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Abstract

Laser powder-bed fusion (LPBF) is one of the main additive manufacturing (AM) methods, which
has been proven to produce complex metallic parts with fine features. Understanding the
correlation of process parameters to the microstructure and mechanical properties of the printed
parts are one of the biggest challenges in the AM community. In this thesis, the manufacturability,
performance and durability of LPBF Hastelloy X (HX) parts are investigated under quasi-static

and cyclic loading.

To this end, the variation of density and surface roughness using X-Ray computed tomography
and laser confocal profilometry respectively, were studied across the build plate to find the optimal
region on the build plate for printing to minimize the variability of the printed samples. After
obtaining the best possible location for the least amount of scatter in the parts’ properties, the
effects of manufacturing process parameters on the printed parts were of prime importance. As the
laser scanning speed (LSS) has been shown to be one of the most significant process parameters
in LPBF, the effects of LSS on the macro/microstructure using optical and electron microscopy on
the printed parts were also studied. Grain structure of the LPBF parts was studied using electron
back scattered diffraction (EBSD). Although, quasi-static properties of the LPBF parts have been
found to be superior to the conventionally manufactured (CM) parts, their performance under
cyclic loading has yet to be fully investigated. Such investigation is critical since HX components
used in combustor liner and fuel nozzle are under fluctuating loads in real life applications.
Moreover, it has been found that the volume fraction of defects and surface roughness of AM is
more than CM. The effect of defects on fatigue performance can be minimized by choosing proper
combination of process parameters. Reaching the proper combination of manufacturing conditions
for acceptable performance under fatigue loading will bring the next step, which is the ability to
predict the life under cyclic loading. Strain-controlled fatigue tests using servo-hydraulic frames
were performed to investigate the proper fatigue modelling approach for the LPBF-HX samples.
Finally, the fracture surfaces of the fatigue samples were analyzed using scanning electron

microscope (SEM) to investigate the crack initiation and propagation steps.

It was concluded that the spatter generation, which is inevitable in LPBF process, affects the
powder bed characteristics and spatter distribution, which is highly dependent on the machine

architecture, causes a significant variability between parts printed on different locations. It was



found that spatter rich region is formed close to the gas outlet and contains parts with inferior
surface roughness and larger porosities. Moreover, porous parts were manufactured at extremely
high and low values of LSS and in the moderate LSS values, nearly full dense parts were obtained.
At the nearly full dense processing window of LPBF-HX parts, the quasi-static properties are
dependent on the microstructure, which is affected by the LSS. Parts printed with lower LSS in
the nearly full dense window possess longer lives in low-cycle fatigue (LCF) tests due to smaller
pre-strain damage and hysteresis stabilization at lower strains. On the other hand, higher LSS parts
perform better in high-cycle fatigue (HCF) region where surface roughness plays an important
role. Strain- and energy-based fatigue models were able to predict the fatigue lives under different

loading conditions and fatigue design curves were constructed for strain and energy models.

Vi



Acknowledgements

The realization of this research work would have not been possible without the help and support

of several people, to whom | wish to express my gratitude.

First and foremost, | would like to express my deepest gratitude to my supervisors, Prof. Ehsan
Toyserkani, and Prof. Hamid Jahed for their guidance, caring, and patience through the completion
of the work. I am mostly grateful for their friendship and persistent help during my graduate studies

at the University of Waterloo.

| hereby acknowledge my thesis examining committee members, Prof. Igor Yadroitsev from
Central University of Technology, Prof. Norman Zhou, Prof. Adil Al-Mayah, and Prof. Kaan Inal
from the University of Waterloo for taking time to review my thesis and provide their valuable

and constructive insights.

| thank my colleges in the Siemens project for their support and advice, Ali, Osezua, Francis,
Pouyan, Shahriar, Katayoon, Ken, Dr. Ehsan Marzbanrad, Dr. Yahya Mahmoodkhani, Dr. Usman
Ali and Dr. Ali Bonakdar. It would have not been possible to finish this work without the guidance

and support of Dr. Behzad Behravesh.

| am also very grateful to all my colleagues at MSAM and FATSLAB laboratories for their
friendship and assistance.

| acknowledge the support from Jerry Ratthapakdee and Karl Rautenberg for helping with design
and printing of LPBF parts.

Furthermore, | would like to acknowledge the support of Natural Sciences and Engineering
Research Council of Canada (NSERC), the Federal Economic Development Agency for Southern
Ontario (FedDev Ontario) and Siemens Canada Limited.

Finally, and most importantly, I would like to thank my parents and my dear sister for their endless

support and encouragement.

vii



Dedication

To my Family.

viii



Table of Contents

I 0] i 10U =SS Xii
I 101 0o [N {To] o OSSR PSPPI 1
11 OVerview antd MOUIVALIONS. .......cciiiiie ettt ste et et sreenaesteaneeneeenes 1
1.2 TRESIS ODJECLIVES .....eeiiuiiieeiieieeie ettt bbbt b bt nenn e n e 2
1.3 TRESIS OULIING ..o et b ettt bbb 4
2 Background and LIterature REVIEW .........cc.cciviiiiiiieiisieciese sttt ste e te st ste e s te e be e eneste e sreene 6
2.1 Laser Powder Bed FUSION (LPBF) ..o 6
2.2 Nickel-Based SUPEIAIIOYS .........ccveiiiiiicie sttt re e nreens 7
2.2.1 ALTOYING EIBMENTS. ....iiiitiiiiie ettt e e st sre b e s be e e e sbeeteesbesre s 8
222 Phases and Microstructure of Nickel-Based Superalloys ..........c.ccccooeiiiiiiininininineneiens 9
2.2.3 Strengthening MECHANISIMS .......coviiiiiiiee e 11
2.3 Microstructure of Nickel-Based LPBF Parts ..o 14
2.3.1 SOlidification IMICIOSIIUCTUNE .......oveieeieiieiees e et 14
2.3.2 Grain MOIPNOIOGY.......ciiiiiiiiieie et 18
2.4 Mechanical Properties of LPBF SAMPIES .......cccooviiiiiiieiccecec sttt 24
24.1 Quasi-Static Response of LPBF SAMPIES ........ccovieiiiiec et 24
24.2 Fatigue Response Of LPBF PartS ...........ccooiiiiiiieisisisesesie e 25
2.5 SUMIMAIY oottt bbbt bbbt e bRt R b e e h e b e e b eh e e R e e Rt e Rt e s e bt e nnenreebeerenre s 35
3 On the Effect of Spatter Particles Distribution on the Quality of Hastelloy X Parts Made by Laser
Powder-Bed Fusion Additive ManuUFaCtUriNG ...........coceoiiiiiieie it s 36
3.1 1T [T 4T o USSR 36
3.2 EXPerimental PrOCEAUIE...........oiiiieeiee bbb 38
321 Process and MALErialS..........coueieieieiiice st 38
3.2.2 Characterization MEtNOUS ........cccveiiieiice ettt nre s 39
3.3 RESUILS ANG DISCUSSION ....e.vvivieiieeiieie ettt e e te e e stesteeseesbeeneestesreesaesteaneeneeanes 40
331 POWErs CharaCterization ............coeiiiieiene ettt 40
3.3.2 Printed Part PrOPEITIES . ......cii ittt st sttt sre et et e s be e b e besneesresteesresre s 44
KB o o Tod 111 [ TSRO SSPS 51
4 Customizing Mechanical Properties of Additively Manufactured Hastelloy X Parts by Adjusting
I T g ToF: Tl T T TS o T=T T TS 52
4.1 1T [T o] o USSR 52
4.2 EXPerimental METNOUS ........coiiiiiiei bbb 53
4.3 RESUILS ANG DISCUSSIONS .....vvevveieeiieiesie et e e te e ste st ste e be et este e b e sbeasaestesreesnesreaneeseeanen 55
43.1 MaCroStructure and DETECLS .......cceeiiie et 55



43.2 MICrostructural CharaCteriZAtiON ..........ccvvvveieriiie it s et e s e e e s s reseere e e s seraeeesareeeeseares 57

4.3.3 QUASI-STAtIC BENAVIOUN ......viiiecieec sttt s era e e 59
4.3.4 Grain Refinement Mechanism and Hall-Petch Relationship ..o 60
4.3.5 FrACIUIE SUITACE ......eiviitiieiie ettt b et e 63
O O 4 Tod 11T (o] o I TSR P PR 65

5  On the Effect of Laser Powder-Bed Fusion Process Parameters on Quasi-Static and Fatigue
Behaviour of Hastelloy X: A Microstructure/Defect Interaction StUTY .........c.ccooevereieieiinisinne e 67
o T0 R 1011 €T [FTox {0} PSSP UP PP 67
5.2  Material and EXperimental PrOCEAUIE..........c.ccviiieiiiiie ettt st sresre s 69
521 SAMPIE FADFICALION ... 69
522 Microstructure and Fracture Surface Characterization .............c.ccoceveveieiniiniiniencscseenns 70
5.2.3 MECHANICAL TESLING ...evieiiiiicie ettt e s be e sreete e besreeneesre e 70
524 Density and Surface Profilometry ..o 72
5.3 RESUILS AN DISCUSSION .....veevviiiiiieiisieeiesiesteeesie et ste e e saeste e stesteeaesaeeseestesseensesseeseeseeeseensessens 72
5.3.1 Microstructural INVESTIGAtIONS ........c.ciiiiiiiiicce e 72
5.3.2 Density and Surface Profilometry ... e 74
5.3.3 QUASI-STATIC RESPONSE.......uiitiiteiieie ettt 76
5.34 FAtIQUE RESPONSE ......veveeiii ettt ettt e ettt e st e et esbeete et e sbe e e e sbeaneesteetaesresres 77
oI S O 0 [o] U] o TSSO 86
6  Fatigue Characterization and Modeling of Additively Manufactured Hastelloy-X Superalloy.......... 88
6.1 1T [T 4T o OSSR 88
6.2  Methods and MELEITAIS. .........ccvieiieeeee et 90
6.2.1 SPECIMEN FABFICALION. .......eciiiecec e st sre b b sae s 90
6.2.2 MECNANICAT TESTING ...ttt 91
6.3 RESUILS @N0 DISCUSSION ...cvviviiiieiieieiesieiieieeie et sttt sttt be e et ese e s e sestesaesbeseeneeneens 92
6.3.1 Quasi-Static Tension and COmMpPression RESPONSE ........ecveiveeierieieerieseseesresteeseesresraeseesnes 92
6.3.2 Cyclic Deformation RESPONSE ........ccveiiieiiiiiinie et 93
6.4  Fatigue Behavior and MOGEIING........cceiiiiiiiiiie e 97
TR B 1] o o O U] Y OSSR 103
O TG R o o Tod 111 (] LSRR 105
7 Conclusions and FULUIE WOTK.........cooouiiiiie ittt nre e 107
7.1 Thesis OVErall CONCIUSIONS .......cooiiiieieie ettt st nee e 107
7.2 Recommendations and FULtUre WOIK............coooiiiiiiiie e 108
Letter of COPYTIGNT PEITMISSION .....c.viiiiiiiitiiiite et bbbttt 111
L C T =) T S SRSPRSSIN 129






List of figures

Figure 1 Thesis graphiCal @DSIIACE ..........c.cciiieiiiiiie et s sr e b sre et e nrenre s 4
Figure 2 Concept of traditional (subtractive) and Additive Manufacturing [19].......ccccocvvvevviiiiivie e 6
Figure 3 (a) Schematic of operating process design in LPB showing its main constituents: laser source,
computer system and build compartment systems and (b) close up of the LPB process zone, showing the
MOSt iIMPOrtant Process PAraMELErS [6] .......ccvrverrereieiiirisise e 7
Figure 4 (a) Illustration of material usage in the Trent 800 engine. Note the extensive use of nickel-based
superalloys in the combustor and turbine sections (b) Categories of elements important to the constitution

of the nickel-based SUPEralloYS [21]. ..cvviveieiici ettt sre e re e sreene 8
Figure 5 GCP phases (a) Ordered structure, (b) Cubic shape of Gamma prime and (c) Disc-shaped
morphology of Gamma double Prime [21] .....cov oo 10
Figure 6 (a) Laves phase in IN718 cast structure [24] (b) Blocky MC carbide [21] .......cccccoovvviiiinenienns 11
Figure 7 (a) Lattice distortion around solutes and strengthening effect of solute atoms [26], (b) Coherent
and INCONEreNt PreCIPITALES [27] .. ..cov ittt 12
Figure 8 (a) Dislocation particle interactions, (b) Dislocation movement in an ordered phase [28] .......... 12
Figure 9 (a) Superdislocations in Ni-based superalloys, (b) Hardness variation during different heat
LUEE LU0 L= 0 S 1A USSR 13
Figure 10 Precipitation of the M23C6 carbide on the y —grain boundary [21] ........ccccorviiinininiinineninns 14
Figure 11 (a) Heat flow condition in SLM process [32] (b) Change in free energy due to formation of a
new phase in different ProCESSES [3L1] .....iiiiiiiiieieiei st et 15
Figure 12 (a) solidification microstructure map, (b) and (c) cellular microstructure at the bottom and top
of the melt pool respectively [34] and (d) Cellular to Equiaxed grains change in welding [33] ................ 15
Figure 13 (a) the relation between beam velocity and solidification velocity [35], (b) EDS analysis around
the cracks to study the Segregation [36]........ccviiiiiiiiiieie i sre et naenae s 16
Figure 14 (a) Competitive growth and blocking by adjacent fast moving grains, (b) Activation of different
modes from 0ne SINGIE Grain [34] .....coi o st st be e e 17

Figure 15 (a) and (b) pole figures in the longitudinal and transverse cross sections respectively, (c) and (d)
EBSD maps for longitudinal and transverse cross sections respectively for CM247LC in the as-built
CONTITION [22] ..ttt bbb bbb b bbbt bbbt e bbbt bbbt n s 19
Figure 16 TEM bright field image of (a) Transverse, (b) Longitudinal cross sections [22] ............c.cccueuee. 20
Figure 17 (a) Spot patterns showing low misorientation between adjacent cells [22], (b) Spot patterns of
two adjacent grains [41] and (c) The gradual change in cell orientations inside a grain in transverse cross

=T (0] 1S 2224 OSSPSR 21
Figure 18 TEM EDS elemental map for CM247LC in (a) Transverse and (b) Longitudinal cross sections
5 TS TSSOSO TSP POUPPOUPTPR PRI 22
Figure 19 (a) Dislocation structure of the CM247LC in the as-built condition and (b) arrowed pair

(0] [o o LA 0] 4 3 I TP O TSP 23
Figure 20 Bimodal distribution of the precipitates in the as-built condition of CM247LC (a) Larger
precipitates at cell walls and (b) smaller preciptates inside the cells [41] ..o 23
Figure 21 As-built mechanical properties in comparison to the cast and HIP samples for CM247LC. Note:
Samples 1, sample2 and sample 3 are 3 as-built SaMpPIES [41] ....oooviieiiii e 24
Figure 22 Fracture surface of HX samples in different conditions [17] ......cccoooerovrieniiiiine e 25

Figure 23 Fatigue response of AM Ti-64 samples in comparison with the conventional samples [14].....26
Figure 24 Effect of surface roughness and surface treatments on the fatigue life (a) showing the decrease
in fatigue life by increasing the surface roughness, (b) worse performance of AM samples in comparison
to cast and forged samples and (c) surface roughness profile of different manufacturing routes [45]...... 26

xii



Figure 25 Parts with internal channels and samples with different surface finish [46] ........cc.ccooviveineee. 27

Figure 26 Deformed microstructure near the surface of shot peened samples [47] ..o 27
Figure 27 Effect of HIP [48] on (a) HX, (b) Ti64 and (C) SS 316 [49] ....cvoovveeeieeieeeeeee e 28
Figure 28 Effect of residual stress on FCG behaviour of (a) Ti64 [50] and (b) SS 316 [51].......cccvevneen. 29
Figure 29 (a) Strain-Life curve showing total, elastic, and plastic strains [53] and (b) Hysteresis and
elastic and plastic Strain ENEIGIES [54] ...cviieiiiii it e et sbe e b s re s e nre e 30
Figure 30 Effect of post treatments (shot peening) on Basquin's curves for AISi1l0Mg showing decrease in
slope after shot peening (SP) which indicates the fatigue performance improvement [56]............cc.cce.... 32
Figure 31 Strain-life curves including elastic, plastic and total strain amplitudes of SLM 17-4 PH SS in
AITFEreNt CONTITIONS [15] ....veeieieiieiie ettt 33
Figure 32 Comparison of the Basquin's (a) and Murakami’s (b) methods for Ti64 [S7]. .....cccccovvviienienns 34
Figure 33 (a) Build plate schematic during LPBF showing argon flow, argon inlet/outlet and Recoater
direction (b) Measured surfaces for roughness on the LPBF-made parts (c) Printed part..............cccvenee.n. 40
Figure 34 SEM image of (a) Virgin powder and (b) Spatter POWAET. .........ccccvveiiiieeieiiee e 41
Figure 35 Optical microstructure of (a) Virgin powder and, (b) Spatter powder. .........cccccvvveieiieieeinennnnn, 42
Figure 36: EDS analysis for the major alloying elements of (a) Virgin powder and, (b) Spatter powder..43
Figure 37: XRD patterns for (a) Virgin powder and (b) Spatter POWEN ...........ccoerereiieiinininesesesieiees 43
Figure 38 Thermograms of virgin and SPatter POWOETS. .........cereieieieiiinese e 44
Figure 39 Surface roughness (Sa ) map of the LPBF-made samples across the build plate on (a) Top (b)
Side, aNd (C) FIONT SUMTACE. .....ecuieieciece et sttt et e be e e s b e s be et e sbeeseesbesneeneenee e 46
Figure 40 Schematic representation of spatter formation, types and effect on build plate, powder bed and
oL L1 =T I o Ut £ USSP 47
Figure 41 Surface roughness map of Top surface across the build plate.........c.cccooeviiiiiiicici e, 48
Figure 42 Surface height map on (a) Sample in the middle of the build plate (b) Sample in spatter rich
=100 o TSP TP PR PO T P PP PR PRURUPRPTPPON 49
Figure 43 Computed tomography (CT) results (a) Samples in the middle of the build plate (b) Sample in
the SPALLET FICH TEGION. ......i ittt e enes 50
Figure 44 (a) CAD model of tensile sample geometry with dimensions in mm, (b) a typical printed
1001 0] LSO USROS 54

Figure 45 Macrostructure of BD and ND cross-sections of the samples manufactured with different laser
scanning speed; (a) spherical keyhole gas pores, (b & c) close to fully dense condition, (d) sharp end
porosities shown by yellow arrows, (€) LoF and unmelted shown by red arrows............cccocvevevievvernenennn, 56
Figure 46 CT images of the samples manufactured with the extreme laser scanning speeds showing the
process-induced defects. For clarity, only defects larger than 60% of the largest defect are shown in each

Figure 47 EBSD IPF maps including grain boundaries for ND, BD samples manufactured with laser
scanning speed of (a), (c) 850; (d), (f) 1150; and (g), (i) 1300 mm/s showing the grain refinement as a
function of LSS. Also, pole figures displayed from ND cross-sections of samples manufactured with (b)
850, (e) 1150, (h) 1300 mm/s showing random texture of the as-built material...............ccocoeviiiiiinnenn. 58
Figure 48 (a) Engineering stress—strain curves, (b) Variation of the yield strength (YS), UTS, and Fracture
Strain of LPBF processed Hastelloy X samples at the laser power of 195 W with different laser scanning
] 1<1=To ST TP P TR UR PP 60
Figure 49 Random color mapping of ND cross-section grains for samples manufactured with the speed of
(a) 850, (b) 1150, (c) 1300 mm/s and (d) yield stress (0.2% offset) vs. the reciprocal square root of the
grain diameter. Dashed white circles show the PMP which act as nucleation sites for new grains. .......... 61

Xiii



Figure 50 Fracture surface of the tensile samples manufactured with (a), (b) 550 showing the keyhole
porosities and void coalescence; and (c), (d) 850mm/s showing a gas porosity surrounded by dimple (c)
and dimple-like fracture surface morphology of ductile fracture (d).........cc.ccoverereieieinie e 64
Figure 51 Fracture surface of the tensile samples manufactured with (a) 1150, showing similar
morphology to 850; (b) 1300 showing presence of unmelted particles and small Lof depicted by blue
arrows; and (c) 2050 mm/s showing excessive Lof and unmelted particles on the fracture surface. ......... 65
Figure 52 (a) Sample geometry used for the tensile and fatigue tests [144] (b) Schematic diagram of the
Locati Step-Loading PrOCEAUIE. .......c.viiiieiiriieie ittt ettt n e 72
Figure 53 3D representation of the microstructure at different cross-sections and pole figures for different
LSSs (a) L-LSS, (b) H-LSS showing columnar grain structure, and randomized texture. ............cccceeue.e.. 74
Figure 54 Porosity and surface profile measurements (a) X-Ray Computed tomography images showing
pores distribution through the gauge length of the samples, (b) Pores size distribution and (c) Surface

profiles Of the as-DUIIL SUITACES. ........ccviiiii et re e e 75
Figure 55 Quasi-static tensile response (a) Engineering stress-strain curves and (b) Strain hardening rate
VariatioN DY UG STFAIN. ..i.viiiiiece ittt st et e e s e s b e e te e besbeeseestesaeesbesteeneeseesteeneenrean 76

Figure 56 (a) Transient stress-strain curves for samples tested at different stress levels and LSSs for the
first 20 loading cycles and Ratcheting behaviour and half-life hysteresis loops for different maximum

stress (b) 200, (c) 350, (d) 550 and (&) 625 MPA. ........cceiiiiiriieieeieee s 79
Figure 57 (a) Stress-Life curves for different manufacturing conditions and (b) Bar charts and ANOVA

tables at dIfferent SIrESS IEVEIS. ....c..oviiceic e 81
Figure 58 Step-Loading testing sequence of (a) L-LSS and (b) H-LSS samples. .........ccccvvveieiiiienennnnn, 82

Figure 59 Fracture surface of the samples at low magnification showing different regions: Crack
nucleation (green), Fatigue crack propagation (red), Final fracture (yellow), “R” denotes ratchet lines (R).

