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ABSTRACT

PROCESS-DRIVEN MICROSTRUCTURE TAILORING DURING ADDITIVE

MANUFACTURING OF Ti-6Al-4V

Ahmet Alptug Tanrikulu, Ph.D.

The University of Texas at Arlington, 2023

Supervising Professor: Amir Ameri

In recent years, additive manufacturing (AM) has attracted the attention of many researchers due
to the technology providing opportunities in terms of improved functionality, production repeatability,
efficiency, and cost and time issues. While AM techniques made possible the realization of complex
geometries, their use in critical applications have faced challenges due to the anisotropic characteristic of
AM-built parts. More specifically, non-equilibrium AM processes involve steep temperature gradients and
rapid solidification, yielding a unique microstructure, e.g., columnar-shaped grains with preferred texture,
in final AM-built products and hence anisotropic mechanical properties.

Despite significant studies on improving the microstructure of AM-built parts, it remains a major
challenge to create products with more isotropic properties. The practiced approaches include optimizing
AM process parameters, remelting of each layer during fabrication, or post-process heat treatments. This
has raised a question of whether or not it is possible to perform in-situ layerwise microstructure
modifications during AM processes, rather than relying only on process parameters optimization, or post-
process heat treatment strategies. If successful, it would be possible to create parts with engineered, more
isotropic microstructure and properties, e.g., a part with a relatively harder surface for crack initiation
resistance and a relatively soft core for high-impact toughness. In addition, the obtained knowledge and
understanding could be employed to perform pre-designed local microstructure modifications on each layer

of AM, and create composite parts without the use of two single powders.



Copyright by
AHMET ALPTUG TANRIKULU

2023



DEDICATION

1 dedicate my humble study to my wife Ay¢a Tanrtkulu, whose enduring support has been my strength, and
motivation to give my best.
1o my cherished son, Kayra Tanrikulu, whose love warms my heart and encourages me to dedicate myself

to my work and my family to be a source of inspiration for him.



ACKNOWLEDGEMENTS

I am thankful to my employer, Turkish Aerospace Industries, for operating the doctoral program
with the University of Texas at Arlington for qualified engineers. I would like to thank Dr. Atilla Dogan for
the opportunity he has been providing to Turkish Aerospace Engineers. I would like to express my
appreciation to Dr. Serhat Giil, and Dr. Emre Doruk for their dedicated support during my doctoral studies.

I would like to extend my special thanks to Dr. Amirhesam Amerinatanzi for his invaluable support
during my research studies. My research elevated to a higher level of quality under his supervision. His
immense support in providing resources for my study has a crucial role in achieving my academic
objectives. I am very grateful for him being a source of inspiration in becoming a father to my family.

I would like to thank my brother Dr. Osman Goktug Tanrikulu for his guidance in pursuing a Ph.D.
degree and for helping me gain the right mentality to solve the problems in my life during my academic
journey.

I would like to express my gratitude to the professors Efstathios I. Meletis, Ye Cao, Robert M.
Taylor, Erika La Plante, Atilla Dogan, and Yaowu Hao for their time in reviewing my thesis as a part of the
dissertation committee and for their technical support on my study.

I would like to continue my appreciation with my fellow researchers Aditya Krishna Ganesh Ram,
Behzad Farhang, Hamidreza Hekmatjou, and Sadman Hafiz Durlov for their collaboration and contribution
to my studies.

Finally, I would like to express my gratitude to my family: my mother, Hiilya Tanrikulu, and my
wife, Ayca Tanrikulu who always stands by my side and supports my success unconditionally. I cannot
imagine achieving my academic objectives without their help and encouragement. Lastly, I would like to
thank my beloved son Kayra Tanrikulu for making me the happiest father in the world after the long study

hours.



LIST OF FIGURES

Figure 2.1. Several applications of the AM technology in the aerospace and medical industry: (a) LEAP
fuel nozzle -GE Aerospace [33], (b) Internal body implants by GE Additive Arcam Q10+ [34], and (c)
Satellite star tracker bracket produced by conventional and AM processes — Turkish Aerospace [24]........ 7

Figure 2.2. Overview of single-step AM processing principles for metallic materials [1]. ........ccccocveerienenn. 8
Figure 2.3. A schematic view of a powder bed fusion (PFB) process inside an AM printer [37]................. 9
Figure 2.4. The unit cells of (a) a phase Ti6Al4V and (b)  phase TiOAI4V........ccoiiiiiiiiiiiciiee 14
FIGUTE 0.5 ..ottt r et E R R R E Rt n Rt R R R renre s 14
Figure 2.6. Nucleation and growth of a precipitates initiates from the grain boundary into § grain [82,83].
..................................................................................................................................................................... 16

Figure 2.7. Grain morphology of a phase (a) thicker laths (widmanstitten) [84] (b) martensite [86]........ 16
Figure 2.8. Structurally-engineered structures: (a) uniform lattice structures, and (b) functionally graded
LAY (o (0 £ TS 4 PSSRSO 18
Figure 2.9. Structurally-driven FGM structures: (a) CAD Model of Tetrahedron cell (TC) + Octet truss cell
(OTC), (b) the X-Y plane view of the transition between different lattice structures, and (c) AM-built FGM

structures with different types, i.e., OTC, OTC + TC and TC [98]......cceieiriiiiiiieeiree s 19
Figure 2.10. Schematic view of how the remelting concept could be implemented [101]. .........ccccvvenee. 20
Figure 3.1. A schematic representation of how the concept of preheating could tailor the microstructure of
TIGAIAV dUFING 8N SLIM PIOCESS. ....vviviiteieieiisieste sttt sttt b ettt b ettt bbbttt 31

Figure 3.2. SEM images comparing porosity defects in (a) the reference sample (no preheating) and (b) a
representative sample, which underwent layerwise preheating with an energy density level of 40.38 J/mm3
E =40.38 J/MM3 (252 W, 1300 MIM/S). .....cviviriiieiciiieieieieisis ettt sttt 36
FIGUIE 0.3 ..ottt n R nne s 37
Figure 3.4. Optical microscopy images showcasing the differences in prior B-grain boundary and grain
morphology among distinct LPBF-produced Ti-6Al-4V samples: (a) reference sample (no preheating)
featuring irregular polygonal grain boundaries; (b) layerwise preheated sample with an energy density of
26.92 J/Imm3 (P=252 W, v=1950 mm/s), exhibiting square-like grain boundaries; (c) layerwise preheated
sample with an energy density of 32.31 JJmm3 (P=252 W, v=1625 mm/s), characterized by irregular
POIYGONal Grain DOUNGAIIES. ........eciiieiiece et st b et st e e b e s besteesbesbeereens e resne e 38
Figure 3.5. The effect of layerwise preheating with varying energy density levels, ranging from 26.92 J/mm?
to 40.38 J/mm?3, achieved by changing the scanning speed while keeping the laser power constant, on the
a/a’ phases lath thickness in (a) XY Plane and (b) ZX Plane. The reference sample (no preheating) is
represented by the triangle mark. Blue and black triangle markers represent the energy density and laser
scan speed of the default laser parameters, reSPECtiVElY. ... 39
Figure 3.6. The effect of layerwise preheating with different energy levels on the distribution of a/a’ phases
lath thickness. While the reference sample displayed the highest a/a’ phases lath thickness probability at
0.5 um, the preheated specimens exhibited their highest probability around 0.6 um lath thickness. ......... 40
Figure 3.7. XRD patterns of the reference and preheated specimens as a function of preheating energy
density in the XY Plane, illustrating the effect of preheating scan on changing the orientation of lath from
(101) in the reference sample t0 (002) dIFrECHION.........ciiieriiiiiee e e 41
Figure 3.8. Representation of microstrain values, derived from the slope of the fitted linear trendline in the
W-H analysis, under varying preheating conditions. (a) The default Ti-6Al-4V sample without any
preheating laser scan. Preheated samples at different energy densities include (b) E = 26.92 J/mm?3 (P = 252
W, v = 1950 mm/s), (c) E = 32.31 J/mm? (P = 252 W, v = 1625 mm/s), and (d) E = 40.38 J/mm? (P = 252
W,V = L300 IMIMI/S). ottt ettt et e b e st e e se e be s beese et e s beeteesbesbeeteesbesbeaaeensesbestesneeseesreanes 42
Figure 3.9. (a) Deformation of the HCP lattice under varying preheating laser scan speeds, illustrating the
impact on the lattice structure. (b) Variations in the volume of the HCP lattice at different preheating laser
scan speeds, demonstrating the effects of solute atom diffusion on the lattice's dimensional properties. Blue
and black triangle markers represent the energy density and laser scan speed of the default laser parameters
TESPECTIVEIY . ...ttt b bbbt b bbb s bbbttt b 43



Figure 3.10. Variation of solute atom concentration within the Ti-6Al-4V HCP lattice structure as a function
of decreasing preheating energy density (increasing the preheating laser scan speed). ........cccccevvernernnnnn 44
Figure 3.11. Percentage of 3-phase content in the microstructure as a function of different preheating laser
scan speeds. Blue and black triangle markers represent the energy density and laser scan speed of the default
[aser Parameters FESPECTIVEIY. .....cviiiiiiieiie ettt bttt 45
Figure 3.12. (a) Microstructural image illustrating the decomposition of o phase into o and  phases in the
reference (no preheating) sample. (b) EDS line scan of the reference sample no oxygen peak was observed.

Figure 3.13. Microstructural examination and EDS analysis of preheated sample (252 W, 1950mm/s, 26.92
j/mm?3). (a) Microstructural image revealing the absence of detectable B phase particles in preheated
samples. (b) Energy-Dispersive X-ray Spectroscopy (EDS) line scan performed on a single martensitic o
plate, illustrating the distribution and concentration levels of interstitial oxygen atoms. ............c.ccocevvenae 47
Figure 3.14. (a) Stress-Strain Curve for both the reference and the preheated samples, highlighting the
differences in material behavior under applied load. (b) Detailed view of the elastic region of the tensile

test, including the calculated elastic modulus for the SampIES. ..o 48
Figure 3.15. lllustration of global strain evolution resulting from the accumulation of local strains along the
axis of applied stress observed just prior to material failure. ... 49

Figure 4.1. Laser scanning strategy sequence: 1) Powder spreading from the dispenser onto the building
plate, 2) Preheating the selective powder regions corresponding to the scanning pattern of the fabrication
geometry, 3) Melting laser scan of the fabrication geometry, 4) Final, post-heating scan of the melted
U7 o 1011 LSOO PT PO PR TSP PPN 67
Figure 4.2. Tensile teStNZ SAMPIE.......ccveiiriiiiiiiiiiti ettt e b bbbt e b b sne s 67
Figure 4.3. SEM images of (a) the reference sample without any additional laser scan and (b) the in-situ
thermal process sample (196 W preheating laser scan power, 1950 mm/s preheating laser scan speed + 56W
post-heating laser scan power, 1300 mm/s post-heating laser scan Speed) .........ccevvrrerieriinieeneeneeneene 71
Figure 4.4. (a) Influence of the applied single preheating laser scan energy density on porosity. (b) Impact
of the applied single post-heating laser scan energy density on porosity. The porosity level of the reference
sample without any additional laser scan is depicted with a red triangle marker in both figures. .............. 72
Figure 4.5. Response surface plots of the impact of the in-situ thermal processing through the combination
of preheating and post-heating laser scan, on porosity. (a) Effect of the preheating laser scan parameters at
constant post-heating laser parameters of 56 W laser power and 1300 mm/s laser scan speed which include
case 23. (b) Preheating laser scan parameters impact at constant post-heating laser parameters of 56 W laser
power and 975 mm/s laser scan speed which include case 3. (c) Preheating laser scan parameters impact
constant post-heating laser parameters of 98 W laser power and 1300 mm/s laser scan speed which include
case 10. (d) Effect of the preheating laser scan speed parameters the post-heating laser scan of 56 W laser
power and 650 mm/s laser scan speed which include case 19. (¢) Surface response of porosity levels based
on selected preheating and post-heating laser powers, revealing that lower post-heating laser scan power
EXNIDILS 1858 POTOSIEY. ..eviiarieirieiieit et b e s bt s b e E e e r e e bt e sbe e sb e e nre e s reenreenneenne e 75
Figure 4.6. Response surface plots of the impact of the in-situ thermal processing through the combination
of preheating and post-heating laser scan, on o/a’ phase lath thickness. Lower post-heating laser power
combined with moderate preheating laser scan powers delivered lower lath thickness............ccccceveenen 76
Figure 4.7. The XRD you patterns of the reference (without additional laser scan) and the in-situ thermally
processed samples including, case 3 (preheating: P=252W, V=1625 mm/s, post-heating: 56W, V=975
mmy/s), case 10 (preheating: P=224W, V=1950 mm/s, post-heating: 98 W, V=650 mm/s) case 19 (preheating:
P=252W, V=1950 mm/s, post-heating: 56W, V=650 mm/s), case 23 (preheating: P=196W, V=1950 mm/s,
post-heating: SOW, VE1300 MIN/S) ...cuviiiiiiiiiiiiiiiieie sttt sttt st nb e bt se bt nnenneeees 77
Figure 4.8. The microstrain values were derived from the slope of the fitted linear trendline in the W-H
analysis for different in-situ thermal processing conditions. (a) Case 3 (preheating: P=252W, V=1625 mm/s,
post-heating: 56W, V=975 mm/s), (b) case 10 (preheating: P=224W, V=1950 mm/s, post-heating: 98W,
V=650 mm/s), (c) Case 19 (preheating: P=252W, V=1950 mm/s, post-heating: S6W, V=650 mm/s), (d)



Case 23 (preheating: P=196W, V=1950 mm/s, post-heating: 56W, V=1300 mm/s), (¢) Reference sample
without any additional laser Scan apPliCAtION ...........cuiverriiiierie e 79
Figure 4.9. Effect of the in-situ thermal processing on HCP lattice parameters. (a) The total energy of the
preheating and post-heating laser scans effect on lattice parameter “a”. (b) lattice parameter “c”. (c) Lattice
distortion variation at different total Nergy INPULS........cccrvveriiiieiieiie e 80
Figure 4.10. Stress-strain plot of the reference (without additional laser scan) and the in-situ thermally
processed samples including case 3 (preheating: P=252W, V=1625 mm/s, post-heating: 56W, V=975
mm/s); case 10 (preheating: P=224W, V=1950 mm/s, post-heating: 98W, V=650 mm/s); case 19
(preheating: P=252W, V=1950 mm/s, post-heating: 56W, V=650 mm/s); case 23 (preheating: P=196W,
V=1950 mm/s, post-heating: S6W, V=1300 MIN/S) ......cervrriieiieeriirinieesreseeirese e 81
Figure 4.11. Localized strain contour maps of &, from the DIC image analysis. (a) reference sample
(without additional laser scan), (b) Case 3 (preheating: P=252W, V=1625 mm/s, post-heating: S6W, V=975
mmy/s), (c) Case 10 (preheating: P=224W, V=1950 mm/s, post-heating: 98W, V=1300 mm/s, (d) Case 19
(preheating: P=252W, V=1950 mm/s, post-heating: 56 W, V=650 mm/s), (¢) Case 23( preheating: P=190W,

V=1950 mm/s, post-heating: 98W, V=050 IMIN/S) ....cuueiiuiiiiiiiiiiiiiiiieiiie sttt sire s b sseeseeas 82
Figure 4.12. Lattice deformation with the additional interstitial oxygen atoms in the octahedral positions
during in-situ thermal processing of the LPBF-fabricated Ti-0Al-4V ........cccccoiiiiiiiniicicen 85

Figure 5.1. ‘Dimensions of tensile test samples with highlighted post-heating regions. The black-marked
areas in the gauge cross-section indicate zones subjected to dual scanning processes (initial melting laser

scan followed by optimized post-heating 1aser SCAN) .”......c.ccuevuerereeiee s see e 95
Figure 5.2. SEM images comparing porosity defects in (a) reference sample without post-heating and (b)
fully layerwise post-heated sample (Post-heating Laser P:140W and V: 650 MM/S) ......cccccevvviveveiiennnnns 99

Figure 5.3. ‘Porosity level was optimized at a post-heating laser scan speed of 650 mm/s for a variety of
post-heating laser scan speeds. Post-heating laser power of 140W minimized the porosity of the
microstructure, (a) RSM analysis of porosity in LPBF fabricated Ti-6Al-4V microstructure with varying
post-heating laser scan power and speed, (b) Porosity values of the fully layerwise post-heating laser scan
at various laser parameters, (c) Impact of different locally layerwise post-heating scanning areas on

MICrOStrUCtUral reSPONSE 10 POTOSTLY . ......euveuieieitiitei ettt bbb 101
Figure 5.4. Representative image of an o/a’ colony and how the microstructure image is processed by the
software for the lath thiCkness and angle. ..........cooiieiioii i e 102

Figure 5.5. ‘SEM micrograph of LPBF fabricated Ti-6Al-4V; (a) microstructure of reference sample with
no additional laser scan, (b) Thicker o/a’ lath structure (12% higher) after the application of the optimized
post-heating laser scan fully across the cross-section, Lath structure variation between the locally layerwise
post-heated regions (pillar geometry projection on the cross-section was double-scanned (melting laser scan
+ post-heating laser scan)) and the single-scanned (only melting laser scan) regions for (¢) 0.4 mm pillar
size, (d) 0.6 mm pillar size, and @0.8 MM PIllar SIZE."..........ccooiiiiiiiiieee e 104
Figure 5.6. ‘(a) Lath distribution of the reference sample with no additional laser scan, (b) lath distribution
of the fully post-heated sample, (c) single-scanned (only melting laser scan) regions of the 0.4 mm pillar
reinforcement application have lower lath angle compared to the (d) doubled-scanned regions. 0.6 mm
pillar reinforcement application has the same behavior (d) single-scanned regions have lower lath angle
compared to the (e) double-scanned regions. On the contrary, (f) single-scanned regions have higher lath
angle compared to double-scanned regions in $0.8 mm pillar reinforcement application. ...................... 105
Figure 5.7. The effect of the post-heating laser scan on HCP Lattice parameters; Sequent laser scan
decreased the HCP lattice parameters “a” (a) and “c” (b). Post-heating laser scan increased the lattice
distortion, c/a (c). The W-H model shows that the tension stress mode of the reference sample turned out

to be a compression mode with the application of the post-heating laser scan (d). ......cccccoevevivviveveniennnnn, 106
Figure 5.8. ‘The XRD patterns of the reference without additional laser scan and the post-heating laser scan
1T e 101 1S) o TSP PR 107

Figure 5.9. (a) Stress-strain curves for reference (black) and locally layerwise post-heating laser scan
reinforcement applications. Each locally layerwise post-heating laser scan strategy, coupled with the
specific reinforcement geometry, contributed to the enhanced strength of the LPBF-fabricated Ti-6Al-4V

\'



material. Notably, 0.6 mm (yellow) pillar reinforcement demonstrated the most significant strength
advancement. 0.4 mm (green) and @0.6 mm (yellow) pillar reinforcement also enhanced the elongation
extensively. However, fully post-heated (gray) and ¢0.8 mm (blue) pillar reinforcement only enhanced the
material’s strength. (b) Detailed values for the material elongation and strength are listed in the table...109
Figure 5.10. Number of total cycles under dynamic loading conditions for the reference and the locally
layerwise preheating reinforcement strategy of the LPBF-fabricated Ti-6AI-4V..........ccccovvviiiicienen, 110
Figure 5.11. Fracture surface of the fatigue samples (a) Reference Sample with no additional thermal
process, (b) crack at the interface of the pillar reinforcement sample, (c) crack surface of the diamond lattice
reinforcement, (d) microcracks at the interface of the reinforced regions in gyroid lattice reinforcement
................................................................................................................................................................... 110
Figure 5.12. Super-saturated HCP-Ti with the energy addition of the post-heating laser scan. Substitutional
vanadium atoms occupied the titanium atom positions with the applied post-heating laser scan.
Additionally, with additional laser scans oxygen atoms occupied the octahedral positions in the HCP-Ti.
................................................................................................................................................................... 117
Figure 5.13. The general trend in the applied post-heating as HT after fabrication is a decrease in strength
and an increase in elongation. The locally layerwise post-heating laser scan reinforcement application
promises remarkable improvement in strength as well as elongation. ...........c.ccoeveieininincicee e 120

Vi



LIST OF TABLES

Table 2.1 Chemical Composition of Ti6AI4V Grade 5 (Wt.%0) [74] .....cooerveiiiiiiiiiceeee e 13
Table 3.1 Laser exposure process parameters of layerwise preheating SCan. ..........ccoceovvvrerereieeseneneenns 33
Table 4.1 various combinations of the process parameters for preheating and post-heating laser exposure
delivered by DOE with energy input constraint (25 J/mm?> — 45 J/Mm>) .....ccccooeevevvieveiiiiieieieeisseenn 68
Table 4.2 Porosity in As-Fabricated Parts by Laser Parameters. Compares porosity levels for each
combination of preheating and post-heating laser SEtNGS. .......ccccvverierieiieiieiieee e 73
Table 5.1 Laser exposure process parameters of layerwise preheating scan. .........c.ccccocvvveievciieciieieseenes 94
Table 5.2. HCP — Ti (a/a' phases) lath thickness and angle................cccccoovviiiiiiiniiiiiiicieie e 102
Table 5.3 Effect of the post-HT on the mechanical behavior of the LPBF Ti-6Al-4V ..........ccccovvvvennne. 113

vii



ABSTRACT

PROCESS-DRIVEN MICROSTRUCTURE TAILORING DURING ADDITIVE

MANUFACTURING OF Ti-6Al-4V

Ahmet Alptug Tanrikulu, Ph.D.

The University of Texas at Arlington, 2023

Supervising Professor: Amir Ameri

In recent years, additive manufacturing (AM) has attracted the attention of many researchers due
to the technology providing opportunities in terms of improved functionality, production repeatability,
efficiency, and cost and time issues. While AM techniques made possible the realization of complex
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AM-built parts. More specifically, non-equilibrium AM processes involve steep temperature gradients and
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challenge to create products with more isotropic properties. The practiced approaches include optimizing
AM process parameters, remelting of each layer during fabrication, or post-process heat treatments. This
has raised a question of whether or not it is possible to perform in-situ layerwise microstructure
modifications during AM processes, rather than relying only on process parameters optimization, or post-
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1. INTRODUCTION

1.1. Motivation

It is always a challenging task to manufacture parts with complex geometries using conventional
manufacturing techniques, particularly because of the additional steps that are required such as machining
and joining. Additive manufacturing (AM), on the other hand, allows the fabrication of complex shapes
with a tremendous degree of flexibility and freedom. AM processes involve rapid solidification and cooling
rates, thus creating parts with unique microstructure and preferential texture, totally different from those
fabricated conventionally. Such unique microstructure/texture results in anisotropic properties in the final
parts, which are not always desirable and need to be addressed at least to some extent.

The literature involves significant work focusing on approaches to improve the microstructure of
AM-built parts and create more standard parts with improved mechanical properties and less anisotropic
behavior. One widely used technique to regulate the microstructure has been the changing of AM process
parameters, such as laser power, scan speed, hatch spacing, layer thickness, and scan strategy. While some
improvements have been made, it is found that process parameter optimization could not be a good solution,
and at least has to be combined with other new strategies. Post-process heat treatments have also been
performed on AM-built parts. However, such treatments are found to be undesirable because they are
associated with increased time and cost. Particularly, for materials such as titanium that have high oxygen
affinity, post-process heat treatments require to be conducted in a furnace with a controlled atmosphere,
which makes the process even more costly and time-consuming.

