimens affect fatiguefdi of L-PBF IN718, as it has been seen that this alloy can develop ani-
sotropic columnar grain structures for certain processing paraf@iérFIGURE 16 highlights

the effects of posprocessing treatments on grain structure.

FIGURE16: EBSD IPF map of (a) as built Inconel 718, (b) solution annealed Inconel 718, (c) post HIP Inconel 718. [50]
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There has been some fatigue tests reported on AM IN625 in treguie Koutiri et al. investi-
gated the influence of the surface roughmesthe HCF of IN625 with results showihGURE 17
suggesting an endurance limit around 200 MPa and that polishing the surfaces to renmve the

fluence ofsurface roughness generally increases the fatigue life.
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FIGURE17: SN curve ofN625,fabricattdusi ng 180 W of power , 5 0d hatwmspasingavithnd aser

heat treatment tested under uniaxi@ding with R =1 [6].

FIGURE18shows results published WBYitkin et al.[48] It can be inferred from the data that HIP

and machiningmprove the fatigue properties to those simitawrought. Hip with shot peening

of the asbuilt condition almost has the same benefit as HIP and machining. However, data points
show that the most important factor for this study mashiningL-PBFspecimas. It was found

that machinindgefore testingpbtainedvery similar fatigue properties to wrought IN625 bar.

Fatigue Behavior of SLM Inconel 625
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FIGURE18: SN Dataof IN625from Witkin et a] fabricatedper ASTM E466L-PBF parameters not specified by vendamiax-

ial loading with R =-1[48].
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In anotherstudy carried out byVitkin et al.[49] a few years latefFIGURE 19) no substantial
difference between polished andiaspecimens was foun@he absencef fatigue resistance
improvementfter abrasive and laser polishiwgsattributed by the authors to liaie of the pro-

cess to alter the stress concentration of the Adtelsurfaces. Although average roughness was
significantly improved (Sa value wasduced), the polishing made the features shallower but did
not alter the interior. This meant that faggife was not increased because these features preserved
similar elastic stress concentration after the polishing process.
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A SLM Round Vertical R = 0.1 = = =MIL-HDBK-5 Model R =0.10
----- MIL-HDBK-5 Model R = 0.10 Notched O Laser Polished

O Abrasive Polished
FIGURE19: SN curve of fatigue results farPBF notched N625fabricatedat 200 W of power, spotzsiof3 0 , 8+0.1[49].

Anam carried out a cyclic fatigue investigation for IN625, varyngd orientation and heat treat-

ment (annealing), although the specifications of the different treatments are not clear in her work
(50% of samples were heatedlf@a38°C for 1 houm an argoHfilled furnacefor stress reliefand
guenchedsee section 2.4)dut the other 50% were notdtdreated). However, as seerfiG-

URE 20, the heat treatment did not have a large impact on fatigue performance. It shows the results
of her investigation, revealing thaiilding along theZ-axis (axial directiorof fatigue specimes)

lead to a lower fatigukfe. Anam attributes this ta samples being more likely to develop defects
such as voids caused lack-of-fusionor gas entrapment.
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FIGURE20: Plot of maximum stress versus legcto failurefor L-PBF IN625 fabricatedusing 195 W of powescan speed of
800 mm/s, layer thickness of 20 um, sprg sf 100 um and hatch spacingldfO um for samples with differertuild orienta-
tions and posprocessingunder uniaxial loading withlR =-1[39].

2.6. Fatigue crack initiation of IN625

Fatigue crack initiation can take different definitions. From a mechanical engineer standpoint,
crack detection is the threshold for crackiation. Materiak engineers go deer in their obser-

vation, and consider nucleation of defects along persistent slip baradsan internal interface

between microstructure featurasa starting point othe fatigue cracks0]. The principalmecha-

nism that dives crack nucleation of repeated loaudpure ductile metals s st at ed i n Woo
tulate (1958)ir epeat ed <cycl i c straining of the mater
di ffer ent .Thdse dbsmacgmendsare mspible for thencrease of surface roughening

and can be observed as peaks and valleys in the surface. Once these valleys are generated, they
serve as stress concentration points that aid in fatigue crack nucleation and further slipping.
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2.6.1. Fracture sirfaces and comnmodefects of IN625

FIGURE 21 to FIGURE 23 showfatigue fractures of different IN625 specinsgbl]. FIGURE

21 shows a HCF fracture surface fromm@ught bar specimer-IGURE 21b shows the origin of

the fracture FIGURE 21c magnifies the previous image and shows a detafdadrefrom the
nickel matrix a carbideCarbides reduce fatigue life dueseveral factors including increase brit-
tle behavioras theyact as stress riseasid, as described in the background section, form due to
specific cooling curvesf the material. Thiseaturecan be found across diffetemanufacturing
processes and it is not a defpatticularto L-PBF.

FIGURE21: HCF fracture surface of a wrought bar IN625 specimen hot rolled extruded and annealed at different magnifica-
tionsstudied using SEM fractograplyl].

FIGURE 22 shows thefatigue fracture surface of ageposited addiiely manufacturedN625
fabricated using the MELD procedscan be clearly seen on this imagerikrer marks tlat point
towards the fracture initiation site, which in this case forms a cracked surface instead of a cracked
particle as in the last example. Finer microstructaomsisting ofeduced grain and carbidezesi
reducedrittle behavior and geerate surfac&actures like the one shown FIGURE 22d.

FIGURE 22 HCF fracture surface ofs-deposited Inconé25fabricatedusing the MELD proced51].

Another typeof fracture that can be observedLirfPBF IN625 is interlayerdelaminationDue to
the nature of the manufaciog process, the material forms layers that may fracburdebond
when subjected to cyclic loadsIGURE 23).
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Build direction

FIGURE23: HCF fracture surface caused by delaminatimimasdepositedN625fabricated by the MELD proce§si].
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FIGURE24: Secondary crack nucleation (a) and explanatibsecondary crack formation (b) [55].

Secondary cracksayform with a propagation direction perpendiculathe main crack propa-

gation directionf52]. The occurrence of these cracks on the main quampagation surface can

be caused by the local elongation of the material due to tensile stresses parallel to the direction of
propagabn of the main crack, caused by plastic deformatan microstructure heterogeneity

This phenomenon can be observeddnsile specimens as well as fatigue sampl€3URE 24

shows the mechanism that causesmdary cracks to form.

Suboptimalenergy densitiesvill generate different types of porosities caused by gas entrapment,
vaporization, keyholing,expulsion of metal in the weld pool lack-of-fusion voids [53]. They

take sgcific shapes and forms and are easily distinguished using SEM fractog&gshgntrap-
ment pores are usually rounded whaek-of-fusion voids have jagged or irregular shapésis
entrapment is caused when rapid cooling of the mateaisdeslissolved gses in the matrix to

get trapped39]. Lack-of-fusion voids, however, have been found to be larger and more detri-
mental tatensile and fatigue propertifst]. Keyholing is caused whemxeessive engy densities

are used for the manufacture of componentskE8&JRE 15for optimal velocity and power com-
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binationsto avoid keyholing fol.-PBF IN625) and generatporosities on the lower part of the
melt pool This is caused bthe collapse of the keyhole whdretmolten material in the upper part
moves downwards due to gravity and surface tension, which causes entrapmefb%if gas

Other features that can be observed in gtatiracture surfacef hot rolled and anneald625

are shown IFIGURE25. In this region, d&each marked surface can origindd6JURE 25b
andFIGURE 25¢) which indicates stable crack growth. As the crack advances and the stress in-
tensity range increases at the crack tip, the rate of the crack growth increases until the fracture
toughness is reached, and fast fracture occurs.