Figure 60 (a) Tear ridges (orange arrows) pointing toward crack initiation sites/surface valleys (blue
arrows) and crack interaction with the porosities (green arrows), (b) Fatigue crack propagation and
striations at different stress levels and LSSs (yellow arrows shows the crack propagation direction) and

(c) Secondary cracks/Crack branching and final fracture region with dimples. ...........cccoovviviiiiiiiiccenenn, 86
Figure 61: Specimen geometry for (a) static tension and fatigue tests, and (b) static compression tests (all
IMENSIONS 1N MM ...eitiiiecce et et esbeesb e s beete e besbeessesbesae e tesbeeseesbeabeestesbeeseebesaeesseeens 90
Figure 62: (a) Quasi-static stress-strain curves under tension and compression (b) Strain hardening curves
TOr teNSION ANG COMPIESSION. .. .i.viutirieieeiieti ettt bbbttt bbbttt bbb n e enes 92
Figure 63: (a) Cyclic stress amplitude response of specimens tested at different strain levels, (b) Enlarged
VIEW OF the SITESS FESPONSE. ...ttt sttt bbbttt bbbt e ettt e bt 94
Figure 64: (a) Stabilized hysteresis at different strain amplitudes, (b) Cyclic and monotonic stress-strain
CUPVES. .ttt ettt ettt ettt ettt he et ekt e bt e eb e e 4h e e 4E b £ 4H Rt 22 b £ 2R £ e ke e e b e 44 HH £ 2R b e £ bt £ AH £ e HEe e £hE e 4R b e 4R b e oA R e e b e e R et bRt eR b e enneeneenree e 96
Figure 65: Fatigue modeling (a) Strain-Life and BCM (b) SWT parameter (¢) Energy-Life and JV

007 100 SR 98
Figure 66: Predicted vs. experimental life based on different fatigue models (a) BCM, (b) SWT and (c)
Vet e e e e e e e o e et et b et e b — et e a b — et e aba e e e arbreeenaarrees 101
Figure 67: Normalized design curves with 95% reliability and 90% confidence for (a) BCM and (b) JV
400 L= PSS 104

Xiv






Chapter 1

1 Introduction

1.1 Overview and Motivations

These days, reducing the energy consumption is crucial for most of the industries. For
transportation industries, weight reduction by redesigning the parts could be a possible solution.
However, these optimized designs are geometrically complex which makes their manufacturing
almost impossible by conventional manufacturing processes. Additive manufacturing (AM), the
general term used for the manufacturing methods in which a product is built up layer by layer
using the CAD model, is being considered as alternative fabrication method. Producing complex
geometries [1,2], multi-material/functionally graded materials and composites [3-8] are some of
the benefits of Additive Manufacturing (AM) over traditional manufacturing techniques. Among
different AM methods for metallic materials, laser powder-bed fusion (LPBF) has become more

common in industry while being used to produce functional parts [9-11].

Before replacing the parts made with the conventional manufacturing processes, AM parts should
pass the preliminary requirement for being used as structural components. Mechanical response of
metallic AM parts is one of the main properties to study the requirements for load bearing parts.
There are different approaches to mechanical properties from quasi-static to cyclic behaviour. Due
to their fine solidified microstructural features because of high cooling rates during manufacturing,
quasi-static behaviour of the metallic LPBF parts are above the conventionally made parts [12,13].
On the other hand, the surface roughness and defects of the parts produced by LPBF is the main
reason which makes their cyclic behaviour worse than the conventionally made parts [14-16].
Decreasing the surface roughness would be the first step toward improving their cyclic properties.
However, due to the complex geometries which are produced by AM it is not possible to machine
the internal surfaces. Because of that, exploring the cyclic response of the samples with the as-
built surface finish would be necessary as well. On the other hand, due to anisotropy which is a
product of directional heat transfer and solidification, AM parts would show different response
with respect to the building direction. This anisotropy and poor cyclic performance reduce the
reliability and reproducibility of the AM parts [15,17].


https://www.sciencedirect.com/topics/engineering/additive-manufacturing
https://www.sciencedirect.com/topics/engineering/powder-bed

Therefore, it can be concluded that understanding the LPBF parts performance under monotonic
and cyclic loading is necessary for using these parts as structural components. In addition, reducing
the need for post-processing by optimizing the process parameters to produce a sound part under
cyclic loading is essential for large-scale adaption of AM parts.

1.2 Thesis Objectives

The ultimate goal in this research is to establish a link between AM manufacturing conditions,
process parameters, the corresponding microstructure, properties, and fatigue performance of
LPBF Hastelloy X parts. This is done by understanding the effects of manufacturing conditions on
the as-built microstructure and mechanical behaviour of the additively manufactured Hastelloy X
under quasi-static and cyclic loadings (Figure 1). To achieve this goal the following research
objectives are proposed.

o To quantify the effect of part locations and spatter particles on the quality of Hastelloy X
printed parts

In this study, a comparison will be made between the virgin and spatter powder particles. Chemical
composition, phases, microstructure, morphology and thermal behavior of virgin and spatter
Hastelloy X (HX) powders will be studied to assess their contributions to the powder bed quality.
Moreover, surface roughness and density of the parts from different locations are studied. This
part of the research will shed light on understanding the effect of manufacturing conditions on the
variability of the sample properties in one single build plate. The best place in the build platform
will be identified from the results of these parts.
e To understand the effect of process parameters (laser scanning speed) on mechanical

behaviour of Hastelloy X under quasi-static loading at different loading directions
(Tension/Compression)

A systematic study is made to understand the effect of laser scanning speed, one of the main
process parameters in laser powder-bed fusion (LPBF), on the quasi-static tensile response of
Hastelloy X at room temperature. The effect of different as-manufactured features, such as process
defects and microstructure, will be investigated. In addition to that, the effect of loading direction
will be analyzed as well to quantify the compressive properties of HX printed samples. These
results will be employed to establish a link between process parameters, microstructure and quasi-
static behaviour of LPBF HX.



e To characterize cyclic behaviour of the additively manufactured parts with different
manufacturing conditions

Based on the previous study, full dense parts with minimized defect/flaw volume fraction and
surface roughness will be manufactured. To fully characterize the behaviour of the samples, stress-
controlled fatigue tests will be performed on the samples manufactured with optimized laser
scanning speeds. Fracture surface and metallographic studies will be made on samples after
applying cyclic loads to identify sites of crack initiation, crack propagation and final fracture. Root
cause of crack initiation will be identified and related to the AM process parameters. Fatigue crack
growth behaviour will be investigated to determine the effect of microstructure on the crack growth
rate.

e To investigate the different fatigue modelling approaches for life prediction of additively
manufactured HX

An attempt will be made to correlate the damage induced by cyclic load under strain-controlled
testing condition to the life of the component. For this purpose, modelling the fatigue behaviour
will be performed by selecting a suitable damage parameter in agreement with the observed
damage mechanisms. Establishing fatigue life model(s) for prediction of fatigue life of parts made
by LPBF. Most prominent strain- and energy-based fatigue damage model will be examined
against the data. Fatigue design curves will be developed for the optimum manufacturing

condition.
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Figure 1 Thesis graphical abstract

The remaining contents of this thesis are organized as a manuscript-based thesis and it contains 7
chapters. Chapter 1 outlines the motivations, problem definition and objectives of the present
research. Chapter 2 provides a review of the key topics and literature which is relevant to the
current research. Chapters 3 to 6 are manuscripts which have been published or submitted for
publication and the candidate is the first author of all manuscripts and is responsible for direct
collection or co-ordination of data collection , and for the synthesis and analysis of the results. The
only modifications made to each article are in the form of harmonizing references, table and figure

numbers for unified integration into this larger thesis document.

Chapter 3 discusses the effect of spatter particle generation on the quality of Hastelloy X parts. A
detailed characterization of the LPBF parts revealed a spatter rich region on the build plate that
suffers from the higher surface roughness and larger porosities. Based on the findings of the
chapter 3, spatter rich region was avoided in printing tensile coupons. A wide range of laser



scanning speeds (LSS) and the effect of changing LSS as a significant process parameter was
investigated in chapter 4. Various type of defects (lack of fusion vs. keyhole porosities) and
microstructures were characterized and their influences on the quasi-static tensile behaviour were
studied. The key contribution of this research are the grain refining mechanisms in the nearly full
dense window of the process parameters and finding the most important strengthening mechanisms
in LPBF-HX through Hall-Petch analysis. Chapter 5 builds upon the contributions of the previous
chapter, now extending the discussion of the effect of manufacturing conditions in the nearly full
dense region to the mechanical response of the LPBF-HX samples under cyclic loading. Fatigue
analysis over wide life span reveals that microstructure plays an important role in low cycle fatigue
region where a significant amount of plastic strain is applied during cyclic loading. On the other
hand, at high cycle fatigue region where most of life is spent on the crack initiation, surface
roughness approved to be the critical feature. In chapter 6 the effect of loading direction (tension
vs. compression) was investigated to study the asymmetry in mechanical behaviour of the LPBF-
HX parts and symmetrical response has been observed. Moreover, based on the strain-controlled
test results strain- and energy-based fatigue models are examined for different loading conditions
and finally fatigue design curves are constructed for the strain and energy models. In chapter 7,

conclusions and future work are outlined.



Chapter 2

2 Background and Literature Review

In this chapter after a brief overview of LPBF and metallurgy of nickel-based superalloys, the
resultant microstructure and mechanical properties of nickel-based superalloys manufactured by

LPBF will be reviewed and finally the common fatigue modelling approaches are studied.
2.1 Laser Powder Bed Fusion (LPBF)

In additive manufacturing (AM) or three dimensional (3D) printing process parts are produced
layer by layer based on a CAD file design. In contrast to conventional manufacturing which a
block is produced by casting or forging and final product is machined out of it, AM will produce

directly the final geometry with minimum need for further processing [18,19] (Figure 2).

Conventional WASTE
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Figure 2 Concept of traditional (subtractive) and Additive Manufacturing [19]

In traditional manufacturing complex parts are made of different smaller and simpler parts which
will be joined together in next steps. Interestingly, AM is able to produce complex parts in one
step and will reduce the manufacturing steps to reach the final part [19]. Laser powder bed fusion

(LPBF), Laser powder fed, Electron beam melting (EBM) and Binder jetting (BJ) are the main
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AM methods which are used for producing metallic parts. There are different names for the LPBF
process such as selective laser melting (SLM) or direct metal laser sintering (DMLS) based on the
various developers. Generally, in LPBF a thin layer of powder is applied by the recoater system
over the build area and laser will selectively melt specific regions of the build plate based on the
cross section of the layered CAD file. This process will be repeated for successive layers until the
manufacturing entire part (Figure 3). As indicated in Figure 3c there are different process
parameters related to this process which the most important ones are laser power, scanning speed,
hatching spacing and layer thickness. The large number of the process parameters involved in this
process makes the process optimization necessary for specific materials under study. In LPBF, the
minimum geometrical features sizes are between 40 and 200 um [6] and the main limitations of

the LPBF are low production rate and the need to powders with specific criteria [20].
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Figure 3 (a) Schematic of operating process design in LPBF showing its main constituents: laser source,
computer system and build compartment systems and (b) close up of the LPBF process zone, showing the
most important process parameters [6]

2.2 Nickel-Based Superalloys

Due to the ability to retain their strength at high temperature and perfect corrosion resistance Ni-

based superalloys are mainly used in hot sections of the aero-engines [21], Figure 4a.
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Figure 4 (a) lllustration of material usage in the Trent 800 engine. Note the extensive use of nickel-based
superalloys in the combustor and turbine sections. (b) Categories of elements important to the constitution
of the nickel-based superalloys [21].

Nickel-based superalloys are the most complicated engineered materials because they consist of
up to ten alloying elements and different phases are present in their microstructure. The function
of different alloying elements and different phases present in the microstructure will be discussed
in this section.

2.2.1 Alloying Elements

The chemical composition of the three common Ni-based superalloys that have been widely
studied in LPBF process are shown in Table 1. The role of the alloying elements is to make the

alloy’s response compatible with the design criteria.

Table 1 Nominal chemical composition of the three common LPBF processed superalloys: CM247LC,
IN718 and Hastelloy X (HX) [17,22,23]

Element Ni Cr Fe Mo | Nb | Co W Ta Al Ti Hf | Mn C B Zr Si

CM247LC | 6151 | 8.11 - 052 | - | 941|966 | 318 | 549 | 0.74 | 1.29 - 0.08 | 0.013 | 0.008 -
IN718 Bal. | 19.2 | 196 | 3.0 | 5.2 - - - 0.43 | 0.95 - 0.16 | 0.05 - - 0.21
HX Bal. | 21.3 | 195 | 9.0 - | 1.04 | 0.56 - - - - 0.48 | 0.057 - - 0.32

Based on their function mainly alloying elements fall in three categories [24]:

1- Solid solution strengtheners: Co, Cr, Mo, W ...
2- Precipitate formers: Al, Ti, Nb, Ta ...

3- Grain boundary elements: C, B, Zr ...



These alloying elements are distributed in the microstructure based on their size and chemical
affinity to form specific phases. Solid solution elements have atomic radii not very different form
that of nickel. Precipitate former elements will make new phases with the nickel and grain
boundary elements will segregate toward the grain boundaries because their sizes are very different
from the nickel as are highlighted in Figure 4b.

It should be noted that the specified categories in Figure 4b does not mean that the alloying element
will not be present in other phases and parts of the microstructure. For example, tantalum exhibits
a strong partitioning toward gamma prime with nominal partitioning ratio of 8 to 1 between gamma
prime and the gamma matrix phase and it has solid solution strengthening effect in both phases.
On the other hand, Ta is strong carbide former and it will also help high temperature properties in
this way. Typically, 75 percent of Ta will partition to the gamma prime and 15 percent will form

TaC and the rest will partition to the gamma matrix as a solid solution strengthener [24].

As-built microstructure is strongly related to the alloy chemistry. For solid solution hardening
(SSH) alloys such as HX the as-printed microstructures consists of high dislocation density with
little amount of carbides and no precipitate. Low carbon and precipitate former elements such as
Al and Ti are responsible for this condition (Table 1) [17]. For IN718 higher amount of Nb in alloy
composition has resulted in the formation of Laves phase with chemical formulae of (Ni, Cr,
Fe)2(Nb, Mo, Ti) [23]. In comparison to CM247LC lower amount of Al and Ti did not let the
gamma prime to form. On the other hand, high enough precipitate former alloying elements in

CM247LC have led to presence of gamma prime in the as-built condition [22].

2.2.2 Phases and Microstructure of Nickel-Based Superalloys

Complex chemical composition of these alloys will produce different phases in microstructure.
There are several phases present in the microstructure: Matrix, Geometrically Close-Packed
(GCP), Topologically Close-Packed (TCP), carbides and borides [25]. In the following paragraphs

a brief description of the most important features of these phases will be presented.

The matrix phase the Ni-based superalloys is FCC y phase which has been selected to provide best
performance at high temperatures due to several factors. It has optimal mechanical properties

because of high modulus and multiple slip systems. Its high packing density cause low diffusivity
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for alloying elements which would be desirable for high temperature applications. The FCC matrix
let broad solubility for secondary elements which each of them are useful for specific purpose as

discussed in the previous section [21].

GCP phases are intermetallics with the formula AsB. The most important phases of these group
are y’-Ni3(ALTi) and y’’-NisNb [25]. Due to the relative bonding energy of Ni-Ni, Al-Al and Ni-
Al bonds, Ni-Al bonds are preferred in its FCC crystal structures which leads to long ordering
(Figure 5a) in this phase and these precipitates are ordered even at high temperatures. The other
feature of these ordered phase relative to the matrix is their relatively similar lattice parameter
which enable these phases to establish coherent interfaces with the matrix. The properties of the
superalloys are found to depend critically on the coherency of the y/y’ interface. Coarsening of the
y’ precipitates leads to loss of coherency with increasing the 6 magnitude. y' particles are mostly
cubic in shape in the microstructure (Figure 5b). In superalloys containing nickel and iron such as
IN718 which contain quantities of niobium, the primary strengthening precipitate is not y’ and a
body-centred tetragonal (BCT) ordered compound with composition which can be represented
approximately by y’’-NisNb is the main hardening phase. The y’’ displays a disc-shaped

morphology, with 10 nm thickness and 50 nm diameter (Figure 5c).
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Figure 5 GCP phases (a) Ordered structure, (b) Cubic shape of Gamma prime and (c) Disc-shaped
morphology of Gamma double prime [21]

Excessive quantities of alloying elements such as Cr, Mo, Nb, and Re promote the formation of
specific intermetallic phases. High and uniform packing density of atoms, directional non-metallic
bonding and complex crystallographic structures are the main features of these TCP phases.
Generally, they have chemical formulae AxBy and Laves phases which are common in IN718 in

the cast structure are from this group [21] (Figure 6a).
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Various carbide and boride phases are formed in the Ni-based superalloys, depending on chemistry
and the processing conditions. A number of morphologies, for example, globular, blocky and script
have been reported (Figure 6b). Their role is a matter of controversy, but it is now accepted they
can improve the creep properties, primarily due to their preferred location which is at the y — grain
boundaries. Thus, carbon and boron are often referred to as grain-boundary strengtheners. This
explains the difference between the carbon and boron content of polycrystalline and single crystal
superalloys. In the latter the grain boundary strengthening is not necessary due to lack of grain
boundaries and their carbon content is lower than the polycrystalline alloys.

(b)
Figure 6 (a) Laves phase in IN718 cast structure [24] (b) Blocky MC carbide [21]

2.2.3 Strengthening Mechanisms

Several strengthening mechanisms are activated in Ni-based superalloys at high temperatures
which help them to retain their mechanical properties. The main strengthening mechanisms are
solid solution strengthening, precipitation hardening and grain boundary phases [21]. In solid
solution strengthening the difference between the size of the solute and solvent (matrix) is a critical
factor because it determines the amount of lattice distortion around the solute. The strain field
surrounding the solute due to this distortion will interact with the strain field around the dislocation
and make their movement on the slip plane more difficult (Figure 7a). It should be noted that by
adding alloying elements to the matrix the stacking fault energy (SFE) of the matrix will change
and generally addition of alloying elements will result in reduction of the SEF. Reduction of the
SFE make the partial dislocation more separated and this will make the cross slip more difficult.
Hence, solid solution elements will have two effect on the dislocations movements by imposing a
strain field and reduction of the SFE.
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Figure 7 (a) Lattice distortion around solutes and strengthening effect of solute atoms [26], (b) Coherent
and incoherent precipitates [27]

There are several factors which affect the precipitation hardening. The most important one is the
crystallographic relationship between the matrix and the precipitates [21]. This will determine the
type of the interface between them and precipitate dislocation interaction which are coherent and
incoherent as shown in Figure 7b. If it is not possible to find similar arrangement of atoms in the
matrix and precipitate incoherent interface will form and dislocations should bow between
precipitates and make a loop around them in according to Orowan mechanism (Figure 8a). On the
other hand, for coherent precipitates dislocations can shear the particles and cut them. The lattice
misfit between the matrix and precipitates will interact with the moving dislocations and is able to

increase to stress for dislocation movement.

(a) (b)

Figure 8 (a) Dislocation particle interactions, (b) Dislocation movement in an ordered phase [28]

As mentioned earlier the other important factor for precipitates in Ni-based superalloys is their
long range ordered structure [21]. After passing the coherent interface dislocation will disturb the
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local chemistry around the atoms as shown in Figure 8b and anti-phase boundary (APB) will
impose an extra force on dislocation. In this ordered structures dislocations will move in pairs to
minimize the disordered region in the ordered structures which is called superdislocation. These
pair dislocations have been observed in Ni-based superalloys which indicates movement of

dislocations in ordered precipitates as shown in Figure 9a.
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Figure 9 (a) Superdislocations in Ni-based superalloys, (b) Hardness variation during different heat
treatments [21]

Vickers hardness, HV

In addition to coherency and ordering, size and distribution of precipitates are crucial factors for
strengthening. These factors are controlled by heat treatment, as the time is increased the
precipitates will coarsen and their spacing will increase there would be a maximum in hardness

which is correspond to the optimal distribution, size and interface features (Figure 9b).

Grain boundary phases which are mainly carbides and borides are mainly responsible for increase
in the rupture life by reducing the creep rate through impeding grain boundary sliding. In many
superalloys the MC carbide, which is usually rich in Ti, Ta and/or Hf since these are strong carbide
formers, precipitates at high temperatures from the liquid phase. Consequently, the carbide and
borides is often found in interdendritic regions and grain boundaries (Figure 10) due to carbon and
boron segregation in these regions and with no distinct orientation relationship with the matrix is
displayed. A number of morphologies, for example, globular, blocky and script have been reported
[25].
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Figure 10 Precipitation of the M23C6 carbide on the y —grain boundary [21]

Hastelloy X, the alloy under investigation in this thesis, has low amount of precipitate former
elements and it is known as a solid solution strengthened alloy [25]. A combination of good
corrosion resistance and high temperature strength make it a perfect candidate for usage in

combustor liners of turbine engines [29].
2.3 Microstructure of Nickel-Based LPBF Parts

In this section firstly solidification conditions of the LPBF process will be investigated and the as-
built microstructure of the Ni-based superalloys will be discussed. Microstructural features in

different scales from grain to cells and alloying element distributions will be studied.
2.3.1 Solidification Microstructure

During LPBF melt pool is surrounded by three different phases which are air, metallic powder and
substrate. Among these phases the solid substrate has the biggest thermal conductivity and is the
main cause for the directional heat flow as shown in Figure 11a. The fastest heat flow direction
would be always perpendicular to the solidification front or melt pool boundary toward the beneath
substrate [30]. When laser heats the substrate, some remelting will happen and similar to
autogenous welding the nucleation step is no longer needed and the solid will grow epitaxially
from the remelted substrate. Due to similar chemistry of the substrate and the molten metal the
interfacial energy between them is negligible and the interfacial energy between the molten metal
and nucleus and substrate are approximately the same, therefore, the energy barrier for

heterogeneous nucleation would be zero in contrast to casting (Figure 11b) [31].
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Figure 11 (a) Heat flow condition in LPBF process [32] (b) Change in free energy due to formation of a
new phase in different processes [31]

The morphology of the solidification microstructure is determined by the ratio of the G/R where
G is the temperature gradient in front of the solidification front and R is solidification velocity
(Figure 12a) [33]. Various experimental studies have shown that cellular solidification
microstructure for LPBF process. Interestingly, cellular microstructure will remain through entire
melt pool [34] in contrast to finally equiaxed solidified microstructure which has been observed in
welding [33] as shown in Figure 12b, c and d.