It is ideal to come up with new strategies to control and improve the microstructure during AM
processes, rather than relying only on AM process parameters optimization, or post-process heat treatment
strategies. If successful, it would be possible to create parts with engineered microstructure and properties.

For example, a part could be designed with different microstructure properties in different regions, like in



a composite structure. As another example, a part could be fabricated with a relatively harder surface for

crack initiation resistance, and a relatively soft core for high-impact toughness.

1.2. Objectives

The primary focus of this research is to perform layerwise microstructure modifications in AM,
rather than relying on post-process treatment techniques, with the ultimate goal of improving the
mechanical and fatigue properties of AM-fabricated parts. More specifically, this research will address
three research objectives: (i) to reveal how pre-heating of each layer could alter the evolution of
microstructure, compared to when preheating is not performed, and its subsequent effect on the mechanical
and fatigue properties, (ii) to elucidate how pre-heating of each layer, if combined with post-heating of that
layer, could improve the microstructure and hence the mechanical, and (iii) to unveil how the microstructure
modifications, if performed locally such as in composite parts, could influence the anisotropic properties

of the final fabricated parts.

1.3. Approach

In order to study the identified objectives, a comprehensive literature review was conducted on the
topic to learn about the knowledge gaps, to learn from the findings in the literature, and to ensure the
proposed methodologies are not studied by other researchers. More specifically, the literature review was
conducted on the microstructure properties of AM-built Ti6Al4V parts, beta phase decomposition below
the allotropic transformation temperature, slip mechanisms of the Ti-HCP, lattice distortion during the HCP
to BCC transformation, martensitic transformation of the Ti6Al4V and mechanical and fatigue responses
of unique microstructure of SLM-built Ti6AI4V.

For objective 1, in order to come up with appropriate process parameters for preheating of each
layer, a series of samples with different process parameters were first fabricated through a design of
experiment methodology, followed by conducting microstructure characterization on those samples. Upon
analyzing the microstructure results, different sets of process parameters for the preheating of each layer

were identified. Next, a series of microstructure samples were fabricated by performing preheating via the



laser prior to laser melting of each layer. Based upon the obtained microstructure results (i.e., alpha phase
lath thickness, HCP lattice parameters, the amount of the alpha and beta phase), a series of tensile coupons
were fabricated and the improvement in the mechanical properties was obtained.

Objective 2 aims to explore the in-situ thermal process which combines the preheating and post-
heating laser scan application. A combination of different preheating laser scan powers, preheating laser
scan speeds, post-heating laser power, and post-heating laser scan speeds derived from a design of
experiment method. The microstructure of each different case was evaluated and the best results in terms
of internal process-induced defects were selected for further evaluation. A series of microstructure
characterization techniques (X-ray diffraction, SEM, image processing, Bragg’s law, and Williamson-Hall
model) were applied to unveil the effect of the studied in-situ thermal processing on the microstructure and
its mechanical response. The tensile testing revealed a significant improvement in the mechanical
properties of the material.

A post-heating laser scan was utilized at the selected regions of the specimen’s cross-section to
modify the microstructure as the third objective of the presented study. Objective 3 aims to mimic the
functions of the fibers in composite materials by generating pillar regions with modified microstructure in
the specimens. In this novel approach rather than the existing functionally graded material applications the
chemical composition of the material did not change. The grain morphology of the material was modified
by controlled cooling rates with precise laser parameter tuning. Advanced microstructure characterization
was conducted to monitor the impact of the single-material composite metal additive manufacturing
application. Results exhibited a remarkable improvement in the mechanical strength of the material as well

as in the elongation of the material which makes this application unique.

1.4. Qutline

In Chapter 1, the motivation, objectives, approach, and contributions of the present study are
discussed. In Chapter 2, a comprehensive literature review on the additive manufacturing of different
materials, particularly Ti6Al4V, the microstructure and mechanical properties of AM-built parts, and the

knowledge gaps are provided. In Chapter 3, which focuses on studying objective 1, an introduction to the
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objective goal, materials and methods, results, discussions, and conclusion are included. In Chapter 4, a
novel in-situ thermal process which represents objective 2 of the study was investigated from both
microstructure and mechanical property perspectives. Chapter 5 presented Objective 3, which focuses on
the impact of the modified microstructure in selective regions of the studied specimens. Finally, in Chapter

6 findings of the Chapter 3,4,5 were summarized and future studies were discussed.

1.5. Contribution

The contributions of this study include: (i) Revealing the evolution of microstructure (e.g.,
allotropic transformation, lattice structure, and interstitial solution) in AM-built Ti6Al4V specimens that
are created based on the concept of preheating prior to laser melting. (ii) Revealing the relationships
between the process, microstructure, and properties of fabricated specimens, which would enable the design
for specific needs. (iii) Enabling the fabrication of composite structures through AM techniques without

the need for two different materials.



2. BACKGROUND AND LITERATURE REVIEW

2.1. Additive Manufacturing (AM) Processes

AM processes involve the fabrication of a three-dimensional part in a layer-by-layer manner. Based
upon the ASTM 52900-21, AM is defined as the ‘process of joining materials to make parts from 3D model
data, usually layer upon layer, as opposed to subtractive manufacturing and formative manufacturing
methodologies’ [1]. With the development of stereolithography, the AM technology was invented in the
1980s [2]. This technology became popular during the last few decades, particularly because of its ability
to produce parts with complex geometries, which are not achievable using conventional fabrication methods
[3]. In the following, an introduction to AM techniques, advantages and disadvantages of these methods,
effective parameters that have influence on the properties of final parts, and techniques that have been

conducted to improve the microstructure and mechanical properties of Ti6Al4V are presented.

2.1.1. A Brief History of Additive Manufacturing

Charles W. Hull created the first 3D-printed part in 1983 [4] after his invention of stereolithography
[5]. One year, after the first 3D printed part was introduced by Hull, Deckard, and Beaman, started to
perform research studies on powder materials in 1984 [6,7] using a 100W Y AG laser heat source [7]. The
results of their work ended up in a patent that was filed in 1989 at the University of Texas at Austin [8,9],
which is known as the selective laser sintering (SLS) technology. Six years after this patent invention, in
1995, EOS introduced the first direct metal laser sintering (DMLS) printer [10]. Later in 1999, selective
laser melting (SLM) technology was invented by Fockele and Schwarze [11] with the support of the
Fraunhofer Institute of Laser Technology [12]. The first commercial SLM 3D printer was released in 2004
by MCP Tooling Technologies, which was named Realizer 250 SLM [12]. Lars-Erik Andersson & Morgan
Larsson invented an electron beam heat source for powder-based 3D printing in 2000, which is currently
known as the electron beam melting (EBM) process [13]. The EBM technology was later commercialized
by Arcam AB (Note: GE acquired the controlling shares of Arcam AB in 2016) by assigning the patent in

2008 [14]. Both SLM and EBM technologies are considered powder bed fusion (PBF) systems.



2.1.2. Recent Trends in AM

AM has gained significant attention in recent years, particularly in industries that require
components with complex geometry, such as aerospace, automotive, space, oil and gas, and biomedical
industries [15,16]. As a few examples, lightweight components for aerospace engineering [17,18], and
tailored body implants for biomedical engineering [19] can be produced using AM techniques due to their
capability to fabricate near-net shape complex geometries from CAD data [20-22].

When it comes to complex geometries, conventional subtractive fabrication techniques produce
increased material waste and high energy consumption. As an example, it has been reported that the material
waste for some components is 30 times higher than the material that is used for the component itself [23].
Nowadays, AM has become one of the most promising technologies for reducing material and energy waste,
particularly for parts with complex geometries. Previous studies on metal AM have proved that it is possible

to produce lighter parts without sacrificing mechanical strength [24,25].

2.1.3. Advantages and Disadvantages of AM

AM processes offer numerous advantages to a wide variety of industries which makes it a hot topic
not only for research studies but also for real engineering applications. To name a few, AM eliminates the
need for complementary processes such as assembly, produces near-net shape components with minimal
material/waste energy, creates light-weight components and increases the energy efficiency of vehicles,
eliminates the additional design process required for molding and machining, enables the fabrication of
consolidated multiple parts, and eliminates the multiple production steps and decreases the total production
time [26]. These benefits are the main keys that have attracted a wide variety of industries to this technology.
The global market for AM was valued at $16.6M in 2020, and according to Mordor Intelligence, it is
expected to exceed $70M by 2026 [27].

Despite the extensive benefits and huge market potential for AM, however, there are some
challenges associated with the process that need further attention. Rapid solidification and cooling rates
associated with AM processes result in unstable microstructure in terms of residual stresses [28] and strains

[29]. More specifically, the inherent directional solidification of the process leads to the preferred grain
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texture in the microstructure [30], which in turn results in an anisotropic mechanical response in the final
part [31]. In addition to the microstructural challenges of the process, the associated staircase effect [32]
limits the use of AM for applications that require high-end surface finish quality. Costs associated with
feedstock powder material and powder recycling are also further objections to this technology.
2.1.4. AM Applications

During the last three decades, extensive research studies on AM have been conducted. Even though
this technology has been studied only for a couple of decades, great knowledge and understanding of the
material behaviors and mechanical responses of AMed parts are already available, thus leading to the
integration of this technology into the industry. In Figure 2.1, several examples of the applications of AM

technology in the aerospace and medical industry are provided.

Figure 2.1. Several applications of the AM technology in the aerospace and medical industry: (a) LEAP
fuel nozzle -GE Aerospace [33], (b) Internal body implants by GE Additive Arcam Q10+ [34], and (c)
Satellite star tracker bracket produced by conventional and AM processes — Turkish Aerospace [24].



2.1.5. AM Technologies: State of the Art and Trends

To date, there have been multiple classifications and explanations for AM techniques terminology.
The ISO/ASTM 52900:2021 (E) standard, ‘Additive Manufacturing — General Principles — Fundamentals
and Vocabulary’ [1] is one of the most comprehensive references for the terminology and classification of
AM technology. According to ASTM, AM can be classified into seven different groups, as outlined in
Figure 2.2 [1]. Among these techniques, laser powder bed fusion (LPBF) is the most common and adopted
method for the fabrication of metallic components [35]. In the literature, the classification of AM
techniques has been done in other ways too, e.g., based on the process steps such as single step versus multi-

step, or based on materials such as metal, ceramic, polymer, and composite.
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Figure 2.2. Overview of single-step AM processing principles for metallic materials [1].

2.1.6. Selective Laser Melting (SLM) Processes

Among different AM technologies, laser powder bed fusion (PBF), particularly selective laser
melting (SLM) is one of the most common processes due to its ability to fabricate almost fully dense
complex shape components with high dimensional precision [36]. In the SLM processes, a build file must
be first created from the CAD data of the part of interest, followed by its slicing according to the set layer
thickness, and the laser parameters and path strategy of each layer. The 3D printer software and controllers

apply the data of the building file during the process. Additional process parameters such as building plate



preheating temperature and powder spreading-related parameters must also be predefined using the AM

software. A schematic view of the PBF systems is depicted in Figure 2.3.
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Figure 2.3. A schematic view of a powder bed fusion (PFB) process inside an AM printer [37].

One main advantage of SLM processes is its capability to produce high-resolution features and
internal design cavities with accurate dimension control [38], along with a wide variety of material
selections [39]. When compared to other PBF technologies or EBM methodologies, SLM delivers a
significantly denser microstructure because of the relatively high energy input that is used and produces

finer geometrical features due to the relatively thinner layer thickness that is employed in this technique.

2.1.7. Effective Parameters in SLM-built Parts

In an SLM process, multiple effective parameters can control the process and result in different
microstructural and hence mechanical properties. These parameters include, but are not limited to the laser
power, scanning speed, hatch spacing, layer thickness, scanning strategy, laser spot size, and powder
particle size. Due to the high number of variables involved, it has not yet been possible to consider all the
parameters in a single study. On the other hand, the focus has mainly been on limited parameters that have
huge effects on the microstructure and mechanical behavior of the fabricated parts [40]. To simultaneously

understand the effects of these parameters, Thijs et al. [40] proposed an energy density equation (see



Equation 1), where Ey is the energy density, P is the laser power (W), v is the laser scanning speed (mm/s),

t is the layer thickness (mm), and h is the hatch spacing (mm).
E,=— Eq (2.1)

Noteworthy is that, in addition to the energy density parameters, powder material characteristics
have also great impacts on the microstructure and mechanical response of SLMed part [41]. In the

following, a brief explanation on the influencing parameters in SLM processes is presented.

2.1.7.1. Laser Power and Spot Size

Laser power has an important effect on the melt pool formation during SLM processes, which in
turn governs the microstructure of resultant parts. For instance, insufficient laser power results in partial
melting of deposited powder particles [42], which in turn causes the formation of bridges between the
particles, thereby leading to powder agglomerations [43]. The associated cavities formed between the
agglomerated powder lead to an increase in porosity in the final parts [42]. Another example, significantly
high laser power promotes the evaporation of materials [44,45] and causes the formation of defects and
porosities, incomplete fusion holes, cracks, and impurities [46].

The laser spot size is another important factor in SLM processes, which defines the energy transfer
dynamics from the laser source to the surface of the powder layer. The laser spot in SLM applications has
a Gaussian energy distribution, in which the point e for the laser peak intensity of a beam depicts the
diameter of the laser spot size [47]. Since the laser spot transmits the energy of the laser to the powder layer,
it has a great impact on heat transfer phenomena. Additionally, it influences the precision and fabrication
speed of the SLMed parts. The scan total area depends on the laser spot size.
2.1.7.2. Hatch Spacing

The distance between two neighboring scan tracks is referred to as hatch spacing, hatch distance,
or scan spacing. Hatch spacing can be calculated by measuring the distance between the center beams of
adjacent scans [48]. There is an adverse relation between the hatch spacing and the fabrication time, which

means that the higher the hatch spacing is, the lower is the total fabrication time. In addition to hatch
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spacing, there is another parameter that has an important effect on SLMed parts, i.e., the hatch angle, which
is the scanning orientation between the consecutive layers. Robinson et al. [49] investigated the effect of
the hatch angle orientation on SLMed parts and reported that the hatch angle has a great influence on the

density, surface finish, and tensile properties of the parts.

2.1.7.3. Layer Thickness

Layer thickness is the dimension of the layer height of each consecutive layer during the SLM
process. Because of the associated staircase effect, the higher the level of layer thickness, the rougher the
resultant surface is [32,50]. This is of particular importance because the surface finish of the final part has
an important effect on the mechanical behavior of the component. As an example, a thicker layer thickness
results in a rough surface and hence lower strength and higher plasticity, compared to when a low layer
thickness is chosen [50]. In SLM applications layer thickness mostly vary between 20um to 50um.
2.1.7.4. Scan Speed

Scanning speed is the laser track velocity during SLM processes, which has a great influence on
the heat input, energy density, and fabrication time. A relatively higher scan speed decreases the energy
input, which may result in insufficient input heat for the melting of the deposited powder layer. This could
be accompanied by a lack of fusion and balling effect during the process [46,51,52]. A lower scan speed
increases the energy density and may cause overheating of the powder layer, which could promote material
evaporation and porosity formation [46]. In SLM applications, the scan speed is mostly between 800 mm/s

to 2000 mm/s depending on the material type, laser power, layer thickness, and scanning strategy.

2.1.7.5. Scan Strategy

Scanning strategy in SLM processes is defined as the route that the laser track follows at each layer
according to the part geometry. The starting point of the scan track and the sequence of scanning regions
with hatch orientation and hatch distance compose the scan strategy. Additionally, the contour, upper, and
down skin scans can be considered as other elements of the scanning strategy. The selection of these

variables designates the degree of distortion, residual stress formation, and strains of the final part. Thus,
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the optimization of these parameters is essential for a reliable fabrication. In SLM processes, the high energy
input at confined regions and uneven temperature distributions lead to high-temperature gradient, thermal

stress, and warpage, all of which have to be taken into account when optimizing the scan strategy [53].

2.1.7.6. Powder Particle Morphology

It is essential to understand the feedstock decently for a reliable and successful SLM process [41].
It is known that the features of material powders, such as the grain size and shape, have a significant effect
on the final parts' densification and mechanical properties [54]. Particle size distribution (PSD) has an
important effect on many SLM aspects [41], where smaller particles promote the deposition of a thin layer
and enhance the mechanical properties and surface roughness, while the distribution of particles directly
affects the packing density of the building plate and the density of the final parts [55,56]. Attar et al. [57]
reported that the density of the fabricated samples with irregular particles was 95%, while the density of
fabrication with spherical particles was 99.5%.

2.2 AM and particularly SLM of Ti6AlI4V materials
2.2.1 Brief Introduction to Ti6Al4V Materials

Titanium alloys became popular in the twentieth century, right after modern engineering practice
supported their use [58]. These alloys have particularly found great applications in military applications,
such as the SR-71 Blackbird [59] and B-1B bomber [60], as well as in commercial aerospace industrial
applications such as the Boeing 777 [60].

Among different titanium alloys, Ti6Al4V has been found to be the most commonly used material
in critical applications such as the aerospace and biomedical industries. Ti6Al4V has currently almost half
of the market share of titanium products available all over the world [61,62]. This alloy is of particular
interest, mainly due to its superior properties, including but not limited to exclusive strength [63-65],
exceptional corrosion resistance [66], good fatigue performance [21,22,67,68], excellent crack initiation

[69,70], and crack propagation resistance [71-73]. Table 1 summarized the chemical compositions of the
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Ti6Al4V alloy, which is also referred to as Ti Grade 5. Noteworthy is that there are different sub-gradings
available for Ti6Al4V, which is categorized based on its oxygen content.

Table 2.1 Chemical Composition of Ti6AI4V Grade 5 (wt.%) [74]

Element Other elements  Other elements
Ti Al Vv (0] N C H Fe Y
(%) (each) (total)
Min. 556 35 - - - - - - - -
Bal.
Max. 6.75 45 0.2 005 0.08 0.02 0.3 0.005 0.1 0.4

2.2.2. Microstructure of Ti6Al4V

2.2.2.1. Lattice Structure and Allotropic Transformation

Titanium is an allotropic element, which means it can exist in more than one physical form at one
physical state. In Ti6Al4V, this ability is associated with two different phases at solid-state, i.e., the alpha
phase, and the beta phase. The stability of these phases highly depends on the temperature conditions.
However, the beta phase is the only stable phase at elevated temperatures, both alpha and beta phases
become stable at room temperature (RT). The critical temperature that drives this transformation is called
beta-transus temperature, which is typically higher than > 882.5 °C [62].

The main difference between the two phases is that the a-Ti has a hexagonal closed pack (HCP)
lattice structure, on the other hand, the B-Ti has a body-centered cubic (BCC) lattice structure. The unit cell,

lattice parameters, and the densest packed planes are shown in Figure 2.4.
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Figure 2.4. The unit cells of (a) o. phase Ti6Al4V and (b) f§ phase Ti6Al4V.

The phases have different lattice structures due to their atomic arrangement. There is an orientation
relationship with the phases during the allotropic transformation (Tia <> Tip). The idealized orientation

relation is shown in Figure 2.5 for the o phase (blue lines) and § phase (pink lines).
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Figure 2.5. Idealized orientation relation of the Tia and Tiff phases during the allotropic phase
transformation of Ti6AI4V [75].
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It is known that the  phase is stable above the allotropic transformation temperature, and o — f
transformation happens by heating the temperature above the f-transus temperature. During this phase
transformation, the HCP lattice expands approximately 10% along [2110], to become a [100]; direction,
approximately 10% contraction along the [0110], and approximately 1% contraction along the [0001], to
become a [011];. Due to the mismatch relations, one of the two <111> ; directions in the {110} plane is
rotated ~5° to align the <2110>, directions [75].

The full transformation between the a phase (a—pB—a) happens regardless of the production or
thermal profile, since this is a thermo-kinetic driven behavior of the material [76]. The microstructure can
be tailored by controlling the cooling rate of the B—a+f decomposition [77,78]. The o phase precipitates
from the B matrix in the shapes of laths or plates, which is driven by the cooling rate. But, if the
transformation happens as the decomposition of the  phase (B—o+f), this makes it possible to manipulate
the microstructure by controlling the cooling rate. Burgers explained the precipitation of the o phase with
Burgers orientation relations between the o and B phases [79]. But if the transformation happens as the
decomposition of the B phase(f—o+p), this makes it possible to manipulate the microstructure by
controlling the rate. Burgers explained precipitation of the o phase with Burgers orientation relations
between o and  phase [79].

There are 6 distinct {110} planes in the BCC structure of the  phase, and according to the Burgers
orientation, all of them can be the basal plane of the inherited o, phase during the transformation [80]. Each
of these planes ({110}) contains two <111> direction, which determines <1120> directions of the inherited
a phase. Thus, there are 12 unique o (HCP) variants that can be formed from a single 8 phase (BCC) [80].
2.2.2.2. Grain Structure of Ti6AI4V

The grain structure determines the mechanical response of the material under certain circumstances.
Grain morphology is a result of both the composition and thermomechanical process. Grain size, shape,
and orientation are the features that define grain morphology. Grain morphology need to be well-understood

to enable material design and production steps, as well as the standardization of engineering applications.
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The a phase is stable at the RT, and occupies the majority of the microstructure depending on the
thermal history of the material. The amount of the o phase in the microstructure may exceeds 87% of the
total microstructure volume [81]. The a phase consists of plates that nucleate and grow through the B phase.

The diffusional nucleation and growth of the o phase are shown in Figure 2.6 [58].

‘ « plate nucleates “
at grain boundary o
— \&/

Figure 2.6. Nucleation and growth of o. precipitates initiates from the grain boundary into ff grain

[82,83].

Due to the cooling rates o phase can decompose as thicker laths (it is known as the widmanstatten
microstructure) [84] at slower cooling rates or thinner lamellae colonies at higher cooling rates as a

martensitic microstructure [85].

Figure 2.7. Grain morphology of a phase (a) thicker laths (widmanstdtten) [84] (b) martensite [86].
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2.2.3 SLM processing of Ti6Al4V

Compared to other AM techniques, SLM involves relatively lower thicknesses and hence provides
parts with higher resolution [87]. This feature has enabled the fabrication of very complex parts using this
technology [88]. Due to the inherent staircase effect, as discussed earlier, a relatively thinner layer thickness
is favorable for creating fine features, and results in a better surface finish in terms of the final roughness.
When it comes to SLMed Ti6Al4V, numerous applications have been explored, including but limited to
the airframe parts in the aerospace industry (e.g., aircraft bracket [89]).

Even though SLMed Ti6Al4V materials provide lightweight properties and adequate strength, there
are some challenges associated with the thermal analog of the process. Thermal history plays a significant
role in the microstructure of Ti6Al4V due to the decomposition mechanisms and allotropic transformation
abilities of the material (see section 2.2.2.1), and hence significantly influences the resultant mechanical
response. In addition to the lattice transformation and deformations orientation of the grain formed during
the directional solidification, cooling has also a significant effect on the mechanical properties of the final

product and needs to be fully understood by AM engineers [90,91].

