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Abstract

Molybdenum (Mo) and TZM alloy provide promising mechanical and thermal properties, making
them ideal candidate materials for a wide variety of industrial applications. The refractory nature
of these materials restricts their formability to parts with simple geometries using the powder
metallurgy route. The laser powder bed fusion (LPBF) additive manufacturing (AM) process is a
modern manufacturing technique that can fabricate near-net shape parts with complex geometries
and internal features. The few studies in the literature report limited success with LPBF processing
of Mo due to the grain boundary embrittlement and cracking in the fabricated parts. Alloying and
substrate heating proved to be the only means to resolve the cracking issue, but those solutions
present limitations to the LPBF process. This study investigates the LPBF processing of Mo and
TZM in an Nz build atmosphere without the need for alloying or substrate heating. The study
documents the fabrication of a replacement for a commercial laminate Mo-Cu heat sink for power
electronics application, using Mo and TZM parts fabricated through the LPBF process, with thin

walls and honeycomb cavity structures.

Mo samples were fabricated through the LPBF process using a conventional Ar atmosphere and
N2 build atmosphere. Microstructural characterization and electron back-scattered diffraction
(EBSD) analysis were used to understand the influence of the build atmosphere on the
microstructure and cracking tendency of the fabricated samples. Fabrication under the Ar
atmosphere led to long columnar grains aligned along the build direction in the samples (Mo-Ar),
which evidenced GB cracking. Samples fabricated under the N2 atmosphere (Mo-N) showed a
smaller and more irregular grain structure with no evidence of cracking. Fracture surface (FS)
investigations were performed to understand the FS makeup. Inert-gas fusion technique was
employed to quantify the interstitial element content in the samples and their role in the cracking
behaviour. The presence of N around ~600 ppm in the Mo-N samples resulted in a crack-free
microstructure, despite similar O content in both sets of samples. Atomistic modelling was used
to describe the interactions between N and O interstitials in the Mo lattice. The results revealed
that the diffusion barrier energy for O in the presence of N in the Mo lattice is higher than that for

O in the pure Mo lattice.
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Gas mixtures of varying Ar-N2 compositions were then used as build atmosphere to study the
influence of N partial pressure on the N content, microstructure and cracking behaviour of LPBF-
processed Mo. Inert gas fusion tests showed an increasing trend of N content with N2 partial
pressure. EBSD analysis was performed to characterize the microstructure. The microstructure
was observed to evolve from a columnar grain structure with a high aspect ratio to grains with a
lower aspect ratio and increasing irregularity in morphology with the increase in N content. Crack
lengths were measured and found to decrease with the change in grain structure, suggesting that
disruptions in the columnar grain structure hinder crack growth. Fracture surface investigations
were performed, which revealed the influence of N on the extent of GB oxide segregation.
Microhardness measurements revealed a generally increasing trend of hardness with N content.
The study identified a threshold N content in Mo required to prevent O segregation to GB and
suppress cracking tendency.

Finally, with the knowledge gained, Mo and TZM parts with thin walls and honeycomb cavity
structures (Mo-HCS) were fabricated using the LPBF process. Microstructural studies were
performed, which revealed that the thin walls retained the characteristic microstructural form
required to limit GB cracking. Copper infiltration was performed into the parts to create composite
structures that match the Mo/Cu content ratio of commercial laminate Cu-Mo-Cu heat sinks.
Microstructural analysis showed that excellent wetting was achieved between Cu and Mo
structures. Coefficient of thermal expansion (CTE) measurements revealed that Mo-HCS with Cu
offered a lower and closely matched CTE to power electronics semiconductors when compared to
the laminate heat sinks. The results of the laser flash analysis study showed that the thermal
diffusivity of the fabricated parts matched the laminate heat sinks. FEM simulations showed that
Mo-HCS structures showed similar conduction resistance, leading to lower thermal stresses and

reduced delamination risk.
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Résumé

Le molybdéne (Mo) et l'alliage TZM présentent des propriétés mécaniques et thermiques
prometteuses, ce qui en font des matériaux candidats idéaux pour une grande variété d'applications
industrielles. La nature réfractaire de ces matériaux limite leur formabilité a des piéces de
géomeétrie simple par la voie de la métallurgie des poudres. Le processus de fabrication additive
(AM, en anglais) par fusion laser sur lit de poudre (LPBF, en anglais) est une technique de
fabrication moderne qui permet de fabriquer des piéces de forme presque nette avec des géométries
et des caractéristiques internes complexes. Quelques études dans la littérature font état d'un succes
limité du traitement LPBF du Mo en raison de la fragilisation des joints des grains (GB, en anglais)
et de la fissuration des pieces fabriquées. L'alliage et le chauffage du substrat se sont avérés étre
les seuls moyens de résoudre le probleme de la fissuration, mais ces solutions présentent des limites
au processus LPBF. Cette étude examine le traitement LPBF du Mo et du TZM dans une
atmosphere de construction de N2 sans qu'il soit nécessaire d'allier ou de chauffer le substrat.
L'étude documente la fabrication d'un remplacement pour un dissipateur thermique commercial en
Mo-Cu laminé pour une application d'électronique de puissance, en utilisant des piéces en Mo et
TZM fabriquées par le procédé LPBF, avec des parois minces et des structures de cavité en nid

d'abeille.

Des échantillons de Mo ont été fabriqués par le biais du processus LPBF en utilisant une
atmosphére conventionnelle d'Ar et une atmosphere de construction de N». La caractérisation
microstructurale et I'analyse par diffraction électronique rétrodiffusée (EBSD, en anglais) ont été
utilisées pour comprendre l'influence de I'atmosphére de fabrication sur la microstructure et la
tendance a la fissuration des echantillons fabriqués. La fabrication sous atmosphére d’Ar a donné
lieu & de longs grains colonnaires alignés le long de la direction de construction dans les
échantillons (Mo-Ar), ce qui a mis en évidence la fissuration GB. Les échantillons fabriqués sous
atmospheére N2 (Mo-N) présentaient une structure de grain plus petite et plus irréguliere, sans aucun
signe de fissuration. Des études de la surface de rupture ont été réalisées pour comprendre la
composition de la surface de rupture. La technique de fusion sous gaz inerte a été employée pour
quantifier la teneur en éléments interstitiels dans les échantillons et leur role dans le comportement

de fissuration. La présence d’environ 600 ppm de N dans les échantillons de Mo-N a permis
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d'obtenir une microstructure sans fissure, malgré une teneur en O similaire dans les deux séries
d'échantillons. La modélisation atomistique a été utilisée pour décrire les interactions entre les
interstitiels N et O dans le réseau Mo. Les résultats ont révélé que I'énergie de la barriére de
diffusion pour O en présence de N dans le réseau de Mo est plus élevée que pour O dans le réseau
de Mo pur.

Des mélanges de gaz de compositions variables Ar-N2 ont ensuite été utilisés comme atmosphére
de construction pour étudier Il'influence de la pression partielle de N2 sur la teneur en N, la
microstructure et le comportement a la fissuration du Mo traité par LPBF. Les essais de fusion
sous gaz inerte ont montré une tendance a l'augmentation de la teneur en azote avec la pression
partielle de N2. Une analyse EBSD a été réalisée pour caractéeriser la microstructure. On a observé
que la microstructure évoluait d'une structure de grain colonnaire avec un rapport d'aspect élevé
vers des grains avec un rapport daspect plus faible et une irrégularité croissante dans la
morphologie avec I'augmentation de la teneur en azote. Les longueurs des fissures ont été mesurées
et on a constaté qu'elles diminuaient avec le changement de la structure des grains, ce qui suggere
que les perturbations de la structure des grains colonnaires entravent la croissance des fissures.
Des études de la surface de rupture ont été réalisées et ont révélé l'influence de I'azote sur I'étendue
de la ségrégation des oxydes aux joints de grains. Les mesures de microdureté ont révélé une
tendance générale a I'augmentation de la dureté avec la teneur en azote. L'étude a identifié un seuil
de teneur en N dans le Mo nécessaire pour empécher la ségrégation de I'O aux joints des grains et

supprimer la tendance a la fissuration.

Enfin, grace aux connaissances acquises, des pieces en Mo et TZM avec des parois minces et des
structures de cavité en nid d'abeille (Mo-HCS) ont été fabriquées a I'aide du procédé LPBF. Une
étude microstructurale a été réalisée, qui a révélé que les parois minces conservaient la forme
microstructurale caractéristique requise pour limiter la fissuration aux joints des grains. Une
infiltration de cuivre a été réalisée dans les piéces pour creer des structures composites qui
correspondent au rapport Mo/Cu des dissipateurs thermiques laminés Cu-Mo-Cu du commerce.
L'analyse microstructurale a montré qu'un excellent mouillage a été obtenu entre les structures de
Cu et de Mo. Les mesures du coefficient de dilatation thermique (CTE, en anglais) ont révélé que
le Mo-HCS avec Cu offrait un CTE inférieur et étroitement adapté aux semi-conducteurs de
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I'électronique de puissance par rapport aux dissipateurs thermiques stratifiés. L'analyse par flash
laser a montré que la diffusivité thermique des pieces fabriquées correspondait a celle des
dissipateurs thermiques stratifiés. Les simulations par la méthode des éléments finis ont montré
que les structures Mo-HCS présentaient une résistance a la conduction similaire, ce qui a permis

de réduire les contraintes thermiques et le risque de délamination.



List of Figures

Figure 2.1. Periodic Table of EIEMENTS. ......coiiiiie e 6
Figure 2.2. (a) R value for Mo vs other bcc metals, and (b) Wsep showing inherent GB brittleness
IN MO (AdAPLED FrOM [27]) .ot bbbt 12
Figure 2.3. DBTT for low carbon arc cast Mo in (a) stress-relieved and (b) recrystallized conditions
(Adapted TrOM [BA]) ...oeeeeieeieeiei bbbttt bbbt 13
Figure 2.4. Solubility of N and O in Mo vs temperature (Adapted from [36-38]) ........c.ccceevenenn 14

Figure 2.5. (a) Diffusion barrier energy for O and C in Mo, and (b) diffusion coefficient of O vs
inverse temperature in Mo at different C content [43] ....ccvoveiieii i 16
Figure 2.6. Fracture surface in Mo (a) before, and (b) after addition of C. (c) Critical stress vs C
content for Mo. (d, e) Effect of selected elements on GB cohesion in Mo (Adapted from [44, 45,
] ) TP 17
Figure 2.7. Weight change vs temperature for TZM in O and air [53].......ccccoevveveiiieiieriesienins 18
Figure 2.8. Example images of (a) as-reduced Mo powders [57] and (b) SEM micrograph of
commercially available MO POWOETS. ........cviiiiiiiiie e 20

Figure 2.9. (a) Ultimate tensile strength vs temperature, and (b) CTE for various materials,

including refractory metals (Adapted from [63, 64]).....ccccviieiiieiieieiieie e 21
Figure 2.10. Schematic of an EB-PBF system (Adapted from [75]) ....coocovvvivieiiiiiie e, 23
Figure 2.11. Schematic of an LPBF system (Adapted from [89]) .......c.cvvvririvienincniiieicee, 25
Figure 2.12. List of major parameters influencing LPBF processed part. ...........ccccocvevveeiieinnnne, 26

Figure 2.13. Visualization of the processing parameters in LPBF (Adapted from [95, 96])........ 27
Figure 2.14. Typical laser scanning strategies in the LPBF process. (Adapted from [101, 102]) 29
Figure 2.15. (a) Some key attributes of powder studied in LPBF, and (b-d) SEM micrographs of
some metal powders. (Adapted from [105, 107]). c.eoveereiieiieieee e 30
Figure 2.16. (a) Absorptance as a function of bed packing density ([109]), and (b) Thermal
conductivity as a function of temperature for various metal powders [110]. ......ccccceevvvivervenenne. 31
Figure 2.17. Stresses in the LPBF process from the (a) heating and (b) cooling cycles (Adapted
from [112]). Distribution of residual stresses in substrate and part after (c) 2 layers and (d) part is
produced (Adapted From [113]) ...eoveieeeie e 32



Figure 2.18. (a) Typical LPBF process emissions, and (b) gas flow used for removal of process

emissions (Adapted from [115]) ..ocoveieereiieiieieeie e nns 33
Figure 2.19. (a) LPBF process emissions under Ar vs He [119], and (b) UTS vs ED for Al-12Si
under various build atmospheres in LPBF [117]. .....ccooiiiiiiiieiesiesiieeeieee e 33
Figure 2.20. Balling defect in the LPBF process [120] ......cccceviieiiieiiiiiiieiieesie e 35
Figure 2.21. (a) Delamination defect, (b) high surface roughness defect, and (c) ideal surface
roughness in LPBF-AM (Adapted from [121, 122]) ....cooveiieiiieiie e 35

Figure 2.22. (a) Lack-of-fusion pores, gas-trapped pores [101], and (b) keyhole pores [124]..... 36
Figure 2.23. Representative images and microstructure from the study by Faidel et al. [126] .... 38
Figure 2.24. Cracking behaviour of LPBF MO [105] ......cccoeiiiiiiiiiisesieiee e, 39

Figure 2.25. Influence of laser scan rotation (a) 0°, (b) 90°, and (c) 67° on grain structure in LPBF

Mo. (d-f) GB and stress representations for the three conditions. [105] ........cccccevviieiienieiiinnnns 40
Figure 2.26. (a) Use of support structures and crack-free microstructures for Mo in (b-c) top surface
and (d) along build direCtion. [L05] ......ccoveiiiiiiiiieie e 41
Figure 2.27. (a-b) Mo powders used in the study, and (c) microstructure and (d) IPF map from
EBSD @nalySiS. [129]....ueieeieiiieieite sttt 42
Figure 2.28. Oxides in LPBF processed M0 [129] ......ccooiiiieiieiiiic e 43
Figure 2.29. Microstructure of LPBF processed parts: (a, d) pure Mo with the substrate at 800 °C,
(b, €) M0-0.45 wt.%C at 800 °C, (c, f) M0-0.45 wt.%C at 500 °C [130].....ccccevvevrrrvrerereerenen, 44
Figure 2.30. Influence of ED and scan speed on crystallographic texture in LPBF processed Mo
R O PSPR T R 45
Figure 2.31. Microstructure showing cracks for LPBF processed (a) Mo and (b) Mo-47.5wt.%Re
K722 OSSR 46
Figure 2.32. (a) Microstructure, and (b) EBSD map of LPBF processed TZM [134].................. 47
Figure 3.1 SEM micrographs of (a-b) Mo and (c-d) TZM powders used in this study................ 62
Figure 3.2. (a) Renishaw AM400 LPBF machine [3], and (b) Example image of a build layout on
RBV OM ThiS STUAY. ...ttt bbbt 63

Figure 3.3. Schematic of the custom-made laser flash analysis equipment with the different
(070] 0] o Lo T3 T=T £ PTROPOPRTPRTRPT 68
Figure 4.1 (a,b) SEM images of Mo powders showing size and morphology of the particles. (c)
Particle size distribution, and (d) cohesiveness index wrt rotation speed, for Mo powder. ......... 84

Xii



Figure 4.2 (a) Optical, and (b) EBSD micrograph of Mo-Ar sample. BD indicates the build
direction of the samples. (c) Optimization results showing part density against volumetric energy
density with average crack length of the SamPpIes.........cooe i 85
Figure 4.3 (a) Optical, and (b) EBSD micrograph of a representative crack-free Mo-N sample. (c)

Optimization results showing part density against volumetric energy density with average crack

1eNGth OF the SAMPIES ...t 87
Figure 4.4 (a, b) BSE micrograph of Mo-N grains showing precipitates...........ccccovvviveeiieinnnne, 88
Figure 4.5 (a, b) High magnification STEM showing the precipitates, and (c) EDS line scan
analysis of the precipitates as Shown in FiIgure 4.50. .........cccccov i 89
Figure 4.6 SEM micrographs showing oxide particles in (a) Mo-Ar, and (b) Mo-N................... 90
Figure 4.7 Calculated paraequilibrium line in Mo-N phase diagram. ............ccccceveivieiieiecieenen, 91
Figure 4.8 SEM fractographs (a, b) Mo-Ar, and (c, d) Mo-N, showing oxide particles. ............. 93
Figure 4.9 Diffusion barrier for (a) O in bcc Mo, and (b) O in bcc Mo with N interstitial .......... 95

Figure 4.10 Convergence tests (a) Brillouin-zone sampling, (b) Work function cut-off energy, and
() NO. Of atomMS N SUPEICEILL ... e 98

Figure 5.1 (a) Design layout of the build plate, (b) Representative image of a build plate. ....... 110

Figure 5.2 (a, b) SEM micrographs showing morphology of the Mo powders. ...........ccccveneee. 111
Figure 5.3 (a-f) Optical micrographs of samples MoAr, Mo10N, Mo60N, Mo90N, Mo95N, and
MON, TESPECLIVEIY. ...ttt et e e e s et e e e s e e s teeaesraesreennennes 113
Figure 5.4 Average crack length, and porosity, vs N2 gas content in the build atmosphere,
(=R 0110 (1Y YOS 114
Figure 5.5 IPF maps from EBSD analysis of (a) MoAr, (b) Mo10N, (c) Mo60N, (d) Mo90N, (e)
MO95N, and (f) MO-N SAMPIE. ......ooieieee et 116

Figure 5.6 (a) Representative grain boundaries with high misorientation angles in MoN, (b-d)

misorientation angle plots for 3 locations in Figure 5.6a, and (e) within grain misorientation for

VoY - TaTo 1Y, o] N PSR URRT 118
Figure 5.7 Fracture surface micrographs showing oxide particles in (a) MoAr, (b) Mol10N, (c)
Mo60N, (d) M0o90N, (&) M095N, and () MON. .......ccoiiii e 120
Figure 5.8 N content in Mo VS N2 partial PreSSUIe. .......coveieiiieieiescieeeeee s 122
Figure 5.9 XRD analysis plots for the Samples...........ccooiiiiiii i 124

Xiii



Figure 5.10 Microhardness and N content in samples vs N2 partial pressure in the build atmosphere

Figure 6.1 (a) Model view of the HCS with dimensions and (b) view of the section prepared for
CTE and microstructural @NalYSIS. ..........coeiiiiieiiiiieiee e 138
Figure 6.2 Temperature profile of the Cu infiltration Process. ........ccccovvevieiiieiie i 139

Figure 6.3 Location of EDS map (marked in red) and those for microhardness analysis (marked in

blue) performed on the HCS SaMPIE. .......ccoviiiiiiic e 141
Figure 6.4 Three-dimensional models of (a) GaAs-Mo-HCS+Cu and (b) GaAs-CuMoCu,
FESPECTIVEIY. ..ottt et et e et e et e e b e et e et e eae e e re et e e rteeaeereene e re et e 143

Figure 6.5 (a) LPBF-AM of a Mo-HCS sample with honeycomb structure, (b, ¢) SEM micrographs
detailing the thin walls and cavity features, (d) optical micrograph, and (¢) EBSD micrograph of a
TN WAL ...t et e st et e e e e ne e sre e teere e teeneeeneenres 145
Figure 6.6 Mo and Cu regions shown in (a, b) optical micrographs, and (c, d) EDS maps; (¢) XRD
spectrum showing Mo and CuU PRESES. ........cueiiiiiiiiiiiiee e 147

Figure 6.7 (a) (a) Recrystallization fraction analysis from EBSD for Mo and representative maps

for (b) AB, (c) 1073 K, and (d) 1373 K CONAITIONS. ........ccoveiiiiiiiniiniesiisieeeie e 149
Figure 6.8 (a) Optical micrograph and (b) IPF map from EBSD analysis of a wall in TZM-HCS.
..................................................................................................................................................... 151
Figure 6.9 (a) Recrystallization fraction analysis from EBSD for TZM and representative maps for
(b) AB, (c) 1073 K, and (d) 1373 K CONGILIONS. .......ccveiiriieiiieiesiiesiee et 152
Figure 6.10 Microhardness values of AB Mo-HCS and AB TZM-HCS along with the
microhardness profile across the breadth of Mo-HCS+Cu and TZM-HCS+Cu.........cccevveeneee. 153
Figure 6.11 (a) Temperature profile along the depth of the heat sink. Stress maps for (b) GaAs-
CuMoCu and (c) GaAs-Mo-HCS+Cu setups, reSPectively. ......ccccoviieiiiiiiccie e 155

Figure 6.12 (a) Schematic of the custom-made laser flash analysis equipment with the different
components; (b) view of the sample stage with integrated IR detectors; (c) the sample stage inside
the chamber seen through the glass window with the laser optics above it...........c.cceevevviiennenn 158
Figure 6.13 Representative response signals from (a) Netzsch LFA 427 and (b) custom-made laser
flash analySis EQUIPIMENT. ......c..oiiiiiei bbb 159
Figure 6.14 Coupled temperature-displacement thermo-mechanical models and mesh structure for
the heat sinks of (a, c) GaAs-CuMoCu and (b, d) GaAs-MoHCS+Cu, respectively. ................ 163

Xiv



List of Tables

Table 2.1. Selected properties of refractory metals [6, 7].......cccooeieriiiiiiiiieee e 7
Table 2.2. Commercial specification for PM-Mo (Type 361) and PM-TZM (Type 364) feedstock
......................................................................................................................................................... 8

Table 2.3. Solubility of interstitial elements (values in ppm) in Mo and other refractory metals at
FOOM tEMPETAUIE [39] ....eieeiiiiiii et bbbt 14

Table 3.1. Chemical composition (as per certificate of conformity) of powders used in this study.

Table 3.2. Details of various gas combinations used in build atmosphere in this study. ............. 64
Table 4.1 Composition of Mo powders used in this study as per the certificate of conformity ... 81
Table 4.2. N and O content in Mo powder, Mo-Ar and Mo-N samples (values in ppm)............. 94
Table 4.3 Interstitial incorporation energies for O and N in MO. ..o, 95

Table 5.1 Chemical composition of Mo powders used as per the certificate of conformity ...... 109

Table 5.2 Build atmospheres used for the LPBF process, with sample IDS ...........c.cccoeevveinee, 110
Table 5.3. N and O content in the samples (Values in Ppm) ........ccocoveiirininiii e, 121
Table 5.4. Lattice parameters for different samples estimated from XRD analysis................... 124

Table 6.1 Thermal properties of power electronics semiconductors and possible heat sink
IMALETTALS. ..t bttt et b e bt et st et e et n e she et e ne e be b e 135
Table 6.2 Selected thermomechanical properties used for FEM simulations...............cccccveevennenn 143
Table 6.3 Thermal diffusivity and thermal conductivity at 298 K (25 °C) for the samples. ...... 154
Table 6.4 Calculations of CTE (in 10°® K') using simple and modified rules of mixtures........ 157

Table 6.5 Thermal diffusivity and thermal conductivity at 25 °C of the samples. ..................... 160
Table 6.6 Collected measurements and calculated values from LFA for control samples......... 162
Table 6.7 Collected measurements and calculated values from LFA for Mo and TZM-HCS+Cu.
..................................................................................................................................................... 162

XV



AB
AM
ASM
ASTM
BCC
BD

BO
BSE
C3D4T
CAE
COD
CTE
DBT
DBTT
DFT
EB-PBF
EBSD
ED
EDS
FCC
FEA
FEM
FE-SEM
FS

GB
GGA
HAGB

List of Abbreviations

As-built

Additive Manufacturing

American Society of Metals

American Society for Testing of Materials
Body centred cubic

Build direction

Born-Oppenheimer

Back-scattered electron

Coupled temperature displacement tetragonal
Computer aided engineering
Crystallography Open Database
Coefficient of thermal expansion

Ductile to brittle transition

Ductile to brittle transition temperature
Density functional theory

Electron beam powder bed fusion
Electron back-scattered diffraction

Energy density

Energy dispersive spectroscopy

Face centred cubic

Finite element analysis

Finite element method

Field emission scanning electron microscope
Fracture surface

Grain boundary

Generalized gradient approximation

High angle grain boundary

XVi



HCP
HCS
HIP
HP
HV
ID
IPF

ISO
LBPF
LT
MIM
MMC
MP
NEB
OFHC
PBE
PD
PDF
PLA
PM
PSD
RT
SE
SEM
Sl
TD
TEM
TZM
UTS

Hexagonal close-packing
Honeycomb cavity structure

Hot isostatic pressing

High purity

Hardness Vickers

Identification notes

Inverse pole figures

Infra-red

International Organization for Standards
Laser powder bed fusion

Layer thickness

Metal injection molding

Metal matrix composite

Melting point

Nudged elastic band

Oxygen free high conductivity
Perdew-Burke-Ernzerhof

Point distance

Powder diffraction file

Polylactic acid

Powder metallurgy

Particle size distribution

Room temperature

Strength of embrittlement
Scanning electron microscope
International System

Theoretical density

Transmission electron microscope
Titanium-Zirconium-Molybdenum

Ultimate tensile strength

XVvii



XC Exchange-correlation
XRD X-ray diffraction
Nd.YAG Neodymium-doped Yttrium Aluminium Garnet

Xviii



Acknowledgements

This work has been made possible only due to the support and love of countless great minds and
hearts | have had the privilege of associating with and engaging with. Many of them deserve

dedicated paragraphs below, but concision demands otherwise.