G/R determines morphology
of solidification structure

GxR determines size of

solidification structure

Temperature gradient, G

Figure 12 (a) Solidification microstructure map, (b) and (c) Cellular microstructure at the bottom and top
of the melt pool respectively [34] and (d) Cellular to Equiaxed grains change in welding [33]
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The solidification velocity is related to the laser beam speed V,=V,.cos(0), where Vg is
solidification velocity and V;, is laser beam velocity and 6 is the angle between them as shown in
Figure 13a [35]. Due to high laser beam speeds in LPBF in the range of 1 m/s the solidification

velocity would be estimated as 0.173 m/s which is completely a high rate and it is proposed that
Vs = %, where D; is the interface diffusion and & is interface thickness [36]. Therefore, the

solidification front will move faster than the atomic diffusion and it will result in significant solute
trapping [37]. Harrison et al. [36] have performed EDS in SEM to investigate the possibility of
segregation around the cracks in the as-built materials and no segregation has been reported (Figure
13b). This could be an experimental result which support solute trapping in LPBF solidification

condition, but it should be noted that the EDS resolution in SEM is in the range of 2-5 pm.
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Figure 13 (a) The relation between beam velocity and solidification velocity [35], (b) EDS analysis
around the cracks to study the segregation [36]

The other feature of the solidification microstructure of the LPBF process is competitive growth
[34]. It should be noted that due the similar packing density of the {100} planes of the FCC
microstructure with the melt packing density, these planes would have higher accommodation
factor [38] and the solidification speed for <100> direction which is perpendicular to {100} planes
is higher in comparison to the other crystallographic directions and it is considered as easy growth
direction [39]. There are three [100] directions in the unit cell of the FCC structure and due to their
relative direction with respect to the heat flow direction one mode would be activated in growing
grain. Grains which are more aligned with the heat flow direction will grow faster and will block
the grains which their easy growth direction is less aligned with the heat flow [40]. In Figure 14a

grain number 3 is blocked by grain number 2. Due to change in the curvature of the melt pool
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different solidification modes maybe be activated from one single grain beneath the melt pool
(Figure 14b).

(b)

Figure 14 (a) Competitive growth and blocking by adjacent fast moving grains, (b) Activation of different
modes from one single grain [34]

Due to the building condition and lack of possibility to online monitoring of the melt pool in LPBF
because of the surrounding powders and build chamber space limitation temperature profile,
heating and cooling cycles were estimated by simulations. Complex physical phenomena such as
high thermal cycles, melt hydrodynamics, evaporation and powder melt pool interaction force the
researchers to simplify the real condition for their models, therefore the results of the simulations
do not show the practical conditions and can be used as primary approximations. There two
approaches to calculate the cooling rate during solidification based on cell size. Theoretical
approach which is based on the work of Kurz and Fisher is relating the cell size to the temperature

gradient and solidification velocity by the Equation 1 [34]:

ATy.D.T 025 Equation 1

— 4 R-0.25 05
A\ 3( X ) G

Where 2; is primary arm spacing or cell size and AT,, D, I" and k are solidification range, liquid
diffusion coefficient, Gibbs-Thomson coefficient and partition ratio respectively. G and R as
defined previously are thermal gradient in front of solidification front and solidification velocity

respectively and thereby cooling rate can be calculated as T = G x R and R is related to the laser
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scanning velocity. In the empirical approach the cooling rate and cell size are related with Equation
2 [34]:

A = cT™ Equation 2
Where c and n are materials constants. Darvish et al. [34] have calculated the temperature gradient
and cooling rates based on the available literature for LPBF process as shown in Table 2. As shown
the calculated values are in the range of 10”K/m for G and 10°K/s for cooling rate. These high
cooling rates which are not observed in conventional manufacturing processes [18] are the main
reason for specific fine cellular microstructure of the as-built printed parts. It should be mentioned
that the solidification mode is determined by the ratio of temperature gradient (G) and growth rate
(R) or G/R, and the size of the solidification structures (cells or dendrites) is a function of the
cooling rate (GxR).

Table 2 Maximum temperature gradient and cooling rate values for various published work of LPBF.
Note: np stands for "not provided" [34]

Material Method G, 107 K/m T,10°K/s Reference
Inconel 718 Simulation 0.8-1.8 0.7-0.9 Lee & Zhang et al. [14]
Ni-4%Nb alloy Simulation 0.6-2.2 - Keller et al, [12]
316L stainless Measured np 0.2-4.8 Sun et al. [17]
steel A = 8070
Ni alloy Measured np 0.2-0.4 Harrison et al. [31]
)L| - 977'-‘7(!.3(1
Ni CM247LC Measured np 0.9 Wang et al. [15]
AI - 971‘—(2.3\5
Inconel 625 Measured np 0.1-15 Lietal [11]
A = 507703
AlSil0Mg Measured np 0.3-16 Tang et al. [24]
A = 4377032
Co-29Cr-6Mo Measured 1.8 2.2 This work
A= 1.6 % 103

1025505

2.3.2 Grain Morphology

Grain structure of metallic parts affects mechanical properties. Grains’ sizes and morphology could
be responsible for anisotropic behaviour. Due to the similar packing density of the {100} planes

of the FCC microstructure with the melt packing density, these planes would have higher
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accommodation factor [38]. Hence, the solidification speed for <100> direction which is
perpendicular to {100} planes is higher in comparison to the other crystallographic directions and
it is considered as easy growth direction [39]. Directional heat flow and epitaxial growth in easy
growth directions in FCC crystal structures will result in columnar elongated grains parallel to the
build direction. It should be noted that each grain consists of fine cellular structures inside it and
the cell size are in the submicron range but the average grain size is 150 um in length and 20 pum
in width [23]. Elongated columnar grains are visible in the parallel cross section and they are highly
oriented and textured but in the transverse cross section as is obvious in the pole figure the texture
is more diffused (Figure 15b).

Figure 15 (a) and (b) {001} pole figures in the longitudinal and transverse cross sections respectively, (c)
and (d) EBSD maps for longitudinal and transverse cross sections respectively for CM247LC in the as-
built condition [22]

TEM bright field images of the both transverse and parallel cross sections of the printed parts show
a high dislocation density in the as-built samples (Figure 16). Dislocations are more populated in

the cell walls and the center of the cells contains fewer numbers of dislocations.
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Figure 16 TEM bright field image of (a) Transverse, (b) Longitudinal cross sections [22]

There are two different explanations for this high dislocation density. As described by Diviya et
al. [22] the high dislocation density in the as-built condition is due to the misorientation between
the cells and these dislocations are formed to match this difference in orientation of the adjacent
cells. Diffraction pattern of a selected area indicate double spots which are from adjacent cells and
the misorientation between them is calculated to be7, which is less than the grain boundaries
misorientation. Both cell walls and grain boundaries contain large number of dislocations and to
differentiate between them the best way is using spot patterns. As shown in Figure 17a the spot
pattern between the adjacent cells shows double spots but the spot pattern on the two adjacent
grains does not contain this feature and the misorientation between them is much bigger than that
of adjacent cells (Figure 17b). Finer scale EBSD map of a grain in transverse cross section (Figure
17¢) shows gradual change in grain orientation from one boundary to another. Therefore, the cells
within a grain should have slightly different orientation to accommodate the overall grain
orientation change and to solve this change in adjacent cells orientations dislocations should be
present in the cell walls.
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Figure 17 (a) Spot patterns showing low misorientation between adjacent cells [22], (b) Spot patterns of
two adjacent grains [41] and (c) The gradual change in cell orientations inside a grain in transverse cross
sections [22]

In the second approach Wang et al. [41] believe that the high dislocation density at cell walls is
due to the presence of the second phases at cell walls which make barrier for dislocation motion.
TEM EDS maps of alloying elements distribution are shown in Figure 18 [41]. Obviously, at cell
walls there are some regions with concentrated amount of specific elements such as Hf, Ti and C.
Presence of these elements shows micro segregation at cell walls during solidification which were
not detected by EDS in SEM which is related to smaller interaction volume in TEM in comparison
to SEM due to sample thickness. It should be noted that distribution of segregated elements is
diffused even inside the cells with lower concentration which means that solute trapping has
occurred in some extent during solidification which is related to the fast moving solidification front

due to high cooling rates and large temperature gradient inside melt pool.
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(b)

Figure 18 TEM EDS elemental map for CM247LC in (a) Transverse and (b) Longitudinal cross sections
[41]

Highly localized heat source and high cooling rates will cause a considerable amount of residual
stress in the as-built condition. This high residual stress could cause localized plastic strains,
distortion and cracking which are common in LPBF produced parts. TEM images show pair
dislocations in the as-built condition (as arrowed in Figure 19b) the main reason for the presence

of the pair dislocations is dislocation movement in an ordered structure.
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Figure 19 (a) Dislocation structure of the CM247LC in the as-built condition and (b) arrowed pair
dislocations [41]

TEM images of the as-built CM247LC shows fine precipitates in Figure 20. Bimodal precipitate
distribution is observed inside the cells the precipitates are finer in the order of 5 nm and at cell
walls they are bigger in the order of 50 nm. Larger precipitate at cell walls could be related to the
higher amount of precipitate former elements like Ti at cell walls and higher amount of dislocations
at the cell walls which act as high diffusivity paths [42] and make the diffusion more easily. Pair
dislocations are indication of dislocation movement in solid state due to residual stresses and
higher amount of dislocations at the cell walls are related to the dislocation barriers such as
carbides and larger precipitates at the cell walls.

large Y’ precipitates

Y precipitates

50 nm

Figure 20 Bimodal distribution of the precipitates in the as-built condition of CM247LC (a) Larger
precipitates at cell walls and (b) smaller preciptates inside the cells [22]

It seems that both approaches are correct and they can explain the dislocation distribution based
on the alloy chemistry. Each of them which have been resulted to the same dislocation structures
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and distribution are responsible for part of this high dislocation density. It should be considered
that these explanations will depend on the alloy chemistry and the effect and portion of each

mechanism would be related to the chemical composition of the alloy.
2.4 Mechanical Properties of LPBF Samples
2.4.1 Quasi-Static Response of LPBF Samples

Performance of the AM parts under mechanical loads is of the most important criterion which must
be met before utilizing these parts in real application. Figure 21 shows the yield strength, UTS and
ductility of the as-built condition, cast and heat treated and LPBFed and heat treated for CM247LC
[41]. The strength of the as-built samples is in same range of cast and heat treated specimens. It
should be noted that the high strength of the cast sample after heat treatment is due to uniform
distribution of precipitates with suitable size but due to their small size (less than 50 nm) the
precipitates in the as-built condition could not be considered as the main contributor to high as-
built strength. As mentioned previously there are two features in the as-built condition which could

be considered as the main reasons for high as-built strength.
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Figure 21 As-built mechanical properties in comparison to the cast and HIP samples for CM247LC. Note:
Samples 1, sample2 and sample 3 are 3 as-built samples [41]

Firstly, high dislocation density of the as-built condition and fine cellular structure could increase

the strength of the printed parts. Secondly, in the as-built condition, significant amount of
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supersaturated alloying elements is present in the matrix; strengthen the alloy by solid solution

strengthening.

The difference in mechanical properties of the vertical and horizontal samples has been shown in
Figure 22a. Figure 22b shows the fracture surface of HX samples in different conditions. For
vertically built samples the elongated grains are parallel to the loading directions and grains have
deformed uniformly and finally necking has separated the grains and it seems that individual grains
have necked and inside the grains the fracture surface is covered with dimples which are signs of
ductile fracture. On the other hand, for horizontally built samples grains boundaries are
perpendicular to the loading direction and the fracture surface shows cleavage surfaces inside
grains and grain boundaries are visible in the SEM micrograph [17].
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Figure 22 Fracture surface of HX samples in different conditions [17]

2.4.2 Fatigue Response of LPBF Parts

Fatigue is the main reason for 90% of service failures due to mechanical causes [43]. Although the
quasi-static response of LPBFed samples is superior to the conventionally manufactured ones due
to the specific microstructural features, their performance under cyclic loading suffers form the
inherent characteristics of the production method. Poor surface finish and as-manufactured defects
are the main weak points of the samples produced by LPBF [14]. Due to presence of small
porosities and defects the AM samples generally do not show fatigue limit and by increasing the

life the stress will decrease as well and a plateau is not present in the stress-life curve (Figure 23).
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Figure 23 Fatigue response of AM Ti-64 samples in comparison with the conventional samples [14]

It has been shown that there is a direct correlation between the surface roughness and the fatigue
life of samples. Particles adhesion from the adjacent powder bed is the main reason for poor surface
finish for the side walls of the samples [44]. Due to larger powder size and layer thickness which
are used for EBM process the surface roughness of the EBM samples are higher than the LPBF
samples and these rough surfaces is related to the higher stress concentration factor near the surface
and will lead to lower fatigue life (Figure 24). Further, post surface treatments such as EDM,
electro-polishing and shot peening has been shown to be effective ways for improving the fatigue

performance of the AM samples [45].
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Figure 24 Effect of surface roughness and surface treatments on the fatigue life (a) showing the decrease
in fatigue life by increasing the surface roughness, (b) worse performance of AM samples in comparison
to cast and forged samples and (c) surface roughness profile of different manufacturing routes [45]

There would be out of access surfaces in the complex parts, which will make the post surface
treatments more difficult. This will include cooling channels of the blades for example (Figure
25a). In this conditions testing the as-built surface finish of the samples under cyclic loading would

be helpful for understanding their performance under this situation [46].
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Figure 25 (a) Parts with internal channels and (b) Samples with different surface finish [46]

Shot peening is able to induce compressive residual stress and fine deformed microstructure near
the surface in addition to reducing the surface roughness which are important for fatigue
performance [47]. Moreover, the deformation induced phase transformation results in conversion
of retained austenite in the as-built condition of the 17-4 PH stainless steel to martensite and
increase the strength of the materials near the surface which is the most important region of the

part for fatigue analysis (Figure 26b).
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Figure 26 (a) Deformed microstructure near the surface of shot peened samples and (b) XRD patterns
from different conditions [47]

Defects such as gas porosities and lack of fusions (LoF) will act as stress risers and are the main
crack initiation sites on the fracture surface [15]. The best way for reducing this type of defects is
optimizing the process parameters to obtain a nearly full dense part. Due to their irregular shapes
LoF would reduce the fatigue response more than the spherical gas porosities [15]. As shown in
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Figure 27a hot isostatic pressing (HIP) has been shown to be an effective way for closing the pores
and increasing the fatigue life [48]. The effect of HIP depends on materials as well. It has been
shown that HIP would increase the endurance limit in high cycle fatigue (HCF) regime for both
ductile and brittle alloys. In the low cycle fatigue (LCF) regime HIP would be useful for brittle
materials (Figure 27b), but for ductile alloys such as SS 316 HIP would reduce the fatigue response

by decreasing the tensile properties (Figure 27c) [49].
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Figure 27 Effect of HIP [48] on (a) HX, (b) Ti64 and (c) SS 316 [49]

High thermal gradients during manufacturing induces high residual stresses in the part. It has been
shown that residual stress would increase the fatigue crack growth (FCG) rates in the Ti64 (Figure
28a) but it does not change the FCG rates in the SS 316 samples (Figure 28b) [50,51].
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Figure 28 Effect of residual stress on FCG behaviour of (a) Ti64 [50] and (b) SS 316 [51]
2.4.2.1 Fatigue Modelling

The mentioned findings were phenomenological aspects of analysing the fatigue experiments,
fatigue life prediction is an important part of these experiments. The successful design of load-
bearing components necessitates developing a fatigue model that can predict the life accurately.
The main basic fatigue modelling approaches include: stress- strain and energy-based and fracture
mechanics. The stress approach is based on Basquin’s relation who first observed that stress-life
(S-N) could be linearly related on a log-log scale (Equation 3).

ATG = o'f'(ZNf)b Equation 3

Where A?” is true stress amplitude, 2N is reversals to failure, oy is fatigue strength coefficient and

b is fatigue strength exponent or Basquin’s exponent. Strain base fatigue models are based on
materials response at the hot spots which are important for fatigue life predictions, a very common
method is the Coffin-Manson-Basquin [52] relationship, by assuming that the total strain

amplitude is the sum of the elastic and plastic strain (Equation 4):

Ae  Ae, Ag, .
— = - Equation 4
2 2 * 2 |
And writing the elastic using Hooke’s law and replacing the stress amplitude by the Basquin’s
relation:
de, Ao of .
—f=—__ =_L (2NP Equation 5
2 ~ 25 28 *N)
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Coffin and Manson in 1950s independently found that plastic strain-life (e, — N) data can be
linearized in log-log coordinates as well. Hence, the plastic strain can be related to the life by
power law function:

Aé'p ’ i
- = &t (2Np)© Equation 6

Where A% is plastic strain amplitude, 2N is reversals to failure, & is fatigue ductility coefficient

and c is fatigue ductility exponent. Now the total strain can be related to the life by substituting

the elastic and plastic strain amplitudes form Basquin and Coffin-Manson relations as shown in

Equation 7:

de  Ae, Ag, of :
— =—— 4+ " =2 (2N} "(2N)€ Equation 7
R R G AR ACV

In which the a7, b, &, ¢ are the fatigue properties of the material. This Equation is termed as the
strain-life relation or Coffin-Manson-Basquin relation. At short lives or high strain amplitudes,
plastic strain is predominant, while at longer lives and lower strain amplitude, elastic strain is the

leading component. Figure 29a illustrates the strain-life approach graphically.
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Figure 29 (a) Strain-Life curve showing total, elastic, and plastic strains [53] and (b) Hysteresis and
elastic and plastic strain energies [54]
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Energy-based approach considers the dissipated energy in each cycle for fatigue life perdiction
which is a combination of stresses and strains. On microscopic level, irreversible nature of the
micro-plastic deformation caused by each cycle of loading is associated with the dissipation of
strain energy [53]. The Jahed-Varvani (JV) model [54,55] is a more recent energy-based fatigue
life model. It is analogous to Coffin-Manson as it has the same mathematical form as well as a
distinction between the elastic and plastic components. The total strain energy density can be

defined as:

AE, = AEF + AE, Equation 8

Where AEZ and AE,, are the positive elastic and plastic energy densities associated with the stable
hysteresis loop, respectively (Figure 29b). The elastic component of the equation (fatigue strength)
comes from the relation between the positive elastic energy, calculated from maximum stress and
elastic modulus, and number of reversals.

2
_ Omax

N 1
AE; = | ode, = = Opgrdee = 2E

Equation 9
2

The plastic component of the equation (fatigue toughness) comes from the relation between the
plastic strain energy, which is equal to the area within the hysteresis loop (the gray area in Figure

29b), and number of reversals.

AE, = jgadsp Equation 10

The plastic strain energy density per cycle AE,, has the advantage of being almost constant during
the life under strain-controlled conditions [53]. According to JV formulation the total strain energy

density is related to the fatigue life by the following relationship:

AE, = E;(2Np)B + Ef (2Np)© Equation 11

Where the E; and B are the fatigue strength coefficient and exponent respectively and are found
by the best fit of the elastic energy of the experimental data, Moreover, E¢ and C are the fatigue

toughness coefficient and exponent respectively are found based on the best fit for the plastic
energy and life curve of the experimental data.
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In fracture mechanics the stress intensity factor which is a function of stress and crack/defect length
would be considered as the damage parameter and its value can be related to the crack growth rate

or fatigue life [53]. This research is focused on the strain- and energy-based approaches.

Different modelling approaches has been used for additively manufactured parts and due to
different crack initiation from the surface or process induced defects a general framework has not
been stablished yet in the literature. Most of the published studies has performed stress-controlled
experiments and made a comparison between the as-manufactured and HIPed or surface treated
samples. Basquin’s parameters has been evaluated for these conditions but the stress-based
approach is limited to HCF range and full fatigue properties would not be captured in such

experiments.
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Figure 30 Effect of post treatments (shot peening) on Basquin's curves for AISi10Mg showing decrease in
slope after shot peening (SP) which indicates the fatigue performance improvement [56]

As shown in Figure 30 shot peening has reduced the slope or fatigue strength exponent of
AISi10Mg which indicates improvement of fatigue performance. The inherent drawback of the
stress-based approaches is that they can not be used for the LCF region because of introduction of

plasticity and uncertainty with the definition stress in this region.
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To overcome the aforementioned problem associated with the stress-based models, strain-based
modelling has been used for SS 17-4 LPBFed samples [15]. It has been seen that plastic strains are
orders-of-magnitude smaller than elastic strains for both as-built and heat treated conditions —
independent of building orientation; hence, even at high strain amplitudes, the total strain—life
curves follow the elastic strain—life curves (Figure 31). Due to presence of defects and low ductility

of the samples this conclusion seems reasonable but can not be generalized to all AMed materials.
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Figure 31 Strain—life curves including elastic, plastic and total strain amplitudes of LPBF 17-4 PH SS in
different conditions [15]

Because of the presence of defects a specific type of fracture mechanics approach (Murakami’s
method), which considers the effect of applied stress and size of defects has been used for Ti64
[57]. In this type of modelling fatigue life is related to the stress intensity factor which is defined

as.:
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AK = C X Ao /n\/area Equation 12

where AK is the stress intensity factor (SIF) range, Ao the applied stress range, v area the square
root of the projected area of the pore, and parameter C is 0.5 for internal defects and 0.65 for
surface defects [57].
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Figure 32 Comparison of the Basquin's (a) and Murakami’s (b) methods for Ti64 [57].

For the Basquin’s stress-based modelling different curves are needed for different combinations
of the stress and porosities, as shown in Figure 32a, but for the Murakami’s method one curve
would describe the fatigue behaviour by combining the stress and sizes of defects in one parameter.
Although the Murakami’s approach can predict the fatigue life better in this case but optimising
the AM process parameters to produce full dense parts would be the prior step and finding the
Varea needs advancedimaging techniques such as computed tomography (CT) which are not

widely available in the routine fatigue lab equipment.

Based on the published studies, energy based models such as JV has not been yet widely used for
AM samples and comparison between the accuracy of different models has not been considered
yet. One of the objectives of the proposed research is to study and compare the energy- and strain-

based fatigue modelling approaches for the additively manufactured Hastelloy X.
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2.5 Summary

The fast development and industry’s interest in using AM as an alternative manufacturing process
prevented a detailed characterization of AM and specifically LPBF parts. In addition to lack of a
detailed optimization of manufacturing conditions of LPBF-HX parts, the mechanical responses
of optimized parts under quasi-static and cyclic loading need a delicate attention, which is crucially
helpful later in applying the proper prediction models for life estimation. The ultimate goal of this
research is to identify the role of additive manufacturing process parameters on the mechanical
performance of the samples. After optimizing the parts location, laser scanning speed as an
important process parameter has been selected for such a goal. The effect of laser scanning speed
on the quasi-static response will be evaluated first. An optimum processing window would be
determined for the minimum porosity population or maximum density and maximum tensile
strength. Samples within the optimum window will be printed for evaluating the fatigue
performance. Based on the published studies, energy-based models such as JV has not been used
for AM samples and comparison between the accuracy of different models has not been considered
yet. A comparative study will be performed on the energy- and strain-based fatigue modelling
approaches for the additively manufactured Hastelloy X.

35



Chapter 3

3 On the Effect of Spatter Particles Distribution on the Quality of Hastelloy
X Parts Made by Laser Powder-Bed Fusion Additive Manufacturing

(Published Manuscript, Journal of Manufacturing Processes 37 (2019): 11-20)
3.1 Introduction

Producing complex geometries [1,2], multi-material/functionally graded materials and composites
[3-7,58] are some of the benefits of Additive Manufacturing (AM) over traditional manufacturing
techniques. Among different AM methods for metallic materials, laser powder-bed fusion (LPBF)
has become more common in industry while being used to produce functional parts [9-11]. In
LPBF, a thin layer of powder is spread over the work area followed by the laser irradiation on the
selected area to melt particles based on a sliced CAD model.