2.3. Microstructure Modification Strategies in SLM Processing of Ti6Al4V

Compared to conventionally fabricated Ti6Al4V components, those produced using SLM
techniques contain very complicated microstructure with a high amount of residual stresses, process-
induced defects, distortions, and preferred grain texture due to the involved thermal gradient, rapid
solidification, and cooling rates. There are standardized complimentary post-processes for SLMed
Ti6AI4V, e.g., heat treatment processes [92] to improve the microstructure stability. However, these
processes increase the lead time and cost of the total fabrication, which in turn diminishes the
competitiveness of SLM with conventional production. Titanium has an oxygen affinity, listed at the fourth
place in the Ellingham diagram [93], hence it is required to consider a controlled atmosphere for the thermal
processing of these alloys.

Due to the challenges with post-process heat treatment techniques, and to avoid the additional cost

and time of post-processing, several research studies in the literature have focused on technigques to modify
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the microstructure during the process. In SLM processes, it is possible to change the equivalent properties
of a part in its different regions by considering functionally graded materials (FGM). Thanks to the
controllable process of SLM, the modification of microstructure in these techniques has also been
conducted by manipulating the process parameters. In the following, brief descriptions of techniques that
have been employed in the literature regarding this topic are presented.
2.3.1. Structurally-driven Microstructure Tailoring

The development of Functionally Graded Materials (FGM) has been made possible with the advent
of AM and more particularly SLM techniques. The production of structurally engineered FGMs (Figure
2.8) could be a substitute for other strategies that involve adding elements or compounds to engineer the
microstructure of parts. In other words, since real-time composition control in powder-bed SLM processes
is not achievable, the production of compositionally engineered FGMs cannot be achieved using this
technique [94]. The production of structurally engineered FGMs in SLM is through introducing porosities
into the CAD file and accordingly engineering them (Figure 2.9). An example could be the FGM structures

that deliver different functionalities for biomedical scaffolds [95,96].
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Figure 2.8. Structurally-engineered structures: (a) uniform lattice structures, and (b) functionally graded
FGM structures [97].

18



(b)

Large pore size
v v

v v )
’A‘ ’A A‘ ’A‘ ’A‘ Small pore size

v, v

Internal structure >:‘ ’v‘ bv‘ ’ ‘ ’ ‘

A A A A

OTC OTC+TC TC

4
/18

3
|17

4
e

Figure 2.9. Structurally-driven FGM structures: (a) CAD Model of Tetrahedron cell (TC) + Octet truss
cell (OTC), (b) the X-Y plane view of the transition between different lattice structures, and (c) AM-built
FGM structures with different types, i.e., OTC, OTC + TC and TC [98].

2.3.2. Remelting-Driven Microstructure Tailoring

It has been reported in the literature that it is possible to perform remelting on each fabricated layer
during the SLM process to improve the microstructure and mechanical properties, e.g., surface finish [99],
higher ultimate tensile strength (UTS) [100], and porosity level [101]. Yasa et al. [99] has reported that
layerwise remelting could enhance the surface quality by 90%, and drastically decrease the porosity level
from the range of 1-2% to almost 0%. Bedmar et al. [101] have reported that remelting could improve the
relative density of Ti6Al4V from 89.7% to 95.3%. Karimi et al. [100] have found that remelting could

result in a 10% improvement in the UTS value.
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Figure 2.10. Schematic view of how the remelting concept could be implemented [101].

2.3.3. Computational Modeling of the LPBF-fabricated Ti-6Al-4V

Due to the complexity of LPBF technology, which involves multi-physics dynamics, process
modeling remains a challenging task. Some studies reported the single-track melt pool model or a limited
number of multi-track applications which delivers some predictions regarding the final microstructure
[102—105]. Kang et al. [103] reported that additional scan has a noteworthy effect on grain structure. It was
reported that the additional laser scan refines the grains in the microstructure. Additionally, it was reported
that selected process parameters are highly sensitive to the thermal conductivity of the material [105]. In

the shed of these numeric models experimental studies were conducted.

2.3.4 Knowledge gap Related to Microstructure Tailoring of Ti6AlI4V

It is known from the literature that the microstructure of Ti6Al4V can be manipulated during the
B—o+p decomposition [77,78] by controlling the precipitation and growth rates. Even though several
studies have been conducted in the literature to regulate the microstructure during AM processes and
particularly SLM, such as engineering the structure and creating FGM structures, or performing remelting
on each layer to improve the microstructure, no research study has been conducted to perform in-situ layer-
by-layer heat treatment with different sequences and laser parameters. The knowledge gaps in the literature
are identified as follows: (i) no research has been conducted to perform in-situ layerwise microstructure

modifications, such as by manipulating the solubility of the HCP lattice during the decomposition from
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BCC to HCP and revealing its impact on the anisotropic mechanical behavior of SLM-built Ti6Al4V

material.
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3.  COMPREHENSIVE INSIGHT INTO MICROSTRUCTURE EVOLUTION DURING
PREHEATING-ASSISTED LPBF AND ITS INFLUENCE ON MECHANICAL PROPERTIES OF
Ti-6Al-4V
3.1. Introduction and Overview

LPBF has emerged as a promising alternative to conventional fabrication methods, which
often result in significant material waste, increased costs, and environmental impacts [1]. Conventional
methods encounter challenges with complex geometries, leading to the necessity of multiple production
steps and increasing the defect risks, ultimately decreasing efficiency. On the contrary, LPBF offers
near-net-shape fabrication that minimizes material usage, energy consumption, and the cost of
assembly [2]. Furthermore, LPBF can handle a wide variety of materials for components with complex
geometries, leading to an attractive alternative across various industries [3].

LPBF stands out among the various AM techniques due to its high resolution: processing ability of
extremely thin layer heights, which makes this process ideal for lightweight studies in engineering
applications. Ti-6Al-4V is one of the most popular materials used in LPBF for weight reduction which
boasts exceptional mechanical properties and versatility [3,4]. The high strength-to-weight ratio of this
material makes it an essential choice for manufacturing lightweight components that require robust strength,
such as aircraft parts, automotive components, and internal body implants [5]. In addition, Ti-6Al4V alloy’s
exceptional corrosion resistance is invaluable for the components that operate in harsh environments such
as marine applications, chemical processing, oil and gas industry [3]. The remarkable fracture toughness of
the material makes it also ideal for applications demanding fatigue resistance and durability, including
defense and aerospace components [3].

Besides its remarkable properties, LPBF-fabricated Ti-6Al-4V presents inherent
challenges due to the thermal nature of the process. Ti-6Al-4V is a bimodal a+f alloy with superior
strength compared to a-Ti alloys and a wider processing window than both a-Ti and B-Ti alloys
[6]. Instant temperature changes and rapid cooling rates associated with LPBF, reaching 10* to 108
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K/s [7], can cause an unstable solidification before achieving full homogenization, leading to
anisotropic microstructures that may compromise the final part's mechanical properties [8]. During
the LPBF of Ti-6Al-4V, the  phase decomposes to an acicular o’ martensite phase during phase
transformation while cooling down from laser processing [9]. The o’ martensite phase exhibits a
highly anisotropic microstructure and increased hardness, which potentially leads to reduced
ductility and toughness [9]. However, transforming the martensite o' phase into a more favorable
bimodal o+ microstructure can significantly improve material ductility while alleviating the
impact of residual stresses [10]. It is worth mentioning that the martensitic decomposition
temperature for Ti-6Al-4V typically occurs within the range of 600 to 650 °C [11,12].

Recent studies have revealed that employing complementary thermal treatments can
effectively stabilize the microstructure of LPBF-fabricated Ti-6Al-4V, leading to enhanced phase
management, reduced residual stress, and improved mechanical properties while minimizing
anisotropy [13-18]. Ali et al. [13] demonstrated the effectiveness of the powder bed preheating at
elevated temperatures in transforming the o’ martensite phase into a more ductile and uniform a +
B microstructure. This resulted in superior plastic behavior and microstructure stability. Their
findings also confirmed that preheating the substrate to 370°C and 570°C reduced the residual
stress by 71% and nearly 100%, respectively, compared to a substrate heated to 100°C. The other
studies presented by Vrancken et al. [14] and Kruth et al. [15], have supported the results of the
effectiveness of substrate preheating, indicating the potential to improve the properties of Ti-6Al-
4V fabricated by LPBF. Additionally, researchers have explored promoting the non-equilibrium
o/ martensite decomposition in the as-built microstructure to an equilibrium o+ microstructure
through post-process heat treatment. Studies have demonstrated that annealing within the range of

750-900°C can facilitate o' martensite decomposition and enhance ductility [16-18]. A recent
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study in the static coarsening behavior of lamellar structures in LPBF-fabricated Ti-6Al-4V
revealed that annealing at 900°C or higher temperatures significantly accelerates coarsening
kinetics of the lamellar structure [19]. Moreover, it has been found that a slower cooling rate after
solution treatment results in an o+p microstructure, while rapid cooling Yyields o’ martensitic
microstructures [20]. Post-process thermal treatments have also been employed to achieve a
stabilized a+p microstructure in Ti-6Al-4V fabricated by other AM techniques, such as wire arc
additive manufacturing (WAAM) [21]. Some studies have investigated the impact of Hot Isostatic
Pressing (HIP) and reported enhanced mechanical properties and phase transformation. Su et al.
[22] explored that the HIP process resulted in a microstructure consisting of lamellar o and 3
phases without any texture formation and responded to enhanced mechanical properties.
Meanwhile, Cai et al. [23] observed a remarkable improvement in ductility, despite a slight
reduction in the material’s strength value.

The final microstructure of LPBF-fabricated components can be significantly influenced
by process parameters as well as thermal treatments, and these parameters attain careful
consideration to generate the desired microstructure [3,4]. Several investigations have unveiled the
influence of various factors, such as laser power, layer thickness, and scan speed on microstructure.
For instance, Xu et al. [24] determined that slowing down the cooling rate during fabrication of
Ti-6Al-4V enhanced the elongation by transforming the o martensite into a+f phases. They also
noted that layer thickness played a crucial role in microstructure due to its effect on cooling rate
and thermal cycles. As a result, the final few layers of each sample exhibited an o' martensitic
structure, due to the absence of subsequent thermal cycles. In a more recent study, Xu et al. [25]
discovered that inter-layer time is another effective parameter for promoting decomposition. They

observed a lamellar (o+f) structure with a 1 s inter-layer time, while a mixed structure was
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generated when the inter-layer time was increased to 10 s. Moreover, the study reported that
modifying layer thickness could yield different microstructures. With a 30 um increase in layer
thickness from 60 to 90 um, a coarser lamellar (o+f) microstructure was obtained.

Numerous studies have discovered modifying the Ti-6Al-4V alloy’s microstructure either
through post-process heat treatments or by adjusting the laser parameters. However, no study has
yet investigated in-situ layer-by-layer laser heat treatment. In this chapter, we utilized a low-energy
heat input by the laser source to preheat the powder on each layer before processing it with a
higher-energy melting laser scan. This innovative method empowered us to modify the as-
fabricated microstructure of the part through in-situ thermal process controlled solidification and
cooling rates, thereby eliminating the need for additional post-heat treatments. We thoroughly
evaluated the effect of various preheating laser parameters on the microstructure and mechanical
response of the final part, while adhering to the manufacturer's suggested parameter set for the
melting laser scan. Our findings demonstrate that a specific set of preheating parameters can
notably improve the mechanical properties of the final product, fostering a more stable phase
transformation response encompassing the combination of 3, o’ martensite, and o phases.

The focus of this chapter is to study how the new concept of layerwise preheating could
influence the evolution of microstructure and mechanical properties during the LPBF process
(Figure 3.1). This process, namely the preheating-assisted LPBF process, could be a substitute

solution for conventional LPBF processes.
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Figure 3.1. A schematic representation of how the concept of preheating could tailor the
microstructure of Ti6Al4V during an SLM process.

3.2. Experimental Methods and Fabrication
3.2.1. Materials and Fabrication
Gas-atomized Ti-6Al-4V Grade 5 powder, supplied by EOS North America (Pflugerville,
TX, USA), was used for the fabrication. The chemical composition of the powder (wt.%) consisted
of5.50-6.75Al,3.50-4.50V, 0.20 0,0.05N, 0.08 C, 0.015 H, 0.30 Fe, and balance Ti, satisfying
the specifications outlined in 1ISO 5832-3, ASTM F1472, ASTM F2924, and ASTM F3302
standards. The size distribution of the powder exhibited a range from 20 um to 80 um [26].
SolidWorks software (Dassault Systems, Vélizy-Villacoublay, France), utilized for
designing the digital files for microstructure samples (20 mm x 6 mm x 6 mm) and dog-bone

tensile test coupons.
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The coupons were fabricated using LPBF technology with an EOS M290 SLM printer
(EOS GmbH, Electro Optical Systems, Krailling, Germany) with a capacity of 400 W Ytterbium
fiber laser. Before the building process, the building plate was preheated to 80 °C to prevent the
delamination of the initial layers caused by high thermal gradients.

To quantize the heat input in the layerwise preheating scanning strategy and optimize the
process parameters, preheating energy density was calculated using Eq. (1), where Ey is the energy
density, P is the laser power (W), v is the laser scanning speed (mm/s), t is the layer thickness

(mm), and h is the hatch spacing (mm) [27].

P

E, =— 1)

In this investigation, a novel approach using layerwise preheating and melting scans was
implemented to explore the material properties of the fabricated samples. A reference sample (non-
preheated) was fabricated only with the melting laser scan. The laser process parameters for the
melting scan, as suggested by the manufacturer, had a laser power of 280 W, scan speed of 1300
mm/s, hatch spacing of 120 um, and layer thickness of 40 pum, resulting in an energy density of
44.87 JJ/mmg3. Other scanning parameters consisted of a Gaussian-distributed laser spot size of 100
um, a stripe scanning strategy, and a hatch angle of 67°. For the preheating process, a layerwise
preheating laser scan was conducted before the melting laser scan in each layer. The preheating
scan encompassed a range of scanning speeds, varying from 650 mm/s to 1950 mm/s, and
corresponding laser powers spanning from 140 W to 252 W, all while maintaining a consistent
hatch spacing of 120 um. The preheating scanning parameters investigated in this chapter for each

sample are provided in Table 2. All specimens were carefully cut out from the building plate using

awire Electrical Discharge Machining (EDM) cutter (EDM Network, Inc., Sugar Grove, IL, USA).
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Table 3.1 Laser exposure process parameters of layerwise preheating scan.

Laser Power Scan Speed Energy Densi
Sample # P, W) . mm?s) (E, J%m3) v
1 140 1950 14.96
2 140 1625 17.95
3 140 1300 22.44
4 140 650 44 .87
5 196 1950 20.94
6 196 1625 25.13
7 196 1300 31.41
8 196 650 62.82
9 252 1950 26.92
10 252 1625 32.31
11 252 1300 40.38
12 252 650 80.77
Reference 280 1300 44.87

3.2.2. Experimental Methods
3.2.2.1. Microstructure Characterization

A Hitachi S — 3000 N Variable Pressure Scanning Electron Microscopy (SEM) was used
to examine the porosity, a-phase lath thickness, and grain morphology resulting from various
preheating parameters applied during the fabrication process. Before surface preparation for
microstructural characterization, samples were cut using a TECHCUT 5TM precision low-speed
cutter (Allied High-Tech Products, Inc., Rancho Dominguez, CA, USA). The metallography
process began with cold-mounting and samples were prepared by grinding through a range of grit
sizes from 320 to 1200. A DiaMat polishing cloth was utilized for the initial polishing witha 1 um
diamond suspension, followed by a final polish with a 0.04 um colloidal silica suspension on a
Red Final C polishing pad to ensure scratch-free, mirror-like sample surfaces. Subsequently,

samples were rinsed with micro-organic soap and cleaned using isopropyl alcohol. Surface
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preparation followed by etching with Kroll's reagent (1-3 mL HF, 2-6 mL HNOs, 100 mL water)
to reveal grain boundaries and phases.

A Bruker D8 Advance X-ray diffractometer (Bruker Corporation, Madison, WI, USA) was
used for the compositional analysis of the fabricated samples, employing a Cu K-alpha wavelength
of 1.5406 A, a current of 40 mA, and a voltage of 40 kV at room temperature. Measurements were
conducted at step intervals of 0.03° and a scan speed of 1/step, with 26 ranging from 20° to 80°.
X-ray diffraction (XRD) analyses were carried out to identify the existing phases and the grain
texture of each sample's microstructure. Furthermore, the XRD data underwent additional
examination using the Williamson-Hall method to estimate the microstrain value of the resulting
structure [28].

Microscopy images were processed by using ImageJ [29], an image analysis software to
assess the porosity level of each microstructure. The porosity percentage was evaluated by
examining at least three different regions at two magnification levels (500x and 800x). ImageJ
software was also employed to measure the lath thickness of the a-phase. Microstructure images
were first converted to RGB stack-type grayscale images before adjusting the image to the auto
contrast level. Next thresholding was then applied to achieve a sharp contrast between alpha laths.
Particles with the size of 0.2 um to 2.0 um were detected, and the total particle counts for each size
were calculated to determine the mean value. This process was carried out on a minimum of six
different images to derive the average value for each microstructure image.
3.2.2.2. Mechanical Testing

Mechanical tests were carried out using a Shimadzu EHF E-Series (100 kN) testing
machine equipped with a 4830 Servo Controller (Shimadzu Scientific Instruments, Inc., Missouri

City, TX, USA). For precise strain measurements in the gauge section a digital image correlation
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(DIC) system (Correlated Solutions, Inc., Irmo, SC, USA) was employed. Surface displacements
and strain were analyzed by tracking light intensity patterns of high-contrast speckles on the
coupon surface. Local strains were measured at the fracture site, as well as the global strain of the
coupon. A CCD camera featuring 2.3 Mega Pixels each, Grasshopper GS3-U3-23S6M (FLIR
Systems, Inc., Santa Barbra, CA, USA) with a pixel array of 1920 x 1200, was employed for image
capturing. Image processing and correlation were performed using VIC-3D® software (Correlated
Solutions, Inc., Irmo, SC, USA). All samples were tested at a constant loading rate of 1.2 mm/min,
adhering to the recommended testing standard for LPBF-fabricated Ti-6Al-4V tensile samples
found in the literature [30].

3.3. Results

3.3.1. Microstructure Defects and Grain Structure

Porosity levels in each specimen were assessed through the examination of SEM micrographs,
which were captured from at least three distinct regions with magnifications set at 500x and 800x. The SEM
analysis highlighted a notable reduction in both the size of imperfections and the extent of porosity in
samples exhibiting energy density values within the range of 25.12 J/mm3 to 40.38 J/mm3. Figure 3.2a
presents the microstructure image of the reference sample, while Figure 3.2b displays the microstructure
image of a representative sample. The images demonstrate a significant reduction in porosity defects for
this particular representative sample, highlighting the effectiveness of layerwise preheating in enhancing

material properties.
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Figure 3.2. SEM images comparing porosity defects in (a) the reference sample (no preheating) and (b) a
representative sample, which underwent layerwise preheating with an energy density level of 40.38 J/mm3
E = 40.38 J/mm?3 (252 W, 1300 mm/s).

Figure 3.3 demonstrates the impact of layerwise preheating and scanning speed on the porosity of
Ti-6Al-4V microstructures fabricated via LPBF. Within this range of energy density, there is a noticeable
reduction in porosity, highlighting the effectiveness of layerwise preheating in improving sample quality.
The reference sample, which did not undergo preheating, had an average porosity of 0.47% =+ 0.015. The
introduction of additional preheating scans notably affected porosity levels in certain instances, particularly
when energy density values ranged from 25.12 J/mm? to 40.38 J/mm3. Samples processed with a laser
power of 252 relatively showed improved surface quality and lower porosity, thus warranting further
attention. In these samples, as the energy density increased from 975 mm/s to 1950 mm/s, the porosity level
decreased significantly from 1.53% to 0.01%. In summary, higher preheating scan speeds contributed to a
notable decrease in porosity and enhancement in density. These representative samples were subsequently

chosen for more comprehensive examination within this study.
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Figure 3.3. The impact of layerwise preheating on porosity levels in samples using varying energy density
values (25.12 to 40.38 J/mm3). The reference sample (no preheating) is denoted in red, providing a
baseline for comparison.

Moreover, Figure 3.4 presents a three-dimensional optical microscopy perspective of the prior 8
grains in the representative samples. These images highlight the impact of layerwise preheating and energy
density on grain morphology in Ti-6Al-4V samples. Different prior B grain shapes were observed which
were influenced by preheating scans and thermal processing conditions. In the reference sample with no
preheating, prior B grain boundaries on the XY plane demonstrated a random polygonal geometry (Figure
3.4a). It was observed that with the addition of the layerwise preheating scan with the lowest energy density,
the shape of the prior B grains transformed to a square shape on the XY plane (Figure 3.4b). When higher
preheating energy was applied (32.31 J/mm3 with a preheating scan speed of 1625 mm/s) circular prior 8
grain regions formed on the XY plane (Figure 3.4c). across all samples, the specific orientation of laths at

an angle of approximately 45° with respect to the Z-axis was observed.
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Figure 3.4. Optical microscopy images showcasing the differences in prior f-grain boundary and grain
morphology among distinct LPBF-produced Ti-6Al-4V samples: (a) reference sample (no preheating)
featuring irregular polygonal grain boundaries; (b) layerwise preheated sample with an energy density of
26.92 J/mm3 (P=252 W, v=1950 mm/s), exhibiting square-like grain boundaries; (c) layerwise preheated
sample with an energy density of 32.31 J/mm3 (P=252 W, v=1625 mm/s), characterized by irregular
polygonal grain boundaries.

The evaluation of a/a' phase lath thickness in both XY and ZX planes was conducted for the
reference sample (non-preheated) and layerwise preheated samples. The analysis was performed using
image processing techniques in SEM images via ImageJ, as shown in Figure 3.5. In the reference (non-
preheated) sample, the thickness of a/a' laths on the XY plane was measured to be 0.797 + 0.005, while on
the ZX plane, it was 0.876 + 0.013, as illustrated in Figure 3.5 using a red marker. This 10% difference in
a lath thickness suggests an inconsistency in the microstructure between the XY and ZX planes, a finding
that has been reported in the literature for the as-built condition of LPBF-fabricated Ti-6Al-4V.

In contrast, layerwise preheated samples had a more uniform distribution of o lath thickness
between the XY and ZX planes. Additionally, the layerwise preheating process led to an increased in the
average lath thickness in both XY and ZX planes. Specifically, the sample with a preheating energy density
of 26.92 J/mm? (P=252 W, v=1950 mm/s) demonstrated a minimal difference of 0.04 um between the o/a!
lath thickness in the XY and ZX planes, equivalent to a 4.7% difference. The thickness variation for the
sample with an energy density of 40.38 J/mm? (P=252 W, v=1300 mm/s) was 5.1%. However, in the
application of the sample with an energy density of 32.31 J/mm?® (P=252 W, v=1625 mm/s), a slight increase

in thickness variation was noted at 10.5%. These findings highlight the notable impact of scanning speed
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on the thickness of a/a’ phase laths. These results emphasize the influence of layerwise preheating on the
microstructure and the distribution of o/ o' phases lath thickness in LBPF fabricated Ti-6Al-4V

microstructure.
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Figure 3.5. The effect of layerwise preheating with varying energy density levels, ranging from 26.92
J/mm?3 to 40.38 J/mm?3, achieved by changing the scanning speed while keeping the laser power constant,
on the a/a' phases lath thickness in (a) XY Plane and (b) ZX Plane. The reference sample (no preheating)

is represented by the triangle mark. Blue and black triangle markers represent the energy density and

laser scan speed of the default laser parameters, respectively.