Firstly, I would like to express my sincerest and deepest gratitude to my supervisor Prof. Mathieu
Brochu for his unwavering support, guidance, and mentorship. This endeavour would not have
been possible without his persistent vision, continued participation, deep trust in my ability, and
unwavering support in the directions I took in this study. | would like to thank the members of my
supervisory committee Prof. Mainul Hasan, Prof. Raynald Gauvin, and Prof. Roderick I. L.
Guthrie for their valuable comments throughout this journey. | would also like to express my
sincerest gratitude to Prof. Sivaprasad Katakam, my supervisor during my Masters’ study for his
guidance and support, for inspiring me to study and learn more, and for motivating me to take the
journey that 1 am on right now. | thank Dr. Gowri Subrahmanyam, Dr. Projjal Basu and Shri.
Nadimuthu Srinivasan from my time at SNAM Alloys Pvt. Ltd., for their support in my journey
towards a Ph.D. study. | would like to acknowledge the late Shri. Prabhakaran, my mathematics
tutor, for telling me that I could do better than good. | would also like to express my sincere thanks
to Smt. Ajitha A. M, my chemistry teacher, for sealing my friendship with 118 strangers around a
peculiar table. Her contagious love for materials and their chemistry set the path for me in my

career.

Secondly, | would like to sincerely thank the Department of Mining and Materials Engineering
staff for their diligent support. Thanks to Dr. Florence Paray for her support through MMC and
her guidance during the TAships that | undertook, to Dr. Sriraman K Rajagopalan for his support
with XRD facilities, to Nicolas Brodusch and Stéphanie Bessette for their support with electron
microscopy, and special thanks to Barbara Hanley, Leslie Bernier, and June Persaud for their

constant support and assistance.

XiX



Thirdly, I would like to thank my friends and colleagues from the P’AM? (Powder Processing and
Additive Manufacturing of Advanced Materials) group for their friendship and support. As I write
this, | fondly remember and acknowledge Abhi, Amit, Amy, An, Ani, Anne, Anubhav, Ashutosh,
Beto (Jose), Edem, Eileen, Emilio, Fatih, lvonne, Jaskaranpal, Kevin (Kuanhe), Mauro,

Mohammad, Mohsen, Murali, Oscar, Pierre, Qi, Satish, Sila, Tiffany, Xianglong and Zhen.

I would also like to express my sincere thanks to the Natural Sciences and Engineering Research
Council (NSERC) of Canada and the McGill Engineering Doctoral Award (MEDA) for the

financial support provided to me so that | could undertake this Ph.D.

Finally, I want to acknowledge my family, without whom I wouldn’t be here today. My parents
Shri. Ramakrishnan and Smt. Jayasree for providing me with the ability, encouraging me with love
and support, to achieve everything | have. My wife Sruthi for her unwavering love, support and
dedication to our life, family and success. My son Krishang for making me want to do better and
be better at everything I do. My daughter Amaya for making the last few weeks’ work on this
manuscript easy. And my sister Srilakshmi for making me human and keeping me grounded. |
would have been amiss if I didn’t mention my in-laws’ support at the right time, especially my
father-in-law Shri. Sreedharan for his interest in my field of study, who often, through short

discussions, re-ignited my focus.

XX



Contributions to Original Knowledge

The contributions to original knowledge achieved through this study are highlighted in the

following list:

1.

This study demonstrated the successful fabrication of crack-free Mo samples via LPBF
processing without the need for pre-alloying or substrate heating.

This study investigated the use of N2 gas and Ar+N2 gas mixtures as build atmosphere for
LPBF processing and reported on the influence of build atmosphere on the microstructure
of samples fabricated.

This study demonstrated a threshold N content and characteristic microstructure to ensure
the fabrication of crack-free Mo samples through LPBF AM.

This study demonstrated in-situ nitriding capability in LPBF-processed AM samples with
a nitrogen content ranging from 100 to 600 ppm through the use of different partial pressure
inside the build chamber.

This study successfully fabricated Mo and TZM parts with thin walls and honeycomb
cavity structures and demonstrated the successful Cu infiltration of such structures for

creating heat sink components with tailored coefficient of thermal expansion.

XXi



Contributions of Authors

This thesis has been organized in a manuscript-based style following the guidelines? provided by
the Graduate and Postdoctoral Studies (GPS) of McGill University. The thesis contains three
manuscripts, which have been submitted for publication. Chapters 4, 5, and 6 consist of each

individual manuscript. The contributions of the authors of each manuscript are summarized below.

Chapter 4: T. Ramakrishnan, E. R. L. Espiritu, S. Kwon, M. K. Keshavarz, J. A. Mufiz-Lerma,
R. Gauvin, and M. Brochu, Laser powder bed fusion additive manufacturing of molybdenum using
a nitrogen build atmosphere.

Chapter 5: T. Ramakrishnan, S. Kwon, M. Brochu, Laser powder bed fusion of molybdenum
under various Ar-N2 mixture build atmospheres.

Chapter 6: T. Ramakrishnan, A. Kumar, P. Hudon, M. Brochu, Laser powder bed fusion
additive manufacturing of Mo and Mo-alloy heat sinks with a tailored coefficient of thermal

expansion.

As the first author of the above-indicated manuscripts, | devised the main idea, conceived the plan,
and performed the execution of the research, prepared most of the samples, carried out most of the

materials characterization, and performed the data analysis and writing of the manuscripts.

Dr. Eileen R. L. Espiritu provided support with powder characterization using a laser particle size

analyzer and electron microscopy for study in Chapter 4.

Dr. Sunyong Kwon provided support with phase diagram modelling for the study in Chapter 4 and

helped with the discussion and review of the manuscript in Chapter 5.

Dr. Mohsen K. Keshavarz provided support in electron microscopy and discussions in the study
in Chapter 4.

1 McGill GPS Thesis Guidelines - https://www.mcgill.ca/gps/thesis/thesis-guidelines

XXii



Dr. Jose A. Muiiiz-Lerma provided support in sample fabrication with Renishaw™ AM400 system

in the study in Chapter 4.

Mr. Amit Kumar provided support with FEM modelling of the two structures using ABAQUS™
system in the study in Chapter 6.

Dr. Pierre Hudon provided training and support with dilatometry and review for study in Chapter
6.

Prof. Raynald Gauvin provided guidance and access to high-resolution electron microscopy for

the study in Chapter 4.

Prof. Mathieu Brochu supervised the project providing technical and scientific advice, arranged

funding, and performed proofreading and correction for all chapters.

XXiii



Chapter 1 — Introduction

1.1 Background

Refractory metals are typically defined as those which are highly resistant to heat and wear. These
have a melting point higher than 2477 K (2204 °C) and include molybdenum (Mo), niobium (Nb),
rhenium (Re), tantalum (Ta), and tungsten (W) [1]. Mo is one of the most commonly used
refractory metals due to its lower cost, excellent specific strength, high thermal conductivity,
hardness, high melting point, and corrosion resistance [1, 2]. Mo finds significant use as an
alloying element in stainless and high-strength steels to increase wear-resistance, hardness and
strength, and in the production of superalloys, due to its ability to provide corrosion resistance and
extreme temperature resistance to creep damage [3]. While it is extensively used as an alloyant
with other metals, pure and lightly alloyed Mo also find numerous applications in the industry [4].
Mo metal and its TZM (Titanium-Zirconium-Molybdenum) alloy are valuable resources in various
applications in aerospace, automotive and medical industries. However, the very nature of their
resistance to heat and wear that make them valuable leads to challenges in their processing [5].
Powder metallurgy (PM) is the conventional processing method for Mo and TZM, and this presents
limitations in the part shapes and size [6, 7]. Hence, there is a need for the development of new

processing routes to fully exploit the benefits of Mo and TZM [8].

Laser powder bed fusion (LPBF) additive manufacturing (AM) is a manufacturing process that
offers great design freedom and enables the fabrication of parts with near-net complex forms with
intricate features [9]. The LPBF process starts with processing a digital 3D file of the part, slicing
it into layers, and generating a sliced model, which is then transferred to the printer [10, 11]. In the
printer, a laser beam selectively melts and fuses regions in a bed of metal powders spread on a
substrate under an inert atmosphere [12]. Once a layer of powder bed is processed, a new layer is
raked over it, and the laser melting process continues. In this layer-by-layer manner the part is
fabricated. The process enables the fabrication of parts in short lead times without the need for
tooling, unlike most conventional processes. Still, the fabricated parts can be affected by defects
such as porosity and cracking [13, 14]. LPBF has been successfully applied to a variety of

materials, including aluminum [15], stainless and high-strength steels [16], titanium [17], and
1



superalloys [18], and crack-free near fully dense parts can be fabricated from many of these

materials today.

Leveraging the LPBF process can enable the fabrication of complex parts using Mo and TZM
beyond the limitations of the PM route. If successfully applied, it opens the possibility of
manufacturing parts such as turbine blades, nozzle shrouds, combustion chambers, heat sinks and
heat exchangers that can replace superalloys [4]. Researchers have studied the LPBF processing
of Mo and TZM materials and documented the challenges and successes [19-21]. Porosity and
cracking continue to be significant impediments in Mo and TZM parts produced by LPBF [20].
Alloying continues to be a major avenue to reduce the grain boundary (GB) embrittlement factor
for cracking, but this can lead to changes in material property and present issues in terms of
meeting material or standard specifications [21]. Substrate heating has been applied to eliminate
cracking by reducing the cooling rate through the ductile-to-brittle transition region, but this can
complicate the manufacturing process and limit the design freedom provided by LPBF [19]. It is
thus clear that there is a need for a LPBF processing strategy for Mo and TZM that does not have
any of these limitations and enables the crack-free fabrication of parts with intricate features.

1.2 Research objectives
The general objective of this research was to investigate the LPBF processing of samples and parts
from pure Mo and TZM alloy. The sub-objectives are detailed below:

1. To develop a protocol to fabricate crack-free parts of Mo using the LPBF AM process.

2. To study the influence of an N2 build atmosphere on the LPBF processing of Mo, prepare
samples through such a process, and characterize them through various techniques to
evaluate the potential of eliminating cracks.

3. To study the influence of the build atmosphere containing various Ar-N2 gas mixtures and
characterize the samples fabricated to understand the influence of N2 partial pressure on
the N dissolution, the cracking behaviour and the properties of the samples fabricated.

4. To create Mo and TZM alloy samples using the LPBF process and demonstrate the ability
of LPBF to fabricate complex parts with honeycomb (HC) cavities.

5. To fabricate Cu-infused Mo and TZM structures with tailored coefficients of thermal

expansion (CTE) to investigate their properties and performance in heat sink applications.
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1.3 Thesis layout

The main body of this thesis is presented under 8 Chapters. Chapter 1 provides an introduction to
the thesis and background information along with the study's main objectives. Chapter 2
extensively reviews the current state of the literature on the topic, starting with refractory metal
Mo and TZM alloy. It continues through a study of their conventional processing and their
applications. The chapter then reviews the challenges in the conventional processing of Mo and
TZM and, evaluates the LPBF process as an alternate processing method. The chapter ends by
discussing the current state of AM processing of Mo and TZM. Chapter 3 describes the
experimental methods used in this study. Chapter 4 discusses using nitrogen build atmosphere
instead of argon in LPBF processing of Mo and investigates the properties of the fabricated crack-
free samples. Chapter 5 explores the use of nitrogen-argon gas mixtures as build atmospheres and
their influences on the LPBF processing of Mo parts. Using the new insights gained, Chapter 6
describes the fabrication of complex parts from Mo and TZM. Mo/TZM heat sinks with Cu
infiltration are then benchmarked as an alternative to commercial Mo-Cu laminated heat sinks.
Chapter 7 presents a general discussion of the work presented throughout the thesis, and Chapter

8 is the conclusion of the thesis.
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Chapter 2 — Literature Review

2.1 Refractory metals

Refractory metals are defined as those metals which have a high melting point, and a very high
resistance to heat and wear. While this attribute may describe a wider range of metals as
highlighted in Figure 2.1, the naming in particular is used for metals with a melting point above
2477 K (2204 °C) [1, 2]. In Figure 2.1 among the highlighted elements, refractory metals are those
marked in grey and include molybdenum (Mo), niobium (Nb), rhenium (Re), tantalum (Ta), and
tungsten (W). Those marked in blue show melting points slightly below the cut-off value used for
this definition. Technetium (Tc) and Rutherfordium (Rf) marked in yellow in Figure 2.1, also fall

under these definitions but are not relevant since they are practically inexistent in nature [3, 4].

H He
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Figure 2.1. Periodic Table of Elements.

In addition to the high melting point, refractory metals have good resistance to electrochemical
corrosion, excellent high-temperature strength, excellent thermal conductivity, and low coefficient
of thermal expansion (CTE) [5]. Table 2.1 lists the selected properties of the refractory metals [6,
7]. Among these, Nb and Ta find widespread use due to the relative ease of their processing, and
WI/Re finds specific applications where high density and extreme hardness are required, while Mo

is desired for its higher specific strength and availability [8, 9].



Table 2.1. Selected properties of refractory metals [6, 7]

Element Unit Mo Nb Re Ta W
) ) K 2896 2750 3459 3290 3695
Melting point
°C 2623 2477 3186 3017 3422
W-mt.K

Thermal Conductivity . 138 54 71 55 178

CTE x 10 K1 5.0 7.3 6.7 6.5 4.5
Density kg-m 10280 8570 21020 16690 19250

Young’s modulus GPa 329 105 463 186 411
Vickers hardness MPa 1530 1320 2450 873 3430
K 1173 1073 1623 1073 1773

Recrystallization temperature
°C 900 800 1350 800 1500

2.2 Mo metal and TZM alloy

Mo is a metal with the atomic number 42 and has a body-centred cubic (BCC) crystal structure. In
addition to its excellent strength (across a range of temperatures), high thermal conductivity,
hardness, and high melting point, it is also known for its resistance against chemical attacks from
certain acids and other corrosive agents [10]. As an alloying element, Mo is used in stainless steels,
high-strength steels, and superalloys for its contribution to wear resistance, corrosion resistance,
and strength [11]. Beyond these uses, pure and lightly alloyed Mo finds various applications in
aerospace, automotive and industrial components due to its high-temperature resistance and
excellent thermal conductivity [12]. Due to its high wear resistance and high melting point, it is
used in industrial components like extrusion dies, valves and pumps. Its high thermal conductivity,
good electrical conductivity and chemical inertness to molten glass enable its use as an electrical
heater in continuous glass-making operations [13]. The high thermal conductivity, melting point
and low vapour pressure at high temperatures make it ideal for cold, low vacuum and inert
atmosphere furnaces. In addition, Mo is also widely used in the medical field due to its corrosion
resistance, where it is used to make implants, screws, and surgical instruments [14]. It is also used

in radiation shielding, as its high atomic weight and density help to absorb radiation. Due to its



similarity to tungsten (W) in various properties, Mo is also increasingly used to replace W metal,

where weight-saving and the relative ease of processing would be beneficial [15].

TZM is an alloy of Mo, which contains small additions of titanium (Ti), zirconium (Zr), and carbon
(C). TZM finds similar applications to Mo in structural furnace components and tool/die inserts.
While more expensive than pure Mo due to the alloying additions, TZM offers improved strength
at elevated temperatures and has a higher recrystallization temperature [16]. Some of the
strengthening is attributed to the solid solution strengthening of the Mo matrix by dissolved Ti,
while most of the strengthening and recrystallization resistance comes from the precipitates [16].
Simple carbides of Mo and Ti, and ternary carbides of Mo-Ti, observed at the grain boundaries,
and oxides of Zr and Ti found at the sub-grain boundaries, are reported to hinder the migration of
sub-grain and grain boundaries leading to the strengthening of TZM [17]. For long-duration and
high-temperature exposure applications like isothermal forging dies and piercing plugs for pierced
stainless steel tubing manufacture, TZM parts find preference over Mo due to their increased
resistance to recrystallization [18]. It finds additional use in rocket nozzles and as electrodes,

stirrers and shields for extreme-temperature furnaces.

Table 2.2 lists the general commercial specifications for powder metallurgy (PM) Mo and TZM
feedstock. These specifications are covered under Type 361 and Type 364 sub-sections in
American Society for Testing and Materials (ASTM) International standards B386/B386M-19el
and B387-18 [19, 20]. Comparing the tensile strength vs temperature for Mo and TZM, it can be
observed that even at temperatures above 1373 K (1100 °C) they retain usable strength [21]. Most
of the commercial materials, including steel and superalloys lose strength beyond 1373 K (1100
°C) [9].

Table 2.2. Commercial specification for PM-Mo (Type 361) and PM-TZM (Type 364) feedstock

Material Mo Ti Zr C Others
Mo 99.98 <0.01 <0.01 < 0.005 <0.01
TZM 99.38 0.40 to 0.55 0.06t0 0.12 0.01t0 0.04 <0.01




2.3 Limitations in the application and processing of Mo and TZM

The excellent physical properties of Mo and TZM deem them suitable for various applications.
Still, the limitations in their application from the challenges in their processing to desired shapes
and parts hinder a greater adoption. Some of the limitations and challenges are the susceptibility
to grain boundary (GB) cracking, poor oxidation resistance at temperatures above 873 K (600 °C),

and finally, their refractory nature [22].

2.3.1 Grain boundary cracking

2.3.1.1 GB energy and cohesion

In engineering, most materials are polycrystalline in nature, meaning they consist of regions of
uniform lattice (or single crystal) called grains that are misoriented to each other. In these
materials, the grains meet each other at grain boundaries (GBs) [23]. GBs are considered defects
in the materials; they strongly affect various material properties and can act as sinks and transport
pathways for point defects (vacancies, interstitials, etc.) [24]. Extended defects like GB and free
surfaces in crystal structure have interfacial energy because of the disruption in the atomic
periodicity and the broken bonds across the interface. The interfacial energy of a GB is generally
lower than that of a free surface since the atoms in a GB are surrounded on all sides by other atoms

and have only a few broken or distorted bonds [25].

The GB energy is usually denoted by the energy difference between a crystal with and without the
defect. For GBs and other extended defects, the energy is normalized to the area of the defect.
Equation (2.1) gives the relation for GB energy (y.z) as per the above definition; here, Egg is the
energy of a system with a GB defect, Esuk is the energy of a system without GB, and A is the

total GB area.

Ec.p — E
]/GB — GB v Bulk (21)



Now, the energy of a free surface is the energy needed to generate the surface by the breaking of
bonds. Equation (2.2) represents the free surface energy as a relationship, where Ers is the energy
of a system with two free surfaces with area A.

Ers — E
Ves = FS - Bulk (22)

The work of separation is the amount of reversible work required to separate an interface and is an
indicator of the cohesion of the interface [26]. For a bulk crystal, this work (Wsep) to separate or
cleave at a distinct crystal place is equated to the energy of the free surfaces created, as indicated
in equation (2.3). The work is equal to 2yrs when two identical surfaces are created, or ypgq +
Yrs2 Otherwise. When a GB is separated, the thermodynamic threshold energy for GB fracture,
again depicted as Wsep, is the difference between the surface energy and GB energy [27]. This is
indicated in equation (2.4), where Ers' is the total energy of a system containing the two new

surfaces.

2Yrs

Wepp = {
SEP ™ \Yrs1 t Vrs,2

(2.3)

Wsep B = Yrsq + Vrs2 — Yo = Ers — Fop ; For (2.4)

According to the Griffith-Orowan theory, fracture stress is linked to the amount of work associated
with the fracture process. In the case of GB fracture, the relationship is depicted as shown in
equation (2.5). Here, afz is the fracture stress, while yp is the plastic work which accompanies the
initial stage of brittle crack extension on the microscale [28]. Jokl et al. [29] and McMahon and
Vitek [30] have shown that the plastic work is directly proportional to the grain boundary energy
and work of separation, and therefore the fracture stress relation can be equated as in equation
(2.6). Further, this establishes that the misorientation dependence of fracture stress directly reflects
the misorientation dependence of GB energy [28]. D. Scheiber et al. [27] computed GB properties
for Mo and other bcc transition metals and reported that Mo and W exhibit intergranular cleavage
or GB fracture.
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Ufz X Wsgp gp + Vp (2.5)

of X Ygp (2.6)

2.3.1.2 Intrinsic brittleness and ductile-to-brittle transition

Various simulation and experimental studies have shown that Mo is particularly prone to
intergranular fracture at or above room temperature (RT) [27, 31-33]. The simulation studies
stipulate either from the viewpoint of a lower GB energy or a lower ratio of GB cohesion to bulk
cohesion, while experimental studies observe the fracture mode across temperatures and arrive at
the ductile to brittle transition temperature (DBTT), below which the material fails via brittle
fracture. Sutton and Ballufi discussed about the ratio of work of separation to the free surface
energy of the preferred cleavage plane as an indicator of the fracture mode in metals, as depicted
by equation (2.7) [31]. Here, yFEF is the free surface energy for the preferred cleavage plane. For

bcc metals like Mo, this is mainly the (100) plane.

_ Wegp

= 2.7
Zny’SCP ( )

If the value of R is close to 1, the fracture is transgranular, and for lower values intergranular
fracture is expected. Figure 2.2a shows the R value (the arithmetic mean of R for all GBs) for
various bcc metals as computed by atomistic methods by D. Scheiber et al. [27]. In Mo, the value
is observed to be ~0.75, indicating that the mode of fracture is intergranular. From the same study,
Figure 2.2b depicts the Wsep (indicative of GB cohesion) computed for different GBs in Mo,
showing inherent GB brittleness [27]. These results from DFT calculations corroborate well with
previously reported experimental observations. For example, Brosse et al. [33] studied highly
purified Mo samples and reported that there is intrinsic intergranular brittleness in Mo which is

not due to any precipitates or segregation. Similarly, Pokluda and Santera [32] studied the intrinsic
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ductile vs brittle response of ideal crystals containing cracks for different materials and reported
that Mo showed inherent brittleness.
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Figure 2.2. (a) R value for Mo vs other bcc metals, and (b) Wsep showing inherent GB brittleness
in Mo (Adapted from [27])

The brittleness of Mo is also highly influenced by the material condition — grain size, internal strain
energy, and impurity content. The temperature and the rate of loading determine the fracture mode.
Hence, Mo exhibits a ductile to brittle transition behaviour in fracture mode and is described by a
ductile to brittle transition temperature. Cockeram et al. [34] showed that high-purity arc-cast Mo
exhibited a DBTT of ~533K (260 °C). Hiraoka et al. [35] showed that pure Mo exhibited a DBTT
of ~373 K (100 °C) under impact loading and a DBTT of 200 K (-73 °C) under static loading. The
difference in the DBTT values reported in the literature arises from the difference in the condition

of the Mo material. Figure 2.3 shows the change in impact energy vs temperature for low carbon
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arc-cast Mo in stress-relieved and recrystallized conditions [34]. The presence of certain interstitial
impurity elements worsens this GB embrittlement.
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Figure 2.3. DBTT for low carbon arc cast Mo in (a) stress-relieved and (b) recrystallized
conditions (Adapted from [34])

2.3.1.4 GB embrittlement

Engineering materials are plagued by the impurity concentration. In the case of Mo and TZM, the
presence of hydrogen (H), carbon (C), nitrogen (N), oxygen (O), or impurity elements can be
present as interstitial content. During processing at higher temperatures, the solubility of
interstitials in Mo is high, as indicated in Figure 2.4 [36-38]. Table 2.3 gives the RT solubility of
selected interstitials in Nb, Mo and W. At RT, the solubility of the interstitial content in Mo is very
low, especially when compared to Nb and other metals, with only W having lower solubility for
these interstitials [39]. Inevitably, the interstitial atoms trapped in Mo at high temperatures during

processing reach concentrations beyond the solid solubility limit as Mo cools and segregate to the
GBs or free surfaces.
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Figure 2.4. Solubility of N and O in Mo vs temperature (Adapted from [36-38])

Table 2.3. Solubility of interstitial elements (values in ppm) in Mo and other refractory metals at

room temperature [39]

Material Nitrogen Oxygen

Niobium 0.3 x 103 1.0x 103
Molybdenum 1.0 1.0

Tungsten <<0.1 1.0

Segregation is the enrichment of solute atoms at preferred sites (usually GBs, free surfaces or
dislocations) in a material. The segregation in a binary system can be described simplistically,
using McLean isotherm, as depicted in equation (2.8) [40, 41]. Here, Xcg is the concentration of
the interstitial at GB, Xo is the concentration in bulk, Gsg is the segregation energy, Kg is
Boltzmann’s constant, and T is the temperature. If the segregation energy of a solute to the GB is
negative, segregation is favoured. Segregation lowers the energy of the system and lowers the GB

energy. This impacts the work of separation following equation (2.4). Considering segregation
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energies, the new work of separation Wp 5 can be defined as indicated in equation (2.9), where

AWsgp g 1s the difference in work of separation.

Gse,
Xen _ X0 (-5t _ 06 _ o 28
xen — 1ox.© 5T/ where Gpq = oxen e (2.8)
' (EFs‘l'EFS)_(EGB +EGB)
WSEP_GB = > =g = WSEP_GB + AWSEP_GB (29)

A

Re-arranging for Wgp ¢ from equation (2.4) in (2.9), we get the relation for AWsgp g as in
equation (2.10). Here, SE is the strength of embrittlement and is the difference of segregation
energies. Interstitial solutes that lead to a negative value for SE lead to an increase in GB cohesion,

while a positive value of SE leads to an increase in GB embrittlement [41].