Repeatability is one of the main concerns for additively manufactured parts due to changes in
powder-bed compaction density, effective layer thickness etc.[59-61]. LPBF-made parts may not
be replicated with the same process parameters due to the randomly distributed defects [62,63]
formed during the process. These defects are formed mainly due to the disturbances stemmed
from variability in the powder distribution, non-identical laser intensity across the bed, etc. causing
anisotropic properties in mechanical behaviour [50] and roughness [64] of the produced parts.
Mechanical strengths of LPBF-made parts can be related to the density and surface roughness.
Density is a direct measure of porosity while surface roughness plays an important role in the
fatigue life [14]. Mumtaz et al. [64] found that reducing the scanning speed reduces the top surface
roughness but increases the side surface roughness of Inconel 625. In another study, Abele et al.
[65] showed that the contour track can reduce the roughness significantly thus it should be done
after printing the core of the part to avoid collision with recoater in the following recoating step
and other factors such as part distortion should be considered as well. Wang et al. [66] also studied
surface roughness and have concluded that the re-melting of surface layers improves the surface
finish of LPBF-made samples.

The inherent layer melting of the powder bed during LPBF is considered as the main reason for

high side surface roughness in LPBF parts [67,68]. Ejection of large spatters from the melt pool
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contaminate the powder bed where they would adhere to the adjacent particles and borders of the
melt pool leading to rough side surfaces [69]. Based on the experimental observations of the
interaction between the laser beam and metallic powders, formation of metallic vapor in LPBF
seems to be inevitable [70]. This vapor formation has different outcomes with different chamber
pressures. For a low pressure or vacuum situation, the metallic vapor formation may be beneficial
and may reduce particle adhesion because of the denudation of the melt pool from the surrounding
powder particles. However, this denudation creates a powder free region near the free surface of
the part thus decreasing the side surface roughness [71]. On the other hand, for high chamber
pressure, which are common in LPBF, powder particles adjacent to the melt track would be either
attracted to the melt pool through direct contact due to capillary forces or ejected due to the impulse
applied through the highly circulated convective melt pool. Some of these powder particles adhere
to the borders of the current layer of the part cross-section and hence result in an increased side

surface roughness in LPBF-made parts [71-73].

The interaction of highly circulated melt pool with the surrounding particles may create forcing
impulses pushing the particles to eject from the zone. However, it is claimed in the literature that
the presence of vapor pressure is also the main cause of spatter ejection from the melt pool area
[74]. According to Ly et al. [70] spatters can be classified into three main categories: melt pool
splashes, hot and cold ejections. Melt pool splashes are formed when the elongated necked region
of the melt pool thins out enough to overcome the surface tension by its kinetic energy. It should
be noted that the main reason for the formation of the elongated necked region is the depression
of the melt pool caused by the recoil pressure. Hot and cold ejections are however formed by
forcing impulses and when the particles in the induced gas flow reach either the laser irradiating
area thus being heated to form hot ejections or just fly in the gas flow to form cold ejections. There
is also another by-product of the laser powder interaction which is called “condensate” and is
formed due to the condensation of the metallic plume above the melt pool [75]. In this work, all

of these ejections from the melt pool are simply called spatters.

Simonelli [76] studied the formation of spatters for different materials and showed that they are
different from virgin powders in terms of the surface oxide layer and microstructure. Andani et al.
[77] studied the effect of laser power and scanning speed on the spatter formation and showed that

it increases by an increase in the laser input energy, i.e., increasing the power and/or reducing the
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speed. Moreover, their results indicate that the effect of scanning speed is more prominent than
the laser power for spatter generation. Similarly, Anwar and Pham [78,79] have studied the effect
of gas flow direction on the spatter distribution in the powder-bed for AlSi1l0Mg. Their results
show that the spatter particles accumulated in the direction of the gas flow and effected the

mechanical properties of printed parts.

The literature lacks detailed studies on the effects of spatters on the quality of the printed parts.
However, there are several published papers that study the effect of recycled powders on LPBF-
made parts [80,81]. As recycled powders contain spatters, they can be used to study the effect of
spatter on the LPBF-made samples. In contrast to LPBF parts with virgin (fresh) powder, Liu et
al. [82] showed that the use of contaminated (recycled) powders may degrade tensile mechanical
properties of AIS1 316L. In contradiction, Asgari et al. [83] found that the use of recycled powders
does not affect mechanical properties of AISi10Mg printed specimens. However, they have not

considered the surface roughness of LPBF-made parts.

In this paper, a comparative study is conducted on the virgin and spatter powders of Hastelloy X
to study the effect of spatter formation on the quality of produced samples. Chemical composition,
phases, microstructure, morphology and thermal behaviour of virgin and spatter powders are
analyzed followed by the measurement of the surface roughness of the printed parts by non-contact
laser profilometry. It was found that the argon gas flow and the recoater motion direction
synergistically change the powder distribution and produce a spatter rich region at the end side of
the built plate due to accumulated spatters and the parts top surface roughness (Sa) has been
increased from 14.4 to 28 pm in this region.

3.2 Experimental Procedure
3.2.1 Process and Materials

In this work, 16 LPBF-made cubic parts (10x15x30 mm) were manufactured using an EOS M290
(EOS GmbH, Krailling, Germany) equipped with an Ytterbium fiber laser (IPG Photonics, Oxford,
Massachusetts, USA). Commercially available Hastelloy X powder from EOS with an average
powder size of 30 um and particle size distribution of D10 < 15.5 pm, D50 < 29.3 um and D90 <
46.4 um were used to manufacture the LPBF parts. All samples were made with similar processing

parameters (laser power of 200 W, laser velocity of 900 mm/s, layer thickness of 0.06 mm and
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hatching spacing of 0.08 mm without pre/post exposure) using a rotated stripe scanning strategy.
Build plate temperature was maintained at 80°C during the process. After the process, spatter

powders were gathered from around the build plate and above the argon blowers.

3.2.2 Characterization Methods
3.2.2.1 Microstructure and Phase Analysis

A Zeiss ULTRA plus scanning electron microscope (SEM) equipped with energy dispersive
spectroscopy (EDS) detector was used to study the morphology and chemical composition of both
the virgin and spatter powders. To compare the crystallographic phases of the powders X-ray
diffraction (XRD) was performed by Bruker-D8 Discover in the 20 range from 25° to 120°.
Microstructural studies were conducted through polishing the cross section of the powder particles
with standard metallographic practice. The prepared surfaces were etched by Glyceregia [84] for
60 s. Differential scanning calorimetry (DSC) was performed to analyze the thermal behaviour of
spatter and virgin powders using a NETZSCH-STA 449 F1 Jupiter (NETZSCH-Geréatebau GmbH,
Selb, Germany) thermal analyzer from 25 °C to 1500 °C with a heating rate of 10 °C/min in an

argon atmosphere.

3.2.2.2 Density Measurement

Helium pycnometry by a Quantachrome Multipycnometer (Anton Paar, Graz, Austria) was used
to measure the density of the powders. Computed tomography (CT) method using a ZEISS Xradia
520 Versa (ZEISS, Oberkochen, Germany) was used to find the density and porosity of the printed
parts. 3D CT scan was performed at 10 W, 160 kV with an exposure of 3 s per image for a total of
801 2D projections. The 3D images were constructed using a beam hardening constant of 0.05 and

analyzed in Dragonfly 3.1 (Object Research Systems (ORS), Montreal, Canada).

3.2.2.3 Surface Roughness Measurement

Surface roughness (Sa) for the Top, Front and Side of the part as shown in Figure 33b were
measured using a Keyence VK-X250 confocal laser microscope. (Keyence Corporation, Osaka,
Japan). On each surface, nine areas with dimensions of 1500 pum by 1000 um were scanned for
surface roughness measurements. The variation of the surface roughness across the build plate

(Figure 33a) for the Top, Front and Side surfaces (Figure 33b) was studied. Figure 33a shows a
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schematic of the printed parts on the build plate, the direction of the argon flow (from Inlet to
Outlet) and the starting point of moving recoater direction. Figure 33c shows one of the printed
LPBF parts. It should be noted that in Figure 33b, the Top surface corresponds to the surface
parallel to the build plate, whereas the Front and Side of each part correspond to the surface parallel

and perpendicular to the recoater moving direction, respectively.
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Figure 33 (a) Build plate schematic during LPBF showing argon flow, argon inlet/outlet and Recoater
direction (b) Measured surfaces for roughness on the LPBF-made parts (c) Printed part

3.3 Results and Discussion
3.3.1 Powders Characterization

SEM images of virgin and spatter powders are shown in Figure 34a and b, respectively. Virgin
powders are mostly spherical with satellites attached to the powder surface. Clustering and satellite
formation are typical features of powders produced by gas atomization, which is the case for the
current virgin powders. Similarly, the spatter powders are spherical with fewer satellites on their
surfaces but have a larger average size. Figure 34b inset shows a spatter powder of ~100 pm
diameter with smaller particles clustered around it. Even though spatter powders have larger size,
clustering increases their size even further and changes their shape. On the other hand, virgin

powders show a maximum size of around 45 pm (D90 < 46.4 um). It has been shown that spherical
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powders are the best choice from packing and flowability point of view [85]. Several studies in
the literature have shown that the altered aspect ratio affects the flowability and packing of the

powder particles drastically [86,87].

It is imperative that in this study spatter powders (Figure 34b) do not show black regions on their
surfaces. This is an indication of low oxidation during LPBF [76] and higher oxidation resistance
of nickel alloys. Oxides formed on the surface normally change the density of the powders. Helium
pycnometry results on the virgin and spatter powders show the exact same density of 8.29 g/cm3

for both the virgin and spatter powder particles.

Based on the literature [70], larger spatter powders are splashes from the melt pool and spatter
powders with the same size as of the virgin powders could be either melt pool splash or hot/cold
ejections. This size difference could affect the layer thickness (60 pm in this case) irradiated by
the laser. For example, a 100 um spatter formed could increase the actual layer thickness locally
from 60 pm to 160 um. This extra material within the interaction zone results in higher the surface
roughness [45,68,88].

@ - ®)
Figure 34 SEM image of (a) Virgin powder and (b) Spatter powder.

The cross-sectioned microstructure of the virgin and spatter powders are shown in Figure 35. The
virgin powders show finer dendritic microstructure, which is commonly seen in the gas atomized
metallic powders especially with less than 50 um diameter [89]. Fine metallic AM powders,
produced by gas atomizing, undergo high cooling rates after the gas and melt stream interaction
causing dendritic solidification in a multi component alloyed metal (Figure 35a). Unlike, the
spatter powders show equiaxed grains (Figure 35b). This difference in the microstructure is due to

change in cooling rates, temperature gradient and interface velocity, in the gas atomized virgin
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powders leading to a dendritic growth whereas changes in the solidification conditions result in an

equiaxed grains for the spatter powders [33].

In the gas atomization process, a high-speed inert gas goes through the melt stream and creates
turbulence in the melt stream. This process produces separated droplets, which then solidify to
form powder particles. However, in LPBF, droplets, ejected from the melt pool, interact with a
mild gas flow that results in a lower heat dissipating gas flow. In addition, as spatter particles have
a larger size, the accumulated thermal energy in the spatter droplet (right after ejection from the
melt pool) is higher than the equivalent accumulated thermal energy during the atomization of
virgin particles. The combination of high accumulated heat and a lower heat extraction flow results
in changes in the solidification conditions causing equiaxed microstructures in the spatter powder

particles [33].

(a) (b)
Figure 35 The microstructures of (a) virgin powder and (b) spatter powder as revealed by an optical
microscope.

EDS analysis was performed on virgin (Figure 36a) and spatter (Figure 36b) powders to investigate
the effect of laser exposure and remelting during the spatter particles formation on the chemical
composition of the particles. As seen in Figure 36, these two powders show chemically identical
results. It can be concluded that the ejection of droplets from the melt pool does not change the
major alloying elements contents. This is mainly because the process is conducted in an inert

environment.
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Figure 36: EDS analysis for the major alloying elements of (a) Virgin powder and, (b) Spatter powder.

Figure 37 depicts the XRD pattern of the virgin and spatter powders. Results indicate that, as also
seen in the literature [90], the virgin powder contains only face centered cubic (FCC) phase. Based
on the results of EDS, it can be concluded that all the alloying elements formed a uniform solid
solution in Nickel during the atomization process [91]. The XRD pattern of the spatter powder
(Figure 37Db) is the same as that of the virgin powder, which indicates that the spatter particles
formation does not introduce any change in crystallographic phases in the powder. Similar to the
virgin powder, alloying elements in the spatter powder also form a solid solution. Although
different solidification conditions for the virgin and spatter powders lead to different
microstructures (Figure 35), it does not cause considerable segregation or formation of phases

other than the FCC solid solution phase in the spatter powder.
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Figure 37: XRD patterns for (a) Virgin powder and (b) Spatter powder

During the LPBF process, temperature of the powder particle starts from the build plate
temperature (80 °C) and reaches the melting temperature with very high heating rates [5].
Although the heating and cooling rates during the LPBF process [3] are much higher than the
maximum achievable rates in DSC (50 °C/min), a comparative study on thermal behaviour of

virgin and spatter powders can be performed to understand the differences, if any , between these
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powders. The DSC results of virgin and spatter powders are shown in Figure 38. It shows that
there was no considerable change in the DSC curves observed before melting for both powders.
This indicates that the solid solution phase, which formed during solidification, is stable and does
not go through any transformation or decomposition in continuous heating up to the melting point.
Thermograms of these two powders indicate that they have the same melting range between 1350
°C and 1400 °C. In other words, the introduction of spatter powders does not change the overall
thermal behaviour of the build plate. This is an important conclusion because different melting
ranges of virgin and spatter powders could have caused non-uniformities in different forms such
as instability in the melt pool and un-melted zones. These un-melted particles will have an effect
on the mechanical and especially fatigue properties of the printed samples. The effect of un-melted
particles on fatigue properties has been studied as they cause stress concentrations during loading
[15,16,46,92,93]. However, as concluded, having similar thermal properties, the spatter powder
will not cause the aforementioned problems for LPBF.
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Figure 38 Thermograms of virgin and spatter powders.

Results presented in this section show that chemical composition, phases and thermal behaviour
of spatter and virgin powders are similar. However, they are different in their size and

microstructure.

3.3.2 Printed part properties

Figure 39a-c demonstrates the surface roughness on the Top, Side, and Front surfaces of printed

parts. A detailed schematic showing the Top, Side and Front surfaces is shown in Figure 33b. Each
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square in Figure 39 represents the location of the printed part on the build plate and the color
represents the surface roughness on the Top, Side and Front, respectively. As seen, the best surface

is observed in the middle of the build plate for all the surfaces as highlighted by the dashed lines.

Figure 39 shows that the roughness is increased in the argon flow direction and the maximum
roughness is located at the last row. However, the change of roughness in the recoater moving
direction is not significant except for the parts closest to the argon outlet, where an increase in the
surface roughness is observed along the recoater moving direction. By comparing the roughness
values for the two horizontal rows in the middle, other facts can be described better. Firstly, the
middle rows have better surface finish in comparison to the last one. This might be attributed to
the higher population of the spatter powder in the lowest part of the build plate (last row in Figure
39), which increase the average particles size in that region. Secondly, the effect of recoater motion
is more pronounced in this region, where the recoater brushes larger particles during its motion.
The roughness variation for the middle row from right to left (recoater moving direction) is not
considerable, however this variation for the last row is significant, and it is increasing from 14.4
pm to 28 pm.

It is important to analyze the part consistently, as the roughest part may be defined by the worst
surface roughness value across all surfaces, although, some surfaces could be more important than
others due to their functionality that is required for the specific application. Our investigation
reveals that the Top, Front, and Side surfaces show average roughness of 16 um, 22 um and 20
pm, respectively. Therefore, the Top surface shows the best surface finish across the build plate
followed by the Side and Front surfaces. Further, the parts, which have high Top roughness of 28
pm, 21.2 um and 21.6 um (Figure 39) show similar trend of high roughness for the Front and Side

surfaces.
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Figure 39 Surface roughness (Sa ) map of the LPBF-made samples across the build plate on (a) Top (b)
Side, and (c) Front surface.

Higher roughness of the parts in front of the perforated argon inlet (first row in Figure 39) may be
attributed to the instabilities due to the argon flow. The next two rows represent the middle of the
build plate where the argon flow reach a stable condition and hence exhibit the lowest surface
roughness. The printing sequence of these parts was started from the left most part on the last row
while moving in the right direction. The next row was printed in the same order until the right most
part on the first row was printed. Due to this printing order, spatter ejections from all the rows are
deposited on the bare surfaces of the previous rows. It should be noted that as the spatter powders
eject from the melt surface they fly outward in the argon flow direction although, some particles

with higher Kkinetic energy go against the argon flow but due to the opposing drag force, they fall
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very close to the melt pool. This process is shown schematically in Figure 40. Thus, it can be
concluded that most of the spatter particles accumulated near the back (last row in Figure 39) of

the build plate (spatter rich region) whilst a few falls opposite to the argon flow direction.

In this study, all the surfaces undergo the same laser exposure parameters, however, different
regions of the part experience different laser-powder interaction. For example, the Front and Side
surfaces of the part have layer-by-layer roughness development as they are parallel to the build
direction, while the Top surface is perpendicular to the build direction and part of the same layer.
Side surfaces develop surface roughness due to partially melted particles or attached powders due
to surface-powder interaction [45,73]. As spatter rich regions have larger powder sizes, these parts
exhibit high surface roughness on Side surfaces. Several possibilities exist for the Top surfaces.
Firstly, as spatter powders fall on the surface, they could stick to the surface. This would cause
problems in the recoater motion and could even stop the process due to blockage of the recoater.
Secondly, the spatter powder could fall but not bond to the surface. As spatter particle size is bigger
than the defined layer thickness (~100 um compared to 60 pm), they might be swept by the
recoater causing local scratches on the free surface of the build bed. However, if they lay in a
valley [94] on the surface, they will not be swept away and will produce an uneven particle
distribution on the laser interaction area and therefore will affect the applied layer uniformity and

consequently the final part properties [82,95].
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Figure 40 Schematic representation of spatter formation, types and effect on build plate, powder bed and
printed parts
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It is important to study the surface morphology (i.e., the distribution of peaks and valleys) on the
printed parts. The sample with high peaks and similar surface roughness could affect the recoater
motion as well as the part quality, whereas a sample with the same surface roughness but lower
peaks may not affect the recoater motion. Figure 41 shows the surface morphology of the top
surface for some of the LPBF-made samples. The dashed white circles in Figure 41 show the high
peak areas on the top surface. It is observed that the surface morphology changes from a uniform
distribution of low peaks in the middle of the build plate to non-uniform distribution of high peaks
in the spatter rich region. This change from uniform roughness distribution (in the middle of the
build) to non-uniform high peak roughness (in the spatter rich region) is due to the change in the
powder bed characteristics. Accumulation of spatter particles at bottom of the build plate changes
the powder size distribution and increases the average particle size thus the surface roughness of

the printed parts.
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Figure 41 Surface roughness map of Top surface across the build plate

The surface morphologies of the parts are shown in a single 3D image (Figure 42). Each surface
of the 3D object corresponds to a surface of the part and the colors on each surface of the object
represent the heights on all surfaces. Figure 42a shows roughness on a sample in the middle of the
build plate whereas Figure 42b shows a sample in the spatter rich region. It should be noted that
in Figure 42 all surfaces for both samples correspond to the same legend. Results show that the
sample in the middle of build plate (Figure 42a) experiences less roughness on all surfaces.
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Conversely, sample in the spatter rich region (Figure 42b) experiences high roughness on all
surfaces as population and probability of joining big spatter particles to the surfaces is much more
than that for middle of build plate sample. It is important to mention that the Top surface for both
parts show different surface morphology. The Top surface of the rougher part (Figure 42) shows
high peaks, which could have formed due to big-clustered spatter particles sticking on the top
surface. However, surface morphology for smoother part shows a completely different trend,
where small peaks have spread uniformly across the whole surface. Although the Side surface
morphologies show similar trends for both parts, the part built in the spatter rich region shows

higher peaks.
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Figure 42 Surface height map on (a) Sample in the middle of the build plate (b) Sample in spatter rich
region

Discussions from the previous sections show that due to the size and non-uniform distribution of
spatter particles throughout the build plate, the printed parts with the same process parameters
exhibit different surface roughness across build plate. The analysis presented in this study proposes
that this effect is not only limited at the surface but also affects the internal part quality. As the
spatter particles influence each layer, this could affect the part density as well. Simchi et al [96]
and other studies [97-99] have shown that the density of printed parts is inversely proportional to
the layer thickness. As spatter particles increase the overall layer thickness, it is important to
investigate the effects of spatter particles on internal part properties.

To study the effect of spatter particles on part density, Nano-CT was performed on two samples,

one from the middle of the build plate (Figure 43a) and the other from spatter rich region (Figure
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43Db). Figure 43 clearly shows that the part from the spatter rich region shows more porosity than
the part from low spatter region. This proves the hypothesis mentioned earlier that spatter powders
introduce irregularities in the powder layer. Thus, large spatter powders hinder the complete
melting of the powder layer and consequently increase the probability of lack of fusion and pore
formation. It is important to mention that CT scans of these parts shows different pore shapes.
Compared to relatively spherical pores in the middle of the build plate, part printed in the spatter
rich region shows elongated pores with irregular shapes. This shape difference is an indication of
different pore formation mechanisms seen in these parts. Irregular and elongated pores are usually
formed due to incomplete melting and fusion between layers [15]. Due to their size, presence of
spatter particles discourages complete melting, thus causing elongated pores. On the other hand,
spherical pores are an indication of gas pores which could be formed from the gas porosities in the
powders or entrapped gas between them [15].

It is also important to discuss the pore size distribution in these samples. Figure 43 shows that the
part printed in the spatter rich region shows higher pore size (23.8 um) compared to the part printed
in the middle of the build plate (19.9 um). Several studies in the literature [14,45,50,92] have
shown that pores can act as stress concentration points and affect the mechanical properties. In
addition, the bigger pores have a more pronounced effect thus leading to a much lower mechanical
strength [100].
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Figure 43 Computed tomography (CT) results (a) Samples in the middle of the build plate (b) Sample in
the spatter rich region
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3.4 Conclusions

In this work, a systematic study on the virgin and spatter powders has been conducted. In addition,

the effect of spatter powder distribution on the roughness and density of printed parts was studied.

Based on the observed results, the following conclusions are drawn:

1-

2-

Chemical composition, crystallographic phases and thermal behaviour of virgin and spatter
powders are relatively identical.

Virgin and spatter powders exhibit different size distribution. Although the virgin particles
diameter does not exceed 45 pum, the diameter of spatter particles and clusters exceeds 100
pm.