Additional investigation into the probability distribution of a/a’ phases lath thickness for the four
selected specimens with minimal porosity levels (<0.015%) is presented in Figure 3.6. In contrast to the
reference sample, all preheated samples demonstrated a coarser lath distribution. While the reference
sample displayed the highest a/a’ phases lath thickness probability at 0.5 pum, the preheated specimens

exhibited their highest probability at around 0.6 um lath thickness.
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Figure 3.6. The effect of layerwise preheating with different energy levels on the distribution of o/o’
phases lath thickness. While the reference sample displayed the highest a/a’ phases lath thickness
probability at 0.5 um, the preheated specimens exhibited their highest probability around 0.6 um lath
thickness.

3.3.2. Lattice Transformation, and Phase Decomposition in Preheated LPBF Ti-6Al-4V

3.3.2.1. Crystallography through XRD Analysis

Figure 3.7 displays the XRD profiles of the reference and representative preheated specimens,
organized in increasing order of applied preheating energy density levels. The most intense Bragg's peak
for the reference sample was observed at the (101) plane on the XY surface (Figure 3.7). Conversely, the
preheated samples demonstrated their strongest peak intensity at the (002) plane, indicating that a
predominant orientation of the grains along this direction in the XY plane, which aligns with prior research
[31]. Despite the preheated samples showing similar peak patterns, it's noteworthy that the reference sample
exhibited its strongest peak intensity at the (101) plane on the XY surface. Additionally, an assessment was
conducted on the peak intensity and broadening at the (002) plane for each of the preheated application. It's

important to emphasize that peak broadening serves as an indicator of lattice strain development [32].
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Figure 3.7. XRD patterns of the reference and preheated specimens as a function of preheating energy
density in the XY Plane, illustrating the effect of preheating scan on changing the orientation of lath from
(101) in the reference sample to (002) direction.

The microstrain values of the microstructures were determiner using the Williamson-Hall (W-H)
model, as illustrated in Figure 3.8. When the W-H Equation (§ cosf = ’%K + 4¢ sinB) is considered as a linear

equation in the form of y = mx + c, the slope of the equation corresponds to the strain value. A positive
slope was observed for the reference sample. However, the addition of preheating scans to the powder
resulted in the slope transitioning to a negative value, indicating a shift in the microstrain mode from tensile
to compression. This transformation was more prominent at higher preheating scan speeds (1950 and 1625
mm/s), as depicted in Figure 3.8 (a) and (b). Conversely, at a lower preheating scan speed (1300 mm/s), the
slope transformation was relatively minor, as shown in Figure 3.8 (d). This suggests that the introduction

of preheating scans led to a transformation in the microstrain mode from tensile to compressive.
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Figure 3.8. Representation of microstrain values, derived from the slope of the fitted linear trendline in
the W-H analysis, under varying preheating conditions. (a) The default Ti-6Al-4V sample without any
preheating laser scan. Preheated samples at different energy densities include (b) E = 26.92 J/mm?® (P =
252 W, v = 1950 mm/s), (c) E = 32.31 J/mm? (P = 252 W, v = 1625 mm/s), and (d) E = 40.38 J/mm3 (P =
252 W, v = 1300 mm/s).

3.3.2.2. HCP Lattice Modification

The XRD analysis showed that the dominant phase of the primary microstructure is the hexagonal
close pack (HCP) phase. This could correspond to either the a or o’ phase. The lattice parameters (a and ¢)
were calculated using the method proposed by Klug et al. [33]. For the reference sample, these parameters
were calculated as, a = 2.93 A and ¢ = 4.66 A, consistent with previous studies [31,34]. The impact of
layerwise preheating laser scans on the lattice parameter ratio (c/a) is illustrated in Figure 3.9a. The data

reveal that the samples subjected to layerwise preheating exhibit a higher c/a ratio compared to the reference
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sample. This signifies a greater degree of lattice distortion along the c-axis compared to the a-axis. Figure
3.9b demonstrates the reduction in the volume of the HCP lattice with the decrease in preheating energy
density, by the increase of preheating laser scan speed. Figure 3.10 provides visual representations of HCP
lattice distortion, displaying discrete o' decomposition for both the reference sample (with lower

substitutional atoms) and the preheated sample (higher substitutional and interstitial atoms).
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Figure 3.9. (a) Deformation of the HCP lattice under varying preheating laser scan speeds, illustrating
the impact on the lattice structure. (b) Variations in the volume of the HCP lattice at different preheating
laser scan speeds, demonstrating the effects of solute atom diffusion on the lattice's dimensional
properties. Blue and black triangle markers represent the energy density and laser scan speed of the
default laser parameters respectively.
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Figure 3.10. Variation of solute atom concentration within the Ti-6Al-4V HCP lattice structure as a
function of decreasing preheating energy density (increasing the preheating laser scan speed).

3.3.2.3. Phase Transformation and Stable Phases at Room Temperature

The influence of preheating on the o' phase decomposition was assessed by quantifying the 3-phase
content within the microstructure at each preheating energy density. A significant finding from this analysis
is that all preheated samples, chosen for mechanical testing, exhibited a reduced proportion of the p-phase
compared to that in the reference microstructure, as shown in Figure 3.11. The B phase in the preheated
sample’ microstructures dropped to a level of 0.01%. It is evident that all preheated samples, chosen for
mechanical testing, demonstrated a lower percentage of the B-phase compared to the reference

microstructure.
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Figure 3.11. Percentage of f-phase content in the microstructure as a function of different preheating
laser scan speeds. Blue and black triangle markers represent the energy density and laser scan speed of
the default laser parameters respectively.

Figure 3.12 shows the decomposition of o’ into o + [ phases in the reference sample (no preheating).
Very fine  phase particles can be observed as bright speckles within the a-laths. They appear as broader

Widmanstatten laths and the growth of o’ martensitic plates is noticeable between these wider laths, as

evident from the microstructural image.
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Figure 3.12. (a) Microstructural image illustrating the decomposition of a' phase into o and f phases in
the reference (no preheating) sample. (b) EDS line scan of the reference sample no oxygen peak was
observed.

On the other hand, the microstructure of the preheated samples did not exhibit any detectable 3
phase, aligning with the findings of the XRD analysis (Figure 3.13). An EDS line scan was performed on
the martensitic a plate to determine its chemical composition, as indicated by the red arrow. Two distinctive
peaks associated with oxygen were identified, with atomic percentages of 1.98% and 2.22%, respectively

(Figure 3.13 (b)).
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Figure 3.13. Microstructural examination and EDS analysis of preheated sample (252 W, 1950mm/s,
26.92 j/mm?3). (a) Microstructural image revealing the absence of detectable B phase particles in
preheated samples. (b) Energy-Dispersive X-ray Spectroscopy (EDS) line scan performed on a single
martensitic o plate, illustrating the distribution and concentration levels of interstitial oxygen atoms.

3.3.3. Mechanical Properties

Figure 3.14 depicts the stress-strain relationship obtained from quasi-static tensile tests performed
on three distinct preheated samples and a reference sample, which underwent no preheating. The reference
sample demonstrated a strength of 1180 MPa and an elongation of 6.1% before failure, consistent with
previous studies on LPBF-fabricated Ti-6Al-4V fabricated. Interestingly, the comparative analysis showed
that all selected layerwise preheated samples exhibited higher Ultimate Tensile Strength (UTS) values and
elastic modulus than the reference sample. Among the preheated samples, the highest UTS value recorded
was 1235 MPa, and the maximum elongation observed was 5.31%. Notably, this UTS value stands as the
highest reported for thermally processed LPBF-fabricated Ti-6Al-4V to date [35,36]. However, it's
important to note that the elongation of all preheated samples was lower than the reference sample, with
the lowest elongation recorded at 4.6% (achieved with a preheating laser scan speed of 1625 mm/s). The
preheated samples exhibited higher UTS values, reaching a record high of 1235 MPa. However, their
elongation was lower compared to the reference sample. When observing the elastic region of the stress-
strain curves, a similar trend is noticeable among all preheated samples up until the yield point. Remarkably,
the application of preheating led to a significant improvement in elastic modulus when compared to the
reference sample. Specifically, the rigidity of the preheated sample, subjected to a preheating scan speed of

1625 mm/s, was found to be 8% superior to that of the reference.
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Figure 3.14. (a) Stress-Strain Curve for both the reference and the preheated samples, highlighting the
differences in material behavior under applied load. (b) Detailed view of the elastic region of the tensile
test, including the calculated elastic modulus for the samples.

The introduction of additional heat input with the application of layerwise preheating was observed
to have a remarkable influence on the orientation of localized strains before failure during tensile testing.
Figure 3.15 demonstrates the DIC image of the localized strains. The color gradient serves to quantify the
strain at local regions and the color map illustrates the distribution of the local strains along the gauge length
of the specimen. The DIC image reveals that the high-strain regions (red color) are concentrated at a lower
angle with the XY plane (normal to the loading axis) in the reference sample with a degree of 15.76°. The

introduction of the preheating laser scan increased the orientation angle up to 43.69°.
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Figure 3.15. lllustration of global strain evolution resulting from the accumulation of local
strains along the axis of applied stress observed just prior to material failure.

3.4. Discussions

In this chapter, a two-step laser scanning strategy was employed to modify the as-build
microstructure of LPBF fabricated Ti-6Al4V. The low-energy preheating laser was utilized to
preheat the powder on each layer, followed by a higher-energy melting laser scan for processing.
This innovative approach offered precise control over the solidification and cooling rates, thereby
eliminating the need for additional post-processing steps. The study extensively investigated the
impact of various preheating laser parameters on the microstructure, phase transformation, and
mechanical properties of the final part. This discussion presents a comprehensive analysis of the

findings and their implications in the realm of additive manufacturing.
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3.4.1. Reduction In The Amount of The Defects

Figure 3.2 and Figure 3.3 provide a deeper understanding of how preheating scans
influence porosity levels in the microstructure. These figures provide valuable insights into the
observed reduction and shed light on the potential role of preheating scans in achieving this effect.
By applying preheating scans, additional energy is introduced before the melting of the powder
material, causing partial melting between the powder particles. This process restricted the
scattering of the larger particles by the incident laser beam, leading to a relatively higher amount
of material available for melting in the preheated samples compared to the reference sample [37].
Consequently, the preheated samples exhibited a higher relative density of the material. This
finding is in line with previous literature, which has indicated that fine-tuning process parameters,
such as laser power and scanning speed, can notably decrease porosity levels in LPBF fabricated
parts [38-40]. Another contributing factor to the reduced porosity in the samples could be the
increased total heat input associated with the preheating application, coupled with a constant
powder bed mass. This combination results in slower heat energy transfer, leading to lower cooling
rates and a longer cooling time for the molten metal.

The deformation capacities, both elastic and plastic, of LPBF-fabricated Ti-6Al-4V
material are limited due to the grain structure and inherent porosity level, in contrast to
conventionally processed Ti-6Al-4V [20,41,42]. The mechanism of pore growth plays a crucial
role in plastic deformation during tensile loading, consequently limiting the ability to withstand
strain before failure. [43]. Additionally, the porosity level has a severe effect under cyclic loading
where the fatigue behavior of the materials becomes critical [44,45]. Previous studies have proven
that optimizing process parameters can help alleviate process-related defects, resulting in a relative
density of up to 99.98% [20,46,47]. However, the elongation was found to be less than 5% [46].

Figures 2 and 3 demonstrate that utilization of the layerwise preheating laser scan within the energy

50



density range of 25 J/mm? to 45 J/mm?3 leads to a significant reduction in the porosity of the as-
built microstructure. In this chapter, a remarkable improvement in relative density, from 99.53%
t0 99.99%, was presented. This was coupled with a 20% higher elongation compared to the laser
energy optimization study by Han et al. [46], without the need for any additional post-processing.
3.4.2. Prior B-Grain Morphology

The prior B grains’ structure was influenced by preheating scans and thermal processing
conditions, as shown in Figure 3.4. The reference sample exhibited an irregular polygonal shape,
while a low-energy preheating scan resulted in a square shape, and higher energy inputs led to
circular regions. These findings are in accordance with previous studies, such as the work of
Kumar et al. [48], who reported a transformation of prior B grain regions from irregular polygonal
shapes in as-fabricated samples to square-like shapes after post-processing heat treatment below
the B-transus temperature. However, above this temperature, the transformation was disrupted,
resulting in irregular shapes. Additionally, Kumar et al. [49] noted equiaxed prior B grain
morphology in LPBF-fabricated Ti-6Al-4V as a result of a 30um layer thickness and 67° rotation
angle combination, compared to the 90° rotation at the same layer thickness. The change in
morphology was ascribed to the mismatch between the laser tracks in both the building direction
and the XY plane. Finally, in line existing with the literature, all samples in the present study
exhibited laths oriented at around 45° with respect to the Z-axis. This orientation is consequence
of the relationship between the prior B and the hexagonal o' lattice relation through Burger's
orientation relationships [49,50]. The most favorable relationships are {110} // {1120}a’ and
{110}B // (1120)a, resulting in the growth of the laths along ~45° [49,51].

The presence of the B phase decreases the strength of the LPBF-fabricated Ti-6Al-4V

material [36]. The quantity of the beta phase was determined from XRD data [52] and is plotted
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for different preheating laser scan speeds and reference samples in Figure 3.11. The data
demonstrates that the application of layerwise preheating reduces the amount of the B phase at
room temperature. In Figure 3.12, both the  phase and the EDS line scan of the reference sample
are depicted. In comparison to the reference sample, the layerwise preheating sample contains
substantially less B phase and also exhibits oxygen in the microstructure (Figure 3.13). The
increased content of a-Ti phase and additional interstitial oxygen atoms enhance the strength of
the material when layerwise preheating is applied, compared to the reference sample.
3.4.3. /o' Phase Lath Structure

The results, shown in Figure 3.5, demonstrate that layerwise preheating in LBPF-fabricated
Ti-6Al-4V microstructure has a significant impact on enhancing the o/a' phases lath thickness
uniformity between the XY and ZX planes, reducing the discrepancy to a mere 4.7%. This progress
stands in sharp contrast to the non-preheated reference sample, which exhibits a 10% difference.
These variations in lath thickness can be attributed to the different heating rates experienced in
different planes, which are influenced by the layerwise preheating process. Layerwise preheating
process impacts heat transfer in two ways: first, by elevating the temperature of the layer before
melting, it reduces the heat rate along the build direction (ZX plane); secondly, preheating can
partially melt the layer, leading to a higher heating rate distribution in the XY plane compared to
the melting of the XY pure powder layer. As reported by Li et al. [53], the diffusion of alloying
elements during the stress-relieving heating process in AMed Ti-6Al-4V affects the coarsening of
lath thickness in the alloy. At higher heating rates, the coarsening of lath thickness is more
pronounced during heating compared to slower heating rates.

Furthermore, as depicted in Figures 3.5 and 3.6, preheating leads to an increase in the

average lath thickness across both planes, with the degree of change contingent on the level of
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applied energy density. Specifically, preheated samples exhibit a higher probability distribution
for a/a' laths at a thickness of 0.6 um, in contrast to the probability peak at 0.5 pum for the reference
sample. This increase in the lath thickness is likely attributed to the increased heat input and
reduced cooling rates during the LPBF fabrication process when preheating is employed. It is
reported in the literature that as the cooling rates slow down during the solidification, relatively
thicker o-Ti phases are observed in the preheated microstructure [31, 32]. These observations align
with the findings of Lui et al. [56], who noted a similar increase in lath thickness for LPBF-
fabricated Ti-6Al-4V samples when exposed to an additional heat input, such as during heat
treatment. Therefore, the findings presented in Figures 5 and 6 underscore the substantial impact
of layerwise preheating on the evolution of microstructural and distribution of a/a' phases lath
thickness in LPBF-fabricated Ti-6Al-4V.
3.4.4. The Effect of Preheating on Crystallography

Figure 3.7 illustrates the XRD profiles of the reference and preheated samples, where
noticeable distinctions in peak intensity and orientation emerge. The preheated samples exhibited
their highest peak intensity at the (002) plane, while the reference sample displayed the most
intense peak at the (101) plane on the XY surface. This difference is attributed to the slower
cooling rate associated with preheating. The change in peak intensities indicates an improvement
in the isotropy of grain orientation within the L-PBF-fabricated Ti-6Al-4V microstructure. This
observation is in line with previous studies comparing XRD diffraction patterns of conventionally
processed Ti-6Al-4V, which also exhibit a slower cooling rate, with those of LPBF-fabricated Ti-
6AIl-4V [31,57].

Additionally, Figure 3.8 demonstrates that the introduction of preheating scans resulted in

a transition of the microstrain from tensile to compressive. Although the exact mechanism behind
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this shift remains unclear, it could potentially linked to the contraction of the HCP lattice during
preheating. An analysis comparing preheated samples disclosed that those exposed to faster scan
speeds (correlating with higher cooling rates) demonstrated a higher shift in microstrain mode.
This phenomenon could be attributed to the allotropic transformation, particularly the
decomposition of B into  + o phases, leading to a higher presence of vanadium in the HCP lattice,
as confirmed in Figure 3.9. This is because the vanadium atoms contributing to the formation of
the B phase are unable to vacate their positions during the transformation process. Consequently,
the increased incorporation of induces a more considerable contraction of the lattice structure,
thereby triggering a more noticeable effect relative to that identified at lower cooling rates during
the preheating process.

Furthermore, Figure 3.9 reveals that the preheated samples exhibited a higher c/a ratio
compared to the reference sample, indicating a more pronounced lattice distortion along the c-axis.
This suggests that the preheating process induced structural changes in the material, resulting in a
modified lattice arrangement in the HCP phase. This increased c/a ratio is likely a consequence of
the reduced heating rate caused by preheating before the melting process on each layer. This is
supported by Oh et al.’s [58] findings, in which they observed a higher c/a ratio when laser
scanning a Ti-6Al-4V plate faster. Also, Figure 3.9 demonstrates a notable decrease in the volume
of the HCP lattice as the preheating energy density decreases with an increase in preheating laser
scan speed. This reduction can be attributed to the differing diffusivity of solute atoms under
varying cooling rates. As preheating scan speeds increase, while laser power remains constant, a
consequential decrease in energy density is observed, potentially leading to accelerated cooling
rates. During these periods of rapid cooling, the diffusion of solute vanadium atoms into the body-

centered cubic (BCC or 3 phase) structure is hindered. This leads to a supersaturated HCP structure
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(o/a phases), characterized by a higher concentration of vanadium atoms compared to a slower-
cooled microstructure (the equilibrium a phase) [51,59,60]. Notably, with smaller vanadium atoms
occupying lattice positions typically filled by larger titanium atoms, an overall decrease in the total
lattice volume of the HCP structure is observed when compared to the reference microstructure.
These findings underscore the need for further investigations to understand the implications of
these phenomena on the mechanical properties and performance of Ti-6Al-4V under different
conditions, thereby optimizing LPBF processes for this material.

The results of this chapter also demonstrated a substantial reduction in the B-phase content
in all preheated samples compared to the reference sample (Figure 3.11). The discovery suggests
that preheating plays a significant role in modifying the material's microstructure, particularly the
distribution of the B-phase. In the reference sample, the decomposition of the o’ phase into a + 3
phases mirrors the microstructural transformations described by Tan et al. [12]. The presence of
fine B phase particles within a-laths and the emergence of thicker Widmanstatten laths, which
accommodate the growth of o’ martensitic plates, reflect the transformation sequence Tan et al.
outlined—initially in the Melt state, transitioning to 3 prior, then to a mixture of o, o primary, and
B retained, ultimately leading to asecondary and B (Figure 3.12). In contrast, the preheated
samples, in agreement with the XRD results, did not exhibit detectable  phase particles (Figure
23 (a)). This absence of B phase particles aligns with the known effects of preheating on the phase
transformation, leading to a more uniform and stable a-phase structure. Furthermore, an EDS line
scan on the martensitic a plate identified two distinct oxygen peaks (Figure 2.13b). This
observation supports previous research [16, 19] suggesting that oxygen atoms can occupy various

interstitial sites within the HCP lattice, depending on the energy state of the system. The presence
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of oxygen and its percentage within the lattice, influenced by preheating, suggest a potential
mechanism for modifying mechanical properties [16,19].

Figure 3.7 illustrates a shift in the XRD peak pattern due to the application of layerwise
preheating, indicating a change in grain orientation. In the original state, the strongest Bragg peak
was observed at the (101) plane, whereas the application of layerwise preheating shifted the peak
to the (002) plane. The change in grain orientation impacts the active slip systems of the
microstructure [63]. These active slip systems in the HCP lattice can be categorized as prismatic,
basal, and pyramidal, with CRSS values of 181MPa, 209MPa, and 474MPa, respectively [63]. It
has been reported that a change in the deformation mechanism or slip system to a stronger one, as
well as the activation of multiple slip systems due to grain orientation, can enhance the mechanical
strength of LPBF-fabricated Ti-6Al-4V [32,63]. The observed increase in UTS in this chapter
could be attributed to the change to a stronger slip system.

3.4.5. HCP Lattice Transformation and Microstrain Mode

The presence of residual stress in L-PBF Ti-6Al-4V is a well-documented limitation that
hinders the strength and plasticity of the material [64]. The magnitude of micro stress serves as an
indicator of residual stress at the macroscopic level [65]. Higher residual micro stress directly
corresponds to higher residual macro stress [65]. In this chapter, the microstrain was assessed by
utilizing the Williamson-Hall (W-H) method, providing a direct means to examine the impact of
residual stress levels (which are directly proportional to the microstrain) on the mechanical
response of the components [66]. Previous studies reported that decreasing residual stress can
enhance the mechanical properties of LPBF-fabricated Ti-6Al-4V material [67]. It was noted that
microstrain decreased with the implementation of layerwise preheating. The initial state of the

LPBF-fabricated Ti-6Al-4V material was under tension mode and exhibited a positive microstrain
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value (Figure 3.8). The application of layerwise preheating modified the microstrain mode from
tension to compression (Figure 3.8). This change was considered to be one of the contributing
factors that improved the mechanical strength of the material after layerwise preheating.

Figure 3.9a depicts the lattice distortion of the HCP o/a’ phases, revealing an inverse
relationship between energy input and lattice distortion. Higher energy input during layerwise
preheating results in reduced lattice distortion, attributed to slower cooling rates [68]. In Figure
3.9b there is an increase in HCP lattice volume corresponding to increasing energy input. Figures
9a and b imply that lower energy input during layerwise preheating pronounces in more lattice
distortion and, consequently, a relatively smaller lattice volume. This is due to the restricted
diffusion of vanadium atoms from the HCP lattice at a faster cooling rate. The lattice deformation
caused by layerwise preheating is rationalized by the entrapment of interstitial oxygen atoms in
the octahedral positions, which distort the lattice along the c edge [69] (Figure 3.10). This lattice
distortion of the HCP lattice due to interstitial oxygen and substitutional vanadium atoms
contributes to the strengthening of the layerwise preheated Ti-6Al-4V [70].

3.4.6. The Impact of Preheating On The Mechanical Properties

The complex microstructure of a and B phases of the as-built grain structure induces micro-
plasticity at stress levels considerably below its macroscopic yield strength [43]. Thus, it controls
the ductility of the LPBF-fabricated Ti-6Al-4V. The orientation of the prior B grain boundaries
affects the growth of the o/a’ phases during the p — B + o decomposition [49,50]. Previous studies
have reported that a microstructure with rectangular-shaped prior 8 grain boundaries exhibits lower
elongation (%) [48]. Zou et al. [70]reported that refined quasi-equiaxed prior B grain boundaries
enhance the strength of the LPBF-fabricated Ti-6Al-4V material. As shown in Figure 3.4, the

layerwise preheating modifies the morphology of the prior B grain boundaries, leading to an
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increase in the strength while decreasing the elongation of the material, supporting the
aforementioned studies above.