(2.10)

Researchers have studied the segregation and influence of interstitial elements on the mechanical
properties of Mo and TZM. Kumar and Eyre [41] studied the influence of C and O in arc-cast and
zone-refined Mo and reported that O readily segregates to GBs in Mo and promotes brittle GB
fracture. They also observed that the applied GB fracture stress is inversely related to the
segregated O level. In addition, they suggested that if C is present at a higher bulk concentration
than O, it suppresses the segregation tendency of O and replaces O at GB. They also reported that
a reduction in GB O level from 0.47 to 0.11 wt.% increased the work of fracture by ~60%, clearly
showing the GB embrittling effect of O. Drachinskiy et al. [42] determined the segregation
energies for C and O in Mo at -0.72 eV and -1.23 eV respectively, indicating that segregation
tendency of O is higher than that of C. But they reported a reduction in GB cohesion in Mo due to

both O and C, in contrast to Kumar and Eyre [41]. Z. -Q. Wang et al. [43] used atomistic modelling
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to quantify the diffusion barrier energy for C and O in Mo and reported that O has a higher
segregation tendency than C. Additionally, they reported that in the presence of C, the diffusion
coefficient of O in Mo decreased drastically with increase C content. Figure 2.5a shows the
diffusion barrier energy for O and C in Mo, while Figure 2.5b shows the diffusion coefficient of

O in Mo for different C content with inverse temperature.
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Figure 2.5. (a) Diffusion barrier energy for O and C in Mo, and (b) diffusion coefficient of O vs

inverse temperature in Mo at different C content [43]

Hiroaka et al. [44] reported that even small additions of C improved Mo ductility even without
forming any precipitates, suggesting that C improved the GB cohesion. Kadokura et al. [45]
reported that the DBTT for Mo decreases with C additions, indicating a positive effect on GB
cohesion. They observed a change in the fracture mode from intergranular to trans-granular. Figure
2.6a-b shows the change in fracture mode from intergranular to trans-granular with the addition of
C, while Figure 2.6¢ shows the variation in critical stress with C addition [44, 45]. Miller and
Kurishita [46] observed through atom probe analyses that O does not segregate to GBs in locations
where C is present and vice versa, suggesting that C has a beneficial effect of displacing O from
GBs. They also observed N segregation to GBs. In another study, Miller et al. [47] showed that
there was no significant segregation of O to any of the GBs in the Mo alloy containing Zr, B and
C through atom probe tomography. A change in fracture mode from intergranular to trans-granular
was observed as well. D. Scheiber et al. [48] computed the influence of s- and p-elements on GB

cohesion in Mo using DFT study and reported that O and H have a negative effect on GB cohesion
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in Mo, while other interstitial elements C, N, and B had a positive effect. Figure 2.6d shows the

summary of this result.
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Figure 2.6. Fracture surface in Mo (a) before, and (b) after addition of C. (c) Critical stress vs C
content for Mo. (d, e) Effect of selected elements on GB cohesion in Mo (Adapted from [44, 45,
48]).

Krajnikov et al. [49] observed that C increases the ductility of Mo by increasing GB cohesion and
suppressing O segregation, whereas O decreases GB cohesion and leads to increased brittleness.
They suggested that alloying by chemical elements with a high affinity for O (Ti, Zr, etc., as in
TZM are examples), accompanied by the precipitation of complex oxy-carbides, usually improved
the properties of as-annealed alloys within the temperature range of stability of these precipitates.
Literature unequivocally confirms that oxygen remains the single-most embrittling factor for Mo.
The mechanical properties and manufacturability of Mo and its alloys, conventionally and in
LPBF, are also significantly affected by the amount of oxygen present. High oxygen
concentrations at the GBs can cause brittleness and hot cracks and increase the DBTT. In addition

to this embrittlement effect, O presents another challenge to Mo and TZM — oxidation.
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2.3.2 Oxidation of Mo and TZM

Researchers have investigated the oxidation resistance of Mo and TZM. While the presence of Ti
and Zr in TZM stabilizes internal oxides, their contribution to oxidation resistance is practically
non-existent. Mo and TZM are similarly susceptible to oxidation in air. Gulbransen et al. [50]
investigated the oxidation behaviour of Mo at temperatures ranging from 823 to 1973 K (550 to
1700 °C) and reported that above 923 K (650 °C), the formation and vaporization of MoO3s was
rapid, leading to mass loss. Mo readily reacts with O to form the highly volatile tri-oxide species,
and the fresh surface was continuously re-exposed to O. Smolik et al. [51] observed similar results
and reported a sharp reduction in the fraction of oxide volatilized when the temperature was below
923 K (650 °C). Additionally, they described evidence of a molten layer on the samples tested at
1073 K (800 °C). Yang et al. [52] reported that the oxidation tendency of TZM alloys is low below
400 °C, but that changes when the temperature reaches between 673 and 923 K (400 and 650 °C).
A mass gain was measured from the formation of MoOx (where X; 2 <x <3) oxide layers. At
temperatures above 923 K (650 °C), the oxide layer formed turns into MoOs, which volatilizes
with increasing temperature, causing a sharp mass loss. Chakraborty et al. [53] reported similar

results with TZM oxidation under O atmosphere and in air, as shown in Figure 2.7.
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2.3.3 Refractory nature of Mo and TZM

The refractory nature and properties of Mo and its alloys present significant challenges in its
processing. One factor among this is the melting point, and Mo has one of the highest melting
points of all metals, at around 2,896 K (2,623 °C) [54]. This makes it challenging to form Mo or
TZM into shapes or conventionally cast into various products. Typical commercially available
high-temperature induction furnaces that are used to melt steel, superalloys or even titanium use
Mo heating elements and coils inside [9]. Naturally, these furnaces are limited to temperatures
below the melting point of Mo. In order to process Mo effectively, very high-temperature furnaces
and specialized techniques are often required. Electric arc furnaces are typically employed to

process Mo in this manner [22].

Another aspect of this is the high strength and hardness of Mo. Its tensile strength is higher than
that of most grades of steel and its hardness is comparable to most grades of tool steel. Tools and
dies made of Mo and TZM are quite frequently used in forming operations performed on high-
strength steels and superalloys. This level of strength makes the machining and shaping of Mo and
its alloys a costly and cumbersome process compared to steel or superalloy machining [10]. Unlike
most metals, Mo and TZM retain their strength at higher temperatures, presenting challenges in

high-temperature processing [55].

2.4 Conventional processing of Mo and TZM

2.4.1 Mo metal production

From its ores, Mo is most often extracted through a series of steps that include crushing of the ore,
its grinding, and flotation, followed by leaching and preparation of molybdenite (MoS>)
concentrate. Roasting of MoS; concentrate produces Mo oxides which are turned into Mo powders
following a three-stage hydrogen reduction process [56]. The bulk of industrial Mo metal
production in the world is done in this manner, with the output in the form of powder. Further
processing of the reduced powders by spheroidization gives high-quality spherical Mo powders
with good flowability. Figure 2.8 shows as-reduced Mo powders [57] and micrographs from

scanning electron microscope (SEM) of commercially available Mo powders.
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Figure 2.8. Example images of (a) as-reduced Mo powders [57] and (b) SEM micrograph of
commercially available Mo powders.

2.4.2 Powder metallurgy

Conventional processing of Mo and TZM, like other refractory metals and alloys, is done via
powder metallurgy (PM), in stark contrast to the ingot metallurgy route used for most other
engineering metallic materials [10, 54]. Due to the refractory nature of Mo, powder remains the
starting feedstock for almost all the products and parts made from them. In PM, the powder is
pressed to form green compacts, which are sintered into pellets or other simple shapes and formed
into parts [58]. Mo powder is also processed into different forms based on demand; for example,
it can be pressed and sintered into mill product forms like sheets, plates, foils, rods or bars as
needed [59]. PM processing route and its variants like metal injection moulding (MIM) remain a
crucial forming technique for Mo and other refractory metals. The prevalence of PM in their
processing is due to the fact that it reduces and often eliminates the need for secondary operations
[60], like machining and grinding that are time-consuming and expensive. Hence near-net shaping

processes have a distinct cost advantage for these materials.

2.5 Future applications for Mo and TZM

Aerospace applications like advanced and efficient turbojets and scramjets capable of sustained
supersonic or hypersonic flights will need materials with improved temperature resistance and
load-bearing capabilities [61]. The current state-of-the-art superalloy materials have an operational

ceiling temperature of 1350 K (1077 °C), and there has been a long demand from designers for
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materials which can perform in the range of 1400 to 2300 K (1127 to 2027 °C) [61, 62]. Figure
2.9a shows the ultimate tensile strength with temperature for a variety of materials, including
superalloys and refractory metals (Adapted from [63]). Similarly, increasing demand for electrical
energy, the propensity of electric vehicles and push for renewables necessitate power electronics
semiconductors that can perform longer and at higher loads. A major limitation currently is the
packaging of these materials, which necessitate increased cooling performance, resistance to
thermal cycling by close matching of CTE, and reliability at higher junction temperatures. Figure
2.9b shows the CTE for various materials and how they compare to that of power electronics
semiconductors (Adapted from [64]).
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Figure 2.9. (a) Ultimate tensile strength vs temperature, and (b) CTE for various materials,

including refractory metals (Adapted from [63, 64]).

Ceramics and composites have met some of the needs of the aerospace industry. Still, materials
with good thermal conductivity which do not require intense cooling are ideal for applications like
the hot sections of turbines. These turbine blades are presently manufactured out of superalloys
[65]. For power electronics semiconductor cooling applications, conventional Cu or Mo-Cu
laminate heat sinks do not offer suitable CTE matching and often larger systems with forced air or
liquid cooling is necessary [66]. Refractory metals would be ideal for such applications if the grain-
boundary embrittlement and high-temperature oxidation issues can be mitigated and a suitable

processing technique is developed for these materials [67]. Powder bed fusion additive
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manufacturing has been proposed as an alternate processing technique in this aspect, with more

than one benefit.

2.6 Powder Bed Fusion

Powder bed fusion (PBF) is one of the key categories of additive manufacturing (AM) processes
defined under ISO/ASTM 52900:2015 as a “process in which thermal energy selectively fuses
regions of a powder bed” [68]. The PBF process has been studied for various materials due to the
ability to fabricate parts without the need for tooling, despite the higher cost of powder feedstock
[69-73]. PBF processes are highly desirable for Mo since there is no additional material cost
disadvantage in the powder processing of these materials due to the prevalence of powder
feedstock in their conventional processing. PBF processes can be mainly categorized into two
based on the source of the “thermal energy” used to fuse the material: (i) Electron-beam powder
bed fusion (EB-PBF) and (ii) Laser powder bed fusion (LPBF).

In EB-PBF, as the name indicates, the thermal energy source is a high-energy electron beam
(~3000 W) [74]. Figure 2.10 shows the schematic of an EB-PBF system with its different elements
[75]. A heated filament acting as a cathode emits electrons in such a system, and an anode
accelerates these. The accelerating voltage is usually between 50 kV to 400 kV. Using magnetic
lenses/coils, the electron beam is focused and scanned, as necessary, onto the powder bed. The
energy of the electron beam is transferred to the powder bed (which is usually pre-heated and
sintered in place by the beam at a higher scan speed) to cause the powders to melt and fuse with
the substrate. The entire chamber is evacuated (often to ~10* torr) to allow for free travel of
electrons and avoid diffusing the EB. Some systems use Helium gas (at ~1072 torr) for dissipating

electrical charges in the powder and for the thermal stability of the system [76].
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Figure 2.10. Schematic of an EB-PBF system (Adapted from [75])

Due to the nature of this process, it is highly suited for reactive metals like titanium and magnesium
[73]. The use of a vacuum atmosphere favours lower cooling rates and allows for reduced residual

stresses [77]. But the process suffers from poorer dimensional accuracy and surface roughness

from the large melt pool (~600 pum) created in the process [78].

LPBF system uses a laser with a power of 100 to 400 W typically (1000 W available in some
systems) as the source of thermal energy instead of an electron beam. Nd.YAG lasers with a
wavelength A of ~1064 nm are most commonly used [75]. A lower energy tighter laser beam allows
for smaller melt pools of size ~200 um, depending on the material. Smaller melt pools permit the
creation of parts with finer features, intricate geometries, and higher dimensional accuracy using
the LPBF process [79]. Unlike EB-PBF, the LPBF process is carried out under an inert atmosphere
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[3]. The LPBF process, which will be the focus of this thesis, is discussed in greater detail in the

next section.

2.7 Laser Powder Bed Fusion Additive Manufacturing

2.7.1 Overview of the LPBF process

LPBF AM is a manufacturing process that has gained significant attention in recent years due to
its potential to fabricate complex three-dimensional (3D) geometries with high accuracy and
precision for various materials [80-83]. LPBF is a 3D printing technology that utilizes a high-
energy laser beam to selectively melt layers of metallic, ceramic, or polymeric powders to build a
3D object layer-by-layer. For metals, as “metal 3D printing”, LPBF is particularly popular as it
allows for tight tolerances and high surface finishes, making it an ideal solution to produce
components that require a high degree of precision, such as medical implants and aerospace parts
[84]. For Mo, the LPBF process is highly desirable since there is no additional material cost
disadvantage in the powder processing of these materials due to the prevalence of powder
feedstock in their conventional processing. LPBF enables the creation of channels within a part or
other internal features, which can be used for cooling or fluid transport in aerospace and medical
applications [85]. Additionally, LPBF can produce parts with intricate lattice structures that offer
high strength-to-weight ratios, making them ideal for lightweight components and specialty

applications in aerospace and automotive applications [86, 87].

Figure 2.11 shows a simplistic schematic of the LPBF process. Before the process starts in the
LPBF machine, a 3D model of the file is processed using dedicated software, which prepares layer
information via a step called slicing. This information gets transferred into the machine for the
LPBF process. The process starts by preparing a thin layer of metal powder onto a substrate placed
on the build platform, where it selectively melts the powders using a high-energy laser. The
selective melting is performed based on the layer information prepared from the digital file via
slicing. Once a layer is processed, the build platform lowers, and a recoater spreads a new layer of
powder on top of the previous layer. The process is repeated layer by layer, fusing each subsequent
layer onto the last layer until the final part is complete [88]. The process is performed in a
controlled environment, typically in a chamber filled with an inert gas to prevent the oxidation of

the metal powder [89].
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Figure 2.11. Schematic of an LPBF system (Adapted from [89])

The properties of the parts produced using the LPBF process depend upon many process
parameters, including the laser power, powder layer thickness, scanning speed, powder bed
temperature, and the size and distribution of the powder particles [90]. The optimization of the
LPBF process for a part involves the control of these and other process parameters along with a
laser scan strategy, to achieve better mechanical properties, such as tensile strength, fatigue
resistance, and ductility, as well as improving the surface finish and dimensional accuracy of the
parts [91, 92]. Figure 2.12 lists the major parameters influencing the quality and properties of the

LPBF-processed parts.

25



Material-based

Machine-based

Process-based

Post-processing
based

* Morphology and size of * Laser and optics * Design

powders * Powder delivery * Laser parameters = Remova F| nal
* Rheological properties system » Layer thickness » Surface finishing
* Optical properties + Chamber atmasphere » Scan strategy = Machining Pa rt

* Thermal properties « Build Orientation
= Support

* Pre-heating

Figure 2.12. List of major parameters influencing LPBF processed part.

2.7.2 Key process parameters

The LPBF process has numerous parameters, as indicated in the earlier section. Rehme and
Emmelmann [93] indicated that more than 130 parameters could affect the LPBF process. While
many of these are pre-defined with the choice of the machine and the powder feedstock, numerous
process parameters are still available for optimizing the process. The key process parameters for
LPBF include layer thickness (LT, in um), laser power (P, in Watts), hatch distance (HD, in um),
point distance (PD, in um) and exposure time (ET, in ps) [94]. In this context, the terminology is
defined as follows: layer thickness is the set thickness of the powder layer, hatch distance is the
distance between two adjoining tracks of molten pools, point distance is the distance between two
positions where laser power shines, and exposure time is the time for which the laser is incident at

a position.

Figure 2.13 visually represents the process parameters in the LPBF process. The interaction of the
laser beam with the powder material causes the powders to melt locally and create a molten pool.
The laser moves to a different position after the exposure time. The process essentially links molten
pools into tracks. The LPBF process is a track-by-track layer formation and a layer-by-layer part
fabrication process, where the individual melt pools are building blocks. Equation (2.11) highlights
the relationship of the parameters as an expression for the input energy density (ED, in J/mm?3)
into the powder bed. The process parameters are interconnected and often linked to the material

used or limited by the machine used [83]. For example, choosing a powder feedstock material will
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govern the layer thickness, the requisite laser power to melt and fuse such a layer, and the nature
of the protective atmosphere required. The layer thickness affects the dimensional accuracy and

surface roughness of the part produced [79].
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Figure 2.13. Visualization of the processing parameters in LPBF (Adapted from [95, 96]).
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ED = (2.11)

The melt pool, which is the building block of the LPBF process, has various characteristics
dependent upon these parameters. The melt pool temperature increases with increased laser power
or ED [97]. The temperature gradient rises linearly with increasing laser power and is generally
more pronounced with low thermal conductivity materials [98]. Melt pool lifetime, which is the
duration from the melting of the powders to the solidification of the molten pool, increases with
laser power [99]. Melt pool dimensions, the width and depth increase with ED. In addition, the
stability of the melt pool, which is a function of the ED and the material properties, can lead to
defects in the LPBF processed part [100].
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The laser scan strategy is an additional control to optimize the LPBF process. Figure 2.14 lists
some typical laser scanning strategies used in the LPBF process: (a) uni-directional, (b) bi-
directional, (c) island strategy, (d) spot strategy, or (e-f) combinations of such strategies [101].
Researchers have optimized scan strategies to achieve optimum processing conditions for various
materials under LPBF and discussed the advantages of key scanning strategies [101-103]. The
scanning strategy, which dictates the travel of the energy (and thereby, heat) source during the
process, affects the direction of heat flow. For example, long uni-directional scans have been
linked to increased residual stress, which can cause defects in the parts produced [101]. Spot or
island strategies can mitigate this risk. In addition to these per-layer strategies, the start positions
of the tracks can be shifted through rotation of the track layout for the next layer to reduce the
residual stresses. Figure 2.14(g-i) represents the three common layer-wise rotation strategies used
in LPBF [102]. The 67° rotation, for example, gives a large number of layers before the
realignment of the scan start-positions and tracks occur. This results in the resulting samples
having randomly oriented grain structures due to the varying orientations of the melt pool

boundaries, which disrupt the epitaxial columnar growth [103].
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Figure 2.14. Typical laser scanning strategies in the LPBF process. (Adapted from [101, 102])

2.7.3 Powder feedstock and substrate

Powder feedstock is one of the most important components in the LPBF process. The size,
morphology, chemical composition, mechanical and metallurgical properties, and thermal, optical
and rheological characteristics play a key role in the LPBF process [104]. Figure 2.15a details
some of the powder properties studied in LPBF and the critical attributes of the powder bed
quantified as part of the preparation for the LPBF process. Figure 2.15b-d show SEM micrographs
of Mo metal powders [105]. Powder with spherical particles of size between 15 to 45 um is
typically favoured due to its flowability and ease in packing them into the bed of layer thickness
suitable for LPBF [106]. The maximum powder particle diameter in relation to the layer thickness
can also lead to issues in the powder bed density [107]. Non-spherical powders tend to interlock

mechanically, present flow challenges, and result in uneven powder beds or poor bed density. This
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can create uneven layers upon melting, which affects the subsequent layer, cascading into part

quality issues with defects like unmelted powders and porosity [108].
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Figure 2.15. (a) Some key attributes of powder studied in LPBF, and (b-d) SEM micrographs of
some metal powders. (Adapted from [105, 107]).

Due to their high surface area to volume ratio, metal powers are prone to oxidation and other
contamination by gas or moisture adsorption. Oxidation and other surface contaminants can affect the
laser absorptivity and lead to the lack of fusion defect. Figure 2.16a provides the laser effective
absorptance vs bed packing density for Fe and Cu powders, while Figure 2.16b shows the variation of
thermal conductivity with respect to temperature and that in the presence of a gas for various alloy
powders used in LPBF [109, 110]. These can also cause poor powder bed quality and lead to the
degradation of part quality. In addition, as discussed in Section 2.2.2, O contamination can cause GB

embrittlement for Mo, leading to defects in LPBF processed parts.
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Figure 2.16. (a) Absorptance as a function of bed packing density ([109]), and (b) Thermal

conductivity as a function of temperature for various metal powders [110].

Like powder feedstock, the substrate (also called baseplate) forms a critical building block of parts
manufactured using the LPBF process. The surface of the substrate needs to be flat and free from
oxidation or any other contamination to ensure sufficient adhesion and achieve ideal powder bed
density [111]. In addition, the substrate works to constraint the part during the process and hence
needs to be able to resist deformation. The heating and cooling involved in the LPBF process cause
expansion and contraction of the part and the substrate upon which it is built. The heating and
cooling cycles imposed on the part lead to residual stresses. Figure 2.17 shows a representation of
the sources of the stress in the LPBF process and the distribution along the substrate and part [112,
113]. The same material as the powder, or material with a closely matching coefficient of thermal
expansion (CTE), is often desired for the LPBF process to reduce differential expansion and
stresses and limit part delamination and other issues. Some systems allow substrate heating to
temperatures as high as 1273 K (1000 °C) during LPBF, followed by controlled cooling, in an

effort to reduce the cooling rate and eliminate issues related to it [114].
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Figure 2.17. Stresses in the LPBF process from the (a) heating and (b) cooling cycles (Adapted
from [112]). Distribution of residual stresses in substrate and part after (c) 2 layers and (d) part
is produced (Adapted from [113])

2.7.4 Build atmosphere

In the LPBF process, the build atmosphere is another parameter to consider. The LPBF process is
typically conducted under an inert gas atmosphere, usually of argon (Ar), nitrogen (Nz), helium
(He), etc., unlike the EB-PBF process, which is conducted under a vacuum. Like in welding, the
main purpose of the inert gas is to shield the process from the ambient atmosphere and prevent
oxidation. Additionally, with the shielding gas flow, the added benefit of removing process
emissions (spatter, etc.) keeps the build area and build chamber clean, as shown in Figure 2.18a-b
[115]. The selection of the gas and its purity significantly impact the quality and properties of parts
fabricated through LPBF. Ar is the most commonly used inert noble gas for filling the build
chamber [116]. While N2 is more economical and typically unreactive, certain materials containing

elements such as Ti, Nb, and V can react with the printed material during melting.
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Figure 2.18. (a) Typical LPBF process emissions, and (b) gas flow used for removal of process
emissions (Adapted from [115])

Traore et al. [117] quantified the difference in process emissions under Ar and He for LPBF
processing of nickel and reported that high denudation but lower emission was observed under He,
as indicated in Figure 2.19a. Wang et al. [118] studied the effect of Ar, N2 and He build
atmospheres on LPBF-processed Al-12Si parts. Figure 2.19b shows the results of the study with
the mechanical properties of the parts versus ED for different atmospheres. They reported that
higher pore content was observed in parts built under helium atmosphere at higher ED compared

to the other atmospheres, leading to a loss in ultimate tensile strength (UTS) and ductility.
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Figure 2.19. (a) LPBF process emissions under Ar vs He [119], and (b) UTS vs ED for Al-12Si
under various build atmospheres in LPBF [117].
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In addition, research has also explored the effects of using gas mixtures on the microstructure and
properties of parts manufactured using stainless steel alloys. S. Roy et al. [119] reported that the
use of the He+Ar+CO- gas mixture achieved the closest dimensional stability, while the Ar+N>
gas mixture resulted in the highest hardness and UTS in the study. Although most system
manufacturers recommend using Ar gas during fabrication, the possibility of using different gas

atmospheres exists within LPBF.

2.7.5 Defects in LPBF processed parts

As discussed in earlier sections, AM processes, including the LPBF process, are modern
manufacturing methods with numerous advantages. Still, the process comes with certain setbacks.
The outcome of the LPBF process depends on the numerous parameter combinations, making it
challenging to optimize them for a particular combination of material, machine, and design/part.
The main defects encountered in the LPBF process are balling, delamination, deformation, high

surface roughness, porosity, and cracking [84].

2.7.5.1 Balling defect

Balling is the presence of small spherical ball-like particles or surface irregularities formed on the
melt tracks, as seen in Figure 2.20 [120]. Balling affects the quality of a processed layer/surface
and the surface finish. It can also impede recoater movement, cause damage and lead to a cascade
of other defects in the part [75]. Among the process parameters, laser power, exposure time, layer
thickness, powder compositions, etc., are critical to balling phenomena. The use of a higher laser

power and exposure time or reducing the layer thickness usually resolves balling [75, 120].
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Figure 2.20. Balling defect in the LPBF process [120]

2.7.5.2 Delamination, deformation and high surface roughness

Delamination is another defect in LPBF parts where printed layers are not fully attached due to a
lack of fusion or become separated due to high residual stresses. Substrate heating has been
reported as beneficial for materials prone to delamination from high residual stresses [121]. These
stresses can also cause warping or deformation of parts. Dimensional accuracy and near-net-shape
forming is the main selling point for LPBF. High surface roughness, a defect related to laser
scanning and the powder bed, has been widely studied on up-facing surfaces of finished parts [52].
Roughness can also arise on down-facing surfaces when printing overhangs over unmelted powder
rather than previously solidified material. Figure 2.21 shows images of some of these defects in

LPBF-processed samples.