Due to the different formation processes, virgin and spatter powders show different
microstructure. Solidification conditions during the atomization process result in dendritic
solidification structure in the virgin powder, while changes in the temperature gradient and
interface velocity in the spatter powder encourages the formation of equiaxed
microstructure in the large spatter powder.

Argon flow entraps and transports the spatter particles, formed during LPBF, to the bottom
of the build plate, which results in a spatter rich region.

Printed parts in the spatter rich region show higher surface roughness from 14.4 um to 28
pm, whereas the parts printed in the middle of the build plate have a surface roughness
from 12.9 um to 16.8 pum.

Parts printed in spatter rich region have high porosity and therefore lower density. In
addition, the maximum pore size of parts printed in the spatter rich region (23.8 um) is
larger than the maximum pore size of the parts printed in the middle of the build plate (19.9
pm).

Results presented in this study show the effect of spatter particles on part quality. To
achieve maximum part quality, it is recommended to avoid printing in the spatter rich area
(lower 15%) of the build plate. This would ensure consistent part quality and improve
repeatability during LPBF. In addition, results presented in this study highlight the
importance of powder sieving during repeated powder use in powder recycling and

repeatability studies.
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Chapter 4

4  Customizing Mechanical Properties of Additively Manufactured Hastelloy
X Parts by Adjusting Laser Scanning Speed

(Published Manuscript, Journal of Alloys and Compounds 812 (2020): 152097)
4.1 Introduction

As a novel manufacturing process, additive manufacturing (AM) produces parts by depositing a
new layer of powder material on the preceding solidified layer [6]. Laser powder-bed fusion
(LPBF) is one of the main metal AM methods, which is able to produce complex metallic parts
with fine features [101]. Due to the complicated physical phenomena caused during the LPBF
process (laser-powder interactions) [70,72], as well as the numerous process parameters involved
[60,102], fabricating a part with optimum properties is challenging. In addition, the process
parameters are material dependent and therefore add to the complexity of the process optimization
[103-105]. Design of experiments, can be used to reveal the interdependencies of parameters on
part properties; however, it entails extensive datasets that call for many experiments [106]. An
alternative approach for exploring the effect of each process parameter is to focus on a specific
parameter while keeping the other parameters fixed (one-factor-at-a-time or OFAT [107]). This
approach (OFAT) might not result in the optimum parameters but can be used to study the
printability and quality of printed parts with a minimum amount of experiments. In addition, this

approach allows the study of extreme and moderate conditions of a single parameter.

Hastelloy X (HX) is a solid solution strengthened nickel-based superalloy and is widely used in
gas turbine engines and petrochemical reactors [108,109]. Because of its high work hardening
capacity [90,110], machining complex parts out of this alloy is difficult [111]. Owing to the
acceptable laser weldability of HX [112], LPBF, can be considered as an alternative manufacturing
method for this alloy. There are several reports on different aspects of LPBF manufactured HX
parts. Wang et al. [12] reported that the mechanical properties of printed HX parts under quasi-
static loading are independent of the print location on the build plate. The higher strength of
horizontally built samples in comparison to the vertically built sample has been reported by Tomus
et al. [17]. Keshavarzkermani et al. have studied the effect of laser scanning strategies on the

mechanical properties of Hastelloy X LPBF parts. Their results show that the highest strength
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(UTS) was obtained in parts printed with rotation scanning strategy built horizontally [113]. These
reports on LPBF-made HX show that there is variability in the reported values of mechanical
properties in terms of yield strength (450 MPa [48] to 800 MPa [12]) and elongation to failure
(30% [17] to 40% [48]) which could originate from the use of different manufacturing machines,

starting powders, and process parameters.

Despite several reports on mechanical properties of additively manufactured Ni-based superalloys
and specifically HX, there is no systematic study on the tensile response of the as-built parts with
different manufacturing conditions. Knowing that the laser scanning speed (LSS) is one of the
most significant process parameters involved in LPBF, the aim of this study is to explore the effect
of LSS (550 to 2050 mm/s) on the tensile behaviour of LPBF-made HX samples. Therefore,
printed LPBF parts from a wide range of LSS are used to explore the effects of LSS on the part
density, macro and microstructure and corresponding mechanical properties. Results show the
effect of keyhole and lack of fusion porosities on the mechanical response of printed parts at low
and high LSS, respectively. In addition, moderate LSSs (850 to 1300 mm/s) result in high dense
parts with varying mechanical properties due to the microstructural features observed in these

samples.

4.2 Experimental Methods

EOS M290 equipped with a Ytterbium fiber was used for manufacturing the tensile samples
(Figure 44) with three repetitions for each laser scanning speed from Hastelloy X powder supplied
by EOS with powder size of D50 < 30 um [61]. All samples were manufactured vertically with a
laser power of 195 W, the layer thickness of 0.04 mm, hatching spacing of 0.09 mm, 5 mm stripe
width with rotating scanning vectors (67°) in each successive layer, and the build plate temperature
of 80°C. After printing, the samples were cleaned and the 5 mm support structures were removed.
Laser scanning speed was altered from 550 to 2050 mm/s to study its effect on the quasi-static

tensile behaviour of as-built parts.
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(b)

Figure 44 (a) CAD model of tensile sample geometry with dimensions in mm, (b) a typical printed
sample

Instron 8872 servo-hydraulic machine with a load capacity of £25 kN was used for quasi-static
tensile testing under standard laboratory conditions. The tests were performed according to ASTM
E8 standard [114] in the displacement control mode at the rate of 0.45 mm/min. An Instron 2630-

120 extensometer with 8 mm gauge length and £4 mm travel was used.

ZEISS Xradia 520 Versa X-ray computed tomography (CT) was used to find the defects
distribution in the additively manufactured samples. CT scan of 801 2D projections was performed
at 10 W, 160 kV with an exposure time of 1 s per image. A beam hardening constant of 0.05 was

used for re-construction and the 3D images were analysed in Dragonfly 3.1.

Keyence VK-X250 confocal laser microscope was used for optical microscopy. In this work, BD
(Building Direction) cross-section is perpendicular to the building direction and ND (Normal
Direction) cross-section is parallel to the building direction. SiC grinding papers from 320 to 4000
grit sizes were used progressively for grinding and polishing of the cross-sections followed by
polishing with 1 to 0.05 um alumina slurry. The prepared surfaces were etched by Glyceregia [84]
for 40 seconds. For the EBSD analysis, the final surface preparation was done with alumina slurry
and colloidal silica suspension in the vibratory polisher. JEOL7000F scanning electron microscope
(SEM) equipped with an Oxford EBSD detector was used to study the grain structure and
crystallographic texture of the manufactured parts with different laser scanning speeds. AZtecHKL
was used for EBSD data collection and all post processing was performed with HKL Channel 5.
Zeiss 1550 field-emission scanning electron microscope (FE-SEM) was utilized to analyze the

fracture surface.
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4.3 Results and Discussions
4.3.1 Macrostructure and Defects

Optical images of the polished cross-section of fabricated samples at different LSS in BD and ND
cross-sections are displayed in Figure 45. Samples produced with the lowest LSS (550 mm/s-
Figure 45 (a)), shows spherical pores while defects with irregular shapes are present in the highest
speed (2050 mm/s) samples (Figure 45 (e)). On the other hand, samples printed with 850 mm/s
and 1150 mm/s do not show any significant porosities. Different defect shapes indicate different
formation mechanisms for these defects [115,116]. Spherical pores are gas pores which are mainly
produced through the formation of keyhole shaped melt pool [85,117]. Balling effect and
instability in the melt pool may also originate such spherical defects. By decreasing the LSS, a
deeper melt pool forms, where a higher input laser energy is used and a higher recoil pressure
exists, hence, the melting mode may change from conduction to keyhole mode [118,119]. On the
other hand, at the high LSS, the amount of available laser energy for the melt pool formation
decreases significantly. Hence, with the decrease in the melt pool size and keeping the same
hatching distance and layer thickness, the probability of having lack of fusion (LoF) will increase
[119,120]. As indicated by yellow arrows in Figure 45(d), irregular-shaped porosities due to the
LoF are observed at 1300 mm/s. By increasing the speed, the reduction in the laser input energy
results in a narrower melt pool. This narrower melt pool can result in insufficient overlap as the
hatching distance is kept unchanged. As indicated by red arrows in Figure 45 (e), due to the lower
energy input, some un-melted powder particles are trapped inside the irregular lack of fusion
porosities which were not observed with lower LSS. It should be noted that while the LoF defects
have started to form at the speed of 1300 mm/s, the observed YS and UTS is higher than all the

samples studied in this work.

In summary, the gradual increase in the mechanical strength, observed in the 850, 1150 and 1300

samples might be related to the microstructure difference and will be discussed in the next section.
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Figure 45 Macrostructure of BD and ND cross-sections of the samples manufactured with different
laser scanning speed; (a) spherical keyhole gas pores, (b & ¢) close to fully dense condition, (d) sharp
end porosities shown by yellow arrows, (e) LoF and unmelted shown by red arrows

A wide region X-ray CT analysis was also performed to study the defect morphology and
distributions as shown in Figure 46a-b for samples manufactured with the LSS of 550 mm/s and
2050 mm/s respectively. The relative calculated densities from CT measurements were 98% and
96% for the 550 mm/s and 2050 mm/s samples, respectively. To visualize the difference between
the size and shapes of the defects, only those defects that are larger than 60% of the maximum
defect size are shown in the 3D reconstructed CT images. As the size of the keyhole pores is
restricted by the melt pool size (~100 um), LoF defects could have a much larger size. It should
be noted that the LoF defects (in the range of 110 to 190 um) observed in this work do have a
much bigger size in comparison with the keyhole porosities (in the range of 50 to 80 um). Due to
the difference in pore size, keyhole and LoF porosities present different effective cross-sectional
areas under tensile loading. This difference in load bearing cross-sectional area in these samples
could affect the tensile response of these samples and is discussed below. Each pore and defect
reduces the effective cross-section and increase the local stress in comparison to the nominal
engineering stress, which is calculated based on the defect free cross-section assumption [15].
Moreover, the shape of these defects will directly influence the stress concentration. The keyhole
porosities and irregular LoF defects in this study are similar to circular holes and sharp notches
inside an infinite plate, respectively. In an elastic body, the stress concentration factor for circular
holes is three and for sharp tip notches inside an infinite plate is infinite [43,121]. Stress
concentration at the root and constrained deformation around it results in stress triaxiality and high

local stresses near the defects, causing high local deformation in these areas [121,122].
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Consequently void growths and coalescences will be accelerated [123]. Therefore, the existence

of keyhole and LoF defects should result in overall reduced ductility [124].
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Figure 46 CT images of the samples manufactured with the extreme laser scanning speeds showing the
process-induced defects. For clarity, only defects larger than 60% of the largest defect are shown in
each case.

4.3.2 Microstructural Characterization

To investigate the effects of microstructure and separate it form the effects of defects the
microstructural analysis was only performed on the low porosity samples printed with the LSS of
850, 1150 and 1300 mm/s. EBSD inverse pole figure (IPF) maps on the BD and ND cross-sections
are shown in Figure 47. As illustrated in Figure 47 (a), (d) and (g), the morphology of grains in the
ND cross-section is columnar for all three velocities. Columnar morphology is due to the epitaxial
grain growth and directional heat transfer through the previously printed solid substrate and is
widely observed for several printed LPBF materials [17,32,40,125]. These columnar grains are
filled with a fine cellular structure for Hastelloy X due to the high solidification and cooling rates
involved in the LPBF process [17]. On the other hand, the IPF map for the BD cross-section shows
almost equiaxed grain morphology without having any unique preferred growth orientation in
different successive layers (Figure 47 (c), (f) and (i)). This is attributed to the rotating main heat
flow direction. IPF maps in Figure 47 show that the grain size is decreasing by increasing the LSS.

A more detailed analysis on the effect of grain size is presented below.
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Pole-figures from ND cross-sections are shown in Figure 47 (b), (e) and (h) for 850, 1150 and
1300 mm/s LSS, respectively. By increasing the LSS, the number of mapped grains increases
because of the smaller grain size, which shows the presence of a more uniform texture, i.e. lower
multiple of random distribution (MRD) values, in comparison with the samples produced with the
lower LSS, i.e., Figure 47 (b) vs. Figure 47 (h). The lack of specific crystallographic texture is
related to the rotation of laser scanning vectors by 67° in each successive layer, which disturbs the
in-plane heat flow directions preventing the formation of strong textures in the as-built condition.
Similar findings are reported for Hastelloy X and other Ni-based superalloys printed by LPBF
[17].
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Figure 47 EBSD IPF maps including grain boundaries for ND, BD samples manufactured with laser scanning
speed of (a), (c) 850; (d), (f) 1150; and (g), (i) 1300 mm/s showing the grain refinement as a function of LSS.
Also, pole figures displayed from ND cross-sections of samples manufactured with (b) 850, (e) 1150, (h) 1300
mm/s showing random texture of the as-built material.
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4.3.3 Quasi-Static Behaviour

Figure 48 (a) demonstrates the typical engineering stress-strain curves which are obtained from
quasi-static uniaxial tensile tests for the as-built samples manufactured with different laser
scanning speeds. The Young’s modulus was found to be 153 &+ 5.5 GPa and is independent of the
LSS. The results in Figure 48 demonstrate that the mechanical properties of the additively
manufactured parts is strongly influenced by the process parameters. Starting from the minimum
LSS of 550 mm/s, by increasing the LSS, the yield strength (YS), ultimate tensile strength (UTS),
and percentage elongation at the fracture or fracture strain (FS) go through an increase followed
by a decrease as shown in Figure 48 (b). The maximum ductility, i.e., the fracture strain of 65%
corresponds to the samples produced by scanning speed of 850 mm/s. The highest strength is
related to the samples produced at 1300 mm/s with YS and UTS values of 489 and 706 MPa,
respectively. High fracture strain values except for the samples printed with high speeds reveals
ductile behaviour which has been reported in previous studies [17,48]. Moreover, results presented
in Figure 48 suggest that it is possible to produce additively manufactured parts possessing desired
and/or designed mechanical properties. Controlling the mechanical properties of LPBF parts has
been studied previously for build orientation [50,126,127], scanning strategy [128,129], layer
thickness [126], hatch spacing [105], and laser speed [130]. The results of this study (Figure 48)
also show that tensile properties in terms of strength and ductility could be greatly affected by the
LSS. This will help designers and manufacturers to produce a part not only based on the structural

requirements, but also the desired microstructure as well.
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Figure 48 (a) Engineering stress—strain curves, (b) Variation of the yield strength (YS), UTS, and
Fracture Strain of LPBF processed Hastelloy X samples at the laser power of 195 W with different
laser scanning speed.

4.3.4 Grain Refinement Mechanism and Hall-Petch Relationship

By reducing the input energy via increasing the LSS, the size of the melt pool decreases that
eventually results in lack of fusion. The melt pool size reduction means that there is less volume
available for grains to grow, hence the grain size reduction is expected to occur. Further analysis
of the grain morphologies, as shown in Figure 49, reveals that the melt pool size reduction is not
the only possible mechanism for finer grains at the higher LSS. The random color mapping images
of the detected grains form EBSD analysis in the ND cross-sections are shown in Figure 49 (a)-
(c). As shown by dashed white circles, there are specific regions in the microstructure, which the
columnar grain morphology is disturbed and changed toward the equiaxed microstructure. By
increasing the LSS, the number of agglomerated equiaxed grain structure, denoted by the dashed
circles, have increased significantly. This change in columnar grain morphology is related to the
cease of epitaxial grain growth under the high LSS condition. By increasing the LSS, the heat input
for melting of the powder-bed and re-melting the previous printed layer is decreased and the
chance of entrapment of partially melted particles (PMP) in the melt pool increases [131]. These
PMPs will act as inoculants inside the melt pool, introducing random grain orientations to the
microstructure. Therefore, a significant grain refinement may happen due to nucleation and
introduction of new grains. Moreover, the introduction of these new grains explains the random
textures observed in the as-built condition. Previously, Cunningham et al. [119] has reported that
this partially melted particle at the wake of the melt track are the main sources for small gas

porosities in the as-built additively manufactured parts.
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Figure 49 Random color mapping of ND cross-section grains for samples manufactured with the speed
of (a) 850, (b) 1150, (c) 1300 mm/s and (d) yield stress (0.2% offset) vs. the reciprocal square root of
the grain diameter. Dashed white circles show the PMP which act as nucleation sites for new grains.

To study the validity of the Hall-Petch relationship for the LPBF-made samples, the grains size
analysis has been performed on the IPF maps. To measure the grain size, ECD (equivalent circle
diameter) has been calculated for each sample in the ND and BD cross-sections (Table 3). Based
on ASTM E-112 [132], the average grains size for an elongated grain morphology (such as the
columnar grain morphology observed in LPBF parts), can be calculated from the geometric
average of the grain sizes in three perpendicular planes. In this study, due to the rotational scanning
strategy, all planes parallel to the building directions (ND planes) are assumed to show similar
microstructures, hence, ND cross-section has been used for two of the three perpendicular planes.
Therefore, the average grains size (Daverage) Was calculated according to:
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1
DAverage = (DND X Dyp X DBD) /3
Equation 13

where Dgp and Dnp are the grain sizes in the BD and ND cross-sections, respectively. It is observed
(Table 1) that by increasing the LSS, the average grain size decreases from 136 um for the samples
printed with 850 mm/s LSS to 51 pum for the samples manufactured with the LSS of 1300 mm/s.

Table 3 Diameter of grains at ND and BD cross-sections, and average grain diameter at different LSS values

Laser scanning Speed

Dnp (Hm) Dep (Hm) Daverage (UM)
(mm/s)
850 169.5 87 136
1150 95.2 415 72
1300 59.1 38 51

Yield strength (YS) and other mechanical properties could be related to the grain size via Hall-

Petch relationship:
YS = o; + kD7%® Equation 14

where o; is friction stress which represents the overall resistance of the crystal lattice to movement
of dislocations and is related to the strengthening mechanisms such as solid solution strengthening
and precipitation hardening, k is the locking parameter which demonstrates the relative hardening
influence of grain boundaries and D is average grain diameter [43]. The results of fitting Hall-
Petch relationship to the observed experimental values of the current study are shown in Figure 49
(d). For pure nickel, the friction stress and locking parameters have been reported to be 20 MPa
and 0.16 MPa.m0.5, respectively [133,134], which are significantly lower than the parameters
calculated in this study, i.e., 365 MPa for o;and 0.88 MPa.m0.5 for k. Higher Hall-Petch
coefficients of HX in comparison to pure nickel is obviously related to the effect of alloying
elements. In other words, there are two important facts, which need to be taken into consideration

here. Firstly, higher values of friction stress (o;) for the LPBF-made Hastelloy X parts is related
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to the super-saturated Ni-base y matrix generated by solute trapping of alloying elements during
rapid solidification of the LPBF process [36,37,135]. A higher friction stress shows that solid
solution strengthening is the major strengthening mechanism in the LPBF-made HX parts. On the
other hand, the locking parameter of the alloy is higher than the pure nickel, which shows the
effectiveness of grain boundaries in making dislocations movements more difficult and its
additional increase of strength in comparison to the solid solution strengthening. Moreover, the
locking parameter is higher than the severely deformed C-2000 Nickel alloy [134], which means
that in as-built samples fine cellular structure and high dislocation density or high residual stress
are acting synergistically to yield at high strength. Secondly, it could be concluded that the match
with Hall-Petch relationship (R? = 0.99) is an indicator that the major strengthening mechanisms
are solid solution strengthening and the grain boundary effect. It is more validated by the fact that
other common strengthening mechanisms such as precipitation hardening are not present in
Hastelloy X due to lack of precipitate forming elements such as Al and Ti [21,24,25]. It should be
noted that the effect of solid solution strengthening is similar in the samples tested in the low
porosity range and the main difference between these samples is the grains size. Moreover, this
match could be due to a low number of data points, which have been used for fitting the Hall-Petch
to the grain sizes of this study. Similar results have been obtained for pure iron samples produced
by LPBF [130], where the effect of grains size was more significant than other strengthening

mechanisms.

4.35 Fracture Surface

Figure 50 shows the fracture surface of the as-built samples manufactured with different LSS after
tensile tests. The fracture surface of the samples fabricated by LSS of 550 mm/s shows keyhole
porosities (Figure 50 (a), (b)). Insert of Figure 50 (a) shows the fracture surface of the sample at a
higher magnification displaying pores coalescence. This phenomenon will increase the rate of
cross-section reduction and local stresses simultaneously. Both of these effects will lead to a low
ductility and low strength at the speed of 550 mm/s, since strength is calculated based on the
assumption of defect free cross-section. The stress concentration near the pores and thin walls
between them will result in stress triaxiality [43,121] and severe local deformation (Figure 50 (b)).
Therefore, a premature necking or low elongation occurs at very high or low LSS values as shown

in Figure 48.
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Figure 50 Fracture surface of the tensile samples manufactured with (a), (b) 550 showing the keyhole
porosities and void coalescence; and (c), (d) 850mm/s showing a gas porosity surrounded by dimple
(c) and dimple-like fracture surface morphology of ductile fracture (d).

High elongation to fracture in nearly full dense parts (produced by 850, 1150 and 1300 mm/s) was
found to be associated with the necking behaviour and cup and cone fracture. The observed fracture
surface for all three samples was covered with dimples, an attribute of ductile fracture (Figure 50
(d)). The insert of Figure 50 (c) shows a gas porosity surrounded by a dimpled fracture surface.
The size of the dimples, which are formed due to micro-void coalescence, is less than 2 um, while
the gas pores are around 8 pm in the sample produced by LSS of 850 mm/s; both of which are far

away in size from 50-70 um keyhole pores in fracture surface of the 550 mm/s sample.

The fracture surface of the 1150 mm/s sample, Figure 51 (a), is similar to the 850 mm/s sample
with larger size pores as shown in Figure 51 (a) insert. Figure 51 (b) shows the fracture surface of
the 1300 mm/s sample, where the small LoFs and unmelted particles are highlighted by blue arrows
in the insert. Due to the excessive LoF, 2050 mm/s samples show unmelted particles and unmelted
regions (as shown in the insert) at the fracture surface (Figure 51 (c)). These unmelted regions are
formed due to insufficient heat flux for remelting of the previous layer and indicate that the
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successive layers are not well-bonded to the prior ones, leading to the reduced load-bearing
capacity observed in the uniaxial tensile results (Figure 51 (c)). In addition to that, the irregular
shape and large size of LoF defects increases the stress concentration factor and the premature

failure, which result in a sharp decrease in the fracture strain and UTS (Figure 48).

Figure 51 Fracture surface of the tensile samples manufactured with (a) 1150, showing similar
morphology to 850; (b) 1300 showing presence of unmelted particles and small Lof depicted by blue
arrows; and (c) 2050 mm/s showing excessive Lof and unmelted particles on the fracture surface.