7 Beachmarks

Fast fracture (e)

Shear lips zone
P N

FIGURE 25: Fracture surface of HCF IN625 specimens fabricated by hot rolling and annealed at 910°C for 2 hours. Beachmarks g
show a stable crack formation.
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FIGURE 26: LCF specimens dfigh powerL-PBF IN625fabricated with0.04 mm laser thickness, 0.1 mm spzg and 1kW of
laser power(b) (c) (d) showof lack-of-fusiondefects, including unmelted powder and undysarticles[56].
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3. MATERIALS AND METHODS
3.1. Design of thebuild plate

As shown INFIGURE 27, several mechanical test specimens, of differesgissand types, were
built with axis either along thedirection puild direction) or transverse to telirection, denoted
xy direction.The cylindrical dogbonespecimens (2832) correspontb the tensile specimens. The
HCF specimeng1-24) include four typesof flat dogbone specimer{small and large xgpeci-
mens andsmall and large specimens)Finally, thesmall cylindricalspecimens (331), with
diameer 10 mm and length5Imm, correspond to the microstructuwlkaractezationspecimens.
The HCF testingandthe charactezation of the microstructurgpedmens wereerformedat the
Georgia Institute of Technology whiledhensiletestswere conductedat Southwest Research
Institute, San Antonio, TX.

AM SWRI Plate Build Layout

FIGURE27: Build plate set up. Black dot represents front.
3.2. Geometry of theHCF specimens

In order to assess anisotropy mechanical propertigthe HCF specimens were built in tke
and xydirections. To considerza effects, two different aed fatigue specimens weatsocon-
sidered. The geometand dimensionsf thesmalland largespecimens is shown FIGURE 28
andFIGURE 29.

FIGURE 28 Nominal dimensions in inches of small fatigue specimens.
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FIGURE29: Nominal dimensions in inches of large fatigue specimens

3.3. Fixed and variable parameters forproduction of research specimens

3.3.1. AM systems

The AM systemsused for thd.-PBF process are the Concept M2 and the Renishaw AMR&®.
Concept M2ises a 90 degrees rotation per laged each sample is lasered independently before
moving on to the nextThe Renishaw AM25@ses a pulsed laser as opposechést ofthe sys-

tems Furthermore, argon gas flows right to left on both machines while the wiper for the powder
moves from right to left on the Concept M2 and back to front erRiénishaw AM250The df-
ferences arsummarizedn TABLE 7.

TABLETY: Differences in parameters and methodology.

Concept M2 Renishaw AM250
Laser Continuous Discrete (pulsed
Laser Spot Ske 90 um 70 um
Wiper movement direction | Right to left Back to front
Inert gas flow direction (Ar- | Right to left Right to left
gon)

3.3.2. Powder

Thepowder usedby both machinesvas manufacturedsing the gaatomeation processracuum
induction melt argoigas atonzation

TABLES8: ASTM F305614 standardgor IN625 powder compositigs7].

Element Ni Cr Mo Nb Fe Mn Co P S Ti Al S C
Min (wt 200| 8.0 3.15

%) remainder

Max (wt 23.0| 10.0 | 4.15 5.0 0.5 1.0 | 0.015| 0.5 0.4 0.4 | 0.015| 0.1
%)
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TABLE9: Composition of the powdeised for allspecimens

Element | Ni Cr Mo Nb+Ta | Nb Fe Co Al Ti (@] C
Wt % 63.2 | 22.2 9.0 3.8 3.8 0.69 0.44 0.33 0.24 | 0.016 0.01
Element | Cu Mn Si Ta V Zr P N S B

Wt % <0.01] <0.01| <0.01 | <0.01 | <0.01 | <0.01 | <0.003 | 0.0019 | 0.001 | <0.0009

The powdercompositionhasa low amount of GGompared to ASTM F30564, which should be
beneficial in limited the numbef carbides in the microstructurEhe powder used was spherical,
and thesize allowance rangedrom 15 to 45 um, with a mean diameter of 30 uABLE 10
includes the parameters that were kept constant during the manufacture stage:

TABLE10: Build Parameters kept constant.

Parameter Value
Layer Thickness 40 um
Laser Power 110 W

Substrate preheating 80 °C
Alternating laser 90° (angle is set by Concept M2 machine that only supports 9
path rotation)

The parametarin TABLE 11 and thescanpatternwere varied acrodsuilds. The specific param-
etersvariedfor eachbuild are statedh TABLE 12

TABLE11: Build parametershat were varied.

Parameter Value
Laser speed Varied between 800 mm/s and 900 mm/s with a center point of 85
mm/s

Hatchspacing | Varied between 70 and 100 um with a center point of 85 pm

Heat treatmentg Two different treatments were applied:

1. (SR +HIP): Industry standard stress relief cycle followed by
HIPing (1121°C, 101.7 MPa, 4 hr).

2. (NSR + HIP):Alternative stressgelief cycle(based on NIST
recommendations to avoid defphase formatior802°C/4 hr)
followed byHIPing (1121°C, 101.7 MPa, 4 hr

Thecomplete design of experiments for thelldlds is shown iInTABLE 12. This study consid-
ered twoL-PBFsystems, withbuilds 1-6 fabricated on the Concept M2 amdilds 7-11 fabricated
on the Renishaw AM250.
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3.3.3. Postprocessing of-PBF Parts

After the completion of theuild in theL-PBFmachine and before the specimens were veto
they underwent a stress relief (SR)wo differentSR were included in the DoE. SR stands fo
standardstresgelief, while NSR stands fahe alternative NIST stres®lief (see section2.4.2.
and 24.4). After removal from théuild plateby fatigue from breakouiuild supports all speci-
mens except for one microstructure specingasignated BAB5) underwent hot isostatic press-
ing. The conditiondor the heatreamentsand HIPare stated iTABLE 11.

TABLE12: Design of experiments

Build No. Pattern Velocity Hatch spac-| Heat Treat | Machine Energy
(mm/s) ing (um) Cycle Density
(J/mm?3)
1 800 70 SR+HIP Concept M2| 49.1
2 ++- 900 100 SR+HIP Concept M2| 30.6
3 +-+ 900 70 NSR+HIP | Concept M2| 43.7
4 -++ 800 100 NSR+HIP | Concept M2| 34.4
5 Center 850 85 SR+HIP Concept M2| 38.1
Point
6 ++- 900 100 SR+HIP Concept M2| 30.6
7 +++ 900 100 NSR+HIP Renishaw | 30.6
AM250
8 -+- 800 100 SR+HIP Renishaw | 34.4
AM250
9 Center 850 85 SR+HIP Renishaw | 38.1
Point AM250
10 +-- 900 70 SR+HIP Renishaw | 43.7
AM250
11 -+ 800 70 NSR+HIP Renishaw | 49.1
AM250

3.4. Fatigue TestingProcedures
3.4.1. Pre-test preparations

To evaluate both the intrinsic fatigue properties of the natas well as the effects of the surface
finish resulting from differenbuilds, the testing regime was divided as follows: out of a batch
of six z specimens (either small or largepespecimerwas set aside fof-ray Computedlo-
mography (CTanalysisto later be tested, two specimens were polished on all sides of the gage
section priorto testing, andhreespecimens were tested withiassurfacdinishes. Foixy speci-

mens, the bottom edge all specimengi.e., the side closest to theild plate)was polished due

to excessive roughness originating from the useudtl supports. In addition to thisyo speci-

mens had their other narrow edge polishaddtwo specimens were tested tmefully pol-
ishedstate.

Prior to initialzing tests, specimensderwent hardness testimgthe grip section if they were the
first of abuild condition.The ratio of specimen hardness to the hardness of a sheet specimen was
assumed to be similar to thetios of fatigue strength to estimate the starting stress ame)i
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which was set at 80% of the stress value determined by this métimtdardness data was gath-
eredusing an AFFRI METALTESTER MKII. The specimens were Ifat on a thin sheet of
packingfoam on top of a table to prevent scratching, and hardnessurements were taken at
four points on the grip sections; one point per grip face.

Polishing of the specimens wpsrformedusing a drill press andremelheads for narrow edges
of the gagesection, andan electricdisk sanderfor wide faces.The sandeoperates at a constant
speedand was fit witha ~ @2¥mm)disk attachmeniThe processes f@olishingare describeth
TABLE 13 and TABLE 14

TABLE13: Polishing piocedure for wide faces.