Figure 2.21. (a) Delamination defect, (b) high surface roughness defect, and (c) ideal surface
roughness in LPBF-AM (Adapted from [121, 122])
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2.7.5.3 Porosity defect

Porosity, a major defect in LPBF-processed parts, is essentially a discontinuity in the material
makeup of the part and can be of different forms. Lack-of-fusion pores are formed either from the
lateral spacing of the melt pools (from the hatch and point distances) or when the overlap depth
between melt pools of adjacent layers is less than the layer thickness [101]. Laser power, exposure
time, and hatch spacing can influence melt pool size and their stitching together, leading to this
defect. Processing windows identified through trials for the combinations of these parameters can
eliminate lack-of-fusion porosity [123]. Another type of porosity is gas-induced porosity. It
originates from gas trapped within the powder particles during its manufacturing. During the LPBF
process, melt pool lifetimes are short (in microseconds), and the time for the gas to escape from
the melt pool is very short, leading to their trapping within the solidifying region [124]. Keyhole
porosity is another type of porosity defect in LPBF-processed parts. In keyhole mode LPBF where
high laser powers are used, the instability near the bottom of the melt pool from the high
temperatures and vaporization of metal can lead to defects called keyhole pores [125]. Figure 2.22
depicts the different porosity defects reported in the literature [101, 124].
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Figure 2.22. (a) Lack-of-fusion pores, gas-trapped pores [101], and (b) keyhole pores [124].

2.7.5.4 Cracking defect

Cracking is another major defect in LPBF-processed parts. There are two types of cracks: hot
cracks and cold cracks. Hot cracks occur during solidification and are also called solidification
cracks. These occur due to insufficient strength in the melt pool structure to withstand contraction
during solidification [124]. Cold cracks are caused by the residual stresses generated during the
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LPBF process and are more common in LPBF. The high cooling rates and thermal gradients cause
residual stresses in conjunction with cyclical heating and cooling. When the residual stress is
higher than the yield stress, the part is forced to relieve the stress either via deformation or cracking
[84, 124]. Materials with an inability to deform (brittle materials) inevitably crack to relieve
residual stress. Cold cracking is a major issue in LPBF-processed Mo samples and is discussed in

detail in the next section. The study to eliminate cracking in LPBF Mo is the basis of this thesis.

2.8 LPBF-AM of Mo and TZM

2.8.1 Progress in LPBF AM of Mo and TZM

Faidel et al. [126] performed one of the pioneering studies on LPBF AM of Mo. They used a
preliminary comparative study of melt pools using laser welding on stainless steel and TZM sheets
to identify the suitable processing window for Mo from known LPBF parameters for stainless
steel. They performed experiments using a laser power of 200 W at various ED values by adapting
the layer thickness and melt pool overlap (hatch distance). Spherical atomized Mo powder with a
10-45 pm size range was used, with N as the shielding gas. They observed an improvement in
part density with a reduction in layer thickness and reported that at 20% overlap, the prepared
surfaces were smooth. Maximum densities of 82.5% were reported. An increase in overlap to 40%
and 60% lead to a decrease in surface quality, including defects like lack of fusion and
delamination. This was attributed to the increased energy input into the layers, which caused

thermal strains and deformed the part. Figure 2.23 shows representative results from the study.
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Figure 2.23. Representative images and microstructure from the study by Faidel et al. [126]

Leitz et al. [127, 128] used simulations and single-track experimental verifications to investigate
the impact of powder bed properties on the LPBF processing of Mo. They found that Mo's high
melting point results in the formation of small melt pools, which can be problematic for achieving
high density through overlap control strategies due to the sensitivity of the process to the powder
bed's morphological features. The study observed that an increase in laser power and ED
contributed to an increase in melt pool width but not depth. No additional information on

microstructure or defects was provided in the study.
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Wang et al. [105] performed one of the most extensive early studies on the LPBF processing of
Mo in the literature. Using plasma spheroidized powder and high laser power of 400 W under an
Ar atmosphere, they reported maximum densities of 99.1% in the parts produced. Cracks were
observed and characterized by the researchers. They observed that cracks created a network with
distances corresponding to the hatch distance perpendicular to the building direction. These cracks
then propagated along the grain boundaries of the columnar grains in the build direction. The study
did not provide any quantitative discussion on cracking. However, using the provided literature
micrographs (see Figure 2.24), a crack density of 7 cracks per mm? and a crack length of 550 + 80

pum could be approximated.

Figure 2.24. Cracking behaviour of LPBF Mo [105]

The study by Wang et al. [105] also investigated the influence of laser scan rotation strategies (0°,

90°, and 67°) and showed that rotating the scanning direction (0° to 90° strategy) layer by layer
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could reduce the length of the longitudinal cracks, with no significant change to transverse cracks.
The crack length could be further reduced by adding an offset between the starting points of the
scan vectors to minimize stacking overlap and influence the thermal gradient. Rotating the
scanning direction by 67° from layer to layer eliminated longitudinal cracks (Figure 2.24). The
laser scan rotation by 67° leads to intertwined grain boundaries, which enhances crack growth
resistance due to a better-distorted heat gradient, better interlocking of grain boundaries, and
reduced match between metallographic preferred directions and heat gradients for epitaxial grain
growth. Figure 2.25 details the results of the laser scan rotation strategy on the grain structure in
LPBF Mo.
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Figure 2.25. Influence of laser scan rotation (a) 0°, (b) 90°, and (c) 67° on grain structure in
LPBF Mo. (d-f) GB and stress representations for the three conditions. [105]

They optimized the ED to reduce thermal stresses and developed a supporting structure to
compensate for shrinkage and further decrease thermal stresses. The use of a support structure
creates an envelope of low thermal conductivity powders surrounding the sample. Figure 2.26

shows the crack-free microstructure of the samples when support structures were used.
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Figure 2.26. (a) Use of support structures and crack-free microstructures for Mo in (b-c) top
surface and (d) along build direction. [105]

Braun et al. [129] studied the influence of oxygen on the defect structure in LPBF-processed Mo
under an Ar atmosphere. Figure 2.27a-b shows the morphology of the powders used in the study.
Using as-spheroidized and stored (for six months) Mo powders which had O content of 535 ug/g
and 1216 pg/g, respectively, they reported densities of 96.0 % and extensive cracking along the
build direction. No quantification of cracking was provided, but a crack density of 16 cracks per
mm? and average crack lengths of 870 + 70 um could be estimated from the available micrographs.
The cracks were observed to be located at the border of the molten track, and through an EBSD
study, this was identified to coincide with the GBs (as seen in Figure 2.27c-d). They observed that

the cracked GBs were high-angle GBs prone to cracking in Mo.
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Figure 2.27. (a-b) Mo powders used in the study, and (c) microstructure and (d) IPF map from
EBSD analysis. [129]

In the study, the LPBF part prepared using the stored Mo powder (1216 ug/g) showed an O content
of 1150 pg/g, indicating that most of the O were retained in the built part. The parts showed similar
cracking behaviour as the Mo sample prepared with as-spheroidized Mo powder. An investigation
of fracture surfaces and GB surfaces showed large oxide particles, as verified by EDS and TEM
analyses. Figure 2.28a shows the surface of a pore, while Figure 2.28b-c shows the fracture surface
within the LPBF processed Mo part. Oxide particles, and in the case of higher oxygen content, an

oxide film is visible at the GBs and fracture surfaces.

42



Figure 2.28. Oxides in LPBF processed Mo [129]

Kaserer et al. [130] reported a study on LPBF processing of Mo with C alloying (0.45 wt.%) and
substrate heating at 773 K and 1073 K (500 and 800 °C) under an Ar atmosphere. The study
reported the fabrication of crack-free samples through the alloying with C and substrate heating
(Figure 2.29). They suggested that the addition of C changed the solidification mode from planar
to cellular due to constitutional supercooling and that the cells are organized in colonies where a
closed network of Mo2C surrounds the alpha Mo phase. The study reported that the fracture mode
changed from the typical intergranular mode for pure Mo to a mostly transgranular mode in Mo-
0.45 wt.%C samples. A substrate temperature of 1073 K (800 °C) was deemed necessary to
eliminate cracking and densify up to 99.7%. The study also indicated that about 50% of the O
content and 12% of the C content in the powder feedstock was outgassed during the process at
1073 K (800 °C), resulting in a final O content of ~76 pg/g.
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Figure 2.29. Microstructure of LPBF processed parts: (a, d) pure Mo with the substrate at 800
°C, (b, ) M0-0.45 wt.%C at 800 °C, (c, f) M0-0.45 wt.%C at 500 °C [130]

Higashi and Ozaki [131] studied the influence of LPBF process parameters on microstructure and
crystallographic texture in Mo. They reported the fabrication of dense samples with low porosity
and showed that porosity decreased with an increase in the ED and that an ED value above 150
J/Imm3 was needed to achieve a porosity of <1%. They also observed that keyhole pores were
always formed regardless of process parameters and attributed this to the oxidation behaviour of
Mo. The study investigated the relationship between the process parameters and the resulting
crystallographic texture (represented in Figure 2.30); a strong <110> fiber texture was observed at
low scan speeds, while <001> texture was observed in samples processed at 800 mm/s. This was
attributed to a change in grain growth direction within the melt pool. Additionally, a decrease in
the ED at a low scan speed range resulted in a weak <111> texture formation. Information

regarding cracking, although indicated, was not provided in the study.
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Figure 2.30. Influence of ED and scan speed on crystallographic texture in LPBF processed Mo
[131]

Oehlerking et al. [132] studied the LPBF processing of pure Mo and alloyed Mo and reported that
the fabricated parts exhibited cracking issues. Samples of density values of 98.5% for pure Mo and
99.4% for alloyed Mo were reported in their study. Alloying with rhenium (Re), even at 47.5 wt.%,
did not suppress the cracking, and this was attributed to the presence of O, which is detrimental to
LPBF-processed Mo. From the micrographs, a crack density of 9 cracks per mm? and average
crack lengths of 360 £ 80 um could be estimated for Mo, and the alloyed sample showed similar
cracking. Figure 2.31 shows the microstructure of the LPBF processed Mo and Mo-47.5wt.%Re

samples.
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Figure 2.31. Microstructure showing cracks for LPBF processed (a) Mo and (b) Mo-47.5wt.%Re
[132]

Guan et al. [133] reported the fabrication of pure Mo samples and Mo dosed with La>O3. They
reported a reduction in cracking in Mo-0.9wt. % La>Os which was attributed to decreased residual
stresses due to the additive. They indicated that samples with densities of 99.7% were fabricated.
Crack number density at the surface was reported, and a decrease from 208 /mm? to 96 /mm? was
claimed. For large samples where porosity was observed to be higher than 1%, the study performed

hot isostatic pressing (HIP) treatment and indicated that densities of 99.6% could be obtained.

Kaserer et al. [134] reported the first study on the LPBF processing of TZM under an Ar
atmosphere in literature. Using substrate heating at 1073 K (800 °C), they reported the fabrication
of crack-free samples with a density of 99.7 %. They reported that due to the presence of oxygen-
gettering elements like Zr and Ti, fracture surface or GB surfaces did not evidence any O and that
the GBs were effectively purified. Through the use of EDS and TEM analysis, they suggested that
O impurities were observed to be bound as ZrO; and in ternary molybdenum-titanium carbide

((Mo,Ti)xCy) precipitates within the grains. They postulated that (Mo, Ti)xCy precipitates have the
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ability to dissolve O within. Grains elongated along the BD were reported, with a weak <111>
fiber texture parallel to BD. The fracture mode was reported to be trans-granular, indicating that
GB embrittlement did not occur. Figure 2.32 shows the microstructure and results of EBSD

analysis for the LPBF-processed TZM sample.

Figure 2.32. (a) Microstructure, and (b) EBSD map of LPBF processed TZM [134]

2.8.2 Key challenge in LPBF AM of Mo and TZM

The LPBF process provides the opportunity to fabricate complex structures out of Mo, but the
cracking of LPBF-processed Mo is a key challenge that has to be overcome. As discussed in the
previous section, the literature shows that cracking remains a major issue. The cracking of Mo
occurs as the fabricated part cools, and the material is unable to relieve the residual stresses by

deformation due to a lack of ductility. In LPBF-processed Mo, O enters the material from the
47



powder feedstock or the chamber atmosphere. This O is inevitably introduced into the melt pool,

where it dissolves in larger amounts than the solid solubility. The cooling and solidification of the

melt pool force the O out of the Mo lattice, and O segregates to the free surfaces and GBs. When

the part cools further, the inherent brittleness of Mo GBs and the worsening of the GB cohesion

due to the presence of O leads to the relieving of stresses via GB cracking. The use of support

structures and substrate heating presents limitations in the design freedom offered by LPBF; hence

an alternate protocol is needed to eliminate cracking.
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Chapter 3 — Methods

3.1 Sample fabrication

3.1.1 Powder feedstock and its characterization

Gas-atomized Mo powders sourced from Tekna (Canada) and spray-dried pre-alloyed powders of
TZM from American Elements (USA) were used in this study. Powder morphology was analyzed
by Scanning Electron Microscopy (SEM) using a SU3500 (Hitachi, Japan) SEM. Figure 3.1 shows
the SEM micrographs of the Mo and TZM powders. Particle size distribution (PSD) was measured
by means of laser diffraction using an LA-920 laser particle size analyzer (Horiba, Japan). The
flowability of the powders was tested using Hall and Carney funnel methods as per ASTM B213
and B964, respectively [1, 2]. The cohesiveness index of the powder at different rotational speeds
was evaluated through the rotating drum technique using the GranuDrum® apparatus (Granutools,

Belgium).

Table 3.1 shows the chemical composition of the powders used in this study, per the certificate of

conformity.

Figure 3.1 SEM micrographs of (a-b) Mo and (c-d) TZM powders used in this study
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Table 3.1. Chemical composition (as per certificate of conformity) of powders used in this study.
Powder Element Mo Ti Zr Fe C @) N Others
Mo wt.% 9998 <0.01 <0.01 <0.01 <0.01 0.016 <0.01 <0.01
TZM wt.% 99.38 0.49 0.09 <001 0.029 <0.01 <0.01 <0.01

3.1.2 LPBF AM

LPBF AM fabrication of the samples was performed using a Renishaw AM 400 (Renishaw, UK)
LPBF machine with a reduced build volume (RBV) setup installed. The RBV setup allows for the
fabrication of samples using a powder volume of up to 250 cm®. The machine is powered by a 400
W ytterbium fiber laser (wavelength, A = 1070 nm) with a beam diameter of ~70 um. Samples of
various sizes were fabricated at room temperature. A bi-directional hatching pattern and 67°
rotation between each layer were used as a scanning strategy. QuantAM build preparation software
(Renishaw, UK) was utilized to prepare the build layout, assign the process parameters and process
the CAD file into a machine-readable format. Figure 3.2 shows an image of the Renishaw AM400
LPBF machine and an example layout of the samples inside the QuantAM software. Mo (99.95%
metal basis) plates of 2.5 mm thickness from Alfa Aesar (United States of America) were used as

substrates.

(a)

RENISHAW

Figure 3.2. (a) Renishaw AM400 LPBF machine [3], and (b) Example image of a build layout on
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RBV from this study.

3.1.3 Build atmosphere

Samples were fabricated under different atmospheres comprised of argon (Ar) and nitrogen (N>)
in varying combinations. Table 3.2 shows the details of the various gas combinations used in the
studies detailed in this thesis. Gases with a purity of 4.8 HP (99.998% High Purity) were sourced
from gas cylinders (Praxair, Canada). Oxygen was limited to less than 200 ppm (as reported by an
integrated oxygen sensor) in the build atmosphere for all of the studies through the use of a semi-

automated vacuum preparation cycle available in the Renishaw AM400 LPBF machine.

Table 3.2. Details of various gas combinations used in build atmosphere in this study.

Bulld N, %) 0 10 60 90 95 100
Atmosphere
(mol %) Ar (%) 100 90 40 10 5 0
In thesis 4.5 5 456
chapters

3.2 Characterization

3.2.1 Sample preparation

The samples were separated from the build plate and then sectioned using an IsoMet™ Low-Speed
precision cutter (Buehler, USA) for characterization. Samples for metallographic characterization
were mounted in Technotherm 3000 warm embedding resin (Kulzer, Romania) using LaboPress-
3 (Struers, USA) mounting equipment. Metallographic preparation was performed by an initial
grinding of up to 800-grit SiC paper, then polishing with diamond suspensions of 9 um, 3 um, and
1 um size particles, followed by 0.05 pum colloidal silica suspension on a LaboPol (Struers, USA)

equipment.

3.2.2 Optical microscopy

Optical micrographs to characterize the as-built microstructure, density, and crack defect structure,
were captured using a light optical microscope (Nikon, Japan) equipped with a Clemex Vision
System (Clemex, Canada). The average crack length was calculated as the ratio of the cumulative

crack length in a region of interest of size 1 mm? to the number of cracks. The optical micrographs
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were used to characterize the as-built (AB) microstructure and determine the optical density. The
cavity volume fraction was estimated from the optical micrographs using image analysis. Image

analysis was performed using the Fiji distribution of ImageJ software [4].

3.2.3 Electron microscopy

The powder feedstock, the as-built parts and their cracking behaviour were characterized using a
SU3500 (Hitachi, Japan) scanning electron microscope (SEM). Crystallographic texture and grain
morphology were also studied using the SU3500 SEM equipped with an electron back-scattered
diffraction (EBSD) detector (Oxford Instruments, UK). HKL Channel 5 software (Oxford
Instruments, UK) was used for the analysis of the EBSD data. The alpha grain diameter was
measured as equivalent circle diameter, and the local misorientation profile was evaluated using
line maps of length equal to 80% grain diameter. A SU9000 (Hitachi, JAPAN) field emission
scanning electron microscope (FE-SEM) equipped with an energy dispersive spectrometer (EDS)
detector (Oxford Instruments, UK) was used for high magnification micrographs to characterize
the precipitates in Chapter 4. The SU3500 SEM with an EDS detector (Oxford Instruments, UK)
was used to characterize the wetting between the Cu and Mo regions in Chapter 6. From the EBSD
analysis, the grains were classified as follows for recrystallization fraction analysis: grains with
average misorientation exceeding 15° are classified as deformed, grains with average
misorientation between 2 and 15° are considered sub-structured, and grains with misorientation

below 2° are classified as recrystallized [5, 6].

3.2.4 X-ray diffraction

The phases were identified using X-ray diffraction (XRD) with the help of a D8 Discover
diffractometer (Bruker, Germany) with a Cobalt (Co) anode (Ka1 wavelength, A = 1.7890 A).
Mounted and polished samples were used for the tests, and samples oscillated in X and Y directions
with an amplitude of 0.75 mm during the exposure to X-rays. The diffraction data were acquired
between 26 values of 40° and 120° at a step size of 0.05°. Powder diffraction files (PDF) from the
Crystallography Open Database (COD) were used to identify the constituent elements and phases.
Full profile fitting analysis on the XRD data was performed using FullProf Suite [7].
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3.2.5 Inert gas fusion

The N and O content of the powder feedstock and LPBF samples were measured using a LECO
TC600 Nitrogen-Oxygen Determinator (LECO, USA). For the analysis, powder samples were
collected from the containers under an inert atmosphere inside a glove box, while LPBF samples

sectioned from the substrate immediately following fabrication were used.

3.2.6 Dilatometry

The CTE was measured between room temperature (RT) and 1073 K using a vertical DIL-L78-
RITA dilatometer (Linseis, Germany) on samples of 10 mm (L) x 3 mm (B) x 3 mm (H). Type K
thermocouples of 0.127 mm diameter were spot welded to the samples using a DCC Corp. Hotspot
I1 TC welder. Samples were separated from the quartz rods of the dilatometer using a single sheet
of mica, and measurements were performed in a flow of helium gas with a heating rate of 20 K/min
up to the final temperature. The data collected were then corrected with the help of a Ni standard
according to the ASTM A1033-10 standard [8].

3.2.7 Vickers microhardness

Vickers microhardness tests were performed using a Clark CM-100AT (Sun-tec, USA) automated
microhardness equipment with 0.2 kgf load for a dwell time of 30 s, and measurements were
reported as averages of 5 measurements. The samples were taken to microhardness tests in fully

polished condition following the preparation indicated in section 3.2.1.

3.2.8 Laser flash analysis

In Chapter 6, laser flash analysis was used to measure thermal diffusivity. The test was performed
using a LFA 427 laser flash analysis instrument (Netzsch, Germany) on control samples having a
diameter of 12.7 mm and a thickness of 2.5 mm. Pure Cu reference samples The isothermal
measurement conditions used single shots with a laser pulse voltage of 600 V and pulse width of
1 ms under flowing helium gas at 50 mL/min at 298 K (25 °C). Commercial laser flash analysis
instruments, such as the Netzsch LFA 427, are typically limited to measuring cylindrical

specimens with a diameter of 12.7 mm and a thickness of 2 to 3 mm due to the constraints of the
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sample holder. On the other hand, heat sinks are cuboidal in shape, as seen from commercially
available heat sink components. For this reason, an in-house custom-made laser flash analysis

equipment was made in our facility.

The in-house custom-made laser flash analysis equipment was used to repeat the tests on the
control samples and then used to test the samples from the study of size 10 mm (L) x 3 mm (B) x
10 mm (H). It used a NdYAG laser (1064 nm wavelength) shot of 10 W power and pulse width of
1 ms under flowing nitrogen at 50 mL/min at 298 K (25 °C). All samples were coated with graphite
using a Cramolin (ITW Spraytec, Germany) colloidal-graphite spray. The measurements were
performed through the thickness of the samples. Figure 3.3 shows the schematic of the custom-
made laser flash analysis equipment with the different components. The setup used infrared (IR)
detectors on one side of the sample to measure the change in temperature resulting from a laser
shot hitting the other side of the sample, similar to how a typical laser flash analysis equipment
works. The data were logged with timestamps at a rate of 1000 Hz. The chamber is connected to
a vacuum pump and a nitrogen gas supply line. With the vacuum pump in operation, the chamber
can maintain a vacuum of up to 500 mTorr. The chamber was prepared following three cycles of
evacuation and purging of N2, and then the gas was then allowed to flow to prevent any leaks into

the chamber.

67



-

From IR Y
detectors .__|

-------------------------------------------

Figure 3.3. Schematic of the custom-made laser flash analysis equipment with the different

components

Thermal diffusivity was calculated by measuring the time-linked temperature change using
equation (3.1), where D is the thermal diffusivity (in m?-s™), tos is the time (in s) needed to increase

the temperature by 50%, and d is the thickness (in m) of the sample.

dZ
D = 0.1388— (3.2)

0.5

Following the calculation of thermal diffusivity, thermal conductivity was calculated using
equation (3.2), where k is the thermal conductivity (in W-m™.K™), p is the density (in kg-m™®), and
Cp is the specific heat capacity (in J-kg*-K™).

k=D-p-C, (3.2)
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3.3 Phase diagram and paraequilibrium diagram calculations

The phase diagram and paraequilibrium diagram of the Mo-N system were calculated using
FactSage thermochemical software [9]. The SpMCBN thermochemical database reported by Frisk
[10] was used for the calculations. Although the Gibbs energy of the HCP phase was estimated by
Frisk [10] in the Mo-N system, this metastable phase was not considered in this study as there is

no experimental evidence of its existence.

3.4 First-principles atomistic modelling and calculations

First-principles atomistic modelling and calculations based on Density Functional Theory (DFT)
were performed to compute the interstitial formation energy and diffusion barrier energy for
interstitials using the plane-wave basis set based Quantum Espresso package [11]. Ultrasoft
pseudopotentials for modelling the interaction between ion cores and valence electrons and
Perdew-Burke-Ernzerhof (PBE) functional of the Generalized Gradient Approximation (GGA)
with non-linear core correction for treating exchange-correlation interactions were used [12].
Nudged elastic band (NEB) calculation, as implemented in the Quantum Espresso package, was
used to compute diffusion barriers [13]. The theoretical background behind first-principles

atomistic calculations is described below.

3.4.1 Schrodinger equation

The quantum mechanical wave function contains all the information about a system. Hence, a
quantum-mechanical treatment can be used to understand different material properties. Such a
system is described by the Schrodinger equation as depicted in equation (3.3), which is the
fundamental equation of quantum mechanics formulated by Erwin Schrédinger [14]. It describes
the behaviour of particles in terms of wave functions, which provide the probabilities of finding
the particles in specific states. The equation represents a quantum system's time evolution,

encapsulating wave and particle-like properties.

AY = E¥Y (3.3)
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In equation (3.3), H is the Hamiltonian of the system, and E represents the system's energy. Here,
¥ is the many-body wave function of the system of nuclei and electrons and depends on the
coordinates of all nuclei {Ri} and electrons {r}, given by ¥ ({R;},{r;}). While equation (3.3) is
numerically solvable for simple systems with few electrons (N<10), for larger systems, it becomes
too complex. The Born-Oppenheimer (BO) approximation for the many-body electronic structure
is a simplification for the analytical treatment of the Schrédinger equation and considers the nuclei
and electrons separately [15]. The nuclei being much heavier than electrons, are approximated as
fixed, generating an external potential V in which electrons move. In equation (3.4), T is the kinetic
energy, V is the potential energy from the external field due to positively charged nuclei, and U is

the electron-electron interaction energy.
H=T+V+U (3.4)

Despite the BO approximation, the complexity of solving the many-body wave function is still

computationally prohibitive, and hence DFT with some further approximations is utilized.

3.4.2 Density functional theory

DFT is essentially based on the idea that a system defined by the wave function dependent on the
coordinates of all electrons can also be defined by the electron density [16]. In DFT, the Kohn-
Sham equation indicated in equation (3.5) describes the non-interacting Schrédinger-like equation
of a system of one-particles (electrons) under an effective potential that generates the same density
as any given system of interacting particles [17]. In equation (3.5) with eigenstates ¢;(r) and
eigenvalues &;, v (1) is the effective Kohn-Sham potential which includes the external potential

and the Coulomb interactions between electrons.