4.4 Conclusion

In this study, the effects of laser scanning speed (LSS) on the microstructure and quasi-static
uniaxial tensile properties of Hastelloy X samples manufactured by LPBF were investigated. The

important conclusions are as follows:

1- No major porosities were observed in the 850, 1150 and 1300 samples while keyhole and lack
of fusion porosities were observed in the 550 mm/s and 2050 mm/s samples, respectively.
Compared to samples with highest strength (1300 mm/s) presence of keyhole (550 mm/s) and lack
of fusion (2050 mm/s) resulted in reduction of UTS by 12% and 35% respectively. Similarly,
compared to the sample with highest ductility (850 mm/s), 550 and 2050 mm/s samples show a

reduction of 26% and 88% respectively.

2- A decrease in the average grain size from 136 to 51 um is observed in the samples printed with
the LSS of 850 mm/s and 1300 mm/s respectively. This resulted in an increase in mechanical
strength due to grain refinement caused by smaller melt pools and an increase in partially melted
particles (PMP).
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3- Analysis of pole figures obtained from the ND cross-section of 850, 1150 and 1300 mm/s
samples shows random texture due to the rotation of laser scanning vectors and presence of PMPs.
Rotation of laser scanning vectors results in the change of in-plane heat flow direction in each

successive layer while PMP particles introduced new random orientations during solidification.

4- Grain size results show that the yield strength can be predicted as a function of the grain size by
using the Hall-Petch relationship. This is due to the solid solution strengthening and grain
refinement observed in the as-built LPBF-made HX samples. However, this is not applicable for

samples with keyhole and lack of fusion defects.
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Chapter 5

5 On the Effect of Laser Powder-Bed Fusion Process Parameters on Quasi-
Static and Fatigue Behaviour of Hastelloy X: A Microstructure/Defect
Interaction Study

(Published Manuscript, Additive Manufacturing 38 (2021): 101805.)
5.1 Introduction

Additive manufacturing (AM) provides a unique design freedom for engineers and material
scientists [6,136]. In the laser powder-bed fusion (LPBF) process the fast heating and cooling rates
result in non-equilibrium microstructure and control the local and global texture and grain structure
of the sample [32,131,137]. However, LPBF parts may be susceptible to manufacturing defects
[61,115,138,139] where these defects can drastically affect the part performance under real-life
applications [140,141]. The defects can be controlled and minimized by process parameter
optimization to achieve defect-free parts [142,143]. Furthermore, the process parameter
optimization can facilitate the fabrication of defect-free parts with anisotropic mechanical
responses [144,145]. Hence, a thorough investigation of mechanical properties is indispensable

before adapting LPBF parts for real-life load carrying applications.

LPBF samples exhibit superior quasi-static strength compared to the conventionally manufactured
(CM) samples that could be attributed to the non-equilibrium resultant microstructure [146,147].
High dislocation density and fine cellular solidification structure of as-built LPBF samples are the
main reasons for higher yield strength compared to CM samples under quasi-static loading
[41,148]. Moreover, Montero-Sistiaga et al. [149] observed a significant reduction in elongation
due to carbide formation while testing LPBF-HX at 750 °C and the effect of heat treatment on the
decreasing the decay of the high temperature elongation. Tomus et al. [150] reported that the
cracking propensity of the LPBF-HX is indeendant of the Mn concentration while the cracking
propensity could be decreased by lowering the percentage of Si and C. It should be mentioned that
the cracking in the as-built samples is highly dependent on the powder supplier (powder
chemistry), the equipment used, and the selection of the process parameters. However, the
manufacturing defects (relatively high surface roughness and porosities) can affect the tensile
behaviour. Rosenthal et al. [151] have shown that a high surface roughness will not change the
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strength, however, it can reduce the fracture strain whereas the uniform elongation remains
unchanged. A similar effect has been reported by Fadida [152,153] indicating that the source of
such anomaly is internal porosities with different sizes. Also, the anisotropic properties of the
samples printed in different orientation are inherent to the LPBF process and is a direct result of
directionally built microstructure [145,154]. Resultant anisotropy is a major challenge while
dealing with complex parts where the local mechanical properties would be different. Although
the quasi-static performance of the LPBF-made coupons shows promising results, most of the
mechanical failures in components and structures are due to fatigue [155]. Therefore, investigating
the part performance under fluctuating loads is a crucial step before the wide acceptance of LPBF-

made parts in industrial applications.

The literature on fatigue performance of LPBF samples covers various aspects, e.g. effects of
porosities, surface roughness, part orientation, and heat treatment [156-159]. Significant features
of these samples affecting the fatigue response are distinct in high cycle fatigue (HCF) and low
cycle fatigue (LCF) regions [14,46,160]. In the LCF regions, plasticity and induced damage due
to cyclic hysteresis play an important role. Leuders et al. reported that heat treatment reduces LCF
response by reduction of the material's strength and increasing the induced plasticity [49]. On the
other hand, defects such as porosities and surface roughness due to their stress riser effects are
dominant in HCF [161-163]. It has been shown by Ellyson et al. [164] that hot isostatic pressing
(HIP) increases the HCF life significantly due to pores elimination. There have been some
investigations on the fatigue behaviour of LPBF-HX. Wang et al. [12,165] studied the effect of
part orientation on the four-point bending fatigue tests and observed similar behaviour in vertical
and horizontal samples. Han et al. [48] investigated the effect of hot isostatic pressing (HIP) on
the room temperature fatigue behaviour of HX after machining. They reported that HIPed samples
have superior fatigue performance compared to the as-built samples, due to the closure of internal
porosities and residual stress relief. Montero-Sistiaga et al. [166] tested the micro-crack free
Hastelloy X flat machined samples under reverse loading condition and observed a large scatter in
the experimental fatigue lives due to presence of lack of fusion defects.

Lack of systematic analysis on the fatigue response of as-fabricated LPBF parts with different
manufacturing parameters in the optimized process window has led to the current investigation.

Most of the fatigue studies on LPBF-made samples have been performed under a single set of
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processing conditions [16,167] or in a way, in which sample internal/external defects are not
comparable [46,168]. This study aims to investigate the effect of process parameters on fatigue
behaviour of as-built Hastelloy X (HX) LPBF-made parts without any post-processing (surface or
heat treatment). Two LPBF conditions with high and low laser scanning speeds are selected in the
optimum process window based on a previous study by the authors [144]. These process
parameters resulted in samples with the same porosity level (nearly full-dense parts) but a distinct
tensile response which is due to the difference in the microstructure. Stress-controlled fatigue tests
under axial load have been performed on the samples at various stress levels to cover both HCF
and LCF regions. Stress-strain response was measured throughout the tests to obtain transient and
stabilized behaviour. Also, microstructural and fracture surface investigations, as well as porosity
and surface profile measurements, were made to characterize the failures in LCF and HCF regions.
Finally, a correlation between the process parameters and the fatigue life is established that can be
utilized for AM design.

5.2 Material and Experimental Procedure

5.2.1 Sample Fabrication

EOS Hastelloy X gas-atomized powder (Table 4 [131]) with a D10, Dso, and Dgo of 15.5 um, 30 pm
and 46.4 pum respectively was used with EOS M290 laser powder-bed fusion system to fabricate

test samples under argon atmosphere with the build plate temperature of 80°C.

Table 4 Nominal chemical composition (in wt.%) of Hastelloy X gas-atomized powder used for LPBF.

Ti Al Cu Mn Si C Co W Mo Fe Cr Ni
<0.15 <05 <0.5 <1 <1 <0.1 15+1 06+04 9+1 185+ 1.5 21.75+1.25 balance

Samples with the same geometries were used for both tensile and fatigue testing (Figure 52a).
Process parameters were selected based on the authors’ previous study [144] and are shown in
Table 5. Samples were manufactured vertically where the loading direction in mechanical testing
was the same as the building direction. Samples with higher LSS are called H-LSS and the other

samples are called L-LSS, hereafter.
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Table 5 LPBF process parameters used for printing tensile and fatigue samples.

Sample ID
Parameter L-LSS H-LSS
Laser Power (W) 195 195
Laser Scanning Speed
850 1150
(mm/s)
Hatching Distance (mm) 0.09 0.09
Layer Thickness (mm) 0.04 0.04
) Stripes with 67° Stripes with 67°
Scanning Strategy ] ]
Rotation Rotation

5.2.2 Microstructure and Fracture Surface Characterization

Cross-sections were taken from the testing coupons before mechanical testing and cross-sections
perpendicular to building direction (BD) are called BD and cross-section parallel to the BD is
called normal direction (ND). Standard metallographic grinding and polishing procedures were
followed using progressively SiC grinding papers from 80 to 2500 grit sizes then for the final
polishing 1 to 0.05 um alumina slurry was applied. Electron backscatter diffraction (EBSD)
analysis was performed by JEOL7000F scanning electron microscope (SEM) with an Oxford
EBSD detector for microstructural investigations. For EBSD data collection and post-processing
AZtecHKL software and HKL Channel 5 software were used. Fracture surface investigations were
performed using TESCAN VEGAS scanning electron microscope (SEM).

5.2.3 Mechanical Testing

Quasi-static tensile and fatigue testing were performed by the Instron 8872 servo-hydraulic
machine under standard laboratory conditions. Tensile tests in the displacement control mode with
the cross-head speed of 0.45 mm/min were performed according to the ASTM E8 standard [114]
and repeated for three samples at each manufacturing condition. For the strain measurements,
Instron 2630-120 extensometer with 50% strain limit was utilized. Tension-Tension fatigue

experiments were performed under stress (load)-controlled conditions with stress ratio, R =

Smi”/ Spax = 0.1, where S,,;, and S,,, 4, are minimum and maximum stresses, respectively [169].
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Randomized sample selection and testing sequence were followed to avoid bias in the experimental
results. Three replicates were tested at each stress level for repeatability and statistical analysis for
each manufacturing condition. Therefore, 12 samples for each LSS (total of 24 samples) were
tested to obtain the finite life fatigue curve. Two stress levels, i.e. S,,,4, = 550 and 625 MPa were
selected to cover the LCF region of the stress-life (S-N) curve and two S,,,,, levels below the yield
stress, S;ax = 350 (~75% of the YS) and 200 (~45% of the YS) MPa, were chosen to study the
fatigue response in HCF region. A test frequency of 0.1 Hz was used for capturing the primary
transient behaviour and then increased to 10 Hz until the final fracture. An Instron 2620-603
extensometer with 10% strain limit was used for strain measurement in fatigue tests. The Locati
step-loading method with progressively-increasing loads [170,171] was used to obtain the fatigue
limit. In the step-loading procedure, the specimen should not fail at 107 cycles for selected initial
stress. After the first 107 cycles, stress was raised to the next level by the stress step of 20 MPa
while maintaining the constant stress ratio (R). This procedure is repeated on the same specimen
until failure occurs as shown in Figure 52. The step-loading test procedure was performed on five
samples with test frequency of 50 Hz in each of the H-LSS and L-LSS manufacturing conditions
(total of 10 samples) and the initial stress for the following samples was selected by two stress
steps below the failure stress of the preceding samples. The fatigue limit at 107 was then
determined by [172]:

N .
Se = So + A5 x — Equation 15
Ng
where S, is the fatigue limit (MPa), S, is the maximum stress of the loading block prior to the
failure block, AS is the stress step, Ngg is the number of cycles in the failure block and Ny is the

defined cyclic life (107 in the current study).
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Figure 52 (a) Sample geometry used for the tensile and fatigue tests [144] (b) Schematic diagram of the
Locati Step-Loading procedure.

5.2.4 Density and Surface Profilometry

The as-built cylindrical gauge length (Figure 52a) parallel to the building direction was
characterized via laser confocal microscopy (Keyence VKX250). Scanning lines of ~1500 pm
were scanned for every part, using a z-axis resolution of 1 um.. The surface profile was measured
at multiple sections near the middle of gauge length. The surface profile for each sample was
measured at three different locations by rotating the sample by 120° to offset any effects of the
surface orientation with respect to the powder recoating or gas flow directions and Ry which is the
maximum profile valley depth along the sampling length was extracted for each measurement. To
study the porosity distribution, ZEISS Xradia 520 Versa X-ray computed tomography (CT) was
employed on the gauge length of 3 mechnical coupons at each manufacturing condition by
scanning 801 2D projections at 10 W, 160 kV with an exposure time of 1 s at a resolution of 10
pum. Commercial software Dragonfly 3.1 was used for analyzing the 3D reconstructed images
[115].

5.3 Results and Discussion

5.3.1 Microstructural Investigations

Rapid thermal cycles and high remelting/resolidification of previously solidified metal during
depositing successive layers result in non-equilibrium microstructures in as-built LPBF structures

[144,145,147,173]. As shown in Figure 53, columnar grains elongated along the building direction
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are the consequences of epitaxial growth from the solidified substrate and directional heat flow
because of the heat sink effect of the substrate [147]. Keshavarzkermani et al. [131] have shown
that cellular solidification structures exist inside these columnar grains due to the high cooling rate.
Three-dimensional representation of the microstructure reveals different grain morphologies
(columnar vs. equiaxed) at different cross-sections (Figure 53). Similar grain morphology with
columnar structure is observed in all the ND cross-sections due to the rotational scanning strategy.
Sanchez-Mata et al. [174] have reported that the columnar grain morphology is sustained even
after heat treatment at 1177 °C for 1 hour. Figure 53 shows that by increasing the LSS, grain size
has decreased due to the smaller melt pool size. A smaller melt pool (H-LSS: Width =110 £ 5 pum,
Depth =60 + 4 um and L-LSS: Width = 127 = 4 um, Depth = 73 £ 3 um [131,147]) confines the
grain growth while the reduction in energy deposited at higher LSS results in a higher probability
of partially melted particles (PMP) which act as inoculants during solidification resulting in a finer
grain structure [131,144]. Generally, fine-grained alloys show superior performance under loading
due to more restricted dislocation motion. Rotation scanning strategy alters the in-plane heat flow
pattern in each successive layer. Therefore, it prevents the formation of a strong dominant
crystallographic texture in the as-built condition [144].Comparing the BD and ND pole figures
from the H-LSS and L-LSS samples shows lack of dominant texture component in the H-LSS

sample due to the participation of more grains in pole figure construction (Figure 53).
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Figure 53 3D representation of the microstructure at different cross-sections and pole figures for different

LSSs (a) L-LSS, (b) H-LSS showing columnar grain structure, and randomized texture.

5.3.2 Density and Surface Profilometry

Several studies have shown that the quasi-static behaviour of LPBF parts is not influenced by
porosities and surface roughness (within a certain range) [153,175]. However, their effect on
fatigue behaviour has been studied extensively by several researchers [158,161,162,168]. The
density and roughness results of the samples manufactured with different processing conditions
are shown in Figure 54. X-Ray CT results of the whole gauge length show similar porosity levels
of these parts with different LSSs (Figure 54a). The pores are distributed uniformly throughout the
height of the samples. Figure 54b shows the pore size distribution in the gauge length of the
mechanical testing coupon. The results clearly show that altering the LSS does not result in a
drastic change in overall porosities or their distribution. Therefore, any differences in the quasi-
static or cyclic response observed between the H-LSS and L-LSS samples cannot be attributed to

the porosity of the samples.
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Figure 54 Porosity and surface profile measurements (a) X-Ray Computed tomography images showing
pores distribution through the gauge length of the samples, (b) Pores size distribution and (c) Surface

profiles of the as-built surfaces.

It is well known that surface roughness plays an important role in fatigue response, particularly in
the HCF region [52]. Even starting from a smooth machined surface finish, the intrusions and
extrusions can occur during cyclic loading, which leads to fatigue crack initiation due to stress
concentration and excessive slip activity at their tips [121,176]. The surface finish of the LPBF
parts in the as-fabricated condition is comparable to the sand cast samples and inferior to the
machined and post-processed conditions [177,178]. The surface profiles of the samples printed
with different LSSs are shown in Figure 54c. Powder-bed particles are carried out toward and
attach to the tail of melt pools, while the part is buried in the surrounding powder-bed, by the argon
flow from the inlet or by the inward gas flow associated with vapor jet due to the Bernoulli effect
[115,131] and form partially fused particles (PFPs) to the surface. These PFPs attach to the surface
and prevents the formation of a smooth surface finish of the LPBF parts [179]. Results in the
literature show that increasing the LSS leads to higher surface roughness [180,181]. Figure 54c
illustrates that the surface profile of the L-LSS sample is smoother than the H-LSS sample with

shallower valleys. The waviness of the surface profile is decreased by decreasing the LSS. In
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addition, the depth of deepest valleys, Ry, in the H-LSS and L-LSS samples was found to be 55 +
5 um and 30 £ 4 um respectively. Therefore, a higher stress concentration is expected for samples

printed with higher laser scanning speed due to deeper surface valleys.

5.3.3 Quasi-Static Response

The engineering stress-strain curve of the tensile coupons is shown in Figure 55a. Samples printed
with H-LSS demonstrate higher yield strength (YS) and ultimate tensile strength (UTS) than the
L-LSS samples. As shown in Figure 53, this difference is related to the finer grain size of the
samples manufactured with the higher LSSs [40,144]. A smaller grain size due to H-LSS results
in superior YS according to the Hall-Petch relationship. In other words, in solid solution
strengthened alloys, such as Hastelloy X, grain boundaries can act as an extra strengthening
mechanism by retarding the dislocation movement at room temperature [144]. As shown by other
researchers [152,182], while investigating the samples in nearly full dense process window, the
effects of defects such as porosity and surface roughness on the tensile response are negligible. It
should be noted that the YS of nearly full dense LPBF samples is higher than conventionally
manufactured (CM) Hastelloy X, 440 MPa for L-LSS and 470 MPa for H-LSS vs. ~350 MPa
[183], respectively.
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Figure 55 Quasi-static tensile response (a) Engineering stress-strain curves and (b) Strain hardening rate

variation by true strain.

Figure 55b shows the corresponding strain hardening rate (0) vs. true strain responses of the tested
samples at different LSSs. For face-centered cubic (FCC) alloys with medium stacking fault

energy (SFE) such as Hastelloy X and IN625, the strain rate hardening curve consists of four
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different stages, i.e. A, B, C and D as discussed by Behjati [184] and captured in compression
testing. In the present study (Figure 55b) stage D was not observed because of the necking in the
sample and non-uniform strain distribution in the gauge length. A similar behaviour has also been
observed in stainless steel 316L [185] due to twinning because of its low SFE. Cross-slip of
dislocations could be the main reason for the decrease in the strain hardening rate during stage A.
The initiation of stage B is the result of Lomer-Cottrell (LC) locks for medium SFE superalloys
[184]. By further straining of the sample, dislocation density is increased with more possibility of
formation of Lomer-Cottrell (LC) locks. These LC locks prevent the glide of mobile dislocations
and this hinders the falling trend of the strain rate hardening. By receiving high enough stress at
higher strains through further deformation, these partials can overcome the barriers, such as the

lattice frictional stress and the LC locks, resulting in a reduction in 6 (stage C).

Finer grain size, obtained at lower laser energies in the current study, lead to higher overall strain
hardening rates of the H-LSS samples (Figure 55b). The commencement of stage B for H-LSS
samples happens at higher 0 because smaller grains increase the possibility of dislocations-
dislocations and dislocations-grain boundaries interactions resulting in a higher strain hardening
rate [186]. Although the strain hardening rate is not changing significantly in stage B, it is still
higher for the samples with smaller grains, i.e. H-LSS. LC locks which are the main reason for
stage B in HX are confined to individual grains. Hence, by reducing the grain size in H-LSS
samples, the density of LC locks increases. Therefore, in stage B samples manufactured with
higher LSS show higher strain hardening rates. Although grain size has a significant effect on stage
A and B of strain rate hardening curves, stage C is almost independent of the grain size. When the
available stress for partials is high enough to pass the obstacles (stage C), the density of these
obstacles (LC locks) is not an influential factor for determining the unlocking rate and therefore

the effect of grain size diminishes as seen in Figure 55b.

5.3.4 Fatigue Response
5.3.4.1 Ratcheting Behaviour

Cyclic stress-strain responses of the H-LSS and L-LSS samples are shown in Figure 56 at different
stress levels. The most prominent behaviour in stress-controlled cyclic tests with tensile mean
stress is cyclic creep or ratcheting [187]. The accumulation of directional progressive plastic

strains while loading under primary load (mean stress) along with secondary cyclic load is called
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ratcheting [188]. Based on Figure 56b & c, the difference between the cyclic transient response of
the samples printed with different process parameters is negligible in the absence of macro plastic
deformation, i.e., when the S,,,,, = 200 and 350 MPa is lower than the yield strength (YS). The
effect of process parameters on the transient behaviour becomes prominent when the maximum
stress is beyond YS. At S,,.x = 550 and 625 MPa the ratcheting strain is higher for L-LSS due
to its larger grains and lower strength (Figure 56d & e). As it is visible in Figure 55a for the same
stress level above the YS, the L-LSS sample shows larger strains in comparison to H-LSS sample
and this difference becomes larger when comparing 550 with 625 MPa maximum stress levels
(Figure 56a). It should be noted that during the first loading reversal, the amount of induced plastic
strain in the sample with larger grains (L-LSS) is larger than the H-LSS sample with finer grains;
hence, during the cyclic loading the stress-strain hysteresis stabilizes at larger strains. Figure 56
also shows the hysteresis at the half-life (dashed line hysteresis) and the accumulation of strains
due to cyclic loading lead to hysteresis shifts at each successive cycles while being loaded above
the YS. It is evident from Figure 56b that the ratcheting rate progressively decreases, which is
related to cyclic hardening as the transient cyclic response [189,190]. Both L-LSS and H-LSS
samples show the cyclic hardening behaviour under the experimental conditions of the current

study.
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Figure 56 (a) Transient stress-strain curves for samples tested at different stress levels and LSSs for the
first 20 loading cycles and Ratcheting behaviour and half-life hysteresis loops for different maximum
stress (b) 200, (c) 350, (d) 550 and (e) 625 MPa.

5.3.4.2 Stress-Life (S-N) Curve

Figure 57a presents the relationship between the maximum applied stress (Smax) and the number
of cycles to failure (N) or the S-N diagram for the H-LSS (YS = 470 MPa) and L-LSS (YS =440
MPa) samples. Two stress levels were selected above the YS values, i.e., 550 and 625 MPa to
impose plasticity in each cycle while being lower than the UTS to avoid necking in the first cycle.

These high Smax values were expected to result in lives lower than 10° or be in the LCF region.

The lower stress levels are selected below the YS values, i.e. 350 and 200 MPa. At these stress

levels gross plastic deformation of the whole gauge length is prohibited resulting in higher cycles
to failure in the HCF region.
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As shown in Figure 57a, the H-LSS and L-LSS samples show different behaviour at high and low-
stress levels. At high-stress levels (LCF), L-LSS samples show lower lives than the H-LSS
samples, but at lower stress levels (HCF), L-LSS samples show higher lives. This observation
demonstrates the effect of manufacturing processing conditions on the fatigue behaviour of LPBF
samples. Based on the process parameters selection, the fatigue response can be altered when the
superior performance of one set of process parameters, e.g., the H-LSS samples in the LCF region,
does not guarantee any effective results at HCF in comparison to the other process parameters (L-
LSS). On the other hand, this investigation shows the process parameters can be tuned for certain
HCF or LCF applications and parameter selection should be based on application requirements

and the LPBF process knowledge.