Step 0. | Procedure

1 Initial thickness wa recorded
2 Disk sander was fitted with 180 gfiC sandpaper, and water was applied. San
was set to lowest speed at all stages of polisl8agding was done by placing
sanderfaceup and holding sample with gentle to moderate force against sang
per. Sample was moved in circular patterns regularly during santhegdirec-
tions of these circular patterns were frequently against the direction of rotatio
the sander, but botfiirections of rotation were used.

3 One face of specimen was polishedil pitsthat originated from the surfaeeere
not presenfviewed under stereoscope), and change in thickness was recorde
This was typically approximately #@icrons.Sandpaper as changed out as
needed

Steps 2 and 3 were repeated for opposing fa

Specimen was washed in water and acetone and blown dry, sandpaper was
changed to 240 grit

6 One face was polished until scratches from coarser grit are not apphsstge in
thickness was recorded. As in step 3, it was ensured that residualfreanksand-
ing were aligned in the direction of loading.

(201~

7 Step 6 was repeated for second face

8 Steps 5 through 7 were repeated using the following grits: 320, 500, 800, anc
1200.

9 It was ensured that total ofno more than 200 microns of maternare re-
movedoverall.

TABLE14: Polishing procedure for narrow faces.

Stepno. | Procedure

1 Initial width was recorded

2 A Dremel%z in.sanding drum (part number 40¥asfitted with 60 grit sandpaper
and attached to drill pss.

3 Specimerwasmovedback and fortttontinuously ovesandpaper to ensure unbi-

ased material removal on bajageand fillet sections of the specimen. It wasthe
to the drum with light to moderapgessure, comparable ®pecimen was oriente(
such hat residual marks were parallel to direction of loading.
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TABLE 14 continued

4 Edge was polishedsing sanding drum fittedith 180 grit sandpapemtil
scratches from 60 grit par were removed. The specimen was held against the
drum with light to moderate pressure andvemb continuously, as in step 3.

Edge was polished with 320, 500, 800, and 1200 grit sandssgaprentiallyusing

5 method described in step 3
6 Above procedure was repeated for other edgegiired.
7 Wide polished faces werepolishedoy hand ameeded to remove any scratches

from polishing the narrow edggsocedureSpecimen was secured by hand and
polishedalong loading directiomwith light pressure, as these scratches wereer-
ally very shallow.

FIGURE30: Specinens ready to test. The specimen on the top followed the polishing procedure.

After polishing was completed, all specimens were fitted watiangulaiG10/FR4tabs cover-
ing both sides of botQrip sections in order to prevent frettifagiguefailure in the wedge clamp-
ing grips shown inFIGURE 30. The tabavere cut from sheets purchased from McMa&arr
(part numbers werg667K211for small specimenand8667K213for large specimens), archd
thicknesses o0f/16in. (1.59 mm)and1/8 in. (3.18 mm), respectively. Their nominal dimensions
were0.7 in. x 1.2 in. (17.78 mm x 30.48 mm) ah@ in. x 1.2 in(33.02 mm x 30.48mm) for the
small and large specimens, respectivelye tabs were cutia waterjet andvere gued to the
specimen usingnstantBond Adhesive (McMasteCarr part number 7729A23)abs were posi-
tioned on the specimen such that there wa®%a in. (1.27 mm) overhang o sides of the grip
section and 8.1 in. (2.54 mm) owkang on the sides.

Prior to testing, surface roughness of the specimens was measured using the steps described in
section3.5.

Just before testing, the dimensions of the gage section of the specimens were nusasyir@d

caliper The average of mea®ments taken at threeipts along the gage section (top, middle

and bottom) was used to determine the ceesdion area of each specimen. The widths of the
smallz specimens were all within 0.05 mm@02 in) of the nominal dimension, and specimens

were both over and undersd. The xy specimens had severely poor tolerances likely from the use

of support material during theuild. The thicknesses of all specimens were ozedsbut were

within 0.10 mm Q.004 in) of the nominal dimension. All specimeoisa specifidouild condtion

were manufactured on a single substrate, with specimens being oriented and labeled as shown in
FIGURE?27.
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3.4.2. Test Frames

All tests weprenpexfi artmedtr voyhgytdamau.l i cSelvleasad sy
included MT3amedkeN) andSaltheSctsreornv o hy d s & uffirtetneeds
wi MmS h ywde cegudiMpasc.hi nes wer e eTewitpStsado wi Fhe ei ¢
conerfeHd controlisboetrwMTS TEEE viap MEf e Baai t i pur -
posedElpenédmancghiome used. Test processes were id
grips were rotated @midpposerta ojpdida e eafiEdkyep g e
tuleke dodpi cIGRIRE3L(Nl ower gri pweriex tinoaed zthdiveh | vy
t sepec.iTmese webywyobhti dgwedthemwedge griplsaaeaad The
gri psmowerde f boxfefdsuecths g dh@iivealresvel ed against both
ously, tdred btohemm grip wathesméoosed. mahet &r ame s N\
top grip was quickly secured as!| weabetdweGan ps. we
and f theegwi@en (not iems lutuhraggrge siksRusr eapap &) b d
fillieatn.se@rti p pressurepsiangeaepdmaoimng on ttme fre

FIGURE 31: The fixture used to ensure fatigue specimarehorizontallyaligned.

3.4.3. Fatigue Testing?arameters

All tests were conducted in forcentrolwith a stress ratio of

rY n T[&
and a frequency of 2041unless otherwise specifig@rior to testing, the frames were warmed up
with dummy specimens and the PID control parameters of the frames were modified if
neededTestswereinitialized by rampinghe force to the mean value of the fatigue test over a
period of 5 seconds. The force was then appliedsasiaoidawaveform, whichwas programmed
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to stopaftera fixed number of cycles (2 million for step tests, 10 million fandard fatigue tests).

Force, displacement, amaorceerror data were collected from each test as a circular buffer con-

taining the most recent 1024 data points. Ifrtteasured or ce dr opped bel ow 1C
fatigue test (this force is low enoughinoply specimen failurg a software interlock was tripped,

halting the test.

3.4.4. Fatiguetestingofrolled sheet

In addition to the AM specimens describedthe previous sectionslumerous specimens ma-
chined from a rolledN625sheetwere tested to providereference value fdatiguestrength.The
sheetwas manufactured by Special Metals via cold rollifigese specimens were cut from a
singlesheetnominally0.093in. (2.36mm)thick and 12in. x 36in. (304.8 mmx 914.4mm) us-

ing awaterjet, and thgageand fillet sectbns were then machined via wire EDM. The wide faces
of the specimeswere polished as describ@ABLE 13to remove scratches that were present on
some of the specimenghe narrow edges of these specimeese notpolished andeft in the
EDM condition.No systematicailure on the EDM edgewas detected from thestson the rolled
IN625 sheet

Before beginning testing &M materials,a stresdife (SN) curve was developed for speci-
mensmachinedrom the rolled IN625sheet. Tests were performed at steamplitudesbe-
tween425MPaand250 MPa, with runout being defineat 10 cycles.The loading frequencies of
the tests wer&0 Hz at425MPa, 15 H at375MPa, and 20 Hfor all otherstressamplitudes.
Fourspecimens were also tested via the stepmeshod to verify the suitability of the step test
method for IN625Data was fit via regression to both the Basquin equation

” 00 [eq.2]
And the double power law:
” 00 0 0 [eq. 3]
3.4.5. The Step Teshethod

When assessing high cycle fatigue strength, the length and quantity of tests necessaey can oft
limit the amount of data that céwe gathered. An alternative method that can be used to determine
the fatigue strengtfor a specified number aycles is the step test, which has been described and
validated by Bellows et al. [3]. Additionally, if i assumed that thetresdlife (SN) curve of the
material being testeldlas a similar slope askaown SN curve, an SN curve of the material being
tested can bestimated for use testimate cycles to failure for finite life conditions

The workflow of astep test is shown RIGURE 33. All step tests were performed with a loading
frequency of 20 B After the first specimen of a set of specimens was tested and a fatigngghstre
measuregthestarting stress amplitdeof subsequent specimens of the samevastinitialzed at