1
<_EV2 + Ueff(r)> Pi(r) = &@i(r) (3.5)

The Kohn-Sham equations are solved self-consistently, starting with an assumed electron density

and iterating until convergence. By using the converged ground-state electron density, the ground-
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state energy and other properties can be computed using equation (3.6). A critical aspect of the
Kohn-Sham equation is the exchange-correlation (xc) functional which incorporates the exchange
interaction between electrons and the electron-electron correlation effects. The exchange term
accounts for the Pauli exclusion principle, whereas the correlation term captures the electron-

electron interactions beyond the mean-field approximation.

f nOnG) 4 (3.6)

E = Zfi + Eyc[n(m)] - jvxc(r) n(r)dr -2 Tr=r]

2

The exchange-correlation functional is the most challenging aspect of DFT since its exact form is
unknown; hence, approximations are used. Different exchange-correlation approximations, such
as the local density approximation (LDA) and the generalized gradient approximation (GGA), are
available, which balance the accuracy of the calculations and computational efficiency. LDA
assumes that the energy density is the same everywhere, leading to errors in the estimation of
exchange energy and correlation energy. GGA improves on this by accounting for the non-

homogeneity of the true electron density.

3.4.3 Generalized-gradient approximation
The GGA describes the gradient of the density to account for the non-homogeneity of the true

electron density and reduces the errors in estimating the exchange interactions and correlation

unif -

energies. Equation (3.7) describes the xc-energy for GGA, Fx is an enhancement factor, €, ~ is

the xc-energy per electron of the uniform electron gas with density n(r). In this study, the PBE

implementation of the GGA has been used [18].

ES5A[n(r)] = f () €7 (n(r)) Ere (), 190 (r) D dr (3.7)
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3.4.4 Atomistic modelling using Quantum Espresso

A cubic 3 x 3 x 3 supercell of the bcc lattice was used. The supercell was structurally relaxed by
first-principles DFT calculations for total energies, forces, and stresses, using the GGA-PBE
functional for exchange-correlation. All DFT calculations were done with the PWscf code of the
Quantum Espresso software package [11]. The wave functions of the valence electrons are
represented by a plane-waves basis set with a cutoff energy of 816 eV (60 Ry), and the electron
density and effective Kohn—Sham potential by discrete Fourier series with a cutoff energy of 8163
eV (600 Ry). The interactions of valence electrons with the atomic nuclei and core electrons are
described by ultrasoft pseudopotentials. Brillouin-zone integrals are evaluated on a Monkhorst—
Pack mesh of 6 x 6 x 6 k-points with Gaussian smearing of 0.02 eV. The convergence criteria were
set to 1.0 x 1078 eV for the total energy and to 1.0 x 107° eV-A* for the forces on atoms. All
thermodynamic quantities were calculated following the ab initio thermodynamics formalism at

ZEero pressure and temperature.

The solution energy of an atom X (X = N or O) at an interstitial site in the supercell of the metal
(M) bcc crystal is calculated using equation (3.8). Here, E;(X;) is the interstitial incorporation
energy for interstitial i, at interstitial position I, in a lattice of metal M. E(M + X;) Is the total
energy of the metal lattice with the interstitial, E(M) is the total energy of the pure metal lattice,
and E (X) is the total energy of an isolated atom (calculated as half the energy of the molecule for
O and N) that forms the interstitial. The lattice constants were kept fixed during total energy
calculations of point defects. The chemical potentials with respect to the N and O atoms were
calculated as half of the binding energies of the N2 and O, molecules. Convergence tests were
performed with various k-point sampling and cut-off energies before choosing the settings for
further computations. Using 6 x 6 x 6 k-point mesh with cut-off energy of 60 Ry, the Mo lattice
parameter was computed to 3.130 A, which corresponds closely to the theoretical value of 3.147
A [19]. The energy calculations described by equation (3.8) can be used to arrive at various

properties for material systems, including those discussed earlier in Section 2.3.1.1.

E; (X)) = EM +X;) — (E(M) +E(X)) (3.8)
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3.5 Finite element analysis

3.5.1 Governing Equations

Three-dimensional (3D) coupled temperature-displacement thermo-mechanical models were used
for thermos-mechanical analysis. A thermo-mechanical analysis essentially involves a nonlinear
calculation in which the displacements and temperatures are simultaneously solved. This allows
for handling the reciprocal action of the temperature on the displacements and the displacements
on the temperature. Equation (3.9) depicts the heat conduction equation used in the thermo-
mechanical analysis, where T is the temperature, k is the thermal conductivity, Q represents the
internal heat generation, p is the density of the material, Cp is the specific heat capacity, and t is
the time [20].

Ty _ (3.9)
pCp (E)‘V (kVT) + Q

The mechanical behaviour of the system, as defined by the strain due to thermal constraints, is
depicted in equation (3.10) for the strain vector u. Here, ¢ is the strain tensor. Then, the mechanical
equilibrium is defined as in equation (3.11), where o is the stress tensor, and F represents the body

force density vector.

e=Vu+ (V) (3.10)

Voot =0 @11

The nonlinear system is linearized within each step of the iteration and solved with a full Newton-
Raphson iteration scheme. Equation (3.12) shows the exact implementation of Newton’s method
for fully coupled temperature-displacement analysis. Here, Au and A@ are the corrections to the
incremental displacement and temperature, Kj; represents the tangent stiffness matrix, and Ry and
Re are the mechanical and thermal residue vectors, respectively [21]. Equation (3.13) defines the

stiffness matrix, where [B] contains the spatial derivatives of the element shape functions [N], and
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[J] is the material Jacobian matrix [21].

P v R 812
[KE+at) [B][J1[B]dV (3.13)

I
St—

3.5.2 FEM using ABAQUS

The 3D computer-aided design (CAD) models were developed using 3DEXPERIENCE®
SOLIDWORKS (Dassault Systemes, USA). Three-dimensional coupled temperature-
displacement thermo-mechanical models were prepared with the commercial finite element
analysis (FEA) software Abaqus/CAE 2021 (Dassault Systemes Simulia Corp, USA). The models
were built with the C3DAT (coupled temperature displacement tetragonal) mesh, and a mesh
sensitivity analysis was performed. A surface heat load of 5 x 10® W-m? was imposed on the
semiconductor. The exposed surfaces of the heat sink had a boundary condition of radiation and
natural convection to an ambient sink temperature of 298 K (25 °C). The free surface of the

semiconductor was encastered as a mechanical boundary condition for the calculation.
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Chapter 4 — Laser powder bed fusion additive
manufacturing of molybdenum using a nitrogen build

atmosphere

In Chapter 2, the literature review established that the key challenge in the LPBF processing of
Mo is the cracking due to GB embrittlement from O. Another significant learning from the
literature review was the relative influence of other interstitials on GB cohesion in Mo and the
competition between them. With this understanding, LPBF-AM processing of Mo under Nz build
atmosphere was proposed to introduce N into Mo. This chapter discusses the use of N2 build
atmosphere instead of argon as a process control in LPBF processing of Mo and investigates the
microstructure and mechanical properties of the fabricated crack-free samples of Mo. A
comparison with samples prepared under an Ar atmosphere is also performed. Fracture surface
investigations are performed to study the influence of N on the formation of oxides in the samples.
DFT modelling was performed to study the diffusion barrier of O in a pure Mo lattice and Mo with
N.

This chapter has been submitted to the International Journal of Refractory Metals and Hard

Materials with manuscript reference number: JRMHM-D-23-00860 as: T. Ramakrishnan, E. R.

L. Espiritu, S. Kwon, M. K. Keshavarz, J. A. Muniz Lerma, R. Gauvin and M. Brochu, “Laser

powder bed fusion additive manufacturing of molybdenum using a nitrogen build atmosphere”.
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4.1 Abstract

A method was developed to suppress the crack formation during laser powder bed fusion (LPBF)
of molybdenum (Mo). The method uses a nitrogen (N2) atmosphere to fabricate crack-free samples
without any additional processing. To compare with the effect of the N2 atmosphere, samples were
prepared under an argon (Ar) atmosphere as well with the same process parameters. The
microstructure analyses by optical and high-resolution electron microscopy revealed that crack-
free samples were produced under this condition, whereas grain boundary cracks were observed
throughout the sample fabricated in Ar atmosphere. To understand the mechanism of crack
prevention by nitrogen (N), the energetics of solute components in the BCC-Mo structure were
studied by Density Functional Theory (DFT). The theoretical calculations showed that the
introduction of N into the BCC-Mo hinders oxygen (O) diffusion, causing O entrapment in the
lattice at interstitial positions. As a result, reduced oxides within grains and at grain boundaries
(GB) were observed. The results are consistent with the experimental observation made from the
fracture surface investigation. The reduced embrittlement of GB from the reduced GB oxide

formation is believed to suppress GB cracking.

4.2 Introduction

Molybdenum (Mo) is a refractory metal with a high melting point (2896 K), high mechanical
properties (yield strength of 400 MPa) and high thermal conductivity (138 WmK™1) [1]. Mo alloys
are among the refractory materials with increasing interest in high-temperature applications such
as aviation and nuclear power generation industries [2]. Despite these advantages, Mo has not been
widely employed in these industries due to its susceptibility to cracking and inherent brittleness at
room temperature [3], leading to difficulties in fabricating complex parts using conventional
casting and subtractive manufacturing processes. Laser powder bed fusion (LPBF) additive

manufacturing is a process that can overcome this limitation.

LPBF is an emerging material fabrication technology that facilitates the creation of net shape
complex parts beyond the limitations of conventional manufacturing processes without a
significant need for machining [4-6]. During LPBF, powder particles are spread onto a substrate,

and then a laser beam is rastered on the spread powder layer, causing the particles to melt and
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solidify with the previous layers. This process is repeated in a layer-by-layer approach to build a
part [7-9]. To date, LPBF of various materials, including aluminum [5, 10, 11], copper [12],
CoCrMo [13, 14], nickel [15, 16], steel [17, 18], and titanium alloys [19, 20] have been widely
studied.

To better understand the LPBF processing feasibility of Mo and the associated metallurgy
challenges, the following considerations must be accounted. Mo is sensitive to intergranular
cracking, which predominantly occurs due to the lack of ductility in the material when a thermal
cycle around the ductile-to-brittle transition temperature (DBTT) is imposed [21-23]. At
commercial purity levels, the DBTT range of Mo is reported between 323 K to 373 K (50 °C to
100 °C) [24, 25] and is altered by impurity levels, grain size and dislocation density [25]. Among
these factors, the interstitial impurity content remains the most dominant factor. Literature shows
that the presence of interstitial elements increases the DBTT of Mo, with oxygen (O) showing the
greatest embrittling effect through diffusion to, and weakening of, grain boundary regions [26—
30]. The solubility of O in Mo drastically decreases with temperature, from about 400 ppm close
to the melting point to less than 50 ppm at RT [31, 32]. Any O that has dissolved in Mo during
processing must diffuse out of Mo as it cools down, and they often end up at the GB. Researchers
have shown that among various elements, O has the highest embrittling effect on Mo GB [33, 34]
and that the GB oxides are the major factor causing GB cracking in Mo [23, 28]. In the LPBF-AM
process, O is inevitably introduced from the residual content in powder feedstock and the build

atmosphere [35].

Despite the challenges in processing Mo, the following pioneer studies on LPBF documenting the
issues involved in its processing via this route, are available in the literature. Faidel et al. [36] was
among the pioneering studies where they discussed the strategies employed to reduce porosity
defects by melt-pool overlap control via manipulation of the point distance and hatch distance. The
study reported that densification to only 82.5% of the theoretical density (TD) was achieved and
that higher energy inputs caused thermal deformation in the parts prepared. Leitz et al. [37]
conducted simulations, evaluated the influence of powder bed characteristics, and suggested that
the high melting point of Mo presents small melt pools. The small melt-pool size causes the process
79



to be sensitive to the morphological characteristics of the powder bed and hinders densification
efforts involving melt-pool overlap control strategies. D. Wang et al. [38] studied the use of the
dry granulation process and plasma spheroidization of Mo powders and reported densities up to
99.1%. Using support structures that can maintain a higher build temperature (reported above 200
°C, which is higher than DBTT of Mo) and lower the cooling rate, they claimed crack suppression
in Mo parts. Braun and Kaserer et al. [35] ascribed the crack formation in pure Mo to the O content
coming from contamination on the powder surface and pick up during processing, which led to

segregated oxygen at the grain boundaries that caused embrittlement.

Researchers have employed various strategies to reduce GB brittleness and improve the ductility
of Mo processed by various techniques early on. Nagae et al. [39] employed nitriding on pure and
low-alloyed Mo samples processed through the powder metallurgy route and reported that the
yield strength and ductility of the samples improved. They also reported that DBTT could be
lowered well below RT (up to 130 K) and that recrystallization resistance could be increased. Olds
et al. [40] studied the effects of O, N and C interstitials on the ductility of Mo by studying the
DBTT of samples with varying interstitial content and concluded that O had the highest
detrimental effect, with N and C showing lower effects. Their study concluded that the effects of
O and N are not additive, with indications that N may have the ability to offset the embrittlement
caused by O. Kurishita et al. [41] doped N into Mo bi-crystals with weak <110> symmetric tilt
boundary and showed that presence of N within the lattice improved the ductility of Mo, reducing
the DBTT. From their studies, samples with N content above 55 ppm showed good ductility even
at liquid N2 temperatures and exhibited transgranular fracture indicating improved GB cohesion.
Literature also showed that compared to Mo samples with O as interstitial, Mo with simultaneous
N and O interstitials possessed a lower DBTT, suggesting an impact of N on O solubility and
diffusion [42].

This work investigated the use of a nitrogen gas (N2) build atmosphere to induce N pick-up at the
melt interface to reduce GB embrittlement and annihilate cracking of Mo parts fabricated using
LPBF. Optical and electron microscopy were used to analyze the resulting microstructure of the
fabricated samples. Grain size and morphology, along with interstitial impurity content, as the
major factor annihilating the cracking tendency, was investigated.
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4.3 Experimental methods

Gas atomized Mo powders with chemical composition shown in Table 4.1, were procured from
Tekna (Canada) and used in this study. Powder morphology was analyzed by Scanning Electron
Microscopy (SEM) using a SU3500 (Hitachi, Japan) SEM. Particle size distribution (PSD) was
measured by means of laser diffraction using an LA-920 laser particle size analyzer (Horiba,
Japan). Each of these tests was conducted three times to provide statistical significance of the
reported values. Flowability of the powders was tested using Hall and Carney funnel methods as
per ASTM B213 and B964, respectively. The rotating drum technique was used to evaluate the

cohesive index of the powder using the GranuDrum® apparatus (Granutools, Belgium).

Table 4.1 Composition of Mo powders used in this study as per the certificate of conformity
Element Mo Cr Fe Ni C @) N H Others
Wt% 9998 <001 <001 <001 <0.005 0.016 <0.01 <0.002 <0.01

LPBF was performed on an AM400 LPBF machine equipped with a reduced build volume
(Renishaw, UK). Samples with a size of 10 mm x 5 mm x 5 mm (L x W x H) were fabricated at
room temperature using identical laser parameters under two different atmospheres: argon (Ar)
and nitrogen (N2), both with a purity of 4.8 HP (99.998% High Purity, Praxair, Canada). A bi-
directional hatching pattern and 67° rotation between each layer were used as a scanning strategy.
Oxygen was limited to less than 200 ppm in either build atmosphere. Mo (99.95% metal basis)
plates of 2.5 mm thickness from Alfa Aesar (USA) were used as substrates.

Samples were sectioned for characterization using an IsoMet™ Low Speed Precision Cutter
(Buehler, USA). Metallographic preparation was performed by grinding up to 800-grit SiC paper,
then polishing with diamond suspensions of 9 um, 3 um, and 1 um size particles, followed by 0.05
pum colloidal silica suspension on a Labopol (Struers, USA) equipment. Optical micrographs to
characterize the as-built microstructure, density, and crack defect structure, were captured using a
light optical microscope (Nikon, Japan) equipped with a Clemex Vision System (Clemex, Canada).

Average crack length was calculated as the ratio of the cumulative crack length in a region of
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interest to the number of cracks, and crack density was calculated as the ratio of the cumulative
crack length within a 1 mm? area divided by the average crack length calculated earlier using Fiji
distribution of ImageJ software [43].

Crystallographic texture and grain morphology were studied using a SU3500 SEM equipped with
an electron back-scattered diffraction (EBSD) detector (Oxford Instruments, UK). HKL Channel
5 software (Oxford Instruments, UK) was used for the analysis of the EBSD data. The alpha grain
diameter was measured as equivalent circle diameter, and the local misorientation profile was
evaluated using line maps of length equal to 80% grain diameter. A SU9000 (Hitachi, Japan) field
emission scanning electron microscope (FE-SEM) equipped with an energy dispersive
spectrometer (EDS) detector (Oxford Instruments, UK) was used for high magnification

micrographs to characterize the precipitates.

Vickers microhardness tests were performed using a Clark CM-100AT (Sun-tec, USA) automated
microhardness equipment with 0.2 kgf load for a dwell time of 30 s, and measurements are reported
as averages of 5 measurements. N and O content of the powder feedstock and LPBF samples were
measured using a LECO TC600 Nitrogen-Oxygen Determinator (LECO, USA).

4.4 Computational methods

The phase diagram and paraequilibrium diagram of the Mo-N system were calculated using
FactSage thermochemical software [44]. The SPMCBN thermochemical database reported by
Frisk [45] was used for the calculations. Although the Gibbs-energy of the HCP phase was
estimated by Frisk [45] in the Mo-N system, this metastable phase was not considered in this study

as there is no experimental evidence of its existence.

Density Functional Theory (DFT) calculations were performed using the plane-wave basis set
based Quantum Espresso package [46, 47]. Ultrasoft pseudopotentials for modelling the
interaction between ion cores and valence electrons and Perdew-Burke-Ernzerhof (PBE)
functional of the Generalized Gradient Approximation (GGA) with non-linear core correction for
treating exchange-correlation interactions were used [48]. Nudged elastic band (NEB) calculation,

as implemented in Quantum Espresso package, was used to compute diffusion barriers.
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4.5 Results and Discussion

4.5.1 Powder Characterization

The SEM micrographs of the Mo powder used in this study are shown in Figure 4.1a-b. The
powders are spherical in nature, without any satellites or agglomeration. The results of Hall and
Carney flow tests showed flow times of 13.26 + 0.1 s (per 50 g) and 6.2 £ 0.0 s (per 150 @),
respectively, indicating high flowability of the powder. The apparent density was measured to be
57 £ 1 %. The powders showed a narrow PSD, as depicted in Figure 4.1c, with D10, Dso and Dgo
values of 20 £ 2 um, 29 £ 2 um, and 43 £ 3 um, respectively. Figure 4.1d shows a representative
result of the rotating drum experiment, plotting the relationship of the cohesiveness index with
respect to rotational speed. The cohesiveness index values are well below the critical value of 24,

suggesting easy spreading during recoating; thus, regular recoating speed could be used [49].
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Figure 4.1 (a,b) SEM images of Mo powders showing size and morphology of the particles. (c)

Particle size distribution, and (d) cohesiveness index wrt rotation speed, for Mo powder.

4.5.2 Sample Characterization

4.5.2.1 Microstructure and grain size

Optical and EBSD micrographs of the cross-section of a sample fabricated under an Ar atmosphere
(Mo-Ar) are shown in Figure 4.2a and Figure 4.2b, respectively. The optically measured density
of the sample was 98.7 £ 0.4 %. The micrographs indicated a strong columnar growth structure,
as expected in the solidification of a pure element, despite the 67° rotation scanning strategy. The
partial re-melting of the previous layer in LPBF eliminates the nucleation barrier and provides a
base for the epitaxial growth of grains. Being a pure metal, there is no hindrance to grain growth
other than the competition between different orientations [38, 50]. Figure 4.2c shows the

optimization of part density and cracking characteristics against volumetric energy density for
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parts fabricated via LPBF-AM. Square symbols indicate density (with corresponding error bars)
for various samples, with red representing cracked samples. Higher volumetric energy density
from the laser scan strategy was required to achieve higher densities. The average crack length (in

pm) is shown in the figure using colormap regions (legend in table).

® This study
on - & Ref[38]
#* Ref[35]
BB h 1 ol 1 " L 1 o I 1
] 200 400 G600 go0 1000 1200

Volumetric Energy Density (J/mm?)

250 to 500 0to 250

Average Crack Length (in um)

Figure 4.2 (a) Optical, and (b) EBSD micrograph of Mo-Ar sample. BD indicates the build
direction of the samples. (c) Optimization results showing part density against volumetric energy

density with average crack length of the samples
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The Mo-Ar sample showed a grain structure with vertically elongated grains (from the columnar
epitaxial growth) having an aspect ratio (L/W) ranging between 3.2 and 4.1. The grain size
distribution showed numerous grains with diameters between 11 to 40 um and some grains with
diameters between 40 to 180 um. Cracks were observed along the grain boundaries and mostly
aligned with the build direction. The Mo-Ar sample showed an average crack length of 632 £ 41
um, with a crack density of 4.8 + 0.3 cracks per mm? with very few cracks with lengths above 1
mm. Cracks were reported in previous studies in the literature [35, 38], but no quantification in
terms of crack density nor crack length was discussed. Using the provided literature micrographs,
a crack density of 7 cracks per mm? and a crack length of 550 + 80 pum could be estimated from
the work by Wang et al [38]. Similarly extracted from Braun et al. [35], values of 16 cracks per
mm? and 870 + 70 um were discerned. The quantified crack properties from the literature [35],
[38] are in good agreement with this study. Majority of the grains investigated in Mo-Ar indicated

a misorientation angle of about 27.9 £ 2.5°.

Figure 4.3a and Figure 4.3b show the optical and EBSD micrographs of a representative sample
fabricated under the N2 atmosphere (Mo-N). In contrast to the Mo-Ar samples, Mo-N samples that
did not show any evident cracking could be produced. The optically measured density of the Mo-
N sample was 99.1 £ 0.1 %. In the Mo-N sample, the grain structure shows limited columnar
nature, and along the build direction, grains are disrupted by melt-pool-like boundaries. Except for
some grains with large columnar structures, the majority of the grains are larger in width than their
length, with an aspect ratio (H/W) ranging between 0.8 and 1.3. Most of the grains showed a grain
diameter between 6 to 20 pum, with a few grains of larger grain diameter between 20 and 140 pum.
The misorientation angle for Mo grain boundaries in the Mo-N sample was measured at 30.1 *
2.1°, while there were many grains which showed a higher misorientation value of 48.3 + 3.7°.
Figure 4.3c shows the part density and cracking characteristics optimization against volumetric
energy density, indicating the ideal range for achieving crack-free high-density parts using LPBF-
AM under an N2 atmosphere. Square symbols indicate density (with corresponding error bars) for
various samples, with red and green squares representing samples with and without cracks,
respectively. Average crack length (in um) is shown in the figure using colormap regions, with the
table indicating the legend for the same.
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Figure 4.3 (a) Optical, and (b) EBSD micrograph of a representative crack-free Mo-N sample.
(c) Optimization results showing part density against volumetric energy density with average
crack length of the samples

4.5.2.2 Grain and precipitates characterization
High-resolution microscopy was used to better understand the mechanisms driving the grain
structure and annihilating the cracking in Mo. Figure 4.4a depicts a representative back-scattered

electron (BSE) micrograph of Mo-N sample. Two types of grains are visible — alpha-Mo grains
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and grains with distinct precipitates. The ratio of precipitate-free grains to grains with precipitates
is about 2:3. Figure 4.4b shows a higher magnification micrograph obtained from the location
marked in Figure 4.4a. The high magnification image indicates that some of the precipitates are
also present along the grain boundaries (as identified by BSE contrast). It is interesting to note that

the precipitate-bearing grains showed the higher misorientation value discussed in section 4.5.2.1.

Grains with
precipilates

i '.
Precipitates

Figure 4.4 (a, b) BSE micrograph of Mo-N grains showing precipitates

Figure 4.5a and Figure 4.5b show the precipitates through micrographs captured using scanning
transmission electron microscopy (STEM). The precipitates have a needle-like morphology. They
were 464 £ 117 nm long and less than 30 nm wide, yielding an aspect ratio of approximately 15:1.
They were uniformly distributed within smaller grains and formed approximately 0.8 % area
fraction of the grains. Figure 4.5c presents the results of an EDS line-scan analysis of 200 nm taken
from point A to B as indicated through a round precipitate and the needle-like precipitate. The
EDS results indicate the needle-shaped precipitates to be rich in N, suggesting a molybdenum
nitride phase. The round precipitates contained higher O, suggesting a molybdenum oxide phase.
A quantification of oxide particles for Mo-Ar and Mo-N was performed using microstructural

analysis.
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Figure 4.5 (a, b) High magnification STEM showing the precipitates, and (c) EDS line scan

analysis of the precipitates as shown in Figure 4.5b.

Representative SEM micrographs of Mo-Ar and Mo-N samples are depicted in Figure 4.6a and
Figure 4.6b, respectively, showing the presence of oxide particles as dark round artifacts. The Mo-
Ar sample presents an area fraction of oxides at 0.35%, with an average diameter of 0.152 + 0.024
pm, while the Mo-N sample showed an area fraction of 0.12% with an average diameter of 0.082
+ 0.017 pm, indicating a much smaller number of oxides (in size and number density) within the

grain in Mo-N.
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Figure 4.6 SEM micrographs showing oxide particles in (a) Mo-Ar, and (b) Mo-N.