The influence of a/a’ phases lath thickness on mechanical behavior of LPBF-fabricated Ti-
6AIl-4Vis a well-known phenomenon, as described by the Hall-Petch relation [71]. Generally,
thinner laths provide relatively higher strength [72,73]. However, when examining the relationship
between elongation and lath thickness, it becomes more complex due to variations in slip length
along grain boundaries [71,74]. With the application of layerwise preheating laser scan the a-Ti
phases lath thickness increased by up to 17% (at the energy density of 44.87 JJmm3), compared to
the reference condition (Figure 3.5). The probability distribution of the thicker laths in the
modified microstructure is depicted in Figure 3.6. On the contrary to the existing literature [72,73],
it was observed that layerwise preheated Ti-6Al-4V, with a thicker lath distribution, demonstrated
a 6% higher UTS compared to the as-built condition.

Layerwise preheating had an effect on both the mechanical strength of the material and
deformation behavior of LPBF-fabricated Ti-6Al-4V (see Figure 3.14). In Figure 3.15 it is shown
that the angle of orientation for localized strains was observed to rise in the direction of the applied
stress with the application preheating. The deformation behavior in LPBF-fabricated Ti-6Al-4V
under monotonic tension is primarily governed by the activated slip systems [74]. The a-Ti phase
HCP lattice possesses five potential active slip systems, namely {0001} <1120>(basal), {1010}
<1120> (prismatic), {1011} <1120> (pyramidal), {1011} <1123> (pyramidal), and {1122}
<1123 > (pyramidal) [75]. Each slip system has a distinct gliding angle. The notable increase in
strain orientation can be attributed to the altered gliding angle of the slip system resulting from the

modified microstructure induced by layerwise preheating.
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4. AN INNOVATIVE BREAKTHROUGH IN IN-SITU THERMAL PROCESSING FOR LPBF:

COMBINING PREHEATING AND POST-HEATING LASER SCAN FOR Ti-6Al-4V

4.1 Introduction and Overview

Ti-6Al-4V alloy stands out as the most preferred titanium alloy renowned for its exceptional
mechanical properties [1]. Its impressive strength-to-weight ratio, extraordinary fracture toughness,
resistance at corrosive environments, and biocompatibility have made it the top choice for manufacturing
durable lightweight components needed for the automotive, aerospace, and biomedical industries [2]. These
exceptional attributes have propelled FH-6A1-4V to significant prominence for additive manufacturing (AM)
applications [2].

AM technology emerged in the 1980s and has seen a surge in interest over the last two decades,
especially among researchers, due to its capability for fabricating complex geometry [3,4]. Metal AM in
aerospace applications offers significant advantages substantial cost and lead-time reduction, mass
reduction through highly efficient and lightweight designs, consolidation of multiple components for
performance enhancement, and the utilization of novel materials [5]. In addition to these benefits, AM
technology enhanced the sustainability of the fabrication by reducing material waste and minimizing energy
consumption. the required energy needs [6].

Advanced aerospace components like impellers, turbine blades, and airfoils are fabricated using
novel materials such as Ti-6Al-4V, leveraging the advantages offered by AM technology [5,7]. Laser
powder bed fusion (LPBF) technology is the most adequate fabrication technique among the other metal
additive manufacturing techniques due to its capability to fabricate very fine features which is also termed
as the resolution [8]. Utilizing the LPBF techniques on Titanium material enables the production of
complex-shaped lightweight engineering components with outstanding mechanical characteristics [9-13].

A high-power laser beam is exposed to micron-level regions interacting with loose powder at very
high scanning speeds. This heat source and powder material interaction led to rapid solidification and

cooling rates which delivered highly stressed parts due to the accelerated shrinkage and contraction [ 14—
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16]. Additionally, heat dissipation through the build material underneath the melt pool promotes directional
solidification which turns out as a grain texture in the final microstructure [17—19]. The microstructure of
the LPBF-fabricated Ti-6al-4V exhibits an anisotropic mechanical response [20-24].

Despite its capability for complex lightweight geometry fabrication and superior mechanical
properties, LPBF-fabricated Ti-6Al-4V has a challenging microstructure that limits the engineering
application of this technology and still needs to be fully addressed. There are studies seeking solutions to
address these issues through optimization of the process parameters [25,26]. In addition to these, there were
a great number of reported studies investigating the impact of the post heat treatment (HT) [27-32]. Due to
the requirement for the advanced equipment HT increases the production cost as well as the lead time. To
avoid the expense and extra effort to optimize complementary processes for modifying the complex
microstructure of LPBF-fabricated Ti-6Al-4V, an innovative in-situ thermal process was proposed in this
chapter.

A combination of a preheating laser scan and a post-heating laser scan was performed alongside
the melting laser scan to regulate the rapid cooling during the fabrication. The effect of the laser parameters
during preheating and post-heating was evaluated. The impact of the preheating and post-heating laser scans
on the porosity level was evaluated and a noteworthy enhancement was noticed compared to the reference
sample condition which was built with a single laser scan (only melting laser scan). The effect of the
preheating and post-heating laser scan on the microstructure was evaluated independently and the findings
indicated that the microstructure exhibits the lowest porosity level when the additional energy was limited
within the range of 25 J/mm? to 45 J/mm?®, regardless of the sequence of the additional scan applied before
or after the melting laser scan.

The results of this chapter indicate that the investigated innovative in-situ thermal process modifies
the LPBF-fabricated Ti-6Al-4V microstructure and delivers very high mechanical strength with up to 85%
yield strength (YS) compared to the reference condition without any additional laser scans. Furthermore, a
slight decrease in elongation was observed, which is limited to 17% of the elongation at the reference

condition. This limited reduction in elongation is uncommon compared to the existing strengthening
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methods. The reported findings in material properties were achieved during the 3D fabrication process, and

no additional post-processing is needed for the presented remarkable properties.

4.2 Experimental Methods and Fabrication

4.2.1 Materials and Fabrication

The metal powder used in this chapter was provided by EOS North America (Pflugerville, TX,
USA). The powder material is fabricated by gas atomization to achieve the highest spheroidization quality.
The composition of the materials has (%wt.) 5.50 - 6.75 Al, 3.50 - 4.50 V, 0.20 O, 0.05 N, 0.08 C, 0.015 H,
0.30 Fe, and the balance was Ti [33] and standardized as Ti-6Al1-4V Grade 5.

A selective laser melting (SLM) 3D printer, EOS M290 (EOS GmbH, Electro Optical Systems,
Krailling, Germany) equipped with Ytterbium fiber laser power of 400 W utilized for the fabrication of the
samples. Suggested fabrication parameters by the manufacturer are 280 W laser power, 1300 mm/s scan
speed, 120 um hatch spacing, 100 um laser spot size with a Gaussian distribution of energy, and 40 um of
layer thickness with 67° angle stripes scanning strategy (reference sample process parameters). Specimens
were exposed to an initial preheating laser scan with varying laser power and laser scan speed. This was
followed by the melting laser scan which was conducted under the manufacturer’s recommended
parameters. Finally, a post-heating laser scan was applied once more, with a variety of laser power and laser
scan speeds. The illustrated laser scanning strategy sequence is presented in Figure 4.1. To quantize the
effect of the applied preheating and post-heating scan along the melting laser scan, energy density was

calculated from the equation reported by Thijs et al. (Eq 4.1) [34].

E, =" (4.1)
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Figure 4.1. Laser scanning strategy sequence: 1) Powder spreading from the dispenser onto the building
plate, 2) Preheating the selective powder regions corresponding to the scanning pattern of the fabrication
geometry, 3) Melting laser scan of the fabrication geometry, 4) Final, post-heating scan of the melted
regions.

4.2.2 Experimental Methods
Microstructure samples fabricated with the dimensions of 20 mm X 6 mm X 6 mm and test coupons

for tensile testing fabricated in dog-bone geometry with the dimensions shown in Figure 4.2.
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Figure 4.2. Tensile testing sample

Box — Behnken design of experiment (DOE) approach [35] performed with 4 factors and 3 levels for the
possible process parameters for the fabrication. The findings of the previous study revealed that the best
porosity values were obtained when the additional energy input was kept in the range of 25 J/mm? to 45
J/mm?. The results of the Box—Behnken DOE show the fabrication scenarios including those with a higher
total energy of 45 J/mm?® which was set as the limit for the additional energy input. Table 4.1 provides a
compilation of potential combinations of preheating and post-heating energy derived from the Box-

Behnken design, with the total energy level within the range of 25 J/mm? to 45 J/mm°.
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Table 4.1 various combinations of the process parameters for preheating and post-heating laser exposure
delivered by DOE with energy input constraint (25 J/mm? — 45 J/mm?)

Post Post
Lor Spas | Lser S | E-preneating | "G | TS | € postenting | € ol

(mm/s) (mm/s) Power Speed

# (W) (mm/s)
1 196 1300 31.41 56 975 11.97 43.38
2 196 1300 3141 56 1300 8.97 40.38
3 252 1625 32.31 56 975 11.97 44.27
4 252 1625 32.31 56 1300 8.97 41.28
5 196 1625 25.13 56 975 11.97 37.09
6 196 1625 25.13 98 1300 15.71 40.83
7 196 1625 25.13 56 650 17.95 43.08
8 224 1950 23.93 56 975 11.97 35.90
9 224 1950 23.93 98 975 20.94 44.87
10 224 1950 23.93 98 1300 15.71 39.64
11 224 1950 23.93 56 1300 8.97 3291
12 224 1950 23.93 56 650 17.95 41.88
13 224 1625 28.72 56 975 11.97 40.68
14 224 1625 28.72 98 1300 15.71 44.42
15 224 1625 28.72 56 1300 8.97 37.69
16 224 1300 35.90 56 1300 8.97 44.87
17 252 1950 26.92 56 975 11.97 38.89
18 252 1950 26.92 98 1300 15.71 42.63
19 252 1950 26.92 56 650 17.95 44.87
20 252 1950 26.92 56 1300 8.97 35.90
21 224 1300 35.90 56 1300 8.97 44.87
22 196 1950 20.94 98 1300 15.71 36.65
23 196 1950 20.94 56 1300 8.97 29.91
24 196 1950 20.94 56 650 17.95 38.89
25 196 1950 20.94 56 975 11.97 3291
26 224 1950 23.93 56 975 11.97 35.90
27 196 1950 20.94 98 975 20.94 41.88

4.2.3 Microstructure Characterization
Scanning Electron Microscopy (SEM) was performed for porosity, a-phase lath width, and grain
morphology caused by various energy inputs during the in-situ thermal process. Microstructure imaging

samples were cut out by a TECHCUT 5™ precision cutter (Allied High-Tech Products, Inc., Rancho
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Dominguez, CA, USA) from the center of the fabricated specimen along the building plane. Samples were
cold mounted for the sample holder of the automated polishing equipment (E-PREP Grinding / Polishing
System, Allied High-Tech Products, Inc., Rancho Dominguez, CA, USA) Sample preparation for the
metallography started with the grinding from 320 to 1200 grit size of SiC sandpaper. It was followed by,
the first step of polishing was performed on a DiaMat ® polishing cloth with 1 pm diamond suspension.
The final step of the polishing was performed with 0.04 um colloidal silica suspension on Red Final C ®
polishing pad used to obtain scratch-free, mirror-like finish sample surfaces. Polished samples were rinsed
in micro-organic soap and cleaned with isopropyl alcohol. Samples were etched with Kroll’s reagent (1-3
mL HF, 2-6 mL HNO3, 100 mL water) to identify the grain boundaries and phases of the microstructure.

The porosity level of each microstructure sample was assessed by utilizing the image processing
software. Image J [36], was used to calculate the porosity level. The porosity distribution was determined
from at least three different regions at 2 magnification levels (500x and 1000x). Image J was also used for
the lath width calculation of the a-phase. For lath thickness measurement, microstructure images were first
converted to RGB stack-type grayscale images before setting the auto contrast level. Thresholding was
applied to improve the contrast of o/a’ phase laths borders. Particle sizes within the range of 0.2 um to 2.0
pm were analyzed, and the total counts for each size were computed to obtain the average value. This was
performed on a minimum of 6 different images to obtain statistically reliable data for each sample.

X-ray diffraction (XRD) analyses were conducted for further microstructural characterization, to
calculate lattice parameters, and to determine microstructure orientations for each sample. A Bruker D8
Advance X-ray diffractometer (Bruker Corporation, Madison, WI, USA) was utilized for the X-ray
diffraction with a Cu k-alpha wavelength of 1.5406 A, operating at 40 mA current and 40 kV voltage at
room temperature. Measurements were taken with step intervals of 0.05° and a scan speed of 1 sec/step,
while 26 ranged from 20° to 80°.

Lattice parameters were computed following Bragg's law (Eq (2)), where d represents inter-planar

spacing, and a and c¢ denote the lattice parameters. The variables h, k, and | refer to the Miller indices.
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a2
A = 2d sin6
XRD data was analyzed with the Williamson-Hall (W-H) model [37] to obtain the microstrain value
of the reference and the in-situ thermal processed samples. The W-H model. The XRD data was utilized in
the following equations (Eq (3) (4) (5)). The XRD pattern's peak broadening results from crystal
imperfections and distortion, as expressed by € = s / tanf. The plot of the W—H model was used for the
calculation of the microstrain value. Si standard reflection (0.0013 rad) [38] was subtracted before strain
analysis using W—H method. The Scherrer’s equation expressed as Eq. (4.3) and further derived to Eq. (4.5)
where B is peak broadening, A is the wavelength (A). K is the Cu K; (0.94), D is the crystallite size (nm)

and 0 is the peak position.

_AK

" Bcose (4.3)
p=(Br" — B’ (4.4)
B cosO = AFK + 4¢ sinf 4.5

4.2.4 Mechanical Testing

Mechanical testing was performed using a Shimadzu EHF E-Series (100 kN) testing machine
equipped with a 4830 Servo Controller (Shimadzu Scientific Instruments, Inc., Missouri City, TX, USA).
For accurate strain measurements in the gauge section, a digital image correlation (DIC) system (Correlated
Solutions, Inc., Irmo, SC, USA) was employed. The system tracked light-intensity patterns of high-contrast
speckles on the coupon surface to measure the surface displacements and strain. Image capturing utilized a
CCD camera with 2.3 Mega Pixels each, specifically a Grasshopper GS3-U3-23S6M (FLIR Systems, Inc.,
Santa Barbara, CA, USA), featuring a pixel array of 1920 x 1200. Image and data processing were carried
out using VIC-3D® software (Correlated Solutions, Inc., Irmo, SC, USA). All samples underwent testing
at a constant loading rate of 1.2 mm/min, following the recommended testing standard for LPBF-fabricated

Ti-6Al-4V tensile samples as outlined in the literature [39].
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4.3 Results

4.3.1 Microstructure Defects and Grain Structure

SEM microstructure images of the reference sample and one of the in-situ thermally processed
samples (196W preheating laser scan power, 1950 mm/s preheating laser scan speed + 56W post-heating
laser scan power, 1300 mm/s post-heating laser scan speed) depicted in Figure 4.2. In Figure 4.2 (a) the
internal defects of the reference sample were marked with black arrows. Figure 4.2 (b) shows the obvious
effect of the in-situ thermal processing on the inherent process-induced defects of the LPBF-fabricated Ti-
6Al-V. Nevertheless, while defects are easily discernible in the reference sample micrograph, no distinct
defects were observed in the in-situ thermally processed sample. To avoid any potential confusion in the
further sections of this paper, it is better to clarify that all volumetric defects identified through the SEM
micrography are counted and termed as porosity and are included during the defect calculations regardless

of the shape and size of the discontinuity.

Figure 4.3. SEM images of (a) the reference sample without any additional laser scan and (b) the in-situ
thermal process sample (196W preheating laser scan power, 1950 mm/s preheating laser scan speed +
56W post-heating laser scan power, 1300 mm/s post-heating laser scan speed)

Porosity levels for the preheating laser scan and post-heating laser scan applications were assessed

by SEM micrographs. Figure 4.4. (a) and (b) show the porosity level of the preheating and post-heating
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applications respectively. It was observed that in both applications the lowest porosity level was achieved

in the energy density range of 25 J/mm’ to 45 J/mm°.

(@) 25 (b) 25
2 A 2
SETE 15
z 2
8 [7%2)
S 11 g 1 +
[a o
° ;
0.5 - ° 05 - - !-A
(e 8 8
0+— e 80 e® : 0 - m_ :
10 30 50 70 10 30 50 70
Preheating Scan Energy Density Post-heating Scan Energy Density
(3/mm?) (I/mm?)

Figure 4.4. (a) Influence of the applied single preheating laser scan energy density on porosity. (b) Impact
of the applied single post-heating laser scan energy density on porosity. The porosity level of the reference
sample without any additional laser scan is depicted with a red triangle marker in both figures.

The SEM images of both applications reveal a significant reduction in the porosity amount when
the introduced energy amount was kept between 25 J/mm? to 45 J/mm?®. In the presented in-situ thermal
process, which involves the combination of preheating and post-heating laser scans, the total energy level
was maintained within this range. The Box — Behnken DOE parameters are listed in Table 4.2 for the
selected preheating and post-heating laser scan parameters. The potential combinations of process
parameters were analyzed, and parameter sets falling outside of this energy range were eliminated. All
process parameters set combinations with a total energy input between 25 J/mm? to 45 J/mm? were derived
from the remaining dataset for the fabrication process and are listed in Table 4.1.

Microstructure coupons were fabricated for each parameter set listed in Table 4.1 and the porosity

levels of the microstructure for each case are listed in Table 4.2.
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Table 4.2 Porosity in As-Fabricated Parts by Laser Parameters. Compares porosity levels for each
combination of preheating and post-heating laser settings.

4 Preheating Laser | Preheating Laser Post-heating izzgrg‘;ggg AVE | STD

Power (W) Speed (mm/s) Laser Power (W) (%) (%)

(mm/s)

1 196 1300 56 975 0.06 | 0.04
2 196 1300 56 1300 0.07 | 0.07
3 252 1625 56 975 0.02 | 0.01
4 252 1625 56 1300 052 | 0.84
5 196 1625 56 975 0.10 | 0.07
6 196 1625 98 1300 014 | 0.12
7 196 1625 56 650 0.19 | 0.15
8 224 1950 56 975 0.38 | 0.27
9 224 1950 98 975 0.06 | 0.03
10 224 1950 98 1300 0.02 | 0.01
11 224 1950 56 1300 038 | 0.71
12 224 1950 56 650 0.10 | 0.07
13 224 1625 56 975 0.04 | 0.02
14 224 1625 98 1300 0.12 | 0.12
15 224 1625 56 1300 0.10 | 0.08
16 224 1300 56 1300 0.07 | 0.06
17 252 1950 56 975 0.06 | 0.02
18 252 1950 98 1300 0.14 | 0.25
19 252 1950 56 650 0.01 | 0.01
20 252 1950 56 1300 0.11 | 0.10
21 224 1300 56 1300 0.08 | 0.06
22 196 1950 98 1300 0.14 | 0.24
23 196 1950 56 1300 0.01 | 0.01
24 196 1950 56 650 0.07 | 0.05
25 196 1950 56 975 0.06 | 0.04
26 224 1950 56 975 0.03 | 0.03
27 196 1950 98 975 0.04 | 0.02

Figure 4.5 illustrates how the porosity value responds to variations in the applied preheating laser
scan parameters during the in-situ thermal processing of the LPBF-fabricated Ti-6Al4V. A notable decrease
in porosity was observed at lower energy levels of the preheating laser scan when combined with each post-
heating laser scan. Specifically, preheating laser scan speeds below 1000 mm/s and laser power less than
180 W led to higher porosity levels when they were coupled with the post-heating laser scan. It was noted
that samples incorporating post-heating at a laser power of 56 W and 1300 mm/s exhibited increased

sensitivity to porosity formation. The samples subjected to post-heating with a laser scan power of 56 W
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Porosity (%)

and a scan speed of 650 mm/s exhibit the least variation in porosity depending on the preheating process
parameters.

The reference coupon did not undergo any preheating or post-heating and exhibited an average
porosity of 0.47% =+ 0.015%. It is noteworthy that the porosity level was reduced to 0.01% + 0.01% with
the applied in-situ thermal process presented in this chapter. The combination of preheating and post-
heating laser scans achieved the four lowest porosity levels were selected for further microstructural
characterization and mechanical testing for the following sections of this chapter. These parameter

combinations are listed in Table 4.2, under row numbers 3, 10, 19, and 23.
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Figure 4.5. Response surface plots of the impact of the in-situ thermal processing through the
combination of preheating and post-heating laser scan, on porosity. (a) Effect of the preheating laser scan
parameters at constant post-heating laser parameters of 56 W laser power and 1300 mm/s laser scan
speed which include case 23. (b) Preheating laser scan parameters impact at constant post-heating laser
parameters of 56 W laser power and 975 mm/s laser scan speed which include case 3. (c) Preheating
laser scan parameters impact constant post-heating laser parameters of 98 W laser power and 1300 mm/s
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laser scan speed which include case 10. (d) Effect of the preheating laser scan speed parameters the post-
heating laser scan of 56 W laser power and 650 mm/s laser scan speed which include case 19. (e) Surface
response of porosity levels based on selected preheating and post-heating laser powers, revealing that
lower post-heating laser scan power exhibits less porosity.

Examination of the microstructure through SEM micrography revealed that LPBF-fabricated Ti-
6A1-4V possessed lamellar microstructure that lath colonies correspond to either the o or o' phase [40]. The
lath thickness (in some studies it is referred to as lath width) of the basketweave-like structure determines
the mechanical response of the material [41]. The lath thickness of the samples that were exposed to the in-
situ thermal process and the reference sample (no thermal processing) is presented in Figure 4.6 using image
processing techniques on SEM micrographs via ImageJ software.