90% of this value. If a step is completed, which occurs after running the test for 2 million cycles,
then the stress range is increased by 5%, ancthiestep is initiakzed If the specimeffails during

the step, then the speciusigth&dlowingeguatpnre st r engt

M » o ow — [eq.4]
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Here,, is thefatigue strengttiin terms ofstress amplitude for a given) Bf the material from
known test parameters is the stress amplitude ahe previous step() is he cycles tothe
reference cycle, herset at 2x10cycles , is thestress amplitude being applied when failure
occurred, an@ cycles to failuren the step when failure occurred

The loading parameters and outcome of the test are recorded for all steps. The face of the broken
specimen in contact with the top frontgmwas marked with sharpie, and the approximate crack
nucleationlocation was also recorded. Grip sections of broken specimens were secured to one
another via rubber band with both fracture faces oriented in the same direction and stored in enve-
lopes to preect the fracture surfasdor further charactezation

If the fatigue specimen fails during the first step, a different relationship is used to establish the
fatigue strength. In this cgshe number of minimum cycles for the data point to be valid wa
>10° cycles The fatigue strength was estimated assumingShaturves of AM materials have

the same shape on a lindag SN curve as that of the rolled shdmit is shifted as illustrated in
FIGURE 32 Using the double power law, the SN curve for first step fagpecimens can be
calculated assuming a linestift in a lineaflog scale or log scale:

L 00 80 3k 1)
. 80 80 a3A @)

where A, a, B, lare the double power law parameters obtained from the reference rolled sheet SN
curveand N is the reference life set at 2¥1¢)/cles.Solving fora Ain (1), substituting in (2) and
simplifying, the following relationship is obtained:

” ., 00 0 60 O [eq.5]
In this equationp, and0 are stress amplitude of the first step and cycles to failure, respectively.

linear

Ao 1 | " | /

FIGURE 32 Linear-log shift to obtain fatigustrength for first step failures using reference rolled IN625.
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Did the Increase
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irst Step? interpolation

Compute fatigue
strength from
reference S-N curve

FIGURE 33: Process diagram for testing specimens using the step test method.

3.4.6. Fatigue life prediction methods

In order todevelop design curves for stress ratiggerent from R = 0.1four methods have been
considered: Smith Watson Topper (SWT), Goodman, Gerlaerd Walker. They relate fatigue

strengths (stress amplitudes,), and their associated stressamtY —— to their equivalent
fatigue strengths (stress amplitugle,) underfully -reversedoading.

3.4.7. Smith Watson Topper (SWT)
The SWT relationships given by
” A K [eq. 6]

The stress ratiq Y, and the stress amplitude = ———— can be used to obtain
an equivalent relationship of SWT

32



o k— [eq.7]

3.4.8. Goodman

Following a similar procedurenalternate form of the Goodman equation can be obtairiez.
Goodman relationship takes the following form:

KAKAO % P [eq. 8]
Combining themean stress equation and the stress ratio —— two alternate forms
can be obtained:
A —= [eq.9]
A [eq.10]

3.4.9. Gerber

One of the earliest to be employéide Geber parabola takes the form

— — P [eq. 11]

Rearranging the equatign

, using the relationship from the Goodman derivation

and using the same methodology as in the previous relatie®llowing forms can be obtained:

” - [eq' 12]
” [eq.13]
3.4.10. Walker
The Walker Equation differsdm t he rest i n t hat thatneadstebe fita
to a set of fatigue data tested at differenéss ratiosR).
” ” ” [eq 14]

Rearranging the equatipn, — »  twodifferent forms can be obtained by rear-
ranging:

" w [eq.15]

” wo T [eq.16]

Wheng = 0.5, the Walker equation is equivalent to SWIhese equations serve two purposes:
determine thequivalentfatigue strength)y  for fully-reversed loading and solve fpr to deter-
33
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mine fatigue strengtfor any value oR if , is known. From théIMPDS data sheet, =0.42

for Inconel 625 correlated to fatigue life data witmnanging from-0.5 to 0.558]. We assumed
this exponent applied for fullyeversed loading too (R <) since no other data was available to
establish a more refined lua@. For Goodman and Gerber, the ultimate tensile strength of the

material,,

wasestimate based on the average ultimate tensile strengths measured in the tensile

tests conducted on the additive manufactured specimens, removingliells that had reduced
ductility resulting in a reduced ultimate tensile strength.

3.5.Roughness Measurementilethods

Roughness measurememtsre acquired using Zygo Optical Profiler and anaied usingZygo

MX software.The measurement of intetevas the Sa value, which is the average roughness value
for the scanned area in pAnotherpotentiallyrelevant meagement is the Sv value, which is the
maximum depth of the scanned surfalee measurements were takendgpecimens in the as
condiion before the HCF testingleasurements were taken on all four sides: wide towards back
(of thebuild plate), wide tewards front; narrow side 1 and narrow side 2 for z specimens; narrow
side top and narrow side bottom for xy specimens. These sidesiffenendiated using a notation,
which varied dgpending on the xy or z configurations:

Narrow side 2

Narrow side 1

Widetowards back ) Widetowardsfront

Flip
Tracked by printed sample label

FIGURE 34: Side denotations farspecimens
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Narrowside top Narrow side bottom

Widetowards back

Widetowardsfront

Flip
Tracked by printed sample label

FIGURE 35: Side denotations for xy specimens.

The workflow forscanning specimens describedn TABLE 15for wide sidesandTABLE 16.

TABLE15: Procedure for roughnesgansof widesides

Stepno. | Procedure

1 All samples are previously mounted ahead of time wilis on grips sections.

2 The specimen was fixated using standard tapeits flat sidgseeFIGURE 363).
Reference linedrawn in the stagerere usedo center specimens.

3 Find the center of specimélongitudinal direction)and then find ta point in left
edge that corresponds to the height of the center of the specimen. Set the ory
the stitch. @eate astichsize that covers the entire widtt the flat sideBx12
(0.5mnft per unit, with a total of 36 unitsSet the newrigin of the stch in the
scan unit noted as number three, d@hdn reduce stitchz to 3x6(0.5mm) This
allowsthe final scan geto becentered in the flat sidé&(GURE 36b).

4 Calculate scan width (lowest valley tghest peak) and begin scan from the hig
est point.

TABLE16: Procedure for narrovsides.

Stepno. | Procedure

1 The samples were taped on their side. The samples were equally centered us
reference lines in the platform.

2 Tape the standp sample with two grip ends. Closely tape the side, making su
there is no triangular space (there is no space betlWwedapge and the specimen
the platform).

3 Use the clamps at both ends to ensure stability of the sample dwgisgattning. It

will avoid rotation of the samplduring the movements of the machiiiée bottom
of the clamp should rest evenly on filatform FIGURE 38).
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TABLE16 continued

Find the center of the specimen, creastitahsize that covers the entire widdx5

(0.5mnt per scan unjt Note that this scan size is slightly larger than the total

width, so make sure that the scan area is centeiaditmle all of the narrow side
in the final output of the program.

Calculate scan widtbf the profile(lowest valley tchighest peak) and start scan
from highest poindownwards

tape
Stitch size: 3x6
N / centered in the
L specimen
Zygo scanning 3
. g
light g §
S E
= BT)
a8
L] —_—
\ Platform of Build direction for XY
sEanner specimens
() (b)

FIGURE 36: Mounting (a) and scanning (b) of flat surfaces.

] Stitch size: 4x5.
Covers the whole of
the width of the
narrow side.

™~

Build direction for Z

specimens

®
Build direction for XY
specimens

FIGURE37: Mounting and scanning of narrow side surfaces
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FIGURE 38: Scanning of the narrow edge of piest samples.

3.6. Porosity MeasurementsM ethods

Eachbuild included microstructure samples with the purpose of measuring porosigharat-
terizing themicrostructure. These sampleene maunted, polished using different grit paper, pol-
ished using the diamond polishing technique and imaged wibptéral microscope.

3.6.1. Cutting

Each sample wasut longitudinallyto divideinto two equal parts, although tlbbaracteration
was done for oly onehalf.

3.6.2. Mounting

Both hot anccold mounting were used to create the microstructure sarffgiesoounts were In.
(25.4mm) sized,andthe cold mourg1 % in.(31.75mm).