4.5.2.3 Formation of Mo2N precipitates

Early studies in the literature on Mo suggest very low solubility for N in Mo [51]. But, researchers
in the field of welding have suggested that the increased gas fugacity from the dissociation of
diatomic gas molecules in the plasma arc can lead to increased dissolution of N and formation of
nitrides in the weld metal [52]. Additional studies on laser nitriding indicated a similar increased
solubility behaviour through plasma-enhanced N activity [53]. Such an increased solubility of N
was also observed in refractory metals. Bandopadhyay et al [54] reported that the plasma-enhanced
activity of N was 10.15 + 0.65 times that of diatomic N2 gas over niobium and tantalum samples,
and the corresponding solubility was three times the equilibrium solubility in these materials.
Furthermore, researchers have reported that metal vapours and plasma above the melt pool are
prevalent during the LPBF of metals due to the high laser energy conditions [55], [56].

Figure 4.7 shows the phase diagram of the Mo-N system in solid black lines. Three solution phases
(i.e., Liquid, BCC-Mo, FCC-Mo2N) appear to be stable in equilibrium. The temperature of the
eutectic reaction (Liquid — BCC-Mo + FCC-Mo2N) is at 2172 K (1899 °C). The maximum
solubility of nitrogen in BCC-Mo at this temperature is 1.32 at% N. The solid red lines are the
paraequilibrium diagram (To lines) calculated with the assumption of no elemental diffusion
between phases. The paraequilibrium diagram often represents the theoretical limit of eutectic
growth under rapid solidification conditions [57, 58]. In the composition range between 0 and 36.7
at% N, the lowest temperature that the liquid phase that can exist during rapid solidification is at
1822 K (1549 °C). The theoretical limit of nitrogen solubility in BCC-Mo at this condition is 12
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at%. In practice, eutectic growth occurs between these two regimes [57, 58]. As such, the initial
grain of BCC-Mo during rapid solidification conditions can have a high content of nitrogen and

precipitate Mo2N within the grain after the grain growth.

2700 . . . . :
Paraequilibrium phases
| Mo (BCC)
=00 r Il Liquid
Il Mo_N (FCC)
|=|G&EE'..'II:I C
— [
< B
= b
‘_"EEKIII %
%]
Al
E 1200
1700 Mo.N (FCC) _
Il
1500 L 1 I . 1 1 ,
i 10 20 20 430 i ]
Nitrogen (at.%)

Figure 4.7 Calculated paraequilibrium line in Mo-N phase diagram.

From laser welding studies, Liang-Liang Zhang et al. [59] reported the formation of MozN
precipitates in Mo alloy under the influence of N> within the welding atmosphere, with the
precipitate morphology matching very closely to what we have observed in this study. The authors
reported that within the fusion zone, Mo2N precipitates were observed within the grains and at the
grain boundaries, similar to that reported in Section 4.5.2.2. Using a simple dislocation model
described by Zenk et al [60], they proposed that there exists a coherent or semi-coherent interface
between the {111} planes of Mo2N and {110} planes of Mo with about 8.6% mismatch. According
to Zenk et al. [60], misfits below 15 % can result in the formation of coherent interfaces with

reasonably high bonding, which could be possible in this case.
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4.5.2.4 Microhardness measurements

Microhardness measurements of the two types of grains were carried out to study the impact of N
content and Mo2N precipitates in the fabricated samples. As a comparison for this work, the
hardness of electron-beam welded Mo reported by Kolarikova et. al. [61], showed fusion zone
values between 170 to 200 HV. The hardness values measured for the Mo-Ar sample were 205 £
12 HV, which corresponds to the upper range of the fusion weld values. On the other hand, the
precipitate-free grains for the Mo-N sample showed a hardness value of 249 + 11 HV. This
hardening indirectly indicates the significant presence of interstitial trapped in the lattice. In
comparison, the precipitate-containing grains in the Mo-N sample showed a hardness of 213 + 12
HV. The hardness for the precipitate-containing grains can be treated as in a composite material
where the Mo2N is acting as the second phase. Koshy et al [62] reported a value of 2200 HV for
the hardness of MozN phase, while Bouaouina et al. [63] reported a value of 1400 HV. Applying
the rule of mixtures, considering the hardness of precipitate-free and interstitial-free grains from
Mo-Ar as the basis (205 HV) and hardness of secondary phase (i.e., Mo2N) the values reported in
[62] and [63], a precipitate containing grain is expected to have a hardness between 214 to 221
HV, which is close to the measured value. This suggests that in the grains with precipitates, most

of the N content is present as precipitates and only a negligible amount is retained in the lattice.

4.5.2.5 Fracture surface analysis

Fracture surface SEM micrographs obtained from uncontrolled cracking of the samples are shown
in Figure 4.8a and Figure 4.8b for the Mo-Ar sample. The fracture surface features suggest crack
propagation at the grain boundaries in Mo-Ar samples. Higher magnification micrograph, as seen
in Figure 4.8b, indicated the presence of a large number of irregular oxide particles at most of the
grain boundaries in the sample. Liang-Liang Zhang et al. [64] reported similar observations of
oxide particles at fracture surfaces in laser welding of Mo. Mallett [65] observed that with
increasing oxygen content, the shape of precipitates at the grain boundaries changes from discrete
precipitates to continuous film. In the present study, the oxygen level was not high enough to yield
a continuous film, but a transition toward such a formation could be observed in certain regions.
The surface is indicative of a grain morphology, as it was earlier seen in EBSD analysis. Figure
4.8c and Figure 4.8d, respectively show the fracture surface micrographs of the Mo-N sample. In

stark contrast to Mo-Ar samples, Mo-N indicated fewer and smaller round precipitates at very few
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locations on the fracture surface. It is interesting to report that an extensive grain boundary search
was needed in the Mo-N sample to identify some or any oxide particles. This is in line with the
results in Section 4.5.2.2 above, where in comparison to Mo-Ar, there was a drastically reduced
amount of oxide particles within the grains in Mo-N.

Figure 4.8 SEM fractographs (a, b) Mo-Ar, and (c, d) Mo-N, showing oxide particles.

4.5.2.6 N and O content analysis

Table 4.2 below provides the results of the N and O content analysis performed on the samples.
Mo powder showed an O content of 320 ppm and a N content of less than 5 ppm. Mo-Ar and Mo-
N samples showed statistically similar O content to the starting powder. This is interesting to note
considering the earlier observations of a reduced amount of oxide particles observed in the Mo-N
microstructure within the grains and at the fracture surface. The N content in Mo-Ar was 16 + 2.9

ppm, while in Mo-N showed a 3600% increase to 590 + 110 ppm.
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Table 4.2. N and O content in Mo powder, Mo-Ar and Mo-N samples (values in ppm)

Sample O content (ppm) N content (ppm)
Mo powder 320 £ 52 <5

Mo-Ar 400 + 65 16+2.9

Mo-N 330+54 590 + 110

4.5.3 DFT calculations

4.5.3.1 Interstitial incorporation energy

DFT calculations were performed to better understand the incorporation energy for O and N
interstitials in bcc Mo. Additional details of the DFT calculations and the results of the
convergence test are provided in the Supplementary Material section. Interstitial incorporation
energy, E;(X;) is defined as per Equation (4.1), where E, (X;) is the interstitial incorporation energy
for interstitial i, at interstitial position I, in a lattice of metal M. E(M + X;) Is the total energy of
the metal lattice with the interstitial, E (M) is the total energy of the pure metal lattice, and E (X)
is the total energy of an isolated atom (calculated as half the energy of the molecule for O and N)

that forms the interstitial.

E(X)=EM +X) —(EM) +EX)) (4.1)

In order to validate our calculations, the energy difference for the tetrahedral lattice position with
respect to octahedral lattice position for O and N in Mo was computed and compared to the
literature. For physical relevance, energy differences rather than absolute energies are used here,
as is commonly practiced in DFT studies, since the latter is dependent on the type of

pseudopotentials used [66].

Table 4.3 shows the energy difference for O and N interstitials in Mo. A negative value indicates
an energetically favourable difference (Er..(X;) — Eoq+(X;)), and suggests that the tetrahedral
position is more favoured for O, while a positive value, such as in the case of N, indicates that the
octahedral position is more favoured for N. This is in good agreement with results reported for

various bcc metals by previous researchers [67, 68].
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Table 4.3 Interstitial incorporation energies for O and N in Mo.

Material Etet(oi) - Eoct(oi) Etet(Ni) - Eoct(Ni) Remarks
M -0.28 eV/atom 0.76 eV/atom [68], [69]
0
-0.17 eV/atom 0.69 eV/atom This study

4.5.3.2 Diffusion barrier

NEB calculations were performed to compute the diffusion barrier for interstitial O in pure bcc
Mo, and Mo with N interstitial. Figure 4.9a and Figure 4.9b indicate the minimal energy path
(MEP) for both conditions (O diffusion in pure bcc cell and O diffusion in bcc cell with N
interstitial). In bcc Mo, as in those produced under Ar atmosphere in LPBF, the diffusion barrier
for O is low with an activation energy of around 0.16 eV, resulting in easy O lattice diffusion to
GBs. The MEP suggests that the diffusion barrier for O in bcc Mo with interstitial N is much higher
than that for O in pure bcc Mo. This suggests that with N interstitial presence, O's diffusion towards
GB will be reduced.
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Figure 4.9 Diffusion barrier for (a) O in bcc Mo, and (b) O in bcc Mo with N interstitial

4.5.4 Effect of nitrogen

From the DFT calculations above, we propose that N introduced into the Mo lattice incorporates
at the octahedral interstitial positions, while O prefers tetrahedral interstitial positions. The
presence of N in the lattice raises the diffusion barrier for O and prevents its diffusion in Mo lattice.

The reduced diffusion results in much lower oxide particles within the grain and at GBs as
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observed above in Section 4.5.2.2 with Figure 4.6 and in Section 4.5.2.5 with Figure 4.8. GB
oxides are known to be the major contributor to GB embrittlement in Mo [27, 28, 30, 34]. This
reduction of GB oxides is proposed as a major factor in the suppression of cracking in LPBF
processed Mo presented in this study. Additionally, while earlier studies have reported that
interstitial elements can have a detrimental effect on GB cohesion energy, N was reported to have
a lower or negligible effect in comparison to O [34, 70, 71]. More recently, D. Scheiber et al. [27]
have reported that N improves the GB cohesion in Mo based on DFT studies on GB cohesion
energy computed for various impurities in Mo. The presence of MozN results in increased
misorientation, and micron-sized sub-grains within the sample, as discussed in Section 4.5.2.1,
possibly contributing to their hardening. Also, L-L. Zhang et al. [59] discussed that there is a
coherent interface between {111} of Mo2N and {110} of Mo, leading to a strengthening effect

from the increased driving force for crack propagation.

4.6 Conclusion

Pure molybdenum was processed by LPBF-AM under Ar and N2 atmospheres. While samples
processed under Ar showed cracking, crack-free samples were fabricated under an N2 atmosphere.
Under the N2 atmosphere, N was introduced into the Mo part. This increases the energy barrier for
O diffusion, which traps O within the lattice at interstitial positions, resulting in reduced oxide
formation within the grain and at grain boundaries, leading to a reduction in GB embrittlement.
GB cracking, which was inevitable in typical LPBF processing of Mo, is eliminated without
significantly affecting the purity of the LPBF part. Plasma-enhanced fugacity of nitrogen resulted
in increased nitrogen content in the LBPF part, showing that nitrogen doping and even in-situ
nitriding are feasible during LPBF. Using grain boundary engineering via N2 atmosphere in LPBF,
the suppression of grain boundary cracking in Mo fabricated through LPBF-AM was successfully

demonstrated.

4.7 Supplementary Material
In order to compute the interstitial formation energies and migration barriers of interstitial atoms,
a cubic 3 x 3 x 3 supercell of the bcc lattice was used. The supercell was structurally relaxed by

first-principles DFT calculations for total energies, forces, and stresses, using the GGA-PBE
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functional for exchange—correlation. All DFT calculations were done with the PWscf code of the
Quantum Espresso software package. The wave-functions of the valence electrons are represented
by a plane-waves basis set with a cutoff energy of 816 eV (60 Ry), and the electron density and
effective Kohn—-Sham potential by discrete Fourier series with a cutoff energy of 8163 eV (600
Ry). The interactions of valence electrons with the atomic nuclei and core electrons are described
by ultrasoft pseudopotentials. Brillouin-zone integrals are evaluated on a Monkhorst—Pack mesh
of 6 x 6 x 6 k-points with a Gaussian smearing of 0.02 eV. The convergence criteria were set to
1.0 x 108eV for the total energy and to 1.0 x 10°eV-A*for the forces on atoms. All
thermodynamic quantities were calculated following the ab initio thermodynamics formalism at
zero pressure and temperature. The solution energy of an atom X (X = N or O) at an interstitial
site i in the supercell of the metal (M) bcc crystal is calculated as below. The lattice constants were
kept fixed during total energy calculations of point-defects. The chemical potentials with respect

to the N and O atoms were calculated as half of the binding energies of the N2 and O2 molecules.

Convergence tests were performed with various k-point sampling and cut-off energies before
choosing the settings for further computations as shown in Figure 4.10 below. Using 6 x 6 x 6 k-
point mesh, with cut-off energy of 60 Ry, Mo lattice parameter was computed to 3.130 A, which
corresponds closely to theoretical value of 3.147 A.
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Figure 4.10 Convergence tests (a) Brillouin-zone sampling, (b) Work function cut-off energy,

and (c) No. of atoms in supercell.
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Chapter 5 — Laser powder bed fusion of molybdenum

under various Ar-N2 mixture build atmospheres

Chapter 4 demonstrated that while samples processed under Ar showed cracking, crack-free
samples could be fabricated under an N2 atmosphere. Under the N2 atmosphere, N was introduced
into the Mo part beyond the equilibrium solid solubility of N in Mo. The presence of N raised the
energy barrier for O diffusion, which trapped O within the lattice at interstitial positions. The
formation of oxides within the grain and at grain boundaries was reduced, leading to a reduction
in GB embrittlement. The results in Chapter 4 showed that nitrogen doping and even in-situ
nitriding were feasible through LPBF. Chapter 4 also highlighted the influence of N content on the
grain structure in LPBF-processed Mo. The results raised the question of the influence of N partial
pressure on N content and grain structure in LPBF processed Mo. This chapter explores the use of
nitrogen-argon gas mixtures as build atmospheres and their influences on the LPBF processing of
Mo parts. Various combinations of Ar-N. were chosen for this purpose, and samples were
fabricated. Microstructural characterization was performed, and mechanical properties were

evaluated.

This chapter has been submitted to the International Journal of Refractory Metals and Hard

Materials with manuscript reference number: IJRMHM-D-23-00861 as: T. Ramakrishnan, S.

Kwon, and M. Brochu, “Laser powder bed fusion of molybdenum under various Ar-N2 mixture

build atmospheres™.
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5.1 Abstract

Laser powder bed fusion (LPBF) is a promising technology for the processing of refractory metals
like molybdenum (Mo). Unfortunately, LPBF-processed Mo exhibits cracking when processed
under typical conditions, limiting the application of the process. The influence of N content in a
gas mixture used as the build atmosphere on the cracking tendency of LPBF processed Mo was
studied. The effect of N partial pressure on grain structure, cracking characteristics and mechanical
properties was evaluated under varying Ar-N2 gas mixtures. The microstructure analysis revealed
that the increasing content of N in the build atmosphere caused a shift from columnar grain
structure which is expected for pure metals fabricated under LPBF, to irregular grain structure.
Also, a decrease in average crack length was observed with the increase in nitrogen content in the
samples. A linked trend of decreasing oxide content was observed at grain boundaries from
fracture surface investigation. The reduced embrittlement of GB from the suppression of GB oxide
formation is believed to hinder GB cracking in LPBF processed Mo. While cracks were observed
in some samples, crack-free samples could be fabricated under high N partial pressure conditions,

resulting in N content equal to or higher than 580 ppm.

5.2 Introduction

Laser powder bed fusion additive manufacturing (LPBF-AM) is an emerging technology which
employs a layer-by-layer laser-enabled fusion of powder particles into parts [1-4]. For each layer,
powder particles are spread over a substrate, or the previously processed layer and, using a laser,
are selectively melted following a defined pattern of the part to be fabricated. LPBF-AM enables
the possibility of fabricating complex parts with intricate features, unlike other processes. LPBF-
AM protocols have been studied for various metals and their alloys, including aluminum [5, 6],
iron [7, 8], nickel [9, 10], and titanium [11, 12].

Molybdenum (Mo) refractory metal is characterized by a high melting point, good mechanical
strength, a low coefficient of thermal expansion, high electrical and thermal conductivities, and
high corrosion resistance against many molten metals [13, 14]. This unique combination of
properties elevates Mo as a potential candidate for a wide range of applications in aerospace,

electronics, and nuclear applications [15]. Widespread application of Mo refractory metal has been
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limited, in part, from the limitations of conventional manufacturing processes. Cracking and
porosity are major issues found in fusion welding [16-18], as well as laser powder bed fusion
additive manufacturing (LPBF-AM) [19-21]. The main cause of cracking in LPBF-AM processed
Mo is the lack of ductility close to room temperature due to the ductile-to-brittle transition (DBT)
phenomena shown by Mo, like most bcc refractory metals [22]. This is worsened by the reduction
of grain boundary (GB) cohesion from the increasing presence of impurities like oxygen (O) [23],
[24]. Researchers have shown that among various elements, O has the highest embrittling effect
on Mo GB [25, 26], and that the GB oxides are the major factor explaining GB cracking [26—30].
In the LPBF-AM process, O is inevitably introduced from its residual content in the powder
feedstock and from the build atmosphere [20]. Braun et al. [20] studied LPBF AM processing of
Mo under various conditions, including those with process O as high as 800 ppmv (part per million
by volume) and reported that O content in Mo from the powder surface and picked up during the

processing, diffuses to the grain boundaries and form GB oxides causing embrittlement.

In an earlier study by the same authors, crack suppression in LPBF-AM processed Mo was shown
using a pure N2 build atmosphere. The results showed that during the LPBF process, N is
introduced into the melt pool from the build atmosphere, and its presence in interstitial sites
introduces a barrier for O diffusion, which prevents diffusion to the GBs. This was modelled using
Density Functional Theory simulations. Cracking was suppressed by limiting the amount of GB

oxides (as evidenced by a reduced amount of GB oxides on the fracture surfaces).

In this study, we investigated the use of a gas-mixture (Ar-N2) build atmosphere to study the
influence of the N partial pressure on N pick-up at the melt interface during LPBF-AM of Mo and
delineate critical N content to avoid cracking. Optical and electron microscopy were used to
analyze the resulting microstructure of the fabricated samples. The influence of N content on the
grain size and morphology and on the cracking tendency was investigated. Fracture surface
investigations were used to review the GB conditions, especially of GB oxide content.
Microhardness analysis was performed to evaluate the influence of N pick-up on the mechanical
properties, and LECO analysis was performed to quantify the content of interstitial elements from
pick-up by the various gas mixtures used. The study identifies a threshold value of N content
required to limit GB oxide that is related to crack suppression in LPBF AM.
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5.3 Experimental methods

The gas-atomized Mo powders (chemical composition in Table 5.1) used in this study were
procured from Tekna (Canada). The powder morphology was analyzed by Scanning Electron
Microscopy (SEM) using a SU3500 (Hitachi, Japan) SEM. The particle size distribution (PSD)
was evaluated via laser diffraction using an LA-920 laser particle size analyzer (Horiba, Japan).
Powder flowability was tested using the Hall funnel test as per ASTM B213 standard. The
cohesiveness index of the powder at different rotational speeds was evaluated through the rotating
drum technique using GranuDrum® apparatus (Granutools, Belgium). These tests were performed

at least thrice to provide statistical significance for the reported values.

Table 5.1 Chemical composition of Mo powders used as per the certificate of conformity
Element Mo Cr Fe Ni C @) N H Others
Wt% 9998 <001 <001 <001 <0.005 0.016 <0.01 <0.002 <0.01

LPBF constructs were prepared using a Renishaw AM400 LPBF machine equipped with a reduced
build volume (Renishaw, UK). Samples of various sizes (as shown in Figure 5.1) were fabricated
using identical laser parameters under different atmospheres, as indicated in Table 5.2. The Table
also indicates identification notes (ID) for the different samples to be used therein. The scan
strategy comprised of a simple hatching pattern with 67° rotation between each layer. Oxygen
content was limited to below 200 ppm in the build atmosphere for each build. Pure Mo (99.95%
metal basis) plates of 2.5 mm thickness from Alfa Aesar (United States of America) were used as

substrates for LPBF fabrication.
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Figure 5.1 (a) Design layout of the build plate, (b) Representative image of a build plate.

Table 5.2 Build atmospheres used for the LPBF process, with sample 1Ds

Sample ID MoAr Mo1ON Mo60N Mo90N Mo95N MoN
Build N2 (%) 0 10 60 90 95 100
Atmosphere
(mol %) Ar (%) 100 90 40 10 5 0

The samples for characterization were sectioned using an IsoMet™ Low Speed Precision Cutter
(Buehler, USA). Metallographic preparation involved grinding of the samples up to 800-grit SiC
paper, then polishing with diamond suspensions of 9 um, 3 um, and 1 um, followed by 0.05 um
colloidal silica suspension on a Labopol (Struers, USA) equipment.

Optical micrographs were captured using a light optical microscope (Nikon, Japan) equipped with
a Clemex Vision System (Clemex, Canada) to characterize the build microstructure, density, and
crack defect structure. The average crack length was calculated as the ratio of the cumulative crack
length in a region of interest to the number of cracks using the Fiji distribution of ImageJ software
[31].

Grain morphology and crystallographic texture were studied using a SU3500 SEM equipped with
an electron back-scattered diffraction (EBSD) detector (Oxford Instruments, UK). EBSD data was
analyzed using HKL Channel 5 software (Oxford Instruments, UK). Fracture surface analysis was
performed using the SU3500 SEM on samples exposed to drop impact fracture. X-ray diffraction

(XRD) studies were conducted on the sample using a D8 Discover diffractometer (Bruker,
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Germany) with a Cobalt (Co) anode (Kal with wavelength, A = 1.7890 A). Data was collected
between 20 values of 40° and 120° with a step size of 0.05°. Full profile fitting analysis on the
XRD data was performed using FullProf Suite [32].

Vickers microhardness tests were performed using a Clark CM-100AT (Sun-tec, USA) unit with
0.2 kgf load for a dwell time of 30 s. The measurements are reported as averages of 5
measurements. LECO TC600 Nitrogen-Oxygen Determinator (LECO, USA) was used to measure
the N and O content of the LPBF samples.

5.4 Results and Discussion

5.4.1 Powder Characterization

Figure 5.2a and Figure 5.2b show the SEM micrographs of the Mo powder used in this study. The
powders are smooth and spherical in nature, without any satellites or agglomeration. The powders
showed a narrow PSD with Do, Dsg and Dgo values of 20 £ 2 um, 29 + 2 um, and 43 + 3 um,
respectively. The measured cohesiveness index values for different rotating speeds varied between
5to 12 and are well below the critical value of 24, suggesting that regular recoating speeds can be
used [33]. The powders exhibited flow times of 13.3 + 0.1 s (per 50 g) under Hall flow tests

indicating high flowability. The apparent density was measured to be 57 = 1 %.

Figure 5.2 (a, b) SEM micrographs showing morphology of the Mo powders.
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5.4.2 Sample Characterization

5.4.2.1 Microstructure and cracking

Optical micrographs of the MoAr, Mol10N, Mo60N, Mo90N, Mo95N, and MoN samples are
shown in Figure 5.3a-f. The optical micrographs were acquired from cross-sections along the build
direction (BD), and the BD is referenced in the Figures. With the increasing content of N2 gas in
the build atmosphere, a significant change in the cracking characteristics of the samples was
observed. Samples MoAr, Mo10N, Mo60N and Mo90N exhibited cracking, with the extent of
cracking decreasing with an increase in the N content in the build atmosphere. Almost all cracks
were observed to be aligned along the build direction. The M0o95N and MoN samples did not
exhibit any observable cracking. All the samples exhibited porosity, with MoN sample showing

the least porosity.
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Figure 5.3 (a-f) Optical micrographs of samples MoAr, Mo10N, Mo60N, Mo90N, Mo95N, and

MoN, respectively.
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Figure 5.4 plots the average crack length (in um) and porosity (in %) vs N2 gas content in the build
atmosphere for the different samples processed. Average crack length decreased from values
around 640 £ 40 um for samples built under an atmosphere with less than 10% N> content to no
cracking in samples built under an atmosphere containing 95% or more N> content. Unlike the
effect on average crack length, there was no observable correlation between the N2 content in the
build atmosphere and the overall porosity in the samples. While all samples exhibited porosity to

some extent, MoN samples showed the least porosity at 0.9 + 0.1 %.
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Figure 5.4 Average crack length, and porosity, vs N2 gas content in the build atmosphere,
respectively.