At each stress level, a single factor (LSS) analysis of variance (ANOVA) was performed with a
significance level (o) of 0.05 using MATLAB® to study if the LSS affects (p-value < o) the fatigue
life. The ANOVA tables are shown in

Figure 57b where SS, df, MS, F and P are the sum of squares, degrees of freedom, mean square,
F-statistic and p-value, respectively. Results from ANOVA analysis show that the p-value for 200,
350 and 625 MPa is lower than 0.05 which suggests that the LSS affects fatigue life significantly.
However, at 550 MPa, a p-value > 0.05 is observed. According to Figure 56a at 625 MPa stress
level, the stress-strain hysteresis is stabilized at different strain levels for the H-LSS and L-LSS
samples, ~10% and ~18%, respectively. This difference between the mean strains is high enough
to cause a significant change in fatigue lives in the LCF region. Also, higher strains can be
interpreted as higher pre-strain damage before cyclic deformation which can decrease the fatigue
lives [191]. However, at 550 MPa the difference in the pre-strain damage of L-LSS and H-LSS
samples is not high enough to cause a statistically meaningful difference between the fatigue lives
for L-LSS and H-LSS samples as was shown in the ANOVA analysis.
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Figure 57 (a) Stress-Life curves for different manufacturing conditions and (b) Bar charts and ANOVA

tables at different stress levels.

Basquin equation was fitted to S-N data excluding the run-outs (Ny> 107 cycles) to describe the

stress-controlled fatigue life [192]:

Smax = 0f X Nf Equation 16

where Ny is the number of cycles to failure, o/ is the fatigue strength coefficient and b is the fatigue
strength exponent. According to Equation 16, log(ar) and b are the intercept and the slope of the
fitted line respectively when the S-N curve is plotted on a log-log scale. The Basquin model
parameters have been summarized in Table 6. It is found that o7 and the slope of the H-LSS is
higher than the L-LSS samples. Results in Figure 57a show a lower fatigue life for the H-LSS
samples in the HCF region. This is the result of the sample surface profile as discussed in the
Density and surface profilometry Section. The deeper valleys of the H-LSS (Ry = 55 £ 5 um) than
the L-LSS (Rv = 30 = 4 um) samples result in higher stress concentration values at the surface,

which leads to shorter crack initiation lives for H-LSS in the LCF.
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Table 6 Basquin model parameters for L-LSS and H-LSS samples for R=0.1.

Sample Fatigue Strength Coefficient Fatigue Strength Exponent
(MPa)

L-LSS 4083 -0.20

H-LSS 7495 -0.26

5.3.4.3 Fatigue Limit

The 107 cycles fatigue limit of L-LSS and H-LSS samples were determined using Locati step-

loading method [170] and the results of the testing sequence are shown in Figure 58. Application

of the step-loading procedure shows consistent reliable results for the fatigue limit of superalloys

due to the absence of coaxing or under-stressing effect of interstitials in these alloys [193]. The L-

LSS samples show higher failure stresses. These results are in-line with the HCF results where the

L-LSS samples exhibit a much better performance (Figure 57a). Lower surface asperities and the

smoother surface of the L-LSS samples (Figure 54c) indicate less severe stress concentration of

the surface valleys and higher fatigue life in the HCF tests.
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Figure 58 Step-Loading testing sequence of (a) L-LSS and (b) H-LSS samples.

Numerical results for step-loading tests are presented in Table 7. The average step-loading testing

results of five samples for each of the L-LSS and H-LSS conditions are 180 + 10 and 149 + 11

MPa, respectively. These values have been shown by the horizontal line in
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Figure 57a. As seen, the smoother surface of L-LSS samples led to ~20% increase in the fatigue
limit.

Table 7 Fatigue limit step-loading results of Hastelloy X samples with different manufacturing conditions

at R=0.1.
" Failure .
Specimen In't('s: PSat)r €98 St?ﬁjspi;ep Stress Failure Life Lirlrzw?tt I(gl\ljl?:’a)
(MPa)
#1 120 20 180 6.1 x 10° 172
o | #2 140 20 200 2.1 x 10° 184
3 [ 160 20 180 4.2 x 10 168
| #a 140 20 200 8.5 x 10° 182
#5 160 20 200 6.8 x 10° 194
#1 120 20 160 4.5 x 10° 149
o | #2 120 20 140 6.8 x 10° 134
2 [ #3 100 20 180 2.3 x 10° 165
T | #4 140 20 160 2.9 x 10° 146
#5 120 20 160 6 x 10° 152
5.3.4.4 Fracture Surface

Figure 59 shows the fracture surfaces of the H-LSS and L-LSS fatigue samples at low
magnification for different stress levels and the crack initiation, propagation and final fracture
regions are shown in green, red and yellow respectively. Based on the fracture surfaces depicted
in Figure 59, fatigue cracks initiate from multiple points on the surface of the samples at all stress
levels. Ratchet lines (highlighted by R in Figure 59) are observed when fatigue cracks are initiated
from different locations and the crack fronts meet one another. The several reports on the fracture
surface of the LPBF parts have shown crack initiation from gas or lack of fusion porosities
[46,50,160]. However, in the current study due to the selection of the process parameters in the
nearly full dense process window, the volume fraction of porosities is minimal and the porosity
effect on crack initiation is insignificant (Figure 60a). The dominant crack initiation sites are
surface roughness valleys due to the stress concentration and their geometrical inhomogeneity
[179]. It is well known that the final fracture occurs when the crack length reaches a critical value

which is dependent on the stress intensity factor [194]:
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K =Yovma Equation 17
where K is stress intensity factor, Y is the geometrical factor, o is the applied nominal/remote stress
and a is the crack length. During cyclic loading, as the crack propagates through the sample and
reaches a critical value (ac) the stress intensity factor also reaches a critical value (Kc) where the
material does not tolerate any more crack propagation, resulting in final sudden failure. As all
samples studied in this work have the same geometry, Kc and Y are considered constant. Therefore,
for the same Kc and Y, it can be concluded that an increase in the applied stress would result in a
reduction of the critical crack length ac. An extreme case can be observed for the L-LSS sample
at 625 MPa where virtually no crack propagation was observed and final fracture occurred right
after crack initiation. This observation can be related to the different cyclic transient behaviour
where the pre-strain damage in the L-LSS samples is larger than the H-LSS samples due to lower

strength and larger grain size (Figure 53 and Figure 55).

200 MPa 350 MPa 550 MPa 625 MPa

L-LSS

Figure 59 Fracture surface of the samples at low magnification showing different regions: Crack

nucleation (green), Fatigue crack propagation (red), Final fracture (yellow), “R” denotes ratchet lines (R).

Figure 60 shows the fine features of the fracture surfaces to investigate various fatigue fracture
stages and fatigue crack propagation rates. The dotted green line (Figure 60a) highlights the border
between the load-carrying cross-section of the sample and surface roughness valleys at the fracture
surface. Tear ridges pointing toward the crack initiation sites (blue arrows) have been highlighted
by the orange arrows and show signs of excessive slip activities due to stress concentration at the

root of roughness valleys which act as micro-notches. Figure 60a also demonstrates the fatigue

84



crack interactions with porosities (green arrows). It is observed that the fatigue crack crosses the
gas porosities and did not initiate from them and/or interact with them. This observation confirms
the dominant effect of surface roughness in comparison to as-built porosities in the fatigue crack
initiation stage, within the scope of the current study. Striations due to fatigue crack advancement
at each cycle are also observed (Figure 60b). Striation spacing is related to the applied stress range

through stress intensity factor range by [121]:

da AK Equation 18
an * a

where Z—; is crack growth rate representing striations spacing. SEM images of the fracture surface

at high magnifications at the same crack length show that by increasing the applied stress (or stress
intensity factor) the striation spacing is increased (Figure 60b) and this trend is similar for samples
manufactured with different LSSs. Moreover, comparing the striations of the L-LSS and H-LSS
samples shows that the crack growth rate is not affected by LSS and/or microstructure (Figure
60b). Various studies have shown that the effect of microstructure on fatigue crack is important
when the crack length is in the range of microstructural features (grains) [195]. In the as-built
surface conditions the depth of the valleys can reach up 50 um (Figure 54c) and the resultant
initiated crack can be considered as long crack where the effect of the microstructure is not
dominant. Secondary cracks are initiated from the striations micro depressions where their
propagation plane is normal to the fracture surface [196] as shown in Figure 60c. The final fracture

region is characterized by the dimples similar to tensile samples [144].
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Crack Propagation

H-LSS

Figure 60 (a) Tear ridges (orange arrows) pointing toward crack initiation sites/surface valleys (blue
arrows) and crack interaction with the porosities (green arrows), (b) Fatigue crack propagation and
striations at different stress levels and LSSs (yellow arrows shows the crack propagation direction) and
(c) Secondary cracks/Crack branching and final fracture region with dimples.

5.4 Conclusions

In the current work, quasi-static and fatigue responses of Hastelloy X samples manufactured by
LPBF-AM were investigated and correlated to the printed samples features (microstructure and
defects). The current study establishes a fatigue life — process parameter relationship for LPBF —
HX. The most important conclusions are as follows:

1- LPBF manufacturing parameters directly affect the sample microstructure and defects in
the nearly full dense process window. Samples produced by higher LSS, 1150 mm/s show
smaller grain size and deeper surface valleys (Rv = 55 £ 5 pm), in comparison to the L-
LSS samples, 850 mm/s, (Rv = 30 £ 4 um) with no major difference in as-built part
porosities.

2- Quasi-static tensile response of the H-LSS (YS = 470 MPa) samples is superior to the L-
LSS (YS =440 MPa) samples due to finer microstructure (with no major effect of porosity

and roughness) resulting in a higher strain hardening rate (SHR) during initial loading.
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In the LCF region, the microstructure is found to have a dominant effect. For the L-LSS
samples with larger grains size, the hysteresis stabilizes at higher strains leading to higher
pre-strain damage before the cyclic deformation resulting in lower fatigue lives.

Cyclic response of the LPBF samples in the HCF region confirms the effect of surface
profile and surface valleys on the fatigue life. Deeper surface valleys in the H-LSS samples
result in earlier crack initiation due to higher stress concentration. As the crack propagation
rate is similar for two process parameter sets (microstructures), the earlier crack initiation
leads to a lower total fatigue life of the H-LSS samples in the HCF region.

The Locati step-loading procedure revealed that the fatigue limit of the L-LSS sample (180
MPa) is ~20% higher than the H-LSS sample (149 MPa).
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Chapter 6

6 Fatigue Characterization and Modeling of Additively Manufactured
Hastelloy-X Superalloy

(Manuscript ready for submission)
6.1 Introduction

Laser powder-bed fusion (LPBF) is a class of additive manufacturing (AM) used to fabricate
metallic parts where a thin layer of powder particles is spread on a substrate or powder-bed and
selectively melted by a laser, based on a CAD model [6,148]. This procedure is repeated for
consecutive layers until the completion of the component [60,61]. LPBFs flexibility and the large
number of process parameters [142] open the possibility of part performance optimization for
specific design requirements [144,197]. However, due to the rapid solidification and high
temperature gradients [147,198] of the LPBF process, the material develops grains with elongated
morphology in the building direction as a result of epitaxial grain growth [18,199]. This
phenomenon gives rise to the anisotropic mechanical properties [145]. The high cooling rates lead
to fast solidification of the molten metal and results in cellular structure inside the columnar
grains [131,200].

Although AM offers the ability to fabricate highly-complicated parts [154,201-203], the
uncertainty in their mechanical properties restricts the adoption of AM parts for real-life load
carrying applications. Several process and design parameters involved in laser-based AM affect
the part's features and performance and lead to a wide scatter and variation in their monotonic and
cyclic response. Variation in these process parameters such as laser power [180], scanning speed
[144], scanning strategy [145], hatching distance [142], part building orientation [161] and part
location[115] result in parts with unique properties due to the as-built microstructure and defects.
Defects such as gas and lack of fusion porosities [144,204], high surface roughness [115,116] and
microstructural heterogeneities [145,205] also occur due to the selection of improper process
parameters and affect the static and particularly the fatigue performance. Experimental
investigations in the literature indicate that LPBF-HX specimens can match or surpass the
mechanical properties of its wrought and cast counterparts under monotonic loading (e.g., tension,

compression, hardness, etc.) due to the fine cellular solidification structure [17,151]. However,
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since fatigue is the most common cause of failures in metallic components [43,206], it is crucial
to study the cyclic response of LPBF specimens. Unlike sudden failure under monotonic loads,
fatigue is a highly localized failure mode including crack nucleation/initiation, propagation and
final fracture [121]. Various modeling approaches have been utilized for fatigue life prediction of
LPBF specimens. Lee et al. [207] applied a stress-based and observed strong effect of surface
roughness on the Basquin’s model parameters, Romano et al. [208] used Coffin-Manson strain-
based relationship and investigated the effect of process parameters on the model’s coefficients
and Branco et al. [209] investigated an energy-based model for fatigue life prediction of LPBF
specimens using Ellyin’s formulation and reported the total strain energy density yields reasonable

fatigue life predictions.

A few investigations on the fatigue behavior of LPBF-HX are mostly conducted using force-
controlled tests [12,48,159,165]. Wang et al. [12,165] studied the effect of part orientation on the
four-point bending fatigue tests and observed similar behavior in vertical and horizontal
specimens. Han et al. [48] investigated the effect of hot isostatic pressing (HIP) on HX’s room
temperature fatigue behavior of HX after machining. They reported that HIPed samples have
superior fatigue performance compared to the as-built specimens, due to the closure of internal
porosities and residual stress relief achieved through the HIP process. Recently, Lindstrom et al.
[210,211] studied the strain-controlled response of LPBF-HX in order to construct a constitutive
model for predicting the cyclic response. They observed that most of the fatigue life is spent in the
crack nucleation and initiation in the investigated life span. The fracture surface of the horizontal
specimens showed more plastic deformation compared to the vertical specimens. To the best of
the authors’ knowledge, there are no detailed reports and analysis on the strain-controlled low
cycle fatigue (LCF) and high cycle fatigue (HCF) behavior of LPBF-HX in the literature.

In this work, the monotonic and cyclic deformation behavior of Hastelloy X (HX) manufactured
by LPBF is studied followed by the fatigue modeling. The effect of loading direction on the quasi-
static response was investigated under monotonic tension and compression loadings. Fatigue tests
were performed under fully-reversed strain-controlled conditions, with various strain amplitudes
(0.07 — 0.8 %). To characterize the material’s behavior under cyclic loading, the stress-strain
response was captured during the cyclic tests to analyze the transient behavior (cyclic
hardening/softening). The cyclic stress-strain curve for LPBF-HX in as-built condition was
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constructed based on the half-life stabilized hysteresis loops. Experimental cyclic results were used
to model the fatigue response of LPBF-HX. Various fatigue modeling approaches including
Basquin-Coffin-Manson (BCM), Smith-Watson-Topper (SWT), and Jahed-Varvani (JV) were
calibrated and validated with experimental results. Finally, the BCM design curve was constructed
with the Owen tolerance limit of 95% reliability and 90% confidence level (R95C90).

6.2 Methods and Materials
6.2.1 Specimen Fabrication

In the present study, EOS M290 laser powder-bed fusion system was employed to manufacture
specimens under argon atmosphere with the build plate temperature of 80°C using EOS Hastelloy
X powder with the particle size of 15-45 um [115]. Specimens with the same geometries, shown
in Figure 61(a), were used for both static tension and fatigue testing. Cylinders with 4 mm diameter

and 8 mm height were used for static compression testing, Figure 61(b).

Figure 61: Specimen geometry for (a) static tension and fatigue tests, and (b) static compression tests (all

dimensions in mm).

Process parameters were selected based on the authors’ previous study [144] and are shown in
Table 8. Specimens were manufactured vertically, using 67° rotation of the scanning vectors at
each successive layer, where the loading direction in mechanical testing was the same as the

building direction.
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Table 8: Major LPBF process parameters used for printing tension, compression and fatigue specimens.

Laser Power (W)

Laser Scanning
Speed (mm/s)

Hatching Distance

(mm)

Layer Thickness

(mm)

195

850

0.09

0.04

6.2.2 Mechanical Testing

Instron 8872 servo-hydraulic machine with a load capacity of £25 KN was used for quasi-static
tension and fatigue testing under standard laboratory conditions. Tension tests were performed
according to the ASTM ES8 standard [114] in the displacement control mode at the rate of
0.45 mm/min. An Instron 2630-120 extensometer with 8 mm gauge length and £ 4 mm travel was
used for strain measurement in quasi-static tension and fatigue tests. GOM ARAMIS 3D digital
image correlation (DIC) system with 5 megapixel image resolution and the maximum rate of 15
frames per second was employed for strain measurement during quasi-static compression tests.

Before imaging, speckle patterns were painted on the specimens’ gauge section, Figure 61b. Fully-

reversed strain-controlled cyclic tests with strain ratio, R, = Emin/gmax = —1, as per ASTM E606

[212], were run at various frequencies between 0.2 and 2.6 Hz depending on the applied strain
amplitude to keep the strain rate constant. When the maximum and minimum stress response
reached stability at very low strain amplitudes, tests were switched to the load-control mode and
continued at higher frequencies up to 20 Hz. Randomized specimen selection and testing sequence
were followed to avoid bias in the experimental results. The run-out life was determined as 10°
cycles. Four replicates were tested at each strain level for repeatability, statistical and reliability
analyses. The fatigue failure criterion for the current study was considered the final rupture of the

specimens.

Stress (load)-controlled fatigue experiments were performed in the author’s previous investigation

with stress ratio, R, = ‘min/,

o = 0-1, Where o, and gy, are the minimum and maximum

stresses, respectively, and further analyzed in the current study to validate the fatigue models.
Three maximum stress levels (350, 550 and 625 MPa) were chosen to cover HCF and LCF
responses in the presence of mean stress [213]. The stress-strain responses at the half-life cycle

were utilized to calculate the fatigue damage parameters.
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6.3 Results and Discussion
6.3.1 Quasi-Static Tension and Compression Response

Quasi-static tension and compression stress-strain curves of the LPBF-HX specimens are
displayed in Figure 62a. This figure shows a similar elastic modulus, negligible tension-
compression yield asymmetry and similar flow stress during the primary stage of the plastic
deformation. Lack of ordered phases/precipitates in HX and therefore non-Schmid effects related
to them could be a reason for similar yielding behavior in tension and compression [214]. The
deviation from the symmetric behavior is observed at ~2-3% strain and continuously grows with
an increase in strain. Rosenthal et al. [151] reported similar behavior for LPBF-HX. They
explained the observed asymmetry by relating it to the weakening effect of voids/porosities under
tension in comparison to compressive loading condition and the orientation of the fine cellular-
dendritic microstructure. It should be noted that in strain-controlled fatigue tests conducted in this
research the strain amplitudes are less than 1%; therefore the cyclic behavior is expected to be
symmetric.
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Figure 62: (a) Quasi-static stress-strain curves under tension and compression (b) Strain hardening curves

for tension and compression.

The strain hardening rate response depicts higher values in compression than in tension (Figure
62b). A recent study by Chen et al. [215] has discussed the effect of residual stresses on the strain
hardening rate asymmetry. It has been shown that the strain hardening rate is higher in compression
than tension in the as-built condition [215]. The tension-compression asymmetry is generally

associated with back stresses that stem from the heterogeneous dislocation cell structures found in
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LPBF made HX [17,216] and other alloys such as Cu alloys [217], austenitic 316L stainless steel
[218] and CM247LC Ni-Superalloy [219]. The heterogeneous dislocation cell structures induce
intragranular internal stresses, including forward stresses in the hard cell walls with higher
dislocation densities and back stresses in soft cell interiors [215]. Hence, the material shows
dissimilar responses in different loading directions leading to higher strain hardening rates and
flow stresses in compression. In the current study, the LPBF-HX specimens have been
manufactured with minimum porosity (< 0.1%). Therefore the difference in the deformation
behavior under various loading directions is believed to be attributed to the resultant heterogeneous
dislocation structures and the associated internal stresses. Quasi-static material properties based

on the Ramberg-Osgood equation can be expressed as [220]:
g + O Equation 19
= — —)n
£=x ( K) q

where n is the strain hardening exponent and K is the cyclic strength coefficient. The K and n

values obtained for LPBF-HX are given in Table 9.

6.3.2 Cyclic Deformation Response
6.3.2.1 Transient Behavior

Figure 63 shows the variation of stress amplitude during strain-controlled fatigue tests at different
strain amplitudes. Results show that the LPBF-HX specimens exhibit an increase in the stress
amplitude at constant strain amplitudes commonly known as cyclic hardening, in the first few
cycles of life at all strain amplitudes tested in the current investigation. Moreover, at higher strain
amplitudes, i.e., ¢, =0.4% and 0.8%, the initial hardening is followed by continuous softening.
Similar behavior has been reported for LPBF-HX recently [211] and conventionally manufactured
HX [221]. According to Figure 63b, it is noticed that the amount of hardening is negligible at low
strain amplitudes, e.g., ¢, =0.07%. Results show that the peak stress is achieved earlier with an

increase in strain amplitude due to an increased dislocation activity.

The underlying mechanism for the transient cyclic hardening/softening behavior may be described
according to the material and manufacturing process. In LPBF-HX, due to lack of precipitates,
solid-state transformation and solidification cracks, the hardening and softening could be

explained by dislocation interactions. Various transient responses of LPBF-HX observed in this
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work could be attributed to the competition between dislocation annihilation and creation during
damage accumulation. Cyclic hardening occurs when the rate of dislocation generation is greater
than the rate of dislocation annihilation. On the other hand, cyclic softening occurs if the rate of
annihilation is higher than the rate of dislocation creation [222]. Therefore, the initial cyclic

hardening observed in LPBF-HX could be attributed to the higher rate of dislocation generation.
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Figure 63: (a) Cyclic stress amplitude response of specimens tested at different strain levels, (b) Enlarged

view of the stress response.

At higher strain amplitudes, the rate of dislocation generation is higher than the dislocation
annihilation thus resulting in cyclic hardening. However, cyclic softening is observed at higher

number of cycles due to a higher rate of dislocation annihilation due to forward and reverse glide
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of dislocations in loading and unloading reversals of a complete fatigue loading cycle [223]. It is
noted that, at lower strain amplitudes, cyclic stability is achieved within the first few cycles due to
similar rates of dislocation annihilation and generation or purely elastic response. This
investigation demonstrates that cyclic hardening/softening behavior of LPBF-HX not only

depends on the material but also on the cyclic load level.