For the cold monting, the process consisted in miximgrdenewith aresinwith a 1:4 ratioThe resin
used was EpoxiCure 2 resin {2030064)3 (Buehler, Chicago, Il, U3awhile the hardener used was
EpoxiCure 2 hardener (Z8132).A release agent was applied to esttthe mounted samples from the
cups once the curing was shied (48 hours to fully cure).

For hot mountingthe Techpress@llied, Los Angeles, @) was used. Particularly, the mounting
mode used for the samples was the conductive progitmthe following characteristicd-mi-
nute cumng at 180C and 4408 PSAnd 4 minutes of cooling. The total time fbe process is 5
minutes, making it more desirable than the cold mount if both resources are available.

3.6.3. Grinding

After mounting, the sames weregrided using progressively finer grit paper. Fgninding the
orbital sandeRotopotl5 (Struers, Copenhagen, Denmavkas usedEach batch of samples (3
samples at a time) wasinded a250 rpm with running water (enough to lubricate gined). It

is important to note that the samples should be thoroughlyezldzatween steps to avoid remains
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scratching the sample in the next stepessuded air was used to dry each sample after cleaning.
Thegriding steps are listed iRABLE 17.

TABLELY: Stepdor grinding microstructure specimens.

Step No. | Procedure

1 Sonicate for 5 minutes.

2 5N of appliedforce, 10 minutes at 250 rpm (500 grit paper).

3 5N of applied force, 10 minutes at 250 rpm (800 grit paper).
4 10N of applied force, 10 minutes2&0 rpm (2000 grit paper).

Every step the samples were checked to see uniformity in the scriagdtiesmoving on to next

step.

3.6.4. Diamond polishing

Threedifferent diamond polishing liquids were used to obtain a fully polished sam@@e, (4,

The waer flow wasturned offand the diamond fluid was applied to the polisher ea@brfinutes.

After polishing withgrit paper TABLE 18 lists the steps performed.

TABLE18: Diamond polishing steps for microstructure specimens.

minutes at 250 rpm with 9

em di amond

Step | Procedure Comments
No.
1 5N of applied force, 10 This step can sometimes be problematic, as scratche

f

generate if the samples are not correctly cleaned or t
exerted force has not been reduced from 10 toABier
this dep the sample should look mirror polished to the
naked eye but not to the microscope. If scratches ren
repeat this process until they have completely disap-
peared.

5N of applied force, 10

minutes at 250 rpm with 3

em di amond

f

Check for uniformity of scratches with the microscope

5N of applied force, 10

minutes at 250 rpm with 3

em di amond

f

This step shouldompletely eliminate any scratch, bott
seen by the naked eye and the microscope.

3.6.5. Imaging

em) .

An optical microscopavas used to image the samples @x1 The hardware was the Olympus
BX-40 microscope, using thdotic Images Plus 2.0 MLsoftware. Every image was taken with
a 3664x274®ixel resolution. For porosity imaging, 10 images were taken per sample following
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the diagram irFIGURE 39. Thesketchcorresponds to the polished surface, and badsquare
corresponds to each image taken from the saapie their order.

Before imaging, theolished faces were cleaned usingning tap water and dried with com-
pressed air. For dfiPed or porous samples, very thorough cleaning and drying had to be done,
becausalirt, water and polishing diamond liquid gets trapped within the pores and will show in
the imagesMoreover, any scrahes present will also negatively affect the quality of the image,
so if scratches are sette last steps iMABLE 18 had to be neeateddepending on the width and
amount of scratches.

Five smalllines were drawrfor referenceon the lower edge of theolished facedo aid with the
microscope positioningshown in green iIFRIGURE39). The images were takdrorizontaly from
the linesin a random manneBefore imaging,

10 mm

Polished face “ >

A

10 mm

=] [+]
=

5

Build Direction

15 mm

FIGURE39: Schematic of the distribution of tireages taken.
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4. RESULTS AND DISCUSSION
4.1. High cycle fatiguedata
4.1.1. High cycle fatigue results of IN625 rolled sheet

The first step taken was to benchmark the fatigue dagaéyn er at i ng a #dr ef er en
specimens machined froem IN625 rolled sheet (2.36 mm thick). Thensilepropertiesof the
reference rolled sheetere the following: Elastic Modulus was 190 MPa, the 0.2% offset yield
strength was 550 MPa, and th& ®was 958 MPalhe completetensilecurvesare shown in the
Appendx. Thehardnessneasuredonvertedo Rockwell scalesvere72 HRA, 113 HRB and 41
HRC. Macroscopic imaging dhe fracturedensilespecimengevealed ductile failures, as shear
lips coud be observed in most of the fracture surfaces. The SN cuihe ifconel 625 rolled
sheeis shownin FIGURE40, where the double power l&w (Eq. 3) the data better than a simple
Basquin curve (ER). The dah usel wasacquiredas described in section 3.4.4, although the step
tests are also includedrhe double power law coefficients were: A =840 MPa/cycles, a =
0.485, B = 217 MPa, and b = 0. These were obtained by nummaiitahization of theSSE(sum

of squared errors)f the curvewith a constraint that exponents must be nonpositive SBteof

the double power law was 1148 MP&he double power lawelation with these parameters rep-
resented the reference curve behavior. It is valid for cyclzéltoe between 5 x fQo 10.

450
#* Failures
. Runout
ncf 400t ¢ Step Tests
s Curve of Best Fit
8350t
=
a
E 300 1
)]
)] .
9 \\““x\
o 250 t * \g\m
* o
200 : : :
10* 10° 10° 107 108

Cycles

FIGURE40: Double power law curve fit to SN data of Alloy 625 shesttat R = 0.1.

This work focuses on tr@mall xy andz specimensDue to the COVIBL9 outbreak, these speci-
mens were prioried over the large specimens imer to give a comprehensive overview of all

11 builds. Some large specimens were tested, but not enough data was gathered to obtain mean-
ingful conclusions and trends. The following SN curves represent the data forfénendifuilds

and are separated according to the testing conditions: polishedsorTéae graphsniclude the

rolled IN 625 plate a reference curve in black and the rest ditiihds are colorcoded accordingly.

First step failures with a step count gier than 100,000 were considered valid to obtain a good
estimate of the curve. The validity of tieuble power law fit for first step failures can be observed
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in the different SN curves, as the data points resulting from first step failure do not ffevrate
their SN curves more than other step test points. Each data point repoesefatisgue tesdpeci-
men The points aligned with 2x2@ycles are the fatigue strengths obtained using thetesep
procedure. Any data points shown plotted as failddsst tharx1® cycles, fractured during the
first step.

4.1.2. High cycle fatigue results aidditively maufacturedN625

FIGURE 41 showsthe fatigue strength at 2 million cycles for smakpecimenscomparing the
fatigue strengths for the 1duilds tested in both as and polished condition$he variation bars
represent the range in fatigue strengths measured from multiple specimewszarly allbuilds,

the polished specimenbad higher fatiguestrength especidly prevalent inthe higher fatigue
strength caseJ hereis a high variability in the strengths of the specimens atnaitds. It can be
observedrom the plots that builds 1-3 and 9-11 performed much better than the resh fact,
builds 3 and 11 in thgolished condition®iad very similar fatigue strengths to the rolled IN625
plate.Thisis explainedby the difference in microstructure and presence of defects in the fracture
surfaceshown later It is worth highlighting that the expected strength ofdkés smallz speci-
mens forbuild 11 was higher than the obtained data. This is dudamgea porositydefect found
on the surface of one of the speciméht10), and due to lower nurer of tested specimeK2
units),the average strength is consideygié¢nalzed.Overall the step test method wassccessful

at measuring fatigue lives, with the exception of specimensiitdla 7 which had very low per-
formancedue to extreme lae&f-fusion porosity

Fatigue Strength vs. Build for Small z-build Specimens

250 -
= Bl As-is
o I Polished
=3
wn 200
Qo
o
>
15)
c
2 150 -
£
o~
©
< 100
[
c
o
175}
% 50 |-
2
©
L

0
1 2 3 4 5 6 7 8 9 10 11

Build Number

FIGURE41: Fatigue strendts forthesmallz specimens itheas-is ard polished condition(R=0.1)

FIGURE 42compareghe fatigue strengths athe small z and xyspecimens tested in tlasis
condition.Forthe Concept Mduilds (1-6), asignificant difference oflatiguestrengtis wasfound
between the tworientationsespecially for the cases with godatiguestrengthpropertiesn the
z-direction.This isconsistentith thenotionthatcases \Wwere theras larga amount of porosity
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the difference becomes lower or almastgigible because thé&atigue crack formatioms com-
pletely governed byporosity defectsand na surface roughness featurés interesting insight
from this plotis thatthere is a largeanisotropyin fatigue strengthbetweerz and xy specimens
for the RemshawAM250 than the Concept M2 machineith the exception dfuild 11. However,
as stated earlier, the strength of the smalis specimens is expected to reseadditional speci-
mensare tested.