In the reference sample with the energy input of 44.87 J/mm?®, the o/ laths thickness was measured
to be 0.797 + 0.005 pm. It is illustrated in Figure 4.6 using a red marker. Similar to the reference sample
the in-situ thermally processed samples exhibited o/a' laths thickness ranging from 0.792 um to 0.812 um

at the total energy inputs between 74.79 J/mm? to 89.74 J/mm?.
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Figure 4.6. Response surface plots of the impact of the in-situ thermal processing through the
combination of preheating and post-heating laser scan, on o/0.' phase lath thickness. Lower post-heating
laser power combined with moderate preheating laser scan powers delivered lower lath thickness.
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4.3.2 Lattice Transformation, and Phase Decomposition in Preheated LPBF Ti-6Al-4V
4.3.2.1 Crystallography through XRD Analysis

Figure 4.7 shows the XRD profiles of the reference and in-situ thermally processed samples,
arranged in ascending order of total energy inputs. The highest intensity of Bragg’s peak was observed at
the (101) plane for the reference sample. In parallel, in-situ thermally processed samples have similar peak
patterns, it is noteworthy that the strongest peak intensity was observed at the (101) plane. The XRD

diffraction pattern data quantized by utilizing the Bragg’s and the W-H model for further evaluation in the

following sections.
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Figure 4.7. The XRD you patterns of the reference (without additional laser scan) and the in-situ
thermally processed samples including, case 3 (preheating: P=252W, V=1625 mm/s, post-heating: 56W,
V=975 mm/s), case 10 (preheating: P=224W, V=1950 mm/s, post-heating: 98W, V=650 mm/s) case 19
(preheating: P=252W, V=1950 mm/s, post-heating: 56W, V=650 mm/s), case 23 (preheating: P=196W,
V=1950 mm/s, post-heating: 56W, V=1300 mm/s)

The W-H model was performed to determine the impact of the in-situ thermal process on the
microstrain values for the selected cases that delivered the lowest porosity levels. The W-H model for the
reference sample and the in-situ thermally processed samples are illustrated in Figure 4.8. When the W-H
equation (Eq. 4.5) is viewed as a linear equation in the form of y = mx + c, then the slope of the equation
corresponds to the strain value. The reference sample exhibits a positive slope. It is noteworthy that utilizing

the in-situ thermal processing transformed the slope from positive to negative except one in-situ thermal
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process condition (Figure 4.8). However, the in-situ thermal processing with the parameters of 252 W
preheating laser scan power, 1950 mm/s preheating laser scan speed and 56 W post-heating laser scan
power, 650mm/s post-heating laser scan speed (Figure 4.8 (¢)) exhibits a different trend in which the slope
is positive but the value is smaller than the reference microstructure. The transformation of the slope from
a positive vale to negative value shows that the microstrain value shifted from tension mode to compression
mode. Additionally, the change of the slope to a smaller positive value shows the decrease of the strain in

the tension mode.
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Figure 4.8. The microstrain values were derived from the slope of the fitted linear trendline in the W-H
analysis for different in-situ thermal processing conditions. (a) Case 3 (preheating: P=252W, V=1625
mm/s, post-heating: 56W, V=975 mm/s), (b) case 10 (preheating: P=224W, V=1950 mm/s, post-heating:
98W, V=650 mm/s), (c) Case 19 (preheating: P=252W, V=1950 mm/s, post-heating: 56W, V=650 mm/s),
(d) Case 23 (preheating: P=196W, V=1950 mm/s, post-heating: 56W, V=1300 mm/s), (e) Reference
sample without any additional laser scan application

4.3.2.2 HCP Lattice Modification

The XRD data utilized in Bragg’s model (Eq. 4.2) for additional microstructure characterization,
particularly focusing on lattice deformation in the material [14]. As per the model, Figure 4.9 depicts the
lattice parameters of the HCP phase, which is the prevailing stable phase indicated by the XRD data [42]
with additional energy to the system, a reduction of 1.1% and 0.3% in both lattice parameters of a and c
was observed, respectively(Figure 4.9 (a) and (b)). Furthermore, lattice strain was observed with the applied
in-situ thermal process (Figure 4.9 (c)). The lattice strain was shown with a higher c/a ratio. The in-situ

thermally processed samples exhibit lower ‘a’ and ‘c’ lattice parameters. However, the ratio of the

parameters in the modified microstructure indicates a higher strain value.
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Figure 4.9. Effect of the in-situ thermal processing on HCP lattice parameters. (a) The total energy of the
preheating and post-heating laser scans effect on lattice parameter “a”. (b) lattice parameter “c”. (c)
Lattice distortion variation at different total energy inputs.

4.3.3 Mechanical Properties

The mechanical behavior of the modified microstructure with the in-situ thermal process was
quantized through the tensile test. The stress-strain plot is depicted in Figure 4.10. It is evident that the
application of the in-situ thermal process had a noticeable effect on the material’s strength. It was observed
both the UTS and the YS values were enhanced. A remarkable increase in the slope during elastic
deformation achieved a higher YS for each in-situ thermally processed sample. The improvements in the
YS for the four selected in-situ thermal process conditions were 53.5%, 61.8%, 34.2%, and 85.1% for
sample numbers 3, 10, 19, and 23 respectively, as listed in Table 4.1. The process parameters of case 23

(preheated with196 W laser power,1950 mm/s laser scan speed, and post heated with 56 W laser power, and
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650 mm/s laser scan speed) exhibit the highest UTS (1843.6 MPa) and YS (1394.8 MPa) which is about
85% and 55% improvement relatively compared to the reference case. The lowest improvement in the
material's strength was observed in case 19 with the in-situ thermal process conditions of 252 W preheating
laser power, 1950 mm/s preheating laser scan speed, 56 W post-heating laser power, and 650 mm/s post-
heating laser scan speed. The measured UTS and YS were 1284.3 MPa and 1011.2 MPa, with an

improvement of 34% and 8%, respectively.
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8
73] 800 1 Case 3
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400 1 Case 19
Case 23
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0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
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Figure 4.10. Stress-strain plot of the reference (without additional laser scan) and the in-situ thermally
processed samples including case 3 (preheating: P=252W, V=1625 mm/s, post-heating: 56 W, V=975
mm/s); case 10 (preheating: P=224W, V=1950 mm/s, post-heating: 98W, V=650 mm/s); case 19
(preheating: P=252W, V=1950 mm/s, post-heating: 56W, V=650 mm/s); case 23 (preheating: P=196W,
V=1950 mm/s, post-heating: 56W, V=1300 mm/s)

Localized strain right before the rapture for the reference and the in-situ thermally processed
samples are depicted in Figure 4.11. It was observed that the reference sample (Figure 4.11) has the highest
deformation amount and the largest deformed region compared to the in-situ thermal processed samples.
Among the in-situ thermal applications it is noteworthy that case 23 has the lowest deformation region cyan

regions)
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Figure 4.11. Localized strain contour maps of €, from the DIC image analysis. (a) reference sample
(without additional laser scan), (b) Case 3 (preheating: P=252W, V=1625 mm/s, post-heating: 56W,
V=975 mm/s), (c) Case 10 (preheating: P=224W, V=1950 mm/s, post-heating: 98W, V=1300 mm/s, (d)
Case 19 (preheating: P=252W, V=1950 mm/s, post-heating: 56W, V=650 mm/s), (e) Case 23( preheating:
P=190W, V=1950 mm/s, post-heating: 98W, V=650 mm/s)
4.4 Discussions
In the present chapter, an in-situ thermal process during the LPBF fabrication of Ti-6Al-4V was
investigated. A preheating laser scan application, which is discussed in detail in the previous chapter,
combined with a third laser scan strategy termed post-heating laser scan. The presented innovative in-situ
thermal processing of the LPBF-fabricated Ti-6Al-4V modified the material’s microstructure. It is
noteworthy that in-situ thermal processing led to a significant reduction in the process-induced porosity
level of the microstructure. Almost 98% improvement was observed by performing the in-situ thermal
process at the porosity level. This improvement can be considered as a result of partial melting during the
preheating laser scan and re-melting with the complementary post-heating laser scan. Low energy inputs
cause partial melting [43] at this point the applied preheating can be considered the low energy input that

powder particles partially melted at the particle connection regions, a sinter-like effect occurred. This led

to larger particles with irregular geometries in the powder bed which impedes the powder particle spattering
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during the melting. Spattering due to the high-speed laser and loose powder interactions is one of the reasons
for the inherent porosity [44] in LPBF technology. Similar improvements were observed in the literature
and achieved by the re-melting effect [14,26,45]. Post-heating laser scan in the in-situ thermal process can
be considered as the remelting effect. However, the post-heating laser scan has a lower energy value than
the melting scan, the material has elevated temperatures in which even lower energy inputs might exceed
the melting temperature of the material. Furthermore, Figure 4.5 (e) illustrates that elevated post-heating
laser power corresponds to a relatively higher level of porosity, attributed to increased evaporation under
higher post-heating energy. Furthermore, it is reported that the complementary post-process of HIP [16,46]
reduces the porosity level drastically. In the presented study a robust control of the multi-scan laser scan
promises precise final microstructure adjustments rather than the existing literature which is limited to the
multi-scan laser application of the single laser parameters to obtain the remelting effect. Furthermore, in
the presented study improvement in the inherent porosity level was achieved without the necessity of costly
and time-consuming additional processes such as HIP.

Additionally, the applied energy transformed the lath structure of the o/a’ phases which ultimately
dictates the mechanical response of the LPBF-fabricated Ti-6Al-4V. The microstructure of LPBF-fabricated
Ti-6Al-4V primarily consisted of a and o' phases. In the present chapter, both phases were referred to as
the structure of o/a’ phases, in consideration of the complexity of the microstructure and the common
literature practice. The mechanical response of the microstructure is a result of these a/a’ phases' structures
[47]. The main structural feature of these phases that defines the mechanical property of the material is the
lath thickness. Figure 4.6 demonstrates the variation of the o/a’ phase lath thickness in relation to the total
energy input during the fabrication process. The measured lath thickness values in Figure 4.6 make it
challenging to establish a clear trend relation between the o/a’ lath thickness and the total energy input
during the in-situ thermal process of LPBF-fabricated Ti-6Al-4V.

Moreover, XRD analysis pronounced a transformation in the peak pattern of the material. Microstructure
characterization was performed through XRD analysis to provide detailed insights into the impact of the

in-situ thermal processing on LPBF-fabricated microstructure, specifically on the material’s lattice
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structure. Figure 4.7 exhibits the peak patterns of the reference sample without additional laser scan and the
selected in-situ thermally processed samples. A noteworthy change in the peak pattern was observed with
the application of the in-situ thermal process. The highest peak intensity was observed at the (101) plane at
the reference condition and it was shifted to the (002) plane with the application of the in-situ thermal
processing. Moreover, a reduction in the disparity between the peak intensity values was observed. This
can be considered as an improvement in the isotropy of grain orientation within the microstructure, which
is associated with the cooling rates and the inherent directional cooling behavior of the process. Introducing
additional energy during the in-situ thermal processing changed the cooling rate of the material which
turned out a transformation in the peak patterns. Additional introduced energy increased the total energy
input which decreased the cooling rate. This observation is in parallel with the previous studies that reported
the XRD diffraction patterns of the conventionally fabricated Ti-6Al-4V with slower cooling rates [48,49].
The change in the grain orientation will transform the deformation behavior of the material under tension
loadings. Deformation is driven by the grain boundary network during the elastic region [50] and when it
exceeds to plastic region it is driven by the active slip systems of the microstructure [51]. Change in the
grain orientation highly affects the deformation mechanism in the elastic region as discussed in the
subsequent paragraphs in this section.

XRD diffraction patterns were also employed to calculate the lattice parameters by Bragg’s law. Figure 4.9
illustrates the lattice parameters of the reference sample and in-situ thermally processed samples. Figure
4.9 (a) and (b) pronounced a noteworthy reduction in both lattice parameters of ‘a’ and ‘c’ after the
application of the additional energy compared to the reference sample. The HCP lattice parameters changed
from the initial condition, and a notable strain was observed. The strained HCP lattice structure of the in-
situ thermal process is shown in Figure 4.9 (c). The observed lattice strain due to the additional heat input
to the powder with a preheating laser scan is in parallel with the previous chapter and study. The lattice
distortion is recognized to have a direct influence on the dislocation density and mobility, ultimately
impacting the mechanical strength of the material [52]. The lattice deformation of the Ti-6Al-4V material

can be rationalized with the super-saturated lattice with substitutional V atoms and interstitial O atoms.
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Additional energy during the in-situ thermal process modified the rapid cooling rates of the LPBF process.
It is noteworthy that the lowest additional energy during the in-situ thermal process, case 23, exhibits the
highest lattice distortion among all in-situ thermal process cases. The lower heat input is considered as the
faster cooling rate which rationalizes smaller HCP lattices with limited vanadium diffusion. Vanadium
atoms occupied the titanium atom positions with smaller radii. The lattice strain along the c-axis can be
rationalized with the oxygen entrapment of the Ti-6Al-4V material at elevated temperatures. However, the
material fabricated under shield gas of argon, there remains a limited amount of oxygen in the chamber,
reaching up to 0.2%. Titanium is known for its high affinity to oxygen among metallic materials [53] which
makes the material sensitive at elevated temperatures even at very low oxygen concentrations. Schematic

of the lattice transformation is depicted in Figure 4.12.

Lattice of the Ti-6Al-4V Interstitial Oxygen atoms entrapped in the =~ Oxygen atoms at the octahedral
powder Ti-6Al-4V lattice. positions

V Titanium o Vanadium @ Aluminum @ Oxygen

Figure 4.12. Lattice deformation with the additional interstitial oxygen atoms in the octahedral positions
during in-situ thermal processing of the LPBF-fabricated Ti-6A1-4V

Mechanical testing was performed to evaluate the response of the modified microstructure by the
in-situ thermal process suggested in the presented chapter. A remarkable improvement in the strength value
was observed with the application of the preheating and post-heating laser scans. It is demonstrated in
Figure 4.10 how the in-situ thermal process enhances the materials strength of LPBF-fabricated Ti-6Al-4V.

The most significant enhancement in the strength was noticed at the in-situ thermal process parameters of
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10.

11.

case 23(196 W preheating laser power, 1950 mm/s preheating laser scan speed, 56 W post-heating laser
power, and 1300 mm/s post-heating laser scan speed (illustrated by the green line in Figure 4.10)). This
fabrication case had the lowest energy input among the other in-situ thermally processed samples. This
remarkable improvement was attributed to the modified microstructure which exhibited one of the lowest
porosity values (Figure 4.2 & Figure 4.5 (d)) and the highest lattice strain value (Figure 4.9 (c)). It is
rational to obtain a reduction in elongation following the material's strengthening [54]. The presented in-
situ thermal process exhibits very high strength values with a very limited reduction in the elongation value
of the material. The results of the presented study demonstrate that the innovative in-situ thermal process
applied to LPBF-fabricated Ti-6Al-4V enhances the strength by up to 85% while limiting the reduction of

the elongation which is a result of the strengthening mechanism of the materials.
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5. SELECTIVE MICROSTRUCTURE MODIFICATION FOR HIGHER STIFFNESS FOR

REINFORCED SINGLE-MATERIAL METAL ADDITIVE MANUFACTURING OF Ti-6Al-4V

5.1. Introduction and overview

Laser powder bed fusion (LPBF) stands as one of the most common Additive Manufacturing (AM)
techniques for metallic components. It has garnered significant attention due to its fine feature resolution
and superiorities in complex geometry fabrication. This advancement has enabled the bio-inspired [1] and
lightweight component [2] fabrication in the near-net shape without the necessity of final machining.
Furthermore, LPBF is capable of fabricating sub-assemblies in a single part, leading to a reduction in
production costs and time [3].

Ti-6Al-4V alloy is highly demanding because of its outstanding mechanical properties such as
impressive specific strength, excellent corrosion resistivity, biocompatibility, and superb fracture toughness
explain its widespread use in aerospace [4-6] and biomedical industries [7-9]. Moreover, its versatility in
accommodating various manufacturing processes broadens its applications across various engineering
industries.

LPBF fabrication capabilities and exceptional material properties of Ti-6Al-4V advanced the
popularity and usage mostly in the aerospace industry [10-12]. This compelling combination of the LPBF
process and the Ti-6Al-4V material has recently earned approval from the Federal Aviation Administration
(FAA) for a flight critic component fabrication [13]. However, challenges persist in certifying applications,
because of the microstructure complexity, and the anisotropic mechanical behavior of LPBF-fabricated Ti-
6AIl-4V. While there are many studies performed to comprehensively investigate the process and materials,
the challenges have not been fully addressed by researchers.

In the LPBF technique, a high-power laser beam is precisely focused onto micron-sized areas. The
focused laser beam interacts with the loose powder bed at extremely high scanning speeds, resulting in
rapid solidification and cooling rates [14,15]. Consequently, the LPBF technique leads to higher residual

stresses in the part due to accelerated shrinkage and contraction arising from the processing method [16].
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Furthermore, the heat dissipation through the built material underneath the molten metal leads to directional
cooling, resulting in a grain texture in the microstructure [17-19]. This induces anisotropy in the mechanical
properties of the fabricated part which is directionally dependent. This directionally dependent mechanical
response of the final part is considered an extensive problem that needs to be addressed [20,21]. Commonly
used approaches encompass alterations in the design and setting up the fabrication orientation which
increase the production time and cost including the number of test qualifications required [22].

Researchers in materials science have been studying this highly stressed and oriented
microstructure to envision how the fabrication process impacts it to novel methodologies for modifying its
mechanical response. Post-heat treatment (HT) has been widely investigated as a possible technique to
transform the microstructure for desired improvements in mechanical response [23-25]. The influence of
the different HT techniques on the LPBF-fabricated microstructure has been studied comprehensively [26—
28] and revealed for instance, an improvement in elongation up to 15.8% [24] accompanied by a notable
reduction in the strength of the material.

Additionally, materials researchers have performed different strengthening mechanisms to modify
the microstructure and address the challenges related to the mechanical properties of the LPBF-fabricated
Ti-6Al-4V material [29—-32]. An impressive milestone reported was a 26.50% enhancement in the material’s
strength with the addition of TiC particles during the fabrication which resulted in a drastic reduction of the
elongation [33]. There is an inverse relation between strengthening and plastic deformability.

It was noted that the investigated complementary processes aimed at modifying the microstructure
had the potential to either enhance the plastic deformation ability or improve the mechanical strength of the
LPBF-fabricated Ti-6Al-4V. Here, a process-induced microstructure modification was examined for the
impact on the material’s reinforcement. This led to remarkable improvements in both mechanical strength
and plastic deformation ability for LPBF-fabricated Ti-6Al-4V. Although strength and plastic deformation
are inversely proportional, findings indicated that with the studied innovative reinforcement approach it is
possible to achieve remarkable improvement in strength along with a significant enhancement in elongation
for LPBF-fabricated Ti-6Al-4V.
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A locally layerwise post-heating laser scan was introduced upon the melting scan for the
corresponding regions of the selected pilar geometries for each layer where the fiber texture of the
composite materials was mimicked for stiffness and reinforcement. The post-heating laser scan was studied
at different laser power values and scan speeds to monitor the effect on microstructure. It was observed that
optimized post-heating laser scan parameters have a significant effect on the inherent process-induced
defects. The post-heating laser scan parameters that delivered the lowest porosity were assigned to the
selected regions to modify the LPBF-fabricated Ti-6Al-4V material’s microstructure. The novel approach,
which was inspired by the composite material’s nature, performed a tremendous strengthening in LPBF-
fabricated Ti-6Al-4V material. Contrary to the common approaches in the literature, according to the results
of the presented study, it is evident that the proposed in-situ strengthening enhances the strength along with
the elongation of the material without the necessity of any complementary thermal processing or any
additional compound during the fabrication.

5.2 Experimental Methods and Fabrication
5.2.1 Materials and fabrication

Ti-6Al-4V Grade 5 powder used for the fabrication was gas atomized and supplied by EOS North
America (Pflugerville, TX, USA). The particle diameter of the powder ranged from 20 um to 80 um with
a chemical composition of (wt.%) 5.50 - 6.75 Al, 3.50 - 4.50 V, 0.20 O, 0.05 N, 0.08 C, 0.015 H, 0.30 Fe,
and the balance was Ti [34].

Two series of fabrications were fabricated in this study. Firstly, microstructural samples (20 mm
x 6 mm x 6 mm) were fabricated using LPBF technology with an EOS M290 printer (EOS GmbH,
Electro Optical Systems, Krailling, Germany) with a capacity of 400 W Ytterbium fiber laser.
Before the building process, the building plate was preheated to 80 °C to prevent the delamination
of the initial layers caused by high thermal gradients.

To quantize the heat input in the layerwise preheating scanning strategy and optimize the

process parameters, preheating energy density was calculated using Eq. (1), where Ey is the energy
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density, P is the laser power (W), v is the laser scanning speed (mm/s), t is the layer thickness

(mm), and h is the hatch spacing (mm) [35].

E, = (5.1)

V' wht

In this investigation, a novel approach using melting scans and fully layerwise post-heating
was implemented to explore the material properties of the fabricated microstructural samples. A
reference sample (non-preheated) was fabricated only with the melting laser scan. The laser
process parameters for the melting scan, as suggested by the manufacturer, had a laser power of
280 W, scan speed of 1300 mm/s, hatch spacing of 120 um, and layer thickness of 40 um, resulting
in an energy density of 44.87 J/mms3. Other scanning parameters consisted of a Gaussian-
distributed laser spot size of 100 um, a stripe scanning strategy, and a hatch angle of 67°. For the
post-heating process, a fully layerwise post-heating laser scan was conducted after the melting
laser scan in each layer. The fully layerwise post-heating scan encompassed a range of scanning
speeds, varying from 650 mm/s to 1950 mm/s, and corresponding laser powers spanning from 140
W to 252 W, all while maintaining a consistent hatch spacing of 120 um. The post-heating
scanning parameters investigated in this chapter for each sample are provided in Table 5.1. All
specimens were carefully cut out from the building plate using a wire Electrical Discharge

Machining (EDM) cutter (EDM Network, Inc., Sugar Grove, IL, USA).
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Table 5.1 Laser exposure process parameters of layerwise preheating scan.

Sample # Laser Power Scan Speed Energy Density
(P, W) (v, mm/s) (E, IImmd)
1 140 1950 14.96
2 140 1625 17.95
3 140 1300 22.44
4 140 650 44.87
> 196 1950 20.94
6 196 1625 25.13
! 196 1300 31.41
8 196 650 62.82
9 252 1950 26.92
10 252 1625 32.31
11 252 1300 40.38
12 252 650 80.77
Reference 280 1300 44.87

Inthe microstructural analysis of the initial 16 fabricated samples, Sample #11 exhibited the highest
density and was subsequently selected for further investigation (refer to Section 5.3.1). The laser processing
parameters for post-heating of this sample, characterized by a laser power (P) of 140 W and a scan speed
(V) of 650 mm/s, were identified as the optimized conditions for the post-heating process.

Building upon the data derived from the first fabrication phase, the second fabrication was
strategically designed. This phase involved the creation of four dog-bone shaped tensile samples, aimed at
assessing the impact of the post-heated region's size on the structural and mechanical properties of the
samples. Figure 5.1 illustrates the experimental setup: Sample 1 was produced without any post-heating
laser treatment. In contrast, Samples 2 to 4 underwent an initial melting process using the recommended
laser parameters, followed by a localized post-heating treatment applying the optimized laser parameters
on the same layer. This localized post-heating zone, designed in SolidWorks, formed several rods along the
length of the tensile samples with varying diameters. Specifically, as depicted in Figure 5.1, Samples 2, 3,
and 4 incorporated designed rods with diameters of 0.4 mm, 0.6 mm, and 0.8 mm, respectively. The designs
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incorporate pillar geometries with diameters of 0.4 mm, 0.6 mm, and ¢0.8 mm, corresponding to double

scanned region areas of 47.5%, 66.7%, and 55.4%, respectively.

72 mm 2 mm
| | [
[ S~
10 mm_J
4|
' X
15.5 mm ! \ 20 mm Building .,
’ R17 mm Direction ':
Y
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Layer n

\\\\\\\\\\\\\\\

W,

Layer (n + 1) 67° rotation
@ 0.6mm Pillar Reinforcement

Melting Laser Scan + Melting Laser

Post Heating Laser Scan  Scan

(Black Regions)

@ 0.8mm Pillar Reinforcement

Figure 5.1. ‘Dimensions of tensile test samples with highlighted post-heating regions. The black-marked
areas in the gauge cross-section indicate zones subjected to dual scanning processes (initial melting laser
scan followed by optimized post-heating laser scan) .’