6.3.2.2 Stabilized Behavior

Stabilized half-life cycle stress-strain hysteresis loops are shown in Figure 64a at five different
strain amplitudes. It is noted that the peak stresses and the shape of hysteresis loops are symmetric
in tension and compression reversals due to the near symmetric quasi-static response at low strains
(Figure 62a). This behavior shows that slip is the dominant plastic deformation mode in HX [224].
Results show a fully elastic response for strain amplitudes less than 0.4% and a significant plastic
deformation at higher strain amplitudes. The stress-strain results obtained from the hysteresis loops

will be used in the next sections for energy-based fatigue modeling.
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Figure 64: (a) Stabilized hysteresis at different strain amplitudes, (b) Cyclic and monotonic stress-strain

curves.

The corresponding cyclic stress-strain (EXP-CYC) curve is shown in Figure 64(b). Results show
a near similar behavior between the monotonic and cyclic stress-strain curves. Various stabilized
behaviors of the AM specimens have been reported in the literature compared to monotonic results.
Cyclic hardening was reported by Yadollahi et al. [15] in 17-4 precipitation hardening stainless
steel due to martensitic transformation. On the other hand, cyclic softening has also been reported
in 304L [207] and 316L [168] stainless steels. The CSS curve of LPBF-HX has not been reported
previously. As observed in Figure 64b, the current study results do not show cyclic hardening or
softening in half-life stress-strain response. It should be noted that the primary hardening in the
first decades of cyclic loading (Figure 63) is neutralized by the followed softening during later
cycles. This lack of cyclic hardening/softening has also been observed in AISI 18Ni300 maraging
steel [209].

96



The cyclic (RO-CYC) and monotonic (RO-MON) stress-strain curves were modeled using the
Ramberg-Osgood equation (Equation 2) and are also shown in Figure 64(b). It should be noted
that RO-CYC was modeled using the half-life stabilized hysteresis loop. The Ramberg-Osgood
equation can be written as [225]:

o o 1 .
= — + (—) Equation 20
=gt &) |

where n' is the cyclic strain hardening exponent and K" is the cyclic strength coefficient. The
values for K' and n' extracted in the present study for LPBF-HX are given in Table 9. Due to the
similar material response under cyclic and monotonic loading (Figure 64b), the strength coefficient

and hardening exponent show almost identical values under monotonic and cyclic loading.

Table 9: Monotonic and Cyclic Ramberg-Osgood (RO) Parameters.

Strength coefficient (MPa) Strain hardening exponent
Monotonic 783 0.085
Cyclic 795 0.087

6.4 Fatigue Behavior and Modeling

Since fatigue is the primary failure mechanism in the most engineering components and structures,
accurate fatigue life prediction is crucial. Several models have been established for the fatigue life
prediction based on the fatigue damage developed at each cycle [53]. Strain- and energy-based
fatigue models are among the models widely used for fatigue life prediction and were used in the
current research to calibrate and extract the model parameters from the experimental data. The
calibrated models were tested over other strain-controlled and also several stress-controlled tests
to evaluate the merits and applicability of these models in different loading conditions. Details

about the different models are presented below.

Basquin-Coffin-Manson (BCM) equation is mostly used for modeling the strain-life response of
metals[226]. The elastic strain and plastic strain amplitudes are related to the reversals to failure

by the Basquin and Coffin-Manson equations, respectively and combined as [227]:
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!

O- -
£q =5+ el = Ef(ZNf)b + &f(2N))° Equation 21

where g4, €2 and !, are the total, elastic and plastic strain amplitudes, respectively. E is the modulus
of elasticity (153 GPa) [144], and N is the fatigue life. o7 and b are the fatigue strength coefficient
and fatigue strength exponent, respectively, and & and c are fatigue ductility coefficient and
fatigue ductility exponent, respectively. These fatigue properties were determined by applying
least square regression to elastic and plastic strain amplitudes versus loading reversals according
to the ASTM E739 standard [228] and are listed in Table 6. Figure 65a shows the elastic, plastic
and BCM model lines and the experimental data points in ¢ — N diagram. The experimental results

show highly repeatable lives under cyclic loading at each strain amplitude.
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method.
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The Smith-Watson-Topper (SWT) model [229] have been introduced to consider the mean stress
effect on fatigue lives based on the assumption that the product between a,,,, and g, is constant
for a specific fatigue life in various combinations of mean stress and strain amplitude. The SWT
parameter is related to fatigue life by four different constants, which are essentially the same as
those for the BCM model:

\2
O- -
Omax€a = ( g) (ZNf)Zb + O_;EJIC(ZNf)b-'-C Equation 22

where a,,,4, 1S the maximum stress at the half-life cycle. Figure 65b represents the calculated SWT

parameter for LPBF-HX as a function of reversals to failure.

The energy-based approach assumes that the dissipated energy density during cyclic loading has a
major contribution to the fatigue damage process, especially within the LCF regime [53,209]. The
Jahed-Varvani model (JV) [55,230] is another model utilized in the current investigation to predict
the fatigue life of LPBF-HX. The JV model considers the strain energy density as the fatigue
damage parameter, as opposed to the Basquin-Coffin-Manson model considering the life to strain
amplitude. In the JV energy model, the total strain energy density is calculated by two terms: (i)
the plastic strain energy density, W, (ii) the positive elastic strain energy density, W,*" [74]. The
elastic term accounted for the effect of mean stress and was calculated according to the revised
formulation proposed in [231]. The plastic strain energy density is commonly calculated from the
area inside the half-life fatigue hysteresis. Therefore, the total strain energy density is defined as
[230,231]:

W=WwWS+W, = Equation 23

(O-max + Umean)aa
°F + ; ode

where g,,4, 1S the maximum tensile stress, g,,.4» 1S the mean stress and g, is the stress amplitude

of the half-life hysteresis. The total strain energy density is related to the fatigue reversals by [230]:
W = E¢(2Ns)® + Ef(2Ng)© Equation 24

where E;, B, E¢, and C are the energy-based fatigue strength coefficient, the fatigue strength

exponent, the fatigue toughness coefficient, and the fatigue toughness exponent, respectively. The
parameters of the JV model are calculated and listed in Table 6. The JV energy-life curve and the

experimental points are shown in Figure 65c. Although plastic strain energy density has been used

99



previously [53] for fatigue life perditions, it was limited to the LCF region where considerable
plasticity is present. The JV model produces a reasonable correlation with the fatigue lives both in
the LCF and HCF region due to the consideration of elastic strain energy density in addition to the
plastic strain energy density.

Table 10: BCM and JV model parameters for LPBF-HX.

BCM Parameters JV Parameters
O_I E, El
f g’ e f
MPa) | b L MImty | (mamy) | B ¢
4877.36 1.93 -0.26 -0.8 50.72 773870.03 | -0.49 -1.47

Figure 66 shows the correlation between the experimentally obtained fatigue life and the predicted
fatigue life of LPBF-HX calculated through different modeling approaches. The experimental data
from the strain-controlled fatigue tests at five strain amplitudes (0.07%, 0.1%, 0.2%, 0.4% and
0.8%) with four replicates at each strain amplitude were used for model calibration, which is shown
by circles in Figure 66. The merit of the models was tested by two different sets of data. Firstly,
experimental results from three additional strain amplitudes (0.09%, 0.3% and 0.6%) were
validated with the selected models and are shown with triangles in Figure 66. Results show that
all three models predict the fatigue lives of the calibration and validation dataset within the 2X life
bands. Secondly, the stress-controlled experimental results (squares in Figure 66b and c) were also
used to examine the capability of the JV and SWT model in predicting fatigue life in other loading
scenarios with the presence of mean stress (R, = 0.1). Figure 66b and ¢ demonstrate that both JV
and SWT models offer good estimation of life. Fatigue life predictions of stress-controlled tests in
the presence of mean stress show that the fatigue life predictions at high-stress levels, i.e.,
Omax =550 and 625 MPa, are within the 2X life bands. However, at a lower stress level
(omax =350 MPa) both models provide an underestimated conservative life prediction. As these
models consider the elastic and plastic parts of strain or strain energy densities of fully reversed
loading for calibration, utilization of these models should be taken with caution for other loading
conditions, since the elastic and plastic parts of strain or strain energy densities combinations might
not be the same. Moreover, in the HCF range of life the plastic strain/energy term vanishes, and
the fatigue damage is estimated solely by the elastic strain/energy term. Therefore, the accuracy of
the elastic term in explaining the fatigue damage becomes more important and a slight deviation

in elastic term calculation may result in a significant deviation in the life prediction within the
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HCF. However, these models are able to provide a preliminary life estimations and more diverse
testing, including variable amplitude loading, pure cyclic shear and multi-axial testing is required

for further examination of these models.
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Figure 66: Predicted vs. experimental life based on different fatigue models (a) BCM, (b) SWT and (c)
JV.

The prediction accuracy of the models used in the current study was quantified by the root mean
square logarithmic error (RMSLE) parameter, which is defined as:

k 2
1 N ]
. f,Predicted
RMSLE = |- E [log< )l Equation 25
i=1 t

Nf,Experimental

where, Nf gxperimentat, @Nd Ny preqicteq are the experimental and predicted lives, respectively

and k is the number of experiments in each loading scenario. The calculated RMSLE values are
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tabulated in Table 11, which are similar for different models in each loading condition. A
preliminary conclusion from this study is that the SWT and JV models provide the same level of
accuracy in the life prediction of LPBF-HX under uniaxial constant amplitude load cases.
However, the prediction accuracy under variable amplitude loading and multiaxial loading

conditions could be the subject of further studies.

Table 11: RMSLE Comparison of the models for different loading conditions.

Fatigue Model

Strain-controlled

calibration tests

Strain-controlled

validation tests

Stress-controlled

validation tests

BCM 0.146 0.186 -
WV 0.178 0.193 0.580
SWT 0.181 0.182 0.515

Additively manufactured specimens are commonly associated with high scatter in the fatigue
response [232,233]. This is usually due to the internal defects found in AM specimens. High scatter
in experimental data affects the modeling approaches as the models cannot accurately predict the
fatigue response. However, in this study, the fatigue results show minor scatter due to the
optimized process parameters used to manufacture the specimens resulting in highly dense
specimens. These results suggest that specimens manufactured with the optimized process
parameters result in low scatter as observed with conventionally manufactured specimens.
Moreover, the well-known conventional fatigue models can predict the fatigue lives without the
need for any modification or utilizing defects-based models [234]. On the other hand, as long as
the manufacturing conditions are not optimized various types of defects (gas porosities and lack
of fusions) could be present in the specimen under investigation and it is possible for the fatigue
crack to initiate from each of them. This can lead to high scatter in fatigue lives and cause
misunderstanding in the interpretation of the fatigue test results. Therefore, to improve the fatigue
model predictions the first attempt should be the process optimization to minimize the volume
fraction of defects. If the experimental results still show a significant scatter, the next step will be

adopting sophisticated fracture mechanics defect-based models.
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6.5 Design Curve

The median strain-life curve, coming from the regression, is not sufficiently prudent to be readily
used for the design purposes. Therefore a life curve that considers a high level of reliability and
confidence is necessary. In order to guarantee that the majority of the fatigue data falls above the
minimum or lower bound value the design strain-life curves are constructed. The choice of the
lower bound fatigue life curve depends on industry standards and the required safety level [235].
There are different procedures for the construction of the design curve such as n-sigma Design
Curve [236], ASME boiler and pressure code method [237] and ASTM method [228,238]. The n-
sigma Design Curve is obtained by reducing n (usually 2 or 3) times the sample standard deviation
from the median curve [236]. The ASME Boiler and Pressure code method obtains the design
curve by applying safety factor of 2 on strain level and 20 on the life of the median curve [237],
and the ASTM method is based on double-sided confidence interval approach [228,238]. However,
all these approaches do not consider the statistical distribution of the results related to the number
of samples and different reliability/confidence values. The approximate Owen tolerance limit, used
in the current study, can address these shortcomings [235,236]. The R95C90 design curve ensures
95% possibility of survival (reliability) with 90% confidence level at a certain value. In this
procedure, a variable Yy defined as the lower bound of Y, is derived from the median regression

curve, with confidence level C and reliability R at a desired strain X; = log(e,) defined as:

Yee (X)) = Y (X;) — Kpe X s Equation 26
where in our fatigue study the Yz = log(2N¢ r¢) Which is the fatigue life associated with the strain
amplitude ¢, after applying the Owen approach, Y = log(2Nf gcy) and is obtained from the
median BCM line (Equation 21), Ky, is the Owen tolerance limit and s is the sample standard

deviation of ¥ on X;. Substituting new expressions in Equation 26 and rearranging yields:

2Nf,BCM)

log(2ZNf re) = 10g(2N¢ pem) — Kre X s = log (1OKRst Equation 27

Equation 27 was applied separately to the elastic and plastic parts of the BCM equation to calculate

the coefficients for the desired reliability and confidence level, i.e., o7 ¢ and &f gc. The Owen

tolerance limit (K. ) is available based on the sample size, reliability and confidence level and can

be found from [238]. To account for the uncertainty in strain measurements, the threshold plastic
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strain amplitude was selected as 0.0005 [235] and the corresponding K-factors for the elastic and
plastic strain amplitude lines were selected as 2.292 and 2.987 [238], respectively for 95%
reliability and 90% confidence level [235]. The slopes of the regression lines in the BCM model
for the elastic and plastic lines (parameters b and c¢) are assumed to be constant, i.e., independent
of the reliability and confidence level. The new R95C90 BCM design curve is expressed by:

!
e . » _ 9fR95C90

€= 4t e = (2Np)P + & poscoo(2Np)© Equation 28

Figure 67 (a) shows the experimental, median BCM curve (Equation 21) and R95C90 design curve
normalized to the maximum strain amplitude (Figure 65a). It should be noted that the median BCM
curve has a reliability of 50% or R50 while Equation 28 considers the desirable reliability and
confidence level, considering that reliability = 1 - rate of failure. The same procedure can be
followed to obtain the design curve corresponding to the JV model, plotted in Figure 68 (b)

normalized to the maximum strain energy density (Figure 65c).
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Figure 69: Normalized design curves with 95% reliability and 90% confidence for (a) BCM and (b) JV

models.

The BCM and JV models parameters after applying the approximate Owen tolerance limit
approach are listed in Table 12. Comparison of the R95C90 with the median values (Table 6)
shows that applying the approximate Owen tolerance limit approach results in a reduction in the

fatigue strength, ductility and toughness coefficients, which yields a statistically safer design.
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Table 12: The R95C90 design curve parameters for the BCM and JV models.

BCM - R95C90
O-]:,R95C90 (MPa) 3},R9sc90 b c
2617.81 0.57 -0.26 -0.8
JV - R95C90
¢,R95C90 (MI/m?) Ef roscoo (MI/m®) B C
16.65 53908.17 -0.49 -1.47

6.6 Conclusions

In the present study, the cyclic deformation and fatigue behavior of LPBF-HX was investigated at

different strain amplitudes and various fatigue models were used to predict the fatigue lives. From

the above results and discussion, the following conclusions are made:

1-

Quasi-static tension and compression LPBF-HX depicts tension-compression symmetry in
the initial yielding and small plastic strain region. As plastic strain increases to above ~2-
3%, an asymmetric hardening behavior under tension and compression becomes apparent
with strain rate being larger in compression.

LPBF-HX exhibits various cyclic hardening/softening behavior at different strain
amplitudes. At high strain amplitudes, primary cyclic hardening is observed followed by a
prolonged softening. However, at lower strain amplitudes only slight hardening is
observed.

Half-life hysteresis loops from LPBF-HX show a symmetrical behavior in tension-
compression reversals for all strain amplitudes. In addition, cyclic stress-strain curves do
not show cyclic hardening or softening as the half-life hysteresis loops coincide with the
monotonic stress-strain curve. The Ramberg-Osgood model was calibrated on the
experimental half-life and monotonic results and show the same trend.

BCM, SWT and JV fatigue life models were calibrated, tested, and validated over the cyclic
experimental data under different loading conditions and mean stresses, and the prediction
results showed good agreement with the experimental data. In other words, within the

limited scope of the present research, it can be concluded that the fatigue life of optimized
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nearly full-dense LPBF-HX specimens can be predicted by well-known BCM and JV
fatigue models without the need to use more sophisticated defect-based methods.

5- Design curves with 95% reliability and 90% confidence level have been constructed on the
median BCM and JV curves using the approximate Owen tolerance limit. The new BCM

and JV models parameters have been calculated and reported.
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Chapter 7

7 Conclusions and Future Work

Effects of manufacturing conditions on the various aspects of samples and parts’ microstructure
and performance under quasi-static and cyclic loading have been pursued throughout this thesis.
A comprehensive introduction that frames the context and motivation for this research work was
discussed. More importantly, the research objectives were founded upon addressing the knowledge
gap in the current state-of-the-art within the field and constructed to make this a novel and useful
research undertaking. Secondly, an exhaustive literature review highlighting the key works
surrounding the LPBF of metallic materials and superalloys was conducted and summarized. The
following chapters combine the experimental investigations and phenomenological modeling to

address the research objectives.

7.1 Thesis Overall Conclusions

The following conclusions can be drawn from this thesis:

1- Spatter particles ejection is an inevitable side phenomenon of melting the powder-bed by
a highly localized heat source. In the case of Hastelloy X, the spatter generation process
did not alter the chemical composition and crystallographic phases. However, a change in
the microstructure of the powders was observed.

2- The distribution of spatter particles on the build plate is highly dependent on the machine
architecture. In EOS M290, used in this research, a spatter-rich region forms at the gas
outlet. Due to the size difference the spatter particles and the virgin powder the powder-
bed characteristics change dynamically in the spatter-rich region. Therefore, samples’
quality changes throughout the build plate with poorer quality in the spatter rich region.

3- Altering laser scanning speed (LSS) could affect parts’ properties. Extremely low and high
LSSs induce porosities/defects with different natures in part, while moderate laser scanning
speed at medium power results in nearly full dense results. Spherical keyhole porosities
may form at low LSS and lack of fusion (LoF) defects with irregular shape are induced in
part due to improper melting overlaps. The presence of defects and porosities deteriorates

the mechanical performance of the parts.
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4-

At moderate laser scanning speeds which result in nearly full dense parts, mechanical
properties of the printed parts show higher strength at higher LSSs. Increasing LSS reduces
grains size by decreasing the size of the melt pools and higher probability of partially
melted particles. Yield strength increases by decreasing the grains size, obeying the Hall-
Petch relationship.

Preventing similar heat flow pattern in successive layers by rotating laser scanning vectors
at each layer hinders the formation of a dominant texture and helps to reduce in plane
anisotropy. A random texture is observed more clearly at higher LSS because of more grain
participation in pole figure formation due to smaller grains size.

Low- and high —cycle fatigue, LCF and HCF respectively, the performance of LPBF-HX
parts depend on the manufacturing conditions and specifically LSS. In the LCF region, due
to significant amount of plasticity, samples with smaller grains, i.e., higher LSS shows
longer fatigue lives due to lower pre-strain damage and hysteresis stabilization at lower
strains. On the other hand, at the HCF region stress concentration leading to crack initiation
play significant role. Samples printed with lower LSS possess smoother surface finish and
perform better when the applied stress is lower than the yield strength.

Cyclic deformation of LPBF-HX samples depends on the applied strain amplitudes under
strain-controlled fatigue tests. At lower strain amplitudes where most of the applied strain
is elastic and reversible, slight hardening observed at the beginning of cyclic loading.
However, primary cyclic hardening followed by prolonged cyclic softening is happening
when the portion of plastic strain is increasing at higher strain amplitudes.

In the nearly full dense optimized region of process parameters used in this thesis, fatigue
life of LPBF-HX parts could be predicted with acceptable accuracy by well-known BCM
and SWT strain-based fatigue models. Recently developed energy-based JV fatigue model

is able to predict fatigue life at different fatigue loading conditions.

7.2 Recommendations and Future Work

The research work described in this thesis was intended to investigate the effect of additive
manufacturing processing conditions on parts’ features and properties at room temperature. To this
end, specific areas in the build plate containing parts with inferior properties, spatter rich region,

were identified and an optimized processing window for laser scanning speed to achieve nearly
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full dense LPBF-HX parts were investigated. Moreover, parts’ properties under cyclic loading and

adequate fatigue life prediction methods were studied with the construction of relevant fatigue

design curves. To achieve a wider understanding of parts’ properties further research on the

material’s aspects and applications should be conducted.

1.

In the current research all samples were printed with EOS M290 which is using a
continuous laser. It is suggested to evaluate the effect of manufacturing machines, and
using a pulsed or modulated laser beam have on the microstructure and related mechanical
properties. This will help to compare the as-built microstructure of LPBF-HX
manufacturing with different laser modes and investigate the advantages and disadvantages
of each machine.

More examination of the microstructure is needed at higher magnifications using TEM to
investigate the dislocation arrangement and measuring the dislocation density. It is
suggested to study the interrupted fatigue samples at different stages of cyclic deformation
to investigate the changes in dislocation configurations and density and correlate these
changes to the observed cyclic hardening and softening.

A detailed study is needed to understand the textural evolution during plastic straining.
Changes in the orientation and textural evolution while straining may shed light to the high
fracture strain of LPBF-HX in the as-built condition.

The microstructural and related mechanical properties of LPBF-HX after heat treatment
must be the subject of a detailed study. Since most of the parts made by AM will undergo
various heat treatments before being put in service, due to high residual stress in the as-
built condition. The microstructural investigation after different heat treatments across
various length scales would help to understand the material’s response in more details from
sub-grain structures and dislocations density to grain morphology. Moreover, a design a
specific heat treatment for the LPBF samples, due to difference in the starting
microstructure before heat treatment, varies significantly form the conventionally made
alloys.

In the current work monotonic and fatigue investigations were performed under uniaxial
loading conditions while most of the complex engineering superalloys parts experience
multi-axial loading conditions. Monotonic shear test is needed to evaluate the shear
strength of the LPBF-HX and microstructural evolution during progression of shear
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6.

deformation and its comparison with the uniaxial studies would widen the knowledge about
the deformation of single phase FCC alloys. Multi-axial fatigue study is crucial as the
fatigue under multi-axial loading condition is the reason of most engineering failures.
Moreover, more comprehensive fatigue models could be calibrated and used for real part
application and the power of newly developed energy-based fatigue models can be
evaluated in more depth and detail.

Although in the current thesis mechanical performance of LPBF-HX was investigated in
detail at room temperature, superalloys are well-known for their superior performance at
high temperatures. Obviously, the next phase after evaluation and selection of the best
manufacturing condition for performance at room temperature, it is suggested to
investigate the LPBF-HX properties at high temperatures. Hot tensile tests would show the
drop the strength and/or ductility which shows the application temperature window. Hot
fatigue tests are needed to calibrate fatigue model parameters for the real part application

conditions and evaluate the expected life more realistically.
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