250 Fatigue Strength vs. Build (small xy vs small z, as-is)

N
o
o
T
|

—
)]
o
T
I

Bl Small z, as-is
Il Small xy, as-is

—
o
o
T
I

Fatigue Strength at 2 million cycles (MPa)
a
o

1 2 3 4 5 6 7 8 9 10 11
Build Number

FIGURE42: Fatigue strength for small xy armspecimens testeéd theas-is condition.(R=0.1)

FIGURE 43, FIGURE 44 andFIGURE 45 show the projectedSN curves fothe small z and xy
specimengn polishedand ass conditionsaccording to théuild. Actual data points frorexperi-
ments are denoted by a symldbthe specimen made it to more thhstep, the strength at 2>X8.0
was calculate@nd plotted.Data pointghat do noplot at2x1 cycles are first step failures and
indicate the number of cycléise specimen enduteat theappliedstress level
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Stress Amplitude (MPa)
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FIGURE43: SN curve fothesmallz specimens in polished cotidn. (R=0.1)
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FIGURE44: SN curve fothesmallz specimens in as condition.(R=0.1)

43



Stress Amplitude (MPa)
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FIGURE45: SN curve fothesmall xy specimens theas-is condition. (R=0.1)
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4.2. Comparison of fatigue strength to tensile properties

Tensile tests were performed bothz andxy specimensThesetests wereonductedoy South-
west Research Institute, San Antonio, TXere were 8 tensile specimens peild (seeFIGURE
27), 4xy and 4z. All tendle specimens were tested in a machined conditagliminate the in-
fluence of surface roughnessome specimens could not be tested because theeiilezetoo
warped to be machined or had fractured duringothitsl. Theseissues weremore prominent for
Xy specimens thanspecimensmakingz tensile results more reliabl€he full stressstrain curves
are given in the AppendiX.he test results are summnead forbuilds 1 throughll and separated
according to thduild direction For as-is specimens and faverybuild direction,all four me-
chanical propertieareplotted againsbuild number

4.2.1. ztensileproperties

A comparison of the elastic modul(E), yield strength (YS), and ultimate tensgkeength (UTS)
in the z direction is shown IRIGURE 46, FIGURE 47, and FIGURE 4&spectively A low
variability in these properties was obsenamossuilds for the same machinén fact, the values
are invariant for thoskuilds by the same machine even with variationthe AM process param-
eters. e YS and UTSf the specimens fabricated on tBencept M2were significarly higher
than on the Renishaw

In contrastthe strain to failurexhibiteda high variability acrosisuilds (FIGUREA49), very similar

to the variability seen in the HCF resuBilds with less than 25% strain to failure experienced
consistently poor fatigue strength while those with over 25% strain to faidenuch higher
fatigue strengthsin fact, aclear correlation can be seen between strain to failure and fatigue
strength FIGURES3). The trend seems to geodwith the exception dbuild 4 which presented

a very good ductility compared to HECF strength.

Overall, ro ap@rent correlation between the previous mentioned mechanical properties (E, YS
and UTS) and HCF strength of small zisspecimens was fourl@IGURES 5052). This is a
relevant observation, as previous stud&y have found correlations between yield strength and
fatigue, proving that it does not necessarily have to be the case for HCF.

4.2.2. xytensileproperties

The xy specimensexhibited consideraplmore variability in properties, particularlg strength

and duwtility . The elastic modulus-(GURE54) maintains the low variabilitpbservedreviously

with z specimen$utthe strength and ductilitshow different findingsAs a resultno correlation
hasbeen found betwedhe strain to fdure and HCF strengtfor this xy specimen groupHow-
ever, the yieldstrength does positively correlate with fatige¢GURE59), with theexception of
build 11 that presented a higher fatiguesgth comparetb thetensile test resulfhere isalsoa
weak positive correlation between the ultimate tensile strength and fatigue with the exokption
build 10 (FIGURE 60). However theseresults are not agliable forxy samples ashese outliers
could be due to low number gy tensile specimens tested fawild 10 and 11 ¢nespecimen for
build 10, two specimens fobuild 11). This suggests that the tensile strength is controlled by the
postbuild treatmetts, which was expected before designing the DoE.
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Elastic Modulus (GPa) vs. Build Condition
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FIGURE46: Elasticmodulusfor thez tensilespecimens.

Yield Strength (MPa) vs. Build Condition
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FIGUREA47: Yieldstrengthfor the z tensilespecimens.
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Ultimate Tensile Strength (MPa)

Strain to Failure (%)

Ultimate Tensile Strength (MPa) vs. Build Condition
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FIGURE48: Ultimatetensilestrengthfor the ztensilespecimens.

Strain to Failure (%) vs. Build Condition
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FIGURE49: Strainto failure for thez tensilespecimens.
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Fatigue Strength at 2 million cycles, MPa
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Fatigue Strength vs. Elastic Modulus (GPa)
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FIGURESO: Fatiguestrength(smallz, asis) vs.elastic modulus for z specimens.

Fatigue Strength vs. Yield Strength (MPa)
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FIGURES1: Fatiguestrength(smallz, asis) vs.yield strengh for z specimens.
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Fatigue Strength vs. Ultimate Tensile Strength (MPa)
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Fatigue Strength vs. Strain to Failure (%)

© 190 3
o
=
~ 180 | |
” %
2 Bulgd  Build?
= 170 1
u % Build?
2 160 1 BuildHd 9 i
£ Lk
oy 150 ¢ % Build 11 8
-a Build 6
£ 140 |
[@)]
[
S 130t 1
N
o %
120+ Build 5 1
> Build 4
©
LL 1 1 D i 1 1 1 1 1 1 1 ]
5 10 15 20 25 30 35

Strain to Failure (%)

FIGURES3: Fatiguestrength (smallz, asis) vs. strain to failure for z specimes.

49



Elastic Modulus (GPa)

Yield Strength (MPa)

Elastic Modulus (GPa) vs. Build Condition

200

-
[&,]
=]

100

%]
=]

n n

1 2 3 4 5 6 7 8 9 10 11
Build Condition
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Fatigue Strength vs. Ultimate Tensile Strength (MPa)
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4.3. Influence of processparameterson fatigue strength
4.3.1. Smallz specimengasis and polished)

This section contains plote determine if there are any clear correlatiohthe AM procesga-
rameters with fatigue strengtialues measured on temallz specimensA strongpositivecorre-
lation was seeieenVED (Eq. 1) and HCF strengtfseeFIGURE 64). Each data point corre-
sponds to duild, with separate symbols for polished andsaspecimensHigher VEDs yield
better resultsn the form of improved microstructuré,no excessiv&/ED is used as keyholing
defects mayegeneratd. As it shown in the SEM fractography (section 4rt) keyhole defects
were observed in the fracturiestthe improvement in strength seems to stagnate for >453)/mm
suggesting moptimal VEDof that value.