5.4.2.2 Grain structure and texture

In order to identify the influence of the N2 gas on the grain structure and understand its impact on
the cracking characteristics, IPF maps were generated from EBSD scans. Figure 5.5a-f depicts the
IPF maps for all samples. The MoAr sample showed large columnar grains with GB aligned along
the build direction. Despite the 67° rotation scanning strategy employed in the laser processing

between each layer, the pure nature of the material and the partial remelting of the previous layer
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during LPBF provides the base for this epitaxial growth. This is typical of LPBF-processed Mo
samples, as reported by various researchers in the literature [34, 35]. With the increased content of
N2 gas in the build atmosphere, a gradual change in the grain structure can be observed. The aspect
ratio of the columnar grain structure changes from 5.6~9.7 for the MoAr sample to 0.7~2.1 for
those of the MoN sample. The columnar grains, which dominated the MoAr microstructure, are
replaced by an increasing fraction of irregular grains with GBs no longer aligned to build direction.
A greater degree of colour change in the IPF maps is observed within the grains, which does not
correspond to high-angle grain boundaries, suggesting that sub-grain structures are also present in

the microstructure [36].

115



Figure 5.5 IPF maps from EBSD analysis of (a) MoAr, (b) Mo10N, (c) Mo60N, (d) Mo90N, (e)
Mo95N, and (f) Mo-N sample.

Literature reports that cracking in LPBF-processed Mo is mostly intergranular and predominantly

occurs along high-angle grain boundaries (HAGBSs) aligned with the build direction [21, 36, 37].
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As the irregular grain structure introduces deflections along the GBs for the cracks, this partially
explains the reduction in average cracking length observed here, but these deflections do not affect
crack initiation [38]. Also, interestingly most of the cracked samples showed GB misorientation
angle values between 29° and 32° exclusively, while crack-free samples had a significant number
of GBs with misorientation angles close to 48°. Figure 5.6a shows representative GB
misorientation maps from the crack-free Mo-N sample. The misorientation profiles across the GBs
for 3 locations are shown in Figure 5.6b through Figure 5.6d, showing the presence of GBs with
high misorientation angles. Researchers have shown that the local grain misorientation is typically
indicative of the state of local strain or deformation in the material and that residual stress or
externally introduced stress, as in cases of plastic deformation, can cause an increase in this
misorientation [39]. Figure 5.6e plots the local grain misorientation for cracked (MoAr) and crack-
free (MoN) samples. In the case of crack-free samples, the misorientation was higher, indicating
that the samples were able to accommodate a greater amount of deformation within the material
when processed under a build atmosphere containing N». In order to understand the primary
mechanism contributing to crack reduction and elimination in these samples, a fracture surface

investigation was performed.
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misorientation angle plots for 3 locations in Figure 5.6a, and (e) within grain misorientation for

MoAr and MoN.

118



5.4.2.3 Fracture surface characterization

Representative SEM micrographs of the fracture surfaces of the samples are depicted in Figure
5.7a-f. The smooth surfaces indicate that these fractures have remained predominantly
intergranular and show the presence of oxide particles to various extent in different forms [40]. A
clear trend of reduced GB oxides with increasing N content in the build atmosphere is observed.
Additionally, samples prone to cracking indicated a higher amount of oxides than the crack-free
samples. L. L. Zhang et al. [17] studied laser welding of Mo under different gas mixtures and
reported similar observations of oxide particles on fracture surfaces. In samples MoAr and Mo10N
produced under no or low N2 content in the gas mixture, thick oxide films can be observed in
multiple locations, as shown in Figure 5.7a and Figure 5.7b. Mallett [41] observed that the shape
of the oxide precipitates at the grain boundaries could change from discrete particles to continuous
film with increasing O content. The LPBF processing literature reports that the presence of O in
the build atmosphere inevitably results in GB oxides and that the resulting embrittlement is the
major factor contributing to cracking in LPBF-processed Mo. Braun et al. [36] studied LPBF
processing of Mo with different O content in the process and proposed that as O solubility is low
in Mo, O enriches the primary liquid during the precipitation of the primary a-Mo phase. The
solidification of this O-rich primary liquid could form oxide films if O is present in sufficient
quantities. When a lower amount of O, and thereby, oxides are present, the liquid constricts into

small droplets according to Plateau Rayleigh stability [42].
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Figure 5.7 Fracture surface micrographs showing oxide particles in (a) MoAr, (b) Mo10N, (c)
Mo60N, (d) Mo90N, (e) Mo95N, and (f) MoN.

5.4.2.4 Nitrogen and Oxygen

Table 5.3 provides the results of the N and O content analysis performed on the powder feedstock
and the LPBF processed Mo samples. The Mo powder showed an O content of 320 ppm, and a N
content of less than 5 ppm. As shown, most of the samples showed statistically similar O content.

This observation is interesting, considering the earlier observations of reducing the amount of
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oxide particles on the fracture surface observed with increasing N content in the build atmosphere.
The N content in MoAr sample was 16 + 3 ppm and increased to 590 £ 110 ppm for the MoN
sample, following a trend similar to that reported in the literature by researchers for N content in
bcc-iron (Fe) vs partial pressure of N in welding gas [43].

Table 5.3. N and O content in the samples (values in ppm)

Sample O content (ppm) N content (ppm)
Mo powder 320 £ 52 <5

MoAr 400 + 65 16 +3

Mo10ON 290 + 59 140 £ 12

Mo60N 3505 430 + 17

Mo90N 220+5 520 + 17

Mo95N 260 + 11 580 + 29
MoN 330 + 54 590 + 110

Literature suggests very low solubility for either O or N in Mo [44-48]. D. E. Weaver measured
the N solubility in Mo under different N> partial pressure and reported that the results follow
Sievert’s Law [48]. The data is plotted in Figure 5.8, along with the results from our study. LPBF
samples produced under increasing N2 partial pressure follow a similar trend at lower partial
pressures, but the value is beyond Sievert’s law at higher partial pressures. Researchers in the field
of welding have reported that under the plasma arc, the dissociation of diatomic gas molecules
occurs, and an increased gas fugacity can lead to increased dissolution of N in the weld metal [43,
49]. Other studies on nitriding under a laser beam have indicated a similarly increased solubility
through plasma-enhanced N activity, including in the case of refractory metals. Bandopadhyay et
al. [49] reported that the plasma-enhanced activity of N was 10.15 + 0.65 times that of diatomic
N2 gas over niobium and tantalum samples, and the corresponding solubility was three times the
equilibrium solubility in these materials. L. L. Zhang et al. [17] also reported increased solubility
of N in Mo during laser welding under gas atmospheres containing N. Furthermore, researchers
have reported that metal vapours and plasma above the melt pool are prevalent due to the high

laser energy conditions during the LPBF processing of metals [51].
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Figure 5.8 N content in Mo vs N2 partial pressure.

Under the influence of laser and N in the build atmosphere, it is hypothesized that an increased
dissolution and retention of N in the Mo is occurring. It is proposed that the presence of N creates
a stronger barrier for diffusion for O in the Mo lattice. This has been indicated from DFT
simulations performed in our earlier study [as in Chapter 4]. A greater diffusion barrier traps O in
the Mo lattice and reduces the amount of GB oxides, improving GB cohesion in Mo. This reduction
of GB embrittlement is proposed as the major factor in eliminating cracking in the crack-free
samples produced in this study. All the samples produced under some level of N2 gas in build
atmosphere showed N content above 140 ppm, but only samples with N above 580 ppm were
crack-free, indicating that there is a critical N content to ensure crack elimination at these O
concentrations. The study by Kurishita et al. [52] indicated that ductility improved (as evidenced
by a 500% increase in fracture stress) for Mo samples with 55 ppm N content when compared to
samples with lower N content (20 ppm). While their results indicated that a further increase in N
content to 88 ppm caused a loss of some of this ductility, the fracture stress was still higher

compared to samples with low or no N content. Their study did not consider samples with N above
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88 ppm and had very low O content at less than 10 ppm for all samples. With the understanding
of O embrittlement of GBs [27, 28, 53], we propose that for O levels observed in LPBF processed
samples, the threshold value of 550 ppm N content is required to ensure that samples fabricated
are crack-free.

5.4.2.5 XRD analysis

Figure 5.9 shows the results of the X-ray diffraction analysis performed on the samples. Table 5.4
summarizes the results of the full profile fitting analysis performed on the XRD data. With
increasing the partial pressure of N2 gas in the build atmosphere, an increase in lattice parameter
is observed in the samples. Such an observation is possibly linked to the increased N content in
the lattice. The deviation from the theoretical lattice constant accompanied by the rapid
solidification conditions may also contribute a hindrance to the epitaxial growth of columnar grains
which was observed in section 5.4.2.2 above. Researchers have described deviations from epitaxial
growth in materials due to deviations from lattice parameter from studies on semiconductor
materials [54, 55] and in materials with strained structures [56, 57]. Matsunaka et al. [58] studied
the epitaxial growth of silver (Ag) on a strained Ag (111) surface and proposed that a reduction in
surface diffusion due to the strain causes an increase in island density. This may hinder the

epitaxial growth and result in the grain structure observed in section 5.4.2.2 [58].
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Figure 5.9 XRD analysis plots for the samples

Table 5.4. Lattice parameters for different samples estimated from XRD analysis

Sample Lattice parameter (A) Difference (%)
Mo (theoretical) 3.14700 -

MoAr 3.14670 -0.01
Mo10ON 3.14738 0.01
Mo60N 3.14768 0.02
Mo90N 3.14782 0.03
Mo95N 3.15201 0.16

MoN 3.15240 0.17

5.4.2.6 Microhardness measurements
Microhardness, measurements of the samples were performed to evaluate the influence of N
content in the fabricated samples. Figure 5.10 plots the N content and hardness for the different

samples against N2 gas content in the build atmosphere. The MoAr sample showed a hardness of
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205 = 12 HV, which is slightly higher but comparable to hardness values reported by Kolarikova
et al [59]. from the fusion zone for electron-beam welded Mo. The hardness increased following a
linear trend from Mo10N through samples Mo60N and Mo90N, with M0o90N sample showing a
hardness of 262 + 11 HV. The increase in hardness for Mo10N, Mo60N and Mo90N is attributed
to the increased interstitial N content in the Mo lattice for these samples. M0o95N and MoN samples
showed that within the standard deviation, statistically similar hardness values of 254 + 9 HV and
249 = 11 HV were obtained. In the case of M0o95N and MoN, we also observe grains with
precipitates identified as nitrides, as described in greater detail in an earlier study (in Chapter 4).
L. L. Zhang et al. [17], reported similar nitrides under laser gas welding of Mo and proposed that

the semi-coherent interface exists between the nitrides and Mo grains.
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Figure 5.10 Microhardness and N content in samples vs N partial pressure in the build

atmosphere

5.5 Conclusion

Pure molybdenum was processed by LPBF-AM under different Ar-N2 gas-mixture atmospheres.
While most of the samples processed exhibited cracking, crack-free samples were fabricated under
5%Ar-95%N. and 100%N, atmosphere. Under the influence of laser in the N> atmosphere, N was
introduced into the Mo part in varying quantities. Cracking was not observed in samples with N

content above 580 ppm, suggesting a threshold value which is required to ensure the characteristic
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microstructure and GB oxide levels to prevent cracking. The introduction of N into the lattice
increases the barrier for O diffusion, which traps O within the lattice at interstitial positions,
resulting in reduced oxide formation at grain boundaries, leading to a reduction in GB
embrittlement. Our work suggests that N content beyond Sievert’s value is attainable in LPBF-

processed Mo.
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Chapter 6 — Laser powder bed fusion additive
manufacturing of Mo and TZM exoskeleton with Cu

infiltration for new heat sinks configuration

Chapters 4 and 5 developed a deep understanding of the influence of N2 build atmosphere on
LPBF-processed parts, their microstructure, mechanical properties and cracking behaviour. The
understanding required to prepare crack-free dense Mo parts using the LPBF process was
achieved. A practical application was devised to leverage this learning to fabricate Mo parts with
intricate features. A power electronics heat sink was chosen to demonstrate the practical
application of LPBF-processed parts of this nature. Mo and TZM (an alloy of Mo) parts with thin
walls and honeycomb cavity structures were devised as an exoskeleton to be fabricated using the
LPBF process. Cu infiltration would be performed on these to prepare heat sinks with similar Cu
content to match commercial laminate heat sinks. Microstructural and mechanical characterization
of the as-built parts was planned. Similar characterization following Cu infiltration was planned
to study the influence of the process. Thermal diffusivity measurements and FEM modelling to

evaluate the performance of the fabricated heat sinks against commercial heat sink was devised.

This chapter has been submitted to the Advanced Materials Technologies with manuscript

reference number: admt.202301328 as: T. Ramakrishnan, A. Kumar, P. Hudon, and M. Brochu,

“Laser powder bed fusion additive manufacturing of Mo and TZM exoskeleton with Cu infiltration

for new heat sinks configuration”.
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6.1 Abstract

This study reports the fabrication and characterization of Mo and TZM exoskeletons with
honeycomb cavity structures that are infiltrated with oxygen-free high conductivity (OHFC) Cu
under an inert atmosphere as a potential replacement for Cu-Mo-Cu laminate in heat sink
applications. The thermal expansion behaviour, particularly the influence of the high coefficient
of thermal expansion (CTE) of copper, and the thermal loading of the Mo and TZM structures and
Cu-infiltrated parts are evaluated. Mo and TZM structures with high density (>99 %) and Mo-
based heat sinks with improved CTE (6.6 x 10® K1) were fabricated. Compared to conventional
Cu-Mo-Cu laminated heat sinks (CTE = 7.6 x 10 K1), Mo and TZM structures promise superior
performance due to their closer CTE to that of GaAs and similar semiconductors (CTE = 5.7 x 10
6 K1), Exposure to temperatures up to 1073 K did not affect the Mo microstructure due to the
inherent resistance to recrystallization, while exposure to 1373 K did reduce hardness. In contrast,
TZM exoskeletons showed resistance to recrystallization even at 1373 K. The fabricated composite
heat sinks showed thermal diffusivity (~61 x 10® m2-s'1) that is within the upper limits of those

reported for commercial laminated heat sinks.

6.2 Introduction

Molybdenum (Mo) is a refractory metal with good mechanical and thermal properties, such as a
high melting point (2896 K) and thermal conductivity (134 W-m*-K™1) [1,2]. Mo and its alloys are
among the materials being explored for use under high operating temperatures in power
electronics, aviation engines and nuclear power generation applications [3-5]. TZM is a Mo alloy
which nominally contains 0.5 wt. % titanium, 0.08 wt. % zirconium, and between 0.01 to 0.04 wt.
% carbon [6]. Although more expensive than pure Mo, TZM has a higher recrystallization
temperature (1673 K) and offers improved strength at elevated temperatures (>300 MPa even at
1473 K) from the development of Mo and Ti carbides and Zr and Ti oxides precipitates
strengthening grain boundaries [7-9]. Due to their refractory nature, Mo and TZM are mainly

processed via the powder metallurgy (PM) route [10].

Despite the advantages listed above, Mo or TZM have yet to find wide adoption in high-

temperature applications because of the limitations in manufacturing complex parts using
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conventional processes [4,6]. For example, improved heat sinks for power electronic
semiconductors could be possible if complex parts could be fabricated with these materials.
Copper is an ideal heat sink material due to its excellent thermal diffusivity (~115 x 10 m?.s%),
but the significant difference in the coefficient of thermal expansion (CTE) between Cu (17.0 x
10® K1) and semiconductors (5.7 to 7.0 x 10 K1) presents a disadvantage for its use as a heat
sink [11-13]. High junction temperature and interfacial stresses generated by the mismatch in the
thermal expansion between Cu and the semiconductors result in debonding issues [14]. Currently,
as a compromise, laminated Mo-Cu or Cu-Mo-Cu heat sinks with good thermal diffusivity (~45
to 62 x 10° m?-s) and acceptable CTE values (7.6 to 9.1 x 10 K1) are used as they were proven
to reduce the risk of debonding between the semiconductor and the heat sink [12,14]. A more
significant optimization could be achieved with heat sinks offering closer CTE while having high
thermal diffusivity. Table 6.1 lists the typical thermal properties of materials used in such
applications, and the difference in CTE between the semi-conductor and Cu-Mo-Cu heat sink
indicates the need for customized heat sinks with lower CTE values (~6.0 to 7.0 x 10® K1) and
good thermal diffusivity (~50 to 60 x 10° m?-s). Heat sinks with good thermal diffusivity, and

tailored CTE could be manufactured if more complex designs than laminates could be fabricated.

Table 6.1 Thermal properties of power electronics semiconductors and possible heat sink

materials.
) CTE CTEmaT - CTEgaas  Thermal diffusivity
Material Reference
(10° K'Y (10° K (10° m2.sh)
GaAs 5.8 - 31 [13,15]
Cu 17 11.3 115
[16,17]
Mo 49t05.2 -0.7 55
TZM 5.2 -0.1 50 [18]
Cu-Mo-
c 761t09.1 -341t0-1.9 45 to 65 [19]
u

Honeycomb-structured systems have great potential for developing compact heat sinks [20,21].
One such product could be made of Mo/TZM exoskeletons with integral honeycomb cavity

structures (HCS) that would be filled with Cu. The exoskeletons will dictate the CTE in this
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configuration, while the Cu infill will increase the thermal diffusivity. Unfortunately, conventional
methods cannot yet fabricate such structures cost-effectively. However, laser powder bed fusion
(LPBF) additive manufacturing (AM) is an alternative process that can eliminate this constraint
since it allows the fabrication of parts with complex and intricate geometries, such as honeycomb-
based heat sinks [22].

During the LPBF process, powder particles are spread into a thin layer on a substrate. Then, a laser
beam is projected onto the powder layer causing the particles to melt, solidify, and bond with the
substrate or previous layers. This process is repeated in a layer-by-layer sequence to build a part
[23-25]. Aluminum [26,27], copper [28], nickel [29,30], steel [31,32], and titanium [33,34] alloys
are some of the materials that have been extensively employed with LPBF. Various LPBF studies
have shown the feasibility of fabricating thin walls (sizes from 0.25 mm to 1.00 mm) and parts
with thin features [35-37]. Interestingly, the LPBF fabrication of AlISilOMg and Cu parts with
lattice structures for heat sink applications has already been reported [38,39].

The literature on LPBF of pure refractory materials and their alloys, especially Mo and TZM, is
very limited. As for that of LPBF-processed Mo and TZM parts with thin features or lattice
structures for heat sink applications, literature is lacking. The work of Faidel et al. [40] on the
LPBF of Mo are among the pioneer studies that showed densification to about 82.5% of the
theoretical density (TD) of Mo. Wang et al. [41] achieved Mo densification up to 99.1% and crack
suppression using support-like elements that reduce cooling rates and maintain fabrication
temperatures above the ductile-to-brittle transition temperature. Very high densification was
obtained by Kaserer et al. [42], who reported LPBF-fabricated TZM parts with a density of 99.7%
TD. In that study, a crack-free microstructure was produced by heating the substrate to 1073 K
and then by cooling it at 100 K per hour [42]. Note that in all the studies mentioned above, only

cuboidal samples with dimensions of 10 mm (L) x 10 mm (B) x 5 mm (H) or larger were produced.

The present study reports the development of heat sinks from Mo-HCS and TZM-HCS through

the LPBF process. First, a Mo-HCS exoskeleton was fabricated by LPBF, and Cu infiltration was

performed to produce a complex heat sink. The heat sink produced was then characterized by

evaluating the microstructure, CTE, and microhardness. The same procedure was then repeated
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with TZM-HCS and Cu, and the characterization data of the heat sink were compared to the ones
obtained with Mo-HCS for resistance to recrystallization during the infiltration process. Thermal
diffusivity was then measured to benchmark for heat sink application, and finite element method
(FEM) modelling was performed to compare their performance with conventional Cu-Mo-Cu

laminated heat sinks.

6.3 Material and methods
6.3.1 LPBF fabrication of HCS

The powders employed were made of gas-atomized powders of Mo and spray-dried pre-alloyed
powders of TZM sourced from Tekna (Canada) and American Elements (USA), respectively.
Samples of 10 mm (L) x 3 mm (B) x 10 mm (H) and 0.5 mm wall thickness were fabricated using
LPBF. The size of the internal honeycomb cavity was chosen to achieve a volumetric cavity
fraction of 40 vol. %. The dimensions were selected to tailor the CTE using the rule of mixtures.
Equation (6.1) shows the modified rule of mixtures as described by Schapery [43,44]. Here, @ is
the CTE (in K1) of the system, E; is the modulus (in Pa), a; the CTE, and V; is the volume fraction
of the individual components. Section 6.A1 of the Supplementary Information provides additional

details on the CTE calculations.

Ei-a;-vi+E,-a, v
T = 1 1 1 2 2 2 (61)
El"U1+E2'U2

The samples were fabricated with a AM400 LPBF machine (Renishaw, UK) equipped with a
reduced build volume unit using a bi-directional scanning pattern and 67° rotation between each
layer. Molybdenum plates (99.95% metal basis) of 2.5 mm thickness from Alfa Aesar (USA) were
used as the substrate. The oxygen was limited to below 300 ppm throughout the build process. Figure
6.1a and 1b show model views of the HCS.
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Figure 6.1 (a) Model view of the HCS with dimensions and (b) view of the section prepared for
CTE and microstructural analysis.

6.3.2 Cu infiltration into HCS

Oxygen-free high conductivity (OFHC) Cu was infiltrated into the Mo-HCS and TZM-HCS
honeycomb cavities. The infiltration was performed in a F21100 tube furnace (Thermo Scientific,
USA) that was previously calibrated using the melting points of indium (429.6 K), silver (1235
K), and gold (1337 K), ensuring temperature precision to +2 K. Before heating, the samples were
put at the hot spot of the furnace, and titanium sponges were placed around them to scavenge
oxygen. The furnace was then sealed, filled with flowing N2 gas at room temperature for about
120 min, and then brought to 1373 K (1100 °C) at 10 K/min in the same flowing inert atmosphere.
Figure 6.2 shows the temperature profile used during the infiltration. The temperature was measured
using a Type K thermocouple placed inside the tube just above the samples to be infiltrated. Once the
infiltration was completed, the samples were left to cool down in the furnace and removed from the

tube when the temperature was below 323 K (50 °C).
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Figure 6.2 Temperature profile of the Cu infiltration process.

6.3.3 Sample preparation and characterization

The samples were separated from the build plate and then sectioned using an IsoMet™ Low-Speed
precision cutter (Buehler, USA) for characterization. Metallographic preparation was achieved by
an initial grinding up to 800 grit SiC paper, followed by polishing on a Labopol (Struers, USA)
equipment with diamond suspensions of 9 um, 3 um, and 1 um. A final polishing step using 0.05
pum colloidal silica suspension was then performed.

Optical micrographs were captured using an optical microscope (Nikon, Japan) equipped with a
Clemex Vision System (Clemex, Canada) to characterize the as-built (AB) microstructure and
determine the optical density. The cavity volume fraction was estimated from the optical
micrographs using image analysis with the ImageJ software [45]. Crystallographic texture and
grain morphology were studied using a SU3500 SEM (Hitachi, Japan) equipped with energy
dispersive spectroscopy (EDS) and electron back-scattered diffraction (EBSD) detectors (Oxford
Instruments, UK). Figure 3 shows in a red box where the EDS maps were taken. EBSD data were
analyzed using HKL Channel 5 software (Oxford Instruments, UK). The grains were classified as

follows for recrystallization fraction analysis: grains with average internal misorientation
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exceeding 15° are classified as deformed, grains with average internal misorientation between 2
and 15° are considered sub-structured, and grains with misorientation below 2° are classified as
recrystallized [46,47].

Phases were identified using X-ray diffraction (XRD) using a D8 Discover diffractometer (Bruker,
Germany) with a Cobalt (Co) anode (Kal wavelength, A = 1.7890 A). The diffraction data were
acquired between 20 values of 40° and 120° at a step size of 0.05°. Powder diffraction files (PDF)
from the Crystallography Open Database (COD) were used to identify the constituent elements
and phases. Full profile fitting analysis on the XRD data was performed using FullProf Suite [48].

Vickers microhardness measurements were performed using a Clark CM-100AT (Sun-Tec, USA)
automated microhardness equipment with a 0.1 kgf load and a dwell time of 10 s; the reported
measurements are an average of 5 indents. In addition to the measurements carried out on AB
samples, microhardness measurements were repeated for each sample after CTE measurement and
Cu infiltration. Figure 6.3 shows the schematic of the locations (blue “+” symbols) and the line
corresponding to the microhardness profile analysis (blue dashed line) performed on Cu-infiltrated
Mo-HCS and TZM-HCS samples. The CTE was measured between room temperature (RT) and
1073 K using a vertical DIL-L78-RITA dilatometer (Linseis, Germany) on samples of 10 mm (L)
x 3 mm (B) x 3 mm (H). Type K thermocouples of 0.127 mm in diameter were spot welded to the
samples using a DCC Corp. Hotspot Il TC welder. Samples were separated from the quartz rods
of the dilatometer using a single sheet of mica, and measurements were performed in a flow of
helium with a heating rate of 20 K/min up to the final temperature. The data collected were then
corrected using a Ni standard according to the ASTM A1033-10 standard [49].
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Figure 6.3 Location of EDS map (marked in red) and those for microhardness analysis (marked

in blue) performed on the HCS sample.