Samples were fabricated using laser powder bed fusion (LPBF) technology with an EOS M290
printer (EOS GmbH, Electro Optical Systems, Krailling, Germany) using Ytterbium fiber laser power of
400 W. To quantize the effect of the applied post-heating scan after melting the laser track, post-heating

energy density was calculated from the energy density equation reported by Thijs et al. (Eq 1) [36].
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E,=—— 1)
The suggested process parameters by the with a Gaussian distribution of energy, and 40 um of layer
thickness with 67° angle stripes scanning strategy. These parameters were used for the melting laser scan
on each layer initially and defined as the default parameters. These parameter sets were kept constant for
the melting laser scan for all fabrications. To explore the impact of the post-heating laser scan on the
microstructure central composite design (CCD) [37] was used for the post-heating laser scan process
parameters covering a range of laser scan speeds from 650 mm/s to 1950 mm/s and laser power from 140
W to 252 W. In this design of experiment (DoE) 15 different variants were defined by the Box-Behnken
method (Table 5.2). The cross-section of the microstructure samples was fully exposed to the post-heating
laser scan application at each layer.

The second fabrication aimed to produce locally layerwise post-heated regions in the tensile
coupons, to create higher stiffness at the designated areas in the cross-section of the coupons. Fibers of the
composite materials were mimicked and different pillar shape regions were designed along the longitude
axis of the tensile testing coupons in the loading direction. The post-heating process parameter that
delivered the lowest porosity value from the first fabrication and the microstructural evaluation assigned as
the post-heating laser scan parameters during the second fabrication which is referred as the locally
layerwise post-heating laser scan application.

The third fabrication process printed fatigue coupons to investigate the impact of the locally
layerwise post-heating application on the material properties under cycling loadings. A continuous radius
coupon design was selected from the ASTM E466-21 standard practice for the fatigue tests. The radius of
the gauge length is R56mm with a minimum width of 7mm. According to the standard limitations of the
cross section the thickness was designed with a thickness of 3mm.

All specimens were cut from the building plate using a wire Electrical Discharge Machining (EDM)

cutter (EDM Network, Inc., Sugar Grove, IL, USA).
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5.2.2 Experimental Methods
5.2.2.1 Microstructure Characterization

Scanning Electron Microscopy (SEM) imaging studies were performed for porosity, a-phase lath
thickness, and grain morphology caused by various post-heating energy inputs. Samples were cut out by a
TECHCUT 5™ precision low-speed cutter (Allied High-Tech Products, Inc., Rancho Dominguez, CA,
USA) from the center of the specimen along the building plane, prior to the sample preparation. Samples
were cold mounted and prepared by grinding from 320 to 1200 grit size of SiC sandpaper. Afterward, the
first step of polishing was performed on a DiaMat ® polishing cloth with 1 pm diamond suspension.
Polishing finalized with 0.04 um colloidal silica suspension on Red Final C ® polishing pad used to obtain
scratch-free, mirror-like finish sample surfaces. Polished samples were rinsed in micro-organic soap and
cleaned with isopropyl alcohol. Samples were etched with Kroll’s reagent (1-3 mL HF, 2-6 mL HNOs,
100 mL water) to identify the grain boundaries and phases of the microstructure.

Image J [38], an image analysis software, was used to calculate the porosity level of each
microstructure. The porosity distribution was determined from at least three different regions at 2
magnification levels (500x and 1000x). Image J was also used for the lath thickness calculation of the o-
phase. For image processing, microstructure images were first converted to RGB stack-type grayscale
images prior to setting the auto contrast level. Thresholding was generated to create a clear contrast between
o/o’ phases’ lath borders. Particles were analyzed between 0.2 um to 2.0 um then total counts of the particle
at each size were calculated for the mean value. This calculation made at least 6 different images for
statistically meaningful data from every sample’s building plane orientation.

X-ray diffraction analyses were performed for phase identification, calculation of the lattice
parameters, and orientations of the microstructure of each sample. A Bruker D8 Advance X-ray
diffractometer (Bruker Corporation, Madison, WI, USA) was used for the analysis with 1.5406 A Cu k-
alpha wavelength, 40 mA current, 40 kV voltage at room temperature, and the measurements were taken

with step intervals of 0.2° and a scan speed of 1sec/step while the 26 varied between 20° to 80°.
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Lattice parameters were calculated according to Bragg’s law (Eq (2)) where d, is inter-planar spacing, a

and c are the lattice parameters and h, k, I are the Miller indices.

1 _ 4 (h2+hk+k2) 12
a2z 3

LB 2)

a? c?
A = 2d sin6

The Williamson — Hall (W-H) model [39] was employed to assess the microstrain condition of the
microstructure of the reference and post-heating laser scan application. The XRD data was utilized in the
following equations (Eq (3) (4) (5)). Peak broadening of the XRD data is caused by crystal imperfections
and distortion which is related by € = s / tanf. The W—H plot was used for the calculation of the microstrain
value. Si standard reflection (0.0013 rad) [40] was subtracted before strain analysis using W—H method.

The Scherrer’s equation (Eq (3)) derived to Eq (5) where B is peak broadening, X is the wavelength (A). K

is the Cu K (0.94), D is the crystallite size (nm) and 0 is the peak position.

AK

= B cos6 (3)
p=|Br"— B 4
B cosd = ATK + 4¢ sinb (5)

5.2.2.2 Mechanical testing

Shimadzu EHF E-Series (100kN) equipped with a 4830-servo controller (Shimadzu Scientific
Instruments, Inc., Missouri City, TX, USA) was used for tensile testing. Strain measurements of the gauge
region were made by using a digital image correlation (DIC) system. The surface strain and displacements
were captured by tracking the patterns of the high-contrast speckles on the coupon surface. This contactless
technique can measure the local strains at the fracture as well as the global strain during the loading of the
coupons. Two 2.3MP CCD cameras, Grasshopper GS3-U3-23S6M (FLIR Systems, Inc., Santa Barbra, CA,
USA) with a pixel array of 1920 x 1200 were used for image capturing. Processing of the captured images

and correlation with the stress loading were made using VIC-3D® software (Correlated Solutions, Inc.,
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Irmo, SC, USA). Considering the previous studies [41], the loading rate was set to 1.2 mm/min for all tests.
Fatigue tests were also performed with the Shimadzu EHF E-series (100kN) test machine. omax applied as
300 MPa with a frequency of 50Hz and R=0.1 during the fatigue testing.
5.3. Results
5.3.1. Microstructure Defects

The porosity levels corresponding to the selected post-heating laser power values and post-heating
laser scan speeds were studied using the Box-Behnken DoE model on the fabricated 15 microstructural
samples fabricated in the first fabrication. A total of fifteen post-heating laser power and scan speed
variations were characterized and their effect on porosity was evaluated. The impact of the layerwise post-
heating on the porosity level of the microstructure is shown in Figure 5.2. Additionally, SEM micrographs
at various regions and magnification levels for each scenario revealed that the post-heating laser scan
significantly impacted the inherent porosity level of LPBF Ti-6Al-4V. the response surface plot for the
layerwise fully post-heating laser power between 140 — 252W and post-heating laser scan speed between

650 — 1950 mm/s was depicted in Figure 5.3 (a). It was confirmed that 650 mm/s post-heating laser scan

speed delivered the minimum porosity levels for each post-heating laser scan power.

Figure 5.2. SEM images comparing porosity defects in (a) reference sample without post-heating and (b)
fully layerwise post-heated sample (Post-heating Laser P:140W and V: 650 mm/s)

Additionally, it was observed the post-heating laser power of 140W minimized the porosity during
the experimental study. The relation between the post-heating laser scan speed and the porosity level of the
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microstructure at the constant post-heating laser scan power (140 W) was depicted in Figure 5.3 (b). The
porosity level of the reference sample without a complemental post-heating laser scan was measured at
0.47% £ 0.015 [42]. It was undoubted that a subsequent laser scan decreased the initial porosity level, and
it was measured to be up to 90%. The denser microstructure of the post-laser scan can be ascribed to
remelting [43,44]. The inherent porosity level of the LPBF Ti-6Al-4V was minimized with the post-heating
laser scan parameters of 140 W laser power and 650 mm/s laser scan speed. These optimized parameters
delivered almost a fully dense (>99.95%) microstructure and were subjected to further microstructural and
mechanical testing as the post-heating laser scan sample and selected for the post-heating laser applications
of the presented study. The microstructure response after the locally layerwise post-heating laser scan for
pillar diameters of #0.4 mm, @0.6 mm, and @0.8 mm was illustrated in Figure 5.3 (c), and the porosity

levels were measured as 0.08 + 0.01%, 0.07 = 0.06%, 0.07 £ 0.07%, respectively.

(b)
2.5
2 m
/o\a\
~ 15 m
2
2 .
5 1 } .
o
0.5 s ;&
ot s !'A ¢
0 . . :
10 30 50 70
Post Heating Scan Energy Density
(J/mm3)

100



(C) 0.50
0.40 A
<
< 0.30 -
>
3
5 0.20 -
o
0.10 A
0.00 T T T T T
g, Z, 2,
[f% Yy Oy Py g
e Za, & /]70] @/b %0]
g, e O % D) o)
O}(;/ . ,% 5y % Sy Sy %
0/7(7 % ‘91@0' Sy, CN €,
J‘C(? OQ, Q GQ;
2

Figure 5.3. ‘Porosity level was optimized at a post-heating laser scan speed of 650 mm/s for a variety of
post-heating laser scan speeds. Post-heating laser power of 140W minimized the porosity of the
microstructure, (a) RSM analysis of porosity in LPBF fabricated Ti-6Al-4V microstructure with varying
post-heating laser scan power and speed, (b) Porosity values of the fully layerwise post-heating laser
scan at various laser parameters,

(c) Impact of different locally layerwise post-heating scanning areas on microstructural response to
porosity.

5.3.2. Grain Morphology and Lattice Structure

The microstructure of the Ti-6Al-4V, an a + B alloy, fabricated via LPBF consists of a greater
number of o/a’ phases at room temperature, which exhibits a basketweave-like structure [45]. The lath
thickness of the basketweave-like structure determines the mechanical response of the alloy [46]. The grain
morphology of the Ti-6Al-4V alloy was assessed, and the response of the o/a’ phases’ lath structure to the
applied processes was evaluated. Table 1 depicts the average lath thickness and the lath angle for each
application. The average lath thickness of the samples was measured with image processing [38] of the
SEM micrographs at magnification levels of 500x, 800x, 1200x, and 1500x. The lath thickness of the
reference sample was measured to be 0.797 £ 0.005 um. The highest lath thickness was observed in the
microstructure samples which were fully exposed to the optimized post-heating laser scan (0.894 + 0.051
um). The lowest lath thickness was observed in the double-scanned regions of the $0.4 mm pillar

reinforcement application (0.687 + 0.007). It was evident that an additional post-heating laser scan across
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the entire cross-section of the samples had a significant effect on lath thickness. Results showed a 12%

increase in the lath thickness between the reference (no additional laser scan) and the sample fully exposed

to the post-heating laser scan. The variation in lath thickness between the single and double-scanned regions

in the microstructure of reinforcement applications was also evaluated. The limited application of the post-

heating laser scan only to the projection of the pillar geometries on the samples’ cross-section, locally

layerwise post-heating, did not have a major effect compared to the fully applied post-heating laser to the

samples’ cross-section. The highest variation was observed in the @0.8 mm pillar application and calculated

as a 3.6% increase with the addition of a locally layerwise post-heating laser scan.

Lath Angle

Figure 5.4. Representative image of an a/a' colony and how the microstructure image is processed by the

software for the lath thickness and angle.

Table 5.2. HCP — Ti (o/a' phases) lath thickness and angle

Ave. Lath
thickness

(pm)

Ave. Lath
Angle (°)

Reference

(No I;zlslty @0.4mm Pillar Reinforcement @0.6mm Pillar Reinforcement #0.8mm Pillar Reinforcement
additional heated Scan Scan Scan
laser scan) eate
Melting Melting + Post- Melting Melting + Post- Mseclgrr]]g Melting + Post-
Scan heating Scan Scan heating Scan (single heating Scan
(single scan (double scan (single laser (double laser Iasgr (double laser
region) region) region) region) region) scan)
0797+ 0.894 0.691 + 0.749 £ 0.690 +
0.005 0.051 0.006 0.687 + 0.007 0.007 0.727 £ 0.006 0.010 0.715 + 0.005
118.08+ 81.88+ 95.13 + 95.20 £ 98.19 +
269 797 377 98.38 + 3.07 1.99 98.00 + 1.85 081 94.36 + 1.32
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Lath structure micrograph images of the o/a’ phases of each application are shown in Fig.3. The
representative images of the microstructure variation between the single-scan and double-scanned regions
(projection of the pillar geometries on the cross-section) for $0.4, ¢0.6, and 0.8 mm pillar reinforcement
application are illustrated in Figure 5.5 (c), (d), and (e) respectively. The lath thickness slightly decreased
in the double-scanned scan regions for ¢0.4 mm and §0.6 mm pillar size. In opposition, the lath thickness

was measured thicker in 0.8 mm pillar size at the double scanned regions.
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Figure 5.5. ‘SEM micrograph of LPBF fabricated Ti-6Al-4V; (a) microstructure of reference sample with
no additional laser scan, (b) Thicker o/o." lath structure (12% higher) after the application of the
optimized post-heating laser scan fully across the cross-section, Lath structure variation between the
locally layerwise post-heated regions (pillar geometry projection on the cross-section was double-
scanned (melting laser scan + post-heating laser scan)) and the single-scanned (only melting laser scan)
regions for (¢) £0.4 mm pillar size, (d) £0.6 mm pillar size, and 20.8 mm pillar size.’

In addition to size, the angle of the a-colonies affects the deformation mechanism and the strength
of the Ti-6Al-4V alloy [47]. The lath angle of the o/a’ phases was analyzed with image processing [38].
The lath angles with respect to their width have been presented in Figure 5.6. Lath sizes between the range
of 0 to 2 um have been plotted with their corresponding angles. It was observed that almost all the laths
concentrated themselves either within 0° and 75° or between 75° and 180°. The lath densities in the measured
window are found to be higher in the double-exposed region than in the single-exposed region as seen in

Figure 5.6. This phenomenon was observed with all other pillar sizes tested.
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(c) 0.4 mm Pillar Reinforcement Single-scanned region (c) §0.4 mm Pillar Reinforcement Double-scanned region
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(f) $0.8 mm Pillar Reinforcement Single-scanned region (g) 0.8 mm Pillar Reinforcement Double-scanned region
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Figure 5.6. ‘(a) Lath distribution of the reference sample with no additional laser scan, (b) lath
distribution of the fully post-heated sample, (c) single-scanned (only melting laser scan) regions of the
20.4 mm pillar reinforcement application have lower lath angle compared to the (d) doubled-scanned

regions. £0.6 mm pillar reinforcement application has the same behavior (d) single-scanned regions have
lower lath angle compared to the (e) double-scanned regions. On the contrary, (f) single-scanned regions
have higher lath angle compared to double-scanned regions in 0.8 mm pillar reinforcement application.

The investigated grain morphology of the o/’ phases have a hexagonal close-packed (HCP) lattice

structure. Lattice parameters HCP structure of the a/a’ phases were calculated according to Bragg’s law
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[48] and plotted in Figure 5.7. A reduction in both lattice parameters of a and ¢ was observed (Figure 5.7
(a) and (b)). Additionally, a strain on the lattice was observed with the applied post-heating laser scan.
Figure 5.7 (c) shows the strain with a higher c/a ratio with the additional laser scan. The post-heating laser
scan increased the c/a ratio of the lattice which is a result of the lower cooling rate [49] of the post-heating

laser scan application.
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Figure 5.7. The effect of the post-heating laser scan on HCP Lattice parameters; Sequent laser scan
decreased the HCP lattice parameters “a” (a) and “c” (b). Post-heating laser scan increased the lattice
distortion, c/a (c). The W-H model shows that the tension stress mode of the reference sample turned out

to be a compression mode with the application of the post-heating laser scan (d).

The W-H model was employed for further microstructure analysis to gain a better understanding of
the strain and stress condition of the samples. Eq (5) was considered as a y = mx + ¢ equation and the
equation was plotted as the W-H model in which the slope of this equation is the microstrain value [39].
According to the model, the initial microstrain condition of the microstructure at the reference sample

without a complementary post-heating laser scan was determined as tension. The positive slope of the
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plotted model of the reference sample is shown in red in Figure 5.7 (d). A remarkable change in the initial
condition of the LPBF Ti-6Al-4V was observed after the application of the post-heating laser scan. The
plotted model of the post-heating laser scan shows a negative slope which indicates that the microstrain
condition of the microstructure was turned out in compression mode. The effect of the tension and

compression mode of the microstructure on the mechanical response will be discussed in the discussion

section.

5.3.3. Compositional Analysis XRD

Figure 5.8 depicts the XRD profiles of the reference and fully layerwise post-heated specimens.
The highest intensity of Bragg’s peak was observed at the (101) plane on the reference sample. It is
noteworthy that the strongest peak intensity was observed at the (002) plane on fully layerwise post-heated
sample. The remarkable change in the peak intensities indicated that the majority of the grain orientation

was modified with the applied post-heating laser scan along the (002) plane.
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Figure 5.8. ‘The XRD patterns of the reference without additional laser scan and the post-heating laser
scan specimens’
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5.3.4. Mechanical Testing

The mechanical response of the modified microstructure was quantized through tensile testing. The
stress-strain plot is depicted in Figure 5.9. The locally layerwise post-heating laser scan reinforcement
strategy had a significant effect on the mechanical response of the material. It was observed that both
ultimate tensile strength (UTS) and yield strength (YS) values were enhanced. A remarkable increase in the
slope during elastic deformation led to a higher YS for each locally layerwise post-heating laser scan
strategy applied in the present study. The enhancements in YS were 31.47%, 20.15%, 49.40%, and 41.83%
for the reinforcement applications of fully post-heating, 0.4 mm, 0.6 mm, and 0.8 mm pillar size,
respectively. The @0.6 mm pillar reinforcement delivered an extensive advancement in UTS with a strength
value of 1477 +121.7 MPa. This is followed by ¢0.8 mm pillar reinforcement, fully post-heated application,
and @0.4 mm pillar reinforcement with the strength values of 1401.6 + 90.9MPa, 1357.1 £ 96.2 MPa, 1166.4
+ 44.0 MPa, respectively. Pillar geometries of 0.4 mm and §0.6 mm delivered exceptional elongations,
which were 12.5% and 22.2% higher compared to the reference sample, respectively. On the contrary 0.8
mm pillar reinforcement coupons and the fully post-heating coupons ended up with a slightly lower

elongation compared to the reference sample.
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Figure 5.9. (a) Stress-strain curves for reference (black) and locally layerwise post-heating laser scan
reinforcement applications. Each locally layerwise post-heating laser scan strategy, coupled with the
specific reinforcement geometry, contributed to the enhanced strength of the LPBF-fabricated Ti-6Al-4V
material. Notably, £0.6 mm (yellow) pillar reinforcement demonstrated the most significant strength
advancement. 20.4 mm (green) and 20.6 mm (yellow) pillar reinforcement also enhanced the elongation
extensively. However, fully post-heated (gray) and £0.8 mm (blue) pillar reinforcement only enhanced the

material’s strength. (b) Detailed values for the material elongation and strength are listed in the table.

Fatigue tests were performed under the loading conditions of oma = 300 MPa, R= 0.1, and 50 Hz
Figure 5.10. illustrates the total number of cycles for each reinforcement application. There was no
significant contribution was observed with the application of the reinforcement strategy in the fatigue

lifetime of the coupons.
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Figure 5.10. Number of total cycles under dynamic loading conditions for the reference and the locally
layerwise preheating reinforcement strategy of the LPBF-fabricated Ti-6Al-4V.

Further fractography analyses were performed on the fracture surfaces of each specimen to gain a
deeper understanding of the effects of fatigue loading on the microstructure. Figure 5.11 exhibits the
fracture surface of the samples specifically the interface between the reinforced regions and the single scan
regions. It was observed that each application exhibits cracks in the interface between the reinforced and

non-reinforced regions. This can be explained by the stiffness variation between the regions.
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Figure 5.11. Fracture surface of the fatigue samples (a) Reference Sample with no additional thermal
process, (b) crack at the interface of the pillar reinforcement sample

5.4. Discussions

In the present study, an in-situ strengthening strategy during the LPBF process for Ti-6Al-4V was
evaluated. A post-heating laser scan was employed upon the melting scan to maximize the relative density
and modify the Ti-6Al-4V material’s microstructure in terms of o/a’ phases (HCP-Ti) grain and lattice
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structure. Furthermore, the complementary post-heating laser scans aimed to enhance the inherent grain
texture of the LPBF-fabricated Ti-6Al-4V through directional solidification and cooling. The post-heating
laser scan was applied both fully across the microstructure and only to the designated regions in the
specimens’ cross-section. The fiber structure of the composite materials was replicated in the presented
study, and pillar geometries with different diameters were assigned into the samples as the fibers during the
design process and a building file was generated for the scan strategy for each application accordingly. The
projection of these geometries onto the cross-section of the coupons was exposed to an additional post-
heating laser scan which parameters minimized the inherent porosity value. The preliminary data of the
microstructure, which was fully exposed to the post-heating laser scan, clearly indicated a strengthening
effect. It is rational to observe a reduction in the material’s elongation for the strengthened materials [50].

With this strategy, ~50% of the cross-section was aimed at strengthening, thus the reduction in the

elongation would be limited compared to the fully post-heated sample. Results proved that the
reinforcement strategy presented in this study improved the elongation whereas the LPBF fabricated Ti-
6Al-4V delivered higher strength compared to previous thermal processing studies.

The impact of the post-heating laser scan parameters (laser power (W), laser scan speed (mm/s)) on the
process-induced porosity can be seen in Figure 5.3. (a). The figure provides significant insights regarding
the correlation between post-heating laser scan parameters, such as laser power and scanning speed, and
their impact on reducing the porosity level. It was observed the post-heating laser scan power of 140W and
scanning speed of 650 mm/s delivered the lowest porosity level. Post-heating laser scan with 140W laser
power and 650 mm/s scanning speed decreased the porosity level from 0.470% to 0.046%. Additionally,
results indicated that the lowest porosity value for different post-heating laser powers (252W and 196W)
was delivered with a scanning speed of 650 mm/s (Fig.2 (b)). A similar effect was reported in re-melting
studies with higher energy inputs to the powder bed [51-53] and Hot Isostatic Pressure (HIP) applications

in which additional processing was required [54,55].
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Figure 5.3. (c) illustrates the porosity level of the applied reinforcement strategies with different pillar
sizes. However, the improvement in porosity was not as much as the fully post-heated microstructure, a
significant improvement in porosity level was observed. This can be rationalized by the decrease in the total
area of the double-scanned regions.