FIGURE 63 showsthe relationshigbetween laser velocitgnd fatigue strengtfhereis not any

clear relationship betves these parametefor instance, the highest velocity (900 mm/s) gener-
ated tle best fuild 3) and the worsthuild 7). As seen iFIGURE 13, different combinations of
power and velocityare known to generaterange ofmicrostructure and defect featurel very

high power is used, the lassgpeed should also be increased tocagided porosity. On the other
hand, f the power is relatively low, very higlaser scarspeeds will not yield good resul#Sor

this project, 110 W asused which lieon the lower enadf thetypical power rangeThis factor
coupled with the variabilityntroduced by the AM machine system and the variations of hatch
spacing, pattern and pgstocessing makes the relationship between HCF and scan velocity very
complex to extract by simple regressifra single paraeter

A weak negative correlatiometween HCF and hatch spacimgn be observed iffIGURE 62,
where higher hatchpscingsare associated to lower fatigue strengiftse highest strength was
obtained for a hatchpacing of 70 umAlthough no clear trends can be found in the literature
about the hatch spacin@rialeset al.[41] does recommend medium to high hatch spacings to
obtain an isotropic characteristic.
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Fatigue Strength vs. Hatch Spacing for z specimens
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Fatigue Strength vs. Laser Velocity for z specimens

250 |

Mean Fatigue Strength (MPa)

N
o

N
o
o

—
o))
o

—
o
o

O
* Q
@]
¥ e
S %
O
(@]
% *
*

+ As-is
© Polished

‘ ‘ : @
750 800 850 900
Laser Velocity (mm/s)

950

FIGURE63: Fatigue Strengtivs.Laser Velocity foz specimens.

55




Fatigue Strength vs. Volume Energy Density for z specimens
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FIGURE 64: Fatigue Strengtlvs.Volume Energyensity ofz specimens

4.3.2. Small xy specimens #s).

Onthe other hand, the results for ttyespecimens are surprisingly very differddere, ngaositive
correlationwith HCF can be observed in the VED pl®GURE 67) High VED (50 J/mm) ob-
tained the best results for sma&j, but low VED obtaine@lso good results for sonbeilds.

Something similar can be observedRIGURE 65 which compares hatch spacing to fatigue
strengths. Thehighest (100 um) anldwest(70 pm)values of the ested hatch spacings were the
ones that generated the best results for this specimen. gioepatch spacingf 100 pmgave
good resultsn build 2 but was alsassociated with thiewest performinguilds (7,8). FIGURE

66 showsthis same kshapedorrelation between fatigue strength and scan velosltgre a laser
speed of 800 mm/s generated the best results but also the worst.

Overall, no clear trend between processing parameters and HCF was found for xgspdtien
fact that z specimens did correlate with regards to the &erbatethe difference in properties
betweerz and xy specimens.
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Fatigue Strength vs. Hatch Spacing for xy specimens
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FIGURE65: Fatiguestrengthvs. hatch spacing forxy specimens.
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Fatigue Strength vs. Volume Energy Density for xy specimens
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FIGURE67: Fatiguestrengthvs. volumeenergydensity ofxy specimens.
4.4. Estimation of fatigue strength for different stress ratios

The stress ratio in appétions is often not the same as the stress ratio applied fatitpnee test
program. Here, all tests were conductel at0.1. Themethodslescribed in Chapterf8r mean

stress correctiomereused to create diagrams to estimate fatigue strengthsl&t &cles for
stress ratios from R =1 (fully reversed) to R = 0.5. Fatigue strengths are based on stress ampli-
tude. Diagrams wergeneratd for small z specimens and feachbuild exceptbuild 7 (the one

with extremely low fatiguestrengt). Theseare shownin FIGURES 68-78. For Goodmanand
Gerber theaverage ultimate tensile strength was uddgk value for the Concept M2 was 910
MPa (builds 16) and 802.4 MPa (buildsT1). However, considering the fact that both machines
obtained differenvalues of UTS, the average was calculatéat each machineFor the Walker
analysis, it was assumed that =2, Whiclis value found that fit the data reported in MMPDS

14 for wrought IN62958]. It is likely that this value fitthe AM specimens reasonably well,
though no separate regression analysis has been done sincly Wwavendata at R = 0.1. Given
that this o9 value is close to 0.5 (for which
SWT equation is also a reamble equation to use.

As was expected from the equation forms, the SWT\atker equationdoth predict similar
fatigue strengths. Also, the Gerber equapoovides the most conservative estimates for low val-
ues of R Forbuilds 1, 2, 3, 6, 9, 10 andL1 the Goodman equation yieldimilar results to the

SWT and Walker equations, but it estimates much lower strengths as R apprbdonhdse rest

of thebuilds. The reason for the extremely low estimates of fatigue strength of the Gerber equation
is thatthe Gerber equation is typically used for highly ductile materatally, FIGURE 78 was
generated usingll four mean stress correction methodgjitee a range of life values for fully
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reversed loading (R =1) in the adgs conditionso that the results of the differdmtilds can be

directly compared

Fatigue Strength at 2 million cycles, MPa
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FIGURE68: Fatiguestrengthvs.build 1, smallz specimens.
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60

Mean Stress Correction Method

SWT
Goodman
Gerber
— Walker




Fatigue Strength vs. R for Build 8, Small z Specimens

= M [ M
co o M =
o o o o

—
[=2]
o

-
I
[=]

Fatigue Strength at 2 million cycles, MPa
=)
L]

=]
o

3
7

/)
/
/

0.5
R=o . /o

min. - max

FIGURE 72 Fatigue strength vs. build 5, small z specimens.
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Fatigue Strength vs. R for Build 5, Small z Specimens
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FIGURE 74: Fatiguestrengthvs.build 8, smallz specimens.
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62



3D[I;atigua- Strength vs. R for Build 10, Small z Specimens
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FIGURE76: Fatigue strength vs. build 10, small z specimens.
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4.5. Fracture surface study

The fracture surfaces of several fatigue specimens were exatoirdhtify the "killer" defects

that caused the fatigue cracks to nucleate. Fatigue specimens flanidslexceptbuilds 2 and

10 were examined. The subset of specimens examined weciesdo gain the greatest contribu-
tion to the understanding dfé microstructure features influence fatigue strength. The goal was to
provide explanations for the large variability of fatigue strengths measured amdnugjde

The first step was to oaluct a macroscopic visually inspection the fractured surfaadsntfy

the general location where the crack appeared to nucleate in the gage section of the specimen and
whether it appeared to form on the narrow edge, wide sides, at a corner, oflynt€ms was

done to classify the specimens according to thegnezd crack nucleation site, distinguishing
cracks that were thought to nucleate in the internally or at the surface. However, although visual
inspection and photographs taken with a regdigital camera for documentation are useful for
classification,further microscopic imaging is necessary to identify the "killer" defect and other
features of the microstructure that influence the fatigue crack nucleation and its growth. Both a
digital optical microscope Keyence VHX600 and scanning electron microsecpESCAN

MIRAS3 (SEM)were used for the microscopic observations. Different magnifications were used
to pinpoint specific features of the surfaces. Each specimen studied includes a mackasaopi

of the entire fracture surface to clarify the microscépiation examined and its orientation rela-

tive to thebuild direction. All captions specify specimen numiaiild direction, specimen type

and the fatigue strength at 2%1¢ycles.All values reported in this section for fatigue strength
correspond to sdiss amplitude.
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4.5.1. Visual inspection results

A summary of all small HCF test specimens indicating the likely location of the fatigue crack
nucleation in shown iMABLE 19. This tablecontains a classtdation of all tested HCF specimens
through macroscopic visual observation of the fracture surfameeach datpoint, thevisible
nucleation site is indicated. If this location was very close to one of th& Bidespecificsideis
indicated accordingp thenamingcriteria established in the Dol addition, theCondition col-

umn provides some additional dié$: P indicategshe gage section of thgpecimen was polished

on all four sidesind FFS corresponds tdaaledfirst step. In generalthefatigue crack formeat

or veryclose toa surfacewith the narrow sides the most likely origin of tagigue crack75%

of all analyzed specimenSome of the small z specimens nucleated the fracture from the wide
side However, 8 small xy specimens fied from one of the narrow sides except specimeh7.1

TABLEL19: Visual inspection of all tested specimens.