6.3.4 Thermal diffusivity setup and measurements

Thermal diffusivity measurements were performed using a LFA 427 laser flash analysis instrument
(Netzsch, Germany) on control samples having a diameter of 12.7 mm and a thickness of 2.5 mm.
The isothermal measurement conditions used single shots with a laser pulse voltage of 600 V and
pulse width of 1 ms under flowing helium at 50 mL/min at 298 K (25 °C). An in-house custom-
made laser flash analysis equipment was also used to repeat the tests on the control samples and
to test the Cu-infiltrated HCS samples of 10 mm (L) x 3 mm (B) x 10 mm (H). This unit used a
NdYAG laser (1064 nm wavelength) shot of 10 W power and pulse width of 1 ms under flowing
nitrogen at 50 mL/min at 298 K (25 °C). All samples were coated with graphite using a Cramolin
(ITW Spraytec, Germany) colloidal-graphite spray. The measurements were performed through
the thickness of the samples. Section 6.A2 of the Supplementary Information provides additional

details about the LFA equipment and measurements.
Thermal diffusivity was calculated by measuring the time-linked temperature change using

equation (6.2), where D is the thermal diffusivity (in m2-s), tos is the time (in s) needed to increase

the temperature by 50%, and d is the thickness (in m) of the sample.
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d2
D = 0.1388— (6.2)
tos

Following the calculation of thermal diffusivity, thermal conductivity was calculated using
equation (6.3), where k is the thermal conductivity (in W-m1-K™), p is the density (in kg m), and
C, is the specific heat capacity (in J-kg-K™).

k=D-p-C, (6.3)

6.3.5 FEM simulation of Cu-Mo-Cu vs Mo-HCS

Three-dimensional (3D) models were developed using 3DEXPERIENCE® SOLIDWORKS
(Dassault Systemes, USA). FEM simulation was performed on the proposed Cu-infiltrated Mo-
HCS (hereafter referred to as Mo-HCS+Cu) heat sink and a commercially available Cu-Mo-Cu
conventional laminate heat sink with similar Cu content. Three-dimensional coupled temperature-
displacement thermo-mechanical models were prepared with the commercial finite element
analysis (FEA) software Abaqus/CAE 2021 (Dassault Systemes Simulia Corp, USA). Figure 6.4a
and Figure 6.4b show the model layout of both Mo-HCS+Cu and Cu-Mo-Cu heat sinks
respectively, with a GaAs semiconductor on top. A simplified construction was chosen to compare
the heat sink behaviour; hence, the semiconductor was directly used instead of an integrated chip
with all its components. Similar simplification for FEM simulation has been previously employed
for heat sink performance evaluation [12]. Both models were built with the C3D4T (coupled
temperature displacement tetragonal) mesh, and a mesh sensitivity analysis was run. As a result of
the analysis, mesh sizes of 200 um and 12.5 um were assigned for the heat sink and GaAs,
respectively. Table 2 shows the selected thermomechanical properties of the materials used in the
simulations. A surface heat load of 5 x 10® W-m was imposed on the GaAs semiconductor. The
exposed surfaces of the heat sink had a boundary condition of radiation and natural convection to
an ambient sink temperature of 298 K (25 °C). The free surface of the GaAs was encastered as a
mechanical boundary condition for the calculation. Additional details of the FEM simulation are

provided in Section A3 of the Supplementary Information.
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Figure 6.4 Three-dimensional models of (a) GaAs-Mo-HCS+Cu and (b) GaAs-CuMoCu,

respectively.

Table 6.2 Selected thermomechanical properties used for FEM simulations.

Property Unit Cu Mo GaAs
Thermal conductivity, k ~ W-m1.K? 400 138 55
Density, p kg'm 8960 10280 5320
Thermal diffusivity, o m?.st 115 55 31
Specific heat capacity, Cp  J. kgt-K? 385 250 330
CTE x 108 K1 17.0 5.1 5.8
Young’s modulus, E GPa 120 330 86
Poisson’s ratio, 0.35 0.33 0.35

As a mark of performance, the conduction resistance was computed using equation (6.4) from the
output data of the simulation. In equation (6.4), Rconp is the conduction resistance (in K/W), AT

is the temperature difference (in K) between the interface/junction and the outside of the heat sink,

and g is the heat flow (in W).

Rconp = AT/ q
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6.4 Results and Discussion

6.4.1 Fabrication and characterization of Mo-HCS

Figure 6.5a shows an SEM micrograph of a Mo-HCS part fabricated for this study, while Figure
6.5b and Figure 6.5c show magnified SEM micrographs of a thin wall and a cavity, respectively.
Wall thicknesses of 0.61 £ 0.06 mm were measured for the sample, which is slightly larger than
the design dimension of 0.5 mm, but these were considered acceptable for the study. The cavities
are unobstructed with a volume fraction of 34 %. Figure 6.5d shows an optical micrograph of the
cross-section of a thin wall. The sample had some porosity, but no sign of cracking was observed.
The porosity analysis showed that Mo samples with densities of 99.0 = 0.1 % were produced.
Figure 6.5e shows a representative EBSD inverse pole figure (IPF) map of the thin wall feature,
indicating an irregular grain structure with grains of length (along the build direction) less than 0.3
mm. This microstructure is different from the large columnar grain structure in LPBF of pure Mo
reported by Wang et al. [41], where grains as long as 2 mm were observed. Braun et al. [50] also

reported a columnar grain structure but with grains 0.6 mm in length.
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Figure 6.5 (a) LPBF-AM of a Mo-HCS sample with honeycomb structure, (b, ¢) SEM

micrographs detailing the thin walls and cavity features, (d) optical micrograph, and () EBSD

micrograph of a thin wall.
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The Mo-HCS sample showed statistically similar hardness values of ~210 £+ 12 HV. The current
results also match the hardness value (208 = 4 HV10) previously reported for pure Mo processed
with LPBF-AM [51]. The CTE of the Mo-HCS sample was measured to be 5.3 + 0.1 x 10 K,
which is comparable to the values reported in the literature for pure Mo (4.9 t0 5.2 x 10° K?) [4,5].
Since the CTE measurement exposed the sample to a temperature of 1073 K, the microhardness
analysis was repeated to verify if this heat cycle affected the sample properties. A similar hardness
value (211 + 10 HV) to the AB condition was measured, suggesting that the brief exposure to 1073
K (800 °C) did not affect the microstructure.

6.4.2 Cu-infiltrated Mo-HCS

Figure 6.6a and Figure 6.6b show representative optical micrographs of the Mo-HCS after Cu
infiltration (Mo-HCS+Cu). The micrographs suggest proper infiltration and excellent wetting at
the interface between the Cu infill and the Mo exoskeleton. Figure 6.6¢ and Figure 6.6d show the
results of EDS maps of Mo and Cu for the region marked by the red dashed rectangle in Figure
6.3. There are no regions of overlap between the Mo and Cu regions and no evidence of dissolution
of Cu in the Mo or vice-versa. The possible interactions were further investigated using XRD
analysis. Figure 6.6e shows the result of the XRD study and indicates peaks matching the PDF
files COD#9008543 and COD#4105681 for Mo and Cu, respectively. There is no indication of the
formation of other phases. Full profile fitting analysis of the peaks indicated lattice parameter
values of 0.315217 nm and 0.362109 nm for Mo and Cu, respectively. The values are within 0.16
% and 0.17 % of theoretical values, respectively.
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Figure 6.6 Mo and Cu regions shown in (a, b) optical micrographs, and (c, d) EDS maps; (e)
XRD spectrum showing Mo and Cu phases.
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Following Cu infiltration into the Mo cavities, the CTE of Mo-HCS+Cu was measured to be 6.5 x
10% K1, which is higher than the CTE of Mo-HCS (5.3 + 0.1 x 10 K1). This increase was
expected due to the contribution of the Cu phase, which has a higher CTE (~17 x 10 K1).
Interestingly, our measured CTE is similar to the 6.6 x 10°® K** CTE calculated for Mo-HCS (using
actual dimensions) using Equation (2). Our measured CTE is lower than the ones (7.6 t0 9.1 x 10
6 K1) reported for commercial Cu-Mo-Cu laminated heat sinks with similar Cu content (30 wt.%)
and closer (5.8 x 10 K1) to the CTE of GaAs semiconductors [52,53].

Figure 6.7a shows the results of the recrystallized fraction analysis performed on Mo-HCS samples
in three conditions: AB, exposed to 1073 K (following CTE measurements), and exposed to 1373
K (after Cu infiltration). Figure 6.7b-d show representative maps for the three conditions. No
statistically significant difference was observed between the recrystallized fractions in AB Mo-
HCS and after exposure to 1073 K (800 °C). These results suggest that no microstructural changes
occur even after exposure to 1073 K (800 °C). On the other hand, exposure to 1373 K (1100 °C)
has caused an increase in the recrystallized fraction (from 3 % to 12 %). This is in agreement with
Primig et al. [54], who reported that pure Mo sheets, with some stored strain energy from
deformation, showed clear signs of recrystallization when exposed to a temperature of 1373 K
(1100 °C) for 1 hour.
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Figure 6.7 (a) (a) Recrystallization fraction analysis from EBSD for Mo and representative maps
for (b) AB, (c) 1073 K, and (d) 1373 K conditions.

Microhardness measurements were performed following infiltration of Cu into Mo-HCS and a
reduction to 179 £ 13 HV (compared to ~210 £12 HV for Mo-HCS alone) was observed which
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may be attributed to heating above the recrystallization onset temperature of Mo [54-56]. The
result matches the observed increase in recrystallized fraction shown in Figure 6.7. Primig et al.
[54] have observed a similar response for microhardness in Mo that has been exposed to a
temperature of 1373 K (1100 °C).

6.4.3 TZM vs Mo as exoskeleton in HCS

To circumvent the loss in hardness, Mo was substituted by TZM, which is known to have a
recrystallization temperature of 1673 K (1400 °C) [57]. TZM-HCS was fabricated, matching the
dimensions of the Mo-HCS. Wall thicknesses of 0.59 + 0.11 mm were measured for the sample,
with a cavity fraction of ~36%, comparable to that observed for Mo-HCS. Figure 8a shows the
optical micrograph of the TZM-HCS exoskeleton. The microstructural analysis showed that walls
with a 99.1 £ 0.3 % density were fabricated. While some porosity was observed, no cracking was
evident in the microstructure. Figure 8b shows a representative IPF map from the EBSD analysis
of the wall structure. The TZM-HCS sample showed an irregular grain structure comparable to
that of Mo-HCS, indicating that the grain macrostructure was agnostic of the light alloying present
in TZM-HCS. A similar grain structure has been reported by Kaserer et al. [58] on TZM processed
by LPBF. In TZM-HCS, grains of length (along the build direction) less than 0.2 mm were
observed, which is smaller than the grains found in Mo-HCS. This is attributed to the grain refining
effects of Ti and Zr precipitates present in TZM. The aspect ratios of the grains here matched that

of Mo-HCS samples.
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Figure 6.8 (a) Optical micrograph and (b) IPF map from EBSD analysis of a wall in TZM-HCS.

TZM-HCS showed the same CTE as Mo-HCS at 5.3 x 10° K, indicating that the alloying
elements do not influence the CTE of LPBF-processed TZM. The CTE of conventionally
processed TZM (5.2 x 10® K1) is also similar [18]. Following Cu infiltration, the measured CTE
of the TZM-HCS+Cu sample showed an increase to 6.6 x 10 K1, which is similar to the one
measured for Mo-HCS+Cu (6.5 x 10 K1), It is also close to the CTE (6.8 x 10 K1) calculated
for TZM-HCS using Equation (2), and the higher estimation of CTE for TZM is attributed to the
higher Young’s modulus value for TZM. Figure 6.9 shows the results of the recrystallization
fraction analysis and representative maps of TZM-HCS samples under the three conditions: AB,
exposed to 1073 K (800 °C) (following CTE measurements), and exposed to 1373 K (1100 °C)
(after Cu infiltration). The TZM-HCS samples for all three conditions showed similar fractions of
recrystallized grains, indicating that none of the conditions affected the microstructural aspects of

the material, unlike that for Mo.
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Figure 6.9 (a) Recrystallization fraction analysis from EBSD for TZM and representative maps
for (b) AB, (c) 1073 K, and (d) 1373 K conditions.

Figure 6.10 shows the microhardness profile results of Mo-HCS+Cu and TZM-HCS+Cu collected
across the samples according to the line in Figure 6.3. The results of AB Mo-HCS and AB TZM-
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HCS are added for comparison. As expected, TZM-HCS and TZM-HCS+Cu samples have a much
higher hardness (272 + 7 HV) compared to Mo-HCS (210 £+ 12 HV) due to the contribution of
alloying elements in TZM. The hardness of TZM-HCS is comparable to the 264 + 19 HV value
reported by Braun et al. [42] for LPBF-processed bulk TZM samples. In the case of TZM-HCS
samples, the hardness is similar in AB condition and after Cu infiltration. This is expected because
the samples were not exposed to the recrystallization temperature of TZM even after Cu infiltration
at 1373 K (1100 °C) [57]. The microhardness responses are in good agreement with the results of

recrystallized fraction analysis.
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Figure 6.10 Microhardness values of AB Mo-HCS and AB TZM-HCS along with the
microhardness profile across the breadth of Mo-HCS+Cu and TZM-HCS+Cu.

6.4.4 Thermal diffusivity measurements
Table 6.3 lists the thermal diffusivity and thermal conductivity results of the Mo-HCS+Cu and
TZM-HCS+Cu samples calculated using Equations (2) and (3) (see details in Section A2 of
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Supplementary Information). Mo-HCS+Cu has a thermal diffusivity of 61.7 + 0.8 x 10°® m?.s!
which is similar to the value of 60.3 + 1.0 x 10® m?-s™* measured for TZM-HCS+Cu. The thermal
diffusivities of both samples are within the upper limits of those reported for laminated heat sinks
by manufacturers (45 to 65 x 10® m?-s%) [19]. The thermal diffusivities suggest that Mo-HCS+Cu
and TZM-HCS+Cu would be excellent replacements for Cu-Mo-Cu in heat sink applications
owing to the former structures' similar thermal diffusivity but superior thermal expansion. In order
to evaluate the superior performance of HCS structures compared to laminates, FEM simulations

were performed.

Table 6.3 Thermal diffusivity and thermal conductivity at 298 K (25 °C) for the samples.

Thermal diffusivity Thermal conductivity

Sample
(10° m2.s°h (W-mt.K?
Mo-HCS+Cu 61.7+0.8 158.6 £ 2.0
TZM-HCS+Cu 60.3+£1.0 1542 +2.6

6.4.5 FEM simulation of Cu-Mo-Cu vs Mo/TZM-HCS

Figure 6.11a shows the modelled temperature profiles along the depth of the heat sinks starting
from the interface between the GaAs semiconductor and the heat sinks. T; marks the junction
temperature followed by Ti through Ts within the heat sink, and To marks the temperature at the
outer surface of the heat sinks. For the same heat flux, the Cu-Mo-Cu heat sink produced an Rconp
value of 8.8 K/W, while the Mo-HCS+Cu heat sink gave a similar value of 8.4 K/W. This indicates
that conduction resistance is very similar for both heat sinks despite Mo replacing Cu as a contact
material in the proposed Mo-HCS system. This opens the opportunity to make the HCS more
complex by introducing, for example, integrated fins to improve the performance of the heat sink.
Figure 6.11b and Figure 6.11c illustrate the stress field on the GaAs heat sink interface/surface.
For the GaAs-Cu-Mo-Cu laminate setup, the thermal stresses near the interface peak at about 188
MPa for a T; of 527 K (254 °C). In comparison, for a similar T; of 513 K (240 °C), the GaAs Mo-
HCS+Cu heat sink shows a stress value of only 95 MPa at the interface, which is linked with the
lower CTE of the engineered Mo-HCS+Cu heat sink. With the closely matching CTE and excellent
heat conduction performance, the thermal stresses in the system can be reduced. Fang et al. [9]

showed comparable performance improvement for Mo-Cu heat sinks with a two-phase heat
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transport system in comparison to pure Cu heat sinks. This study reaches similar outputs with a
more straightforward heat sink construction.
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Figure 6.11 (a) Temperature profile along the depth of the heat sink. Stress maps for (b) GaAs-
CuMoCu and (c) GaAs-Mo-HCS+Cu setups, respectively.

6.5 Conclusion

Mo and TZM exoskeletons with thin honeycomb cavity structures were successfully manufactured
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via LPBF. Mo and TZM samples show good mechanical and thermal properties. Exposure to 1073
K did not influence the samples’ properties, indicating that their suitability for application within
that temperature range could be possible. Copper infiltration into the cavities was successfully
performed, and the produced parts show good wetting and bonding between the Cu infill and the
Mo or TZM exoskeletons. The introduction of high CTE Cu increased the overall thermal
expansion of the structure to 6.6 x 10 K. The Mo and TZM exoskeletons with Cu filling showed
lower CTE values than commercial Cu-Mo-Cu laminated heatsinks (7.6 x 10 K1), indicating that
these could be excellent replacements in such applications. Moreover, the CTE of Mo and TZM
exoskeletons with Cu filling being close to the CTE of GaAs semiconductors (5.7 x 10 K1), the
risk of delamination due to thermal stresses would be potentially lowered. FEM simulation
confirms that Mo-HCS shows lower stress and delamination risk to the GaAs heat sink interface

for a comparable heat extraction capability.

6.6 Supplementary Material

6.6.1 CTE calculations from simple and modified rules of mixtures

Equations 6.5 and 6.6 show the simple and modified rules of mixtures for the calculation of the
CTE for composite structures. Various dimensions of Mo-HCS were devised to match commercial
combinations of Mo-Cu laminates in terms of Cu content and thermal diffusivity. The modified
rule of mixtures by Schapery has been discussed by Hahnlen et al. [59] for composites of isotropic
metals and alloys. Here, @ is the CTE (in K1) of the system, E; is the modulus (in Pa), «; the CTE,
and V; is the volume fraction of the individual components. Table 6.4 shows the calculations of

CTE using simple and modified rules of mixtures.

i = Z -V, 6.5)

Ei-a,-vi+E,-a, v
= 1 1 1 2 2 2 (66)
El'U1+E2'U2
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Table 6.4 Calculations of CTE (in 10-® K1) using simple and modified rules of mixtures.

Sample Fraction CTE contribution  CTE by CTE by

simple modified
Mo Cu Mo Cu rule rule
Design Mo-HCS 0.59 0.41 2.97 6.91 9.88 7.39
Actual Mo-HCS 0.70 0.30 3.52 5.04 8.56 6.60
dimensions TZM-HCS 0.70 0.30 3.66 5.04 8.70 6.77

6.6.2. In-house custom-made laser flash analysis equipment and measurements

Commercial laser flash analysis instruments, such as the Netzsch LFA 427, are typically limited
to measuring cylindrical specimens with a diameter of 12.7 mm and a thickness of 2 to 3 mm due
to the constraints of the sample holder. On the other hand, heat sinks are cuboidal in shape, as seen
from commercially available heat sink components. For this reason, an in-house custom-made
laser flash analysis equipment was made in our facility. The setup used infrared (IR) detectors to
measure on one side of the sample the change in temperature resulting from a laser shot hitting the

other side of the sample, similar to how a typical laser flash analysis equipment works.

Figure 6.12a shows the schematic of the custom-made laser flash analysis equipment with the
different components. Figure 6.12b shows a picture of the custom-made setup, which used fused
deposition modelling printed polylactic acid (PLA) parts and commercially available IR detectors.
The data were logged to a commercial prototyping board with timestamps at a rate of 1000 Hz.
Figure 6.12c shows the setup inside the chamber with a glass window and the optics of the NdYAG
laser above. The chamber is connected to a vacuum pump and an nitrogen gas supply line. With
the vacuum pump in operation, the chamber can maintain a vacuum of up to 500 mTorr. The
chamber was prepared following three cycles of evacuation and purging of N2. The gas was then

allowed to flow through the chamber at 50 mL/min to prevent any leaks into the chamber.
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Figure 6.12 (a) Schematic of the custom-made laser flash analysis equipment with the different
components; (b) view of the sample stage with integrated IR detectors; (c) the sample stage

inside the chamber seen through the glass window with the laser optics above it.
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In commercial instruments like the Netzsch LFA 427, the InSb sensor is cooled with liquid N2 and
very sensitive to short, low-energy pulses and a wide range of sample temperatures. For consumer
IR detectors, the sensitivity is different, although for room temperature measurements, it is
observed that they are acceptable. In this setup, we use two detectors; one facing the side where
the laser is impinging and the other placed below, facing the side opposite where the laser is
impinging. The first IR detector starts to log the signal and sets the start time t = 0, while the second
measures the change in temperature of the sample from the conduction through the thickness.

Figure 6.13 shows representative responses from the Netzsch LFA and the custom-made setup.

(a) (b)
T 27
|—— Detector Valtage Temperature
’ o Pt A l'lr-'-’-.\".
—F .*ﬁl i
=81 — ¥
=t 5 Y,
% — F
=4 n f
= = 75 f
E :!' E .-'.
i E ]
o g :
0O2 L )
J
n."""
. S s A 25
0 20 40 i an 100 0 50) 100
Tima [ms) Time {ms)

Figure 6.13 Representative response signals from (a) Netzsch LFA 427 and (b) custom-made

laser flash analysis equipment.

Table 6.5 provides the collected measurements and calculated values for different parameters for
the control samples. Pure Cu reference from Netzsch and pure Mo (prepared from a 99.998%
purity Mo plate) samples were tested on the LFA equipment, and their thermal diffusivity values

were found to be comparable to those of the literature [16,17,60].
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Table 6.5 Thermal diffusivity and thermal conductivity at 25 °C of the samples.

Thermal Thermal
o o Measurement
Sample ID diffusivity conductivity ) Reference
) equipment
(x10°m?sh)  (inW-mt-K?)
Netzsch
Pure Cu 1135+04 3914+14 Netzsch LFA 427  Reference sample
# 29000
Netzsch LFA Alfa Aesar
Pure Mo 525+0.5 1333+1.1 _
427 (99.998% purity)
Custom-made  Reference sample
Pure Cu 1131+ 1.7 390.1+£5.7 )
equipment # 29000
Custom-made Alfa Aesar
Pure Mo 52.2+0.6 1341+15 ] _
equipment (99.998% purity)
Custom-made ]
Mo-HCS+Cu 61.7+0.8 158.6 + 2.0 ) This study
equipment
TZM- Custom-made )
60.3+1.1 1542 £2.6 ) This study
HCS+Cu equipment
Cu 115 396~401 [16,17]
Mo 55 138~139
TZM 50 126 [60]
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Table 6.6 and Table 6.7 provide the calculations performed for the Mo, Cu, Mo-HCS+Cu and
TZM-HCS+Cu samples. The difference in the estimated thermal diffusivity (o) and thermal
conductivity (k) for the control samples between the laser flash analysis equipment was about 6.0
to 8.0 %; a correction factor was used to arrive at a-corrected and k-corrected values. This
correction factor was also applied for all subsequent measurements and in the data reported in
Table 6.3.
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Table 6.6 Collected measurements and calculated values from LFA for control samples.
Mo Cu
1 2 3 1 2 3

Sample thickness, d
2.305 2.305 2.305 2.541 2.541 2.541
(mm)
Time, tos(S) 0.0148 0.0152 0.0151 0.0083 0.0086 0.0084
D (10% m?-s?) 49.82756 48.51631 48.83761 107.9744 104.2078 106.689
k (W-mt.K? 128.0568 124.6869 125.5127 372.4684 359.4753 368.0343
D corrected (108
2. 53.00804 51.61309 51.9549 114.8664 110.8594 113.4989
me-s
k corrected (W-m’

1, K-l)

136.2307 132.6456 133.5241 396.243 382.4206 391.5258

Table 6.7 Collected measurements and calculated values from LFA for Mo and TZM-HCS+Cu.
Mo-HCS+Cu TZM-HCS+Cu
1 2 3 1 2 3

Sample thickness, d
3.096 3.096 3.096 3.081 3.081 3.081

(mm)

Time, tos(S) 0.0229 0.0226 0.0233 0.0238 0.0229 0.023
D (108 m?-s) 58.09729 58.86849 57.09991 55.35998 57.5357 57.28554
k (W-mt.K?1 149.31 151.292 146.7468 141.4447 147.0037 146.3646

D corrected (10°
s 61.80563 62.62606 60.74459 58.89359 61.20819 60.94207

k corrected (W-m

e 158.8405 160.949 156.1136 150.4731 156.3869 155.707

6.6.3 FEM simulations

FEM simulations were performed to evaluate the performance of the commercial Cu-Mo-Cu
laminated heat sink and the Mo-HCS+Cu heat sink. Figure 6.14a and Figure 6.14b show the 3D
coupled temperature-displacement thermo-mechanical models of commercial CuMoCu laminated

heat sink and the proposed Mo-HCS+Cu heat sink, respectively, with a GaAs semiconductor on
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top, inside the Abaqus/CAE interface. Figure 6.14c and Figure 6.14d show the meshed part of the

respective models.

Figure 6.14 Coupled temperature-displacement thermo-mechanical models and mesh structure
for the heat sinks of (a, ¢) GaAs-CuMoCu and (b, d) GaAs-MoHCS+Cu, respectively.
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Chapter 7 — Discussion

7.1 Introduction

Refractory metals offer various benefits like high melting point, good resistance to electrochemical
corrosion, high-temperature strength and hardness, excellent thermal conductivity, and low CTE
[1, 2]. Among them, Mo metal and its TZM alloy are ideal candidates for various high-temperature
applications, including in the aerospace, automotive and power electronics industries [3, 4]. The
conventional processing of Mo and TZM parts is limited to simple geometries due to the nature of
these materials. The brittleness of these materials and their susceptibility to GB cracking present
challenges in