The predominant stable phases in the LPBF-fabricated Ti-6Al-4V microstructure at room temperature
were observed as o and o' phases. Due to the complexity of the LPBF fabricated Ti-6Al-4V alloy’s
microstructure it requires additional microstructure characterization tools to distinguish these phases from
each other which is not the scope of the presented study. It has been a common practice in the literature to
evaluate the microstructure of LPBF-fabricated Ti-6Al1-4V alloy for its mechanical properties together as
the o/a’ phases, a-Ti or HCP-Ti [56]. The difference between these phases depends on the cooling rate and
their structure is distinct from each other due to the lath thickness. The higher cooling rate delivers a thinner
lath thickness which is called as martensite and annotated as o' phase, and the relatively slower cooling
regions are o phases with a pattern called Widmanstétten [57]. It is rational to examine both phases together
since the average lath thickness was considered for the microstructure investigation. In addition, both
phases have an HCP lattice structure, which cannot be distinguished when computing the lattice parameters
using XRD data. The impact of the post-heating laser scan on a-Ti lath thickness is listed in Table 5.1. The
application of the post-heating laser scan fully across the microstructure increased the average lath thickness
of the material. A comparable effect was observed with the conventional HTs, however, the observed lath
coarsening after the applied post-heating laser scan (12.17% increase) was below the reported HT
applications; Zou et al. [58] applied heat treatment to LPBF Ti-6Al1-4V below the B-transus temperature
(925°C/2hr/FC(7°C/min)) and authors reported a 40% increase on lath thickness, Lu ef al. [59] applied a
heat treatment above the B-transus temperature (1015°C/1hr/AC) and a 75% increase on lath thickness was
reported. In addition to these conventional post-heat treatments, Karami et al. [60] reported a ~110%

increase with the application of hot isostatic processing (HIP) HIP (920°C/2hr/100MPa) was reported.
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Table 5.3 Effect of the post-HT on the mechanical behavior of the LPBF Ti-6Al-4V

YS As- YS HTed As-Built HTed Change  Change of
Heat Treatment Built (MPa) (MPa) Elongation  Elongation of YS Elongation
(%) (%) (%) (%)
Eﬁ%ir]m et 900°/2hr/AC ~1180 ~1100 8.7 4.9 6.77 43.67
Simonelli et al. 1075425 974+ 60 040 9.39 -8.57
[62] 730°C/2h/FC £25(H)  974#7(H)  7.6:05(H) 7.0:0.5(H)  -9. 7.86
967+10(V) 937+7(V)  8.9+0.4(V) 9.620.9(V)  -3.10
Vilaro et al. SuPersolvus 1137+20(H)  913+7(H) 7.622(H) 8.9+1(H)  -19.70 17.11
[63] P 962+47(V) 836+64(V)  1.7#0.3(V) 7.9+1(V)  -13.09 364.7
Subtransus 1137420(H)  944#8(H)  7.6+2(H) 85x1(H)  -19.70 11.84
962+47(V) 925+14(V)  1.7+0.3(V)  7.5%2(V) -3.84 341.1
Low Temperature  L137¥20(H)  965:16(H) 7.6+£2(H) 95+1(H) -15.12 25.00
P 962+47(V) 900+101(V) 1.74#0.3(V) 1.9+0.8(V)  -6.44 11.76
Eg;a]”‘:ke” etal.  5a0°c/shnwQ 1110£9 1118439  7.28+112 536£202  0.72 -26.37
1020°C /2hr/FC 1110+9 760+19 7.2841.12 14.06+2.53  -31.53 93.13
850°C/5hr/FC 111049 90946 7.281.12 Prfarﬁﬁtr‘;re -18.10 N/A
10§gofé(;§’hhr7AAg T 111029 822+19  7.28+1.12 12.74+056  -25.94 75.00
Cao et al. [65] . ~1020(H)  ~950(H) ~4 ~9 -6.86 125.00
800°C/2hr ~950(V)  ~850(V) 4 -6 1052 5000
Sabban et al. °o( _ Q7E®
[66] 92(5: %”CSET)C 1047+23(H) 865+19(H)  10+1(H)  18+l(H)  -17.38  80.00
/2y ANTAC 1043+18(V) 849+12(V)  12+1(V)  16%1(V) -18.60 33.33
[Zshﬁng etal 900°C/6hr/AC 111248 864+3 7+1 101 -22.30 42.86
750°C/2hr/FC 1351 1185 3.14 3.4 -12.29 8.28
Yanetal [68]  800°C/2hr/FC+AC 1065 996 6 -6.47 16.67
1080°C/2hr/FC+AC 1065 840 6 4 -21.12 -33.33
Kasperovich et 900°C/2hr +
al. [69] 700°C/1hr 986 908 11.9 9.5 -7.91 -20.17
/FC(10K/min)
Facchini et Annealed 990+5 870+15 8.1+0.3 11.0+05  -12.12 35.80
al.[70] 600°C
Fully Post
Heating Laser
Scan _ 7535 % 990.6 = )
37 7 804 72+04  7.0+04 31.4 2.7
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$0.4 mm Pillar - 7535+ 905.5 + 72%+04 81+0.2 20.2 12.5

Post Heating 37.7 44.3

Laser Scan

?0.6 mm Pillar - 7535+ 1125.6+ 72+04 8.8+0.7 49.4 22.2
Post Heating 37.7 85.4

Laser Scan

?0.8 mm Pillar - 7535+ 1068.8 + 72+04 6.5+0.2 41.8 97
Post Heating 37.7 61.7

Laser Scan

o/a’ lath colonies decompose from the B-grain boundaries during the phase transformation below
the allotropic transformation temperature. The cooling rate during the phase transformation defines the
nucleation and grain growth of the precipitate phase. Faster cooling rates resulted in thinner laths with more
randomly distributed structures since o/a’ nucleation starts irregularly inner side of the B-grain as well as

the B-grain boundaries [45]. A schematic view of the a/a’ lath colonies formation is depicted in Figure 5.11.

B-grains: Above B-transus B-phase decomposition to o + B: o/a’ colonies: Room
temperature Phase transformation temperature temperature

(a)
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(b)

Figure 5.11. Phase transformation of the Ti-6Al-4V (@) B 2 a + B decomposition at a slower cooling rate
ends up with relatively thicker a/o colonies. (b) f 2 a + f decomposition at a faster cooling rate starts
with more random nucleation and ends up with relatively thinner a/a' colonies.

A slight decrease in the lath thickness of the o/a’ colonies was observed in the double-scanned
regions of the #0.4 mm and @0.6 mm reinforcement applications. Authors considered this as a result of a
faster cooling rate. The effective thermal conductivity of the Ti-6Al-4V powder bed during the melting scan
is 0.13 W/mK [71] which is much less compared to the bulk Ti-6Al-4V. Findings revealed a linear relation
between the temperature of the Ti-6Al-4V and its thermal conductivity, according to the study presented by
Saini et al.[72] thermal conductivity of Ti-6Al-4V exceeds 20 W/mK at 1200 °C. This value is almost 154
times higher than the thermal conductivity of the loose powder. The complementary post-heating process
applied the high-temperature solidified Ti-6Al-4V material which has relatively higher thermal conductivity
and led to a faster cooling rate and delivered thinner a/a’ colonies (Table 1). The reinforcement application
of the 0.8 mm had a different response which will be evaluated in future studies.

The angle at which the laths align themselves gives us an idea of the homogeneity in microstructure
formation and thus the strength of the resulting part [73]. In-homogeneity in the grain orientations is one of
the primary sources of dislocation sites from where the crack initiates before leading to failure upon
mechanical loading. Figure 5.6. helps us comment on the grain orientations observed in the pillar regions
compared to non-pillar regions. Looking at the lath density concentrations, grain orientation homogeneity
seems to improve within the pillar regions. This highlights that the resulting solid part comprises

homogeneous and in-homogeneous grain orientations. It should also be noted that as the pillar size reduced,
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the largely variant lath densities in the pillar region when compared to the non-pillar regions seem to be
reduced. This might be because of the fact that the volume of material receiving the higher energy density
has a direct correlation to its effect on the lath formation in the neighboring regions. Bigger pillars transfer
higher thermal energy to the non-processed regions thus making the entire region of a cross-section with
uniformly orienting laths.

The lath thickness of the a/a’ phase had a significant effect on the mechanical response of the LPBF
Ti-6Al-4V material [61,74]. Hadadzadeh et al. [74] attributed the high strength of LPBF Ti-6Al1-4V to finer
o/a’ laths through the Hall-Petch effect [75] and Etesami e a/ [61] reported the remarkable effect of the
o/’ laths width on elongation during the tensile test. In the present study, lath coarsening was observed,
and it is one of the reasons for the preferred elongation.

The findings, as depicted in Figure 5.7, demonstrated the post-heating laser scan has a remarkable
effect on the LPBF-fabricated Ti-6Al-4V lattice structure as well as the microstrain. An increase in the
lattice parameters was reported in previous studies [76,77] with the application of the post-heat treatment.
The increase in the lattice parameters was attributed to the higher diffusivity of the vanadium atoms [77,78]
of Ti-6Al-4V during the post-heat treatment temperatures. Vanadium atoms diffused out of the HCP lattice
and larger titanium atoms [79] occupied their positions which transformed the structure into a larger lattice.
On the contrary to the conventional post-heat treatment applications, a slight decrease in the lattice
parameters both a and ¢ was observed with the application of the post-heating laser scan (Figure 5.7 (a) &
(b)). Lattice shrinkage can be explained by the vanadium atoms diffusion mechanism. It is well-known that
additional heat leads to an increase in temperature which improves the solubility of the substitutional atoms
in this case of the post-heating laser scan application it is vanadium atoms [80]. The increasing amount of
the substitutional vanadium atoms leads to a decrease in the lattice parameters since vanadium has smaller
atomic radii compared to titanium atoms that were substituted by vanadium during the post-heating laser
scan. Compared to the conventional HTs, the post-heating laser scan exhibits a relatively higher cooling

rate. The smaller lattice parameters of the post-heating laser scan can be rationalized with faster cooling
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rates with lower diffusivity, which limits the diffusion of the excessive vanadium atoms from their positions
inside the HCP lattice.

The previous study demonstrated that introducing an additional laser scan to the powder bed
exceeds the operation temperature, causing an increase in the amount of oxygen in titanium [42]. This
makes the molten metal more sensitive to oxidation, even under shield gas protection. The lattice strain
measured in the presented study (Figure 5.7) can be justified by the same phenomenon. Figure 5.12 depicts
the representative image of the super-saturated HCP lattice with the octahedral position occupied by the
oxygen atoms which strains the lattice along the c-axis. In addition to the lattice strain, Figure 5.7 depicts
the decrease in both a and c lattice parameters, the result of the trapped vanadium atoms in the HCP lattice

which occupies the titanium atom positions with smaller atomic radii.

Sing]e_scanned Regions Lattice Doubled'scanned Regions Lattice

v Titanium 0 Vanadium @ Aluminum @ Oxygen

Figure 5.12. Super-saturated HCP-Ti with the energy addition of the post-heating laser scan.
Substitutional vanadium atoms occupied the titanium atom positions with the applied post-heating laser
scan. Additionally, with additional laser scans oxygen atoms occupied the octahedral positions in the
HCP-Ti.

The resulting tensile strength and elongation on the reinforcement applications have been studied
(Figure 5.9.) It was observed that post-heating through a second laser scan resulted in a remarkable
enhancement in the material’s strength. It is rational to have a lower elongation with the increase in strength

after the strengthening process [33]. This is noticeable when the post-heating laser scan was applied fully
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across the cross-section of the material (Figure 5.9. (a) gray line). Considering that, when the post-heating
laser was carried out in limited localized regions (circular area of the pillar geometry projection on the
sample cross-section), there seems to be a significant increase in the elongation along with tensile strength
for the 0.4 mm and 0.6 mm pillar diameter (Figure 5.9. (a) green and yellow line). It is interesting to note
that the highest elongation was observed for the 0.6 mm pillar size reinforcements which also had the
highest tensile strength among all the test cases. This fascinating occurrence of obtaining higher strength
and higher elongation can be explained by the reinforcement matrix formation due to the combination of
finer and coarser o/a’ lath regions obtained within the cross-section of a solidified Ti6Al4 microstructure.
It further helped to direct research attention toward identifying the limits at which the matrix strengthening
occurs depending on the reinforced area of the post-heated section. It should also be noted that the shape of
the region that is being post-heated might influence the properties as well which need to be further
investigated.

The common practice of strengthening in the literature has been studied by introducing additional
elements and components to the microstructure of the LPBF-fabricated Ti-6Al-4V such as nitrogen, and
titanium-carbide. Liu et al. [81] investigated the in-situ nitrogen strengthening of the LPBF-fabricated Ti-
6Al-4V by introducing nitrogen to the build chamber through the shield gas. The highest improvement in
the YS was reported as 20.01% with a drastic reduction in elongation. However, the authors reported a
significant improvement in the material’s strength, the elongation of the strengthened material was
decreased by almost half of the initial condition. He ef al. [82] studied the strengthening of the Ti-6Al-4V
with the addition of LaB¢ to the LPBF process. In their study, the highest improvement in the material’s
strength was 14.50% with a 37.2% reduction in elongation. TiC addition to the Ti-6Al-4V components
during the LPBF process is also a preferred way to reinforce the material [33,83]. Jiang ef al. [83]
investigated the effect of TiC in Ti-6Al-4V during the LPBF process and the authors reported titanium
matrix composites with TiC addition had a 10.68% higher strength with a very limited elongation. Tang et
al. [33] in their TiC reinforcement study, it was reported that the highest improvement in strength was

~26.50% with an elongation of 3.65% which is less than half of the initial as-built condition of the material.
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Previous studies have revealed that the strengthening of LPBF fabricated Ti-6Al-4V was limited to
~26.50% and caused a notable reduction in elongation. The proposed innovative reinforcement strategy of
locally layerwise post-heating laser scan was assigned to designated regions on the specimen. It was
observed that the studied reinforcement strategy of locally layerwise post-heating laser scan resulted in a

remarkable improvement of ~50% in YS which is the highest enhancement in the strength among the

previously reported studies. More importantly, a remarkable improvement in the elongation (>22%
improvement) was also achieved with the proposed composite additive manufacturing application for the
first time. Thus, the elongation reduction due to the strengthening is promised to be controlled as well as
improved for the engineering applications.

Post-heating HT is one of the most popular complementary processes that was applied to modify
the microstructure of the LPBF-fabricated Ti-6Al-4V. Table 2 depicts the mechanical response of the
modified microstructure after the HT. However, there are some studies that reported a decrease both in
strength and elongation, the general response after HT was a decrease in the strength and an increase in
elongation. It is due to the lath coarsening and the stress relieving effect of the HT which is discussed
previously. The studied post-heating laser scan strategy modified the LPBF Ti-6Al-4V microstructure by
reforming the a/a’ phases lath structure (Table 5.1. and Figure 5.6.), HCP lattice structure (Fig.5.5), initial
microstrain mode (Figure 5.7.) and the grain texture (Figure 5.8.). Figure 5.13 depicts the yield strength
and the elongation of the LPBF fabricated Ti-6Al-4V material after conventional HT and the locally
layerwise post-heating laser scan reinforcement application (green region). Considering the studies listed
in Table 5.2 and Figure 5.9 the proposed reinforcement application that mimicked the composite materials
with a complementary post-heating laser scan of the limited regions of the cross-section during the
fabrication promised to dismiss the thermal post-processing of LPBF fabricated Ti-6Al-4V with superior

mechanical properties.
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Figure 5.13. The general trend in the applied post-heating as HT after fabrication is a decrease in
strength and an increase in elongation. The locally layerwise post-heating laser scan reinforcement
application promises remarkable improvement in strength as well as elongation.

A notable enhancement in YS was observed for each reinforcement application, attributed to the
modification of the a/a’ colonies by locally layerwise post-heating laser scan (Figure 5.9). Compared to the
reference sample each post-heating application had limited deformation in the elastic region, the steeper
graphs are evident of the higher stiffness of the materials. It is known that the grain boundary network with
respect to the population and connectivity enhances the polycrystalline materials [84]. The stiffness
improvement with the reinforcement application can be explained by the modified o/a’ lath colonies where
the grain boundaries are resistant to grain boundary sliding. At further deformation, modified grain
boundary crystallography impacts the dislocation motion [85] which was observed in the present study with
higher UTS values during the tensile testing (Figure 5.9).

Fractography images (Figure 5.11) show that the stiffness variation between the double-scanned
(reinforcement region) and the single-scan regions causes stress concentration points and micro-cracks
initiated during the cyclic loading. Thus, the process-induced reinforcement with locally layerwise post-
heating did not contribute to the fatigue life of the material.
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6. CONCLUSION AND FUTURE STUDIES

6.1. Conclusion

In this study, three different in-situ thermal processes of LPBF-fabricated Ti-6Al-4V material were
investigated. The impact of the proposed strategies on the material’s microstructure and metallurgical
properties was analyzed through characterization techniques including Scanning Electron Microscopy
(SEM), Energy Dispersive X-ray Spectroscopy (EDS), X-ray Diffraction (XRD), and Optical Microscopy
(OM). The microstructure data was subjected to analysis performing image processing, Bragg’s law, and
the Williamson - Hall model to ensure accurate quantification of the findings for a reliable evaluation in the
context of this Ph.D. dissertation. The microstructure modification during the proposed innovative thermal
processing was validated with complementary mechanical testing. Digital image correlation (DIC)
equipment was utilized during the tensile testing to measure the strain instantly and accurately both at local
and global levels. Performing three different in-situ thermal processing, several outcomes were achieved
for LPBF-fabricated Ti-6Al-4V.

In the first study, layerwise in-situ preheating of Ti-6Al-4V, process-induced defects, grain
morphology, lattice structure, composition, and mechanical properties of the material were investigated.
Findings revealed a remarkable improvement in the relative density of the material, reaching up to 99.99%.
Additionally, it was observed that applied thermal processing modified the prior  grain boundaries and the
o/a’ phases. Applying a relatively low layerwise preheating energy of 26.92 J/mm? before the melting scan
modifies the prior B grain shape on the XY plane into a square form. An increase in the preheating energy
to 35.90 J/mm?® leads to the formation of circular prior B grain regions on the same plane. Furthermore, the
findings prove that the preheating scan prompts an increase in the thickness of a/a’ phase laths. After the
preheating laser scan, each microstructure exhibits thicker o/a’ phase laths compared to the reference
sample. A key finding of this study is the impact of layerwise preheating on the uniformity of o/a' lath
thickness in LPBFed samples, reducing the difference between the XY and ZX planes to only 4.7%

XRD analysis was employed for the characterization of the material's crystallography. The XRD

pattern exhibited the strongest Bragg's peak at the (101) plane on the XY surface for the reference sample
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without any additional laser scan. In contrast, preheated samples displayed the highest peak intensity at the
(002) plane, indicating predominant grain orientation along this direction in the XY plane. The preheating
scans induced a shift in microstrain from tensile to compressive, particularly notable at higher preheating
scan speeds. The predominant phase of the microstructure was the HCP phase. Layerwise preheating
promotes a higher c/a ratio in the samples, indicating more lattice distortion along the c-axis compared to
the a-axis. A reduction in the volume of the HCP lattice with a decrease in preheating energy density was
also observed. Furthermore, the research investigated the stable phases at room temperature after the
decomposition of the phases.

The research also delved into the stable phases present at room temperature following the
decomposition of the allotropic transformation. Preheating exerted a discernible influence on the
decomposition of the o’ phase, as evidenced by quantifying the f-phase content within the microstructure
across various preheating energy densities. It is worth noting that all preheated samples exhibited a lower
percentage of the f-phase compared to the reference microstructure. Microstructural images illustrated the
decomposition of o’ into a + 3 phases for the reference sample, while no detectable P phase particles were
observed in the preheated samples.

The first presented study unveiled the substantial impact of layerwise preheating on the mechanical
properties of LPBF-fabricated Ti-6Al-4V. This included an elevation in UTS and elastic modulus, albeit
with a reduction in elongation values relative to the reference sample. Notably, among the preheated
samples, a UTS value of 1235 MPa was achieved, marking the highest reported for thermally processed
LPBF-fabricated Ti-6Al-4V to date. Despite a reduction in elongation, the rigidity of the preheated samples
exceeded that of the reference sample. The sample subjected to a preheating scan speed of 1625 mm/s (252
W, 32.32 J/mm3) exhibited an 8% increase in elastic modulus. Furthermore, the application of preheating
was found to markedly influence the orientation of localized strains before rupture. This study imparts novel
insights into the effects of preheating on the structure and mechanical properties of LPBF-fabricated Ti-
6Al-4V, thereby setting a significant precedent for future research and potential applications in the additive

manufacturing domain.
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The second study investigated the Ti-6Al-4V alloy’s microstructure and its mechanical response
through the application of in-situ thermal processing in LPBF. This was achieved by integrating preheating
and post-heating laser scans. The results from the separate applications of preheating and post-heating laser
scans unveiled that the process-induced porosity defect was highly dependent on the energy value of the
additional laser scans. It was observed that the reduction in porosity percentage was minimized when the
energy input was maintained within the range of 25 J/mm® to 45 J/mm?. In the context of this study, the
fabrication parameters for the in-situ thermal process parameter were modeled using the Box-Behnken
Design of Experiment (DOE) approach, ensuring that the energy input remained below 45 J/mm?. The
porosity level decreased to 0.01% with the application of the proposed in-situ thermal processing.

XRD analysis was performed for additional microstructure characterization. However, the impact
of the in-situ thermal process on o/o’ lath thickness was insignificant compared to the individual
applications of the preheating and post-heating laser scans; the impact on the HCP lattice was relatively
pronounced. A similar trend with the individual preheating and post-heating application was observed
which was smaller HCP lattices with higher strain value. Additionally, the XRD peak pattern changed with
the application of the in-situ thermal process. It was observed the highest peak intensity transitioned from
the (101) plane in the reference sample to the (002) plane in the in-situ thermally processed samples.

The third study, selective microstructure modification for high stiffness for reinforced single-
material metal AM, an innovative strengthening strategy for the LPBF process was investigated. The fiber
texture of the composite materials was mimicked. The pillar shape was selected to replicate the fiber
function of reinforcement in the matrix. Different pillar diameters were selected according to the resolution
of the LPBF technology to study the effect of the pillar size on the mechanical response of the material.
The corresponding regions of the assigned pillar shape at each layer were exposed to a secondary laser scan

through the sample during the fabrication.
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Studied microstructure clearly demonstrated that the optimized post-heating laser scan modified
the LPBF-fabricated Ti-6Al-4V alloy’s microstructure by recrystallizing the o/a’ phases lath structure,
stretching the HCP lattice, transforming the initial strain mode, and the inherent grain texture.

Notably, the mechanical response of the tailored microstructure for reinforcement indicated a
remarkable improvement in strength. The post-heating laser scan reinforcement application was observed
to limit the decrease in elongation, and even in some pillar diameters, a significant enhancement was
observed.

The results apparently indicated that the proposed innovative thermal processing of the LPBF-
fabricated Ti-6Al-4V during the fabrication can alternate the requirement of the complementary post-
processing of heat treatment to modify the microstructure for the desired mechanical response. Additionally,
results promised to strengthen the material without the requirement of auxiliary components such as
nitrides, or carbides which makes the LPBF process more challenging in non-uniform chemical

composition distribution.

6.2 Future Work

The future research direction could involve investigating the influence of dwell time in the multi-
scan strategy. This would entail varying the dwell time between the preheating-melting laser scans and the
melting-post-heating laser scans. This investigation aims to provide additional insights into the in-situ
thermal processing of LPBF-fabricated Ti-6Al-4V by introducing another variable.

The strength value obtained in this study suggests that twinning may play a dominant role in the
deformation of Ti-6Al-4V. Secondly, it is proposed to conduct further microstructure characterizations to
elucidate the transformation of deformation mechanisms in Ti-6Al-4V. Particularly it is aimed to conduct
TEM analysis.

Finally, a future avenue, extending the application of in-situ thermal processing to other AM metals
is recommended. This expansion could potentially widen the engineering applications of the in-situ thermal

processing for LPBF technology.
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