66

build | specimen specimen type | crack initiation site | if close to side, which one? Condition
1 7 | small z close to side nariow side 2
8 | small z close to side narrow side 2 P
9 |small z close to side narrow side 2 P
10| small z
11| small z close to side narrow side 1
12 | small z close to side narrow side 1
13 | small xy close to side narrow side top FFS
14 | small xy close to side narrow side top
15 | small xy
16 | small xy
17 | small xy
18 | small xy close to side narrow side bottom
2 7 | small z close to side wide side towards front P
8 | small z close to side narrow side 1
9 |smallz close to side wide side towards back
10 | small z
small z P
12 | small z close to side wide side towards back
13 | small xy
14 | small xy
15 | small xy
16 | small xy close to side narrow side bottom FFS
17 | small xy clos to side narrow side bottom FFS
18 | small xy close to side narrow side bottom
3 7 | small z close to side narrow side 2
8 | small z SCS P
9| small z middle P
10 | small z
11| small z close to side narrow side 2




TABLE19 continued

12 | small z close to side narrowside 2
13 | small xy close to side wide side towards back
14 | small xy
15 | small xy
16 | small xy close to side narrow side bottom FFS
17 | small xy
18 | small xy
7 | small z close to side wide side towards front FFS
8 | small z middle
9 |smallz close to side narrow side 1
10| small z
11| small z close to side wide side towards front P
12| small z close to side wide side towards front P
13 | small xy close to side narrow side top
14 | small xy
15 | small xy close to side narrow side top FFS
16 | small xy close to side narrow side bottom FFS
17 | small xy
18 | small xy
7 | small z close to side wide side towards front FFS
8 | small z P
9 |smallz close toside wide sidetowards front P FFS
10| small z close to side narrow side 1 FFS
11| small z close to side narrow side 2 FFS
12| small z close to side wide side towards front
13 | small xy close to side narrow side bottom
14 | small xy
15 | smal xy
16 | small xy
17 | small xy close to side narrow side bottom FFS
18 | small xy
7 | small z P
8 | small z close to side wide side towards back
9| smallz middle FFS
10 | small z
11 | small z P
12 | small z
13 | small xy close to side narrow side bottom FFS
14 | small xy
15 | small xy close to side narrow side top
16 | small xy close to side narrow side bottom FFS
17 | small xy
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18

small xy

TABLE19 continued

small z

not clear

FFS

(o]

small z

not clear

P FFS

small z

10

small z

11

small z

12

small z

13

small xy

not clear

FFS

14

small xy

15

small xy

16

small xy

17

small xy

18

small xy

small z

close b side

narrow side 1

(o]

small z

close to side

narrow side 2

FFS

small z

10

small z

11

small z

12

small z

13

small xy

close to side

narrow side top

FFS

14

small xy

15

small xy

16

small xy

17

small xy

18

small xy

small z

close to side

narrow side 2

(o]

small z

small z

10

small z

close to side

narrow side 2

11

small z

12

small z

close to side

narrow side 2

13

small xy

close to side

narrowside bottom

FFS

14

small xy

not clear

15

small xy

close to side

narrow side bottom

FFS

16

small xy

17

small xy

18

small xy

10

small z

close to side

narrow side 2

(o]

small z

small z

10

small z

not clea

FFS

11

small z
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TABLE19 continued

12 | small z
13 | small xy close to side narrow side bottom FFS
14 | small xy
15 | small xy
16 | small xy close to side narrow side bottom FFS
17 | small xy
18 | small xy close to sid narrow side bottom FFS
11 7 | small z close to side wide side towards back P

8 | small z

9 | small z
10 | small z close to side wide side towards back ]
11 | small z
12 | small z close to side narrow side 2
13 | small xy close to side narrow side bottom ] FFS
14 | small xy close to side narrow side bottom ] FFS
15 | small xy X,R
16 | small xy close to side narrow side bottom FFS
17 | small xy close to side wide side towards back
18 | small xy
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4.5.2. Build 1

Thegood performance djuild 1 specimens can be attributed to a good microstrudtiGRE

79 shows thdatigue crack formatiosite of specimen-8 (small z, polished21215 MPaof fa-

tigue strendt amplitudg. The nucleation site was on the narrow edigethe specimen, where
carbides were observeldlGURE799. No major lackof-fusion defects were found on the fracture
surface of this specimen. The fatigue crack nucleation site appears to be associated with the car-
bides that are known to act as stresers when subjected to fatigue loads. In this case, several
carbides were close together resulting in a magnified effect on the cyclic stress concentration

Similarly, specimen L4 (small xy,asis, 139.9 MPg, shovn in FIGURE 80, was also observed

to have carbides near the edge on the fracture surface. However, the fatigue crack nucleation site
is associated witthe presence of a large, concentrated-tzfekusion defect close to the carbides.

The exact origirof the fracture is difficult to pinpoint because the site where the crack appears to
connect to both defects. Neverthelds&;URE 80 makes it clear thdarge cavitieg>400 mm)

such as the one seerAIGURE80a will reduce strength significantly. Therefore, the reduction in

the fatigue strength for the small xy specimen compared &nthé z specimenn build 1 is due

to a larger concentraticand size of laclof-fusion defects.

@ Build Direction

SEM HV: 5.0 kV WD: 5.78 mm
View field: 2.18 mm Det: SE 500 pm
SEM MAG: 127 x | Date(m/dly): 11/16/20 Performance in nanospace

FIGURE79: Nucleation site of specimenr8l(smallz, polished212.2 MP3.
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SEM MAG: 658 x Date(m/d/y): 11/16/20 Performance in nanospace
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4.5.3. Build 3

Build 3 exhibitedgood fatiguebehavioroverall but a large variabilityvas foundogween ass
and polishedpecimensOnly one small xy specimen frdmild 3 was tested due to a large number
of flawed specimengsome were extremely warped, some had visible cragksth may explain
the highervariability between small z and xy compar® builds 1 and 2 (se€IGURE42). For
this build, two small z specimens (@sand polished) were imaged to understand the disparity.

The SEM imaging of specimen®3(FIGURE 81) showedreduced porosity and lagi-fusion
defects. This specimen obtained a very high fatigue stref&h.6MPa). The fatigue crack ap-
peared to have initiateakar the surfaceloser to the middle of theide side(seeFIGURE 81a)
wherea mid-sized lack-of-fusion defect(<250um)was detected FIGURE 81a and b reveal the
presence of a carbide close to the surface of the specimen.

Carbide particlesvere alsadetectedoward the edge of the fracture in speen 312 FIGURE
82a). However, this specimen obtained significantly less streragthroximately 100 MPa less
(182.9 MPa The shape of the fracture of specimeh23uggestshat the atigue crack forred at

a locaion where thecarbides were most likely the originnear the ass surfaced The reduced
fatigue life could be explained by the fact tha increase in the surface roughness coupled with
the presence of the carbides near the sudagsed the fatiguarack to formy while a larger stress
was needed to nucleate fla¢igue craclatthelack-of-fusiondefect located in specimer®3

R
SEM HV: 5.0 kV WD: 6.49 mm 1l MIRA3 TESCAN

View field: 2.49 mm Det: SE 500 pm
SEM MAG: 111 x Date(m/dly): 10/27/20 Performance in nanospace

FIGURE81: Nucleation site of specimen®(smallz, polished 239.6MPa).
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SEM HV: 5.0 kV WD: 6.98 mm MIRA3 TESCAN
View field: 998 ym Det: SE 200 ym

SEM MAG: 277 x Date(m/dly): 10/27/20 Performance In nanospace

SEM HV: 5.0 kV WD: 5.81 mm

View field: 839 ym Det: SE 200 ym
SEM MAG: 330 x Date(m/dly): 10/27/20 Performance in
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SEM HV: 5.0 kV
View field: 678 um
SEM MAG: 408 x

WD: 6.18 mm
Det: SE

200 pm

Date(m/dly): 10/27/20

SEM HV: 5.0 kV
View field: 91.6 pm
SEM MAG: 3.02 kx

WD: 5.83 mm
Det: SE
Date(m/dly): 10/27/20

Performance in nanospace

MIRA3 TESCAN|

20 pm

Performance in nanospace




FIGURE82 Nucleation site of specimenl2 (small z, ass), 365.8 MPa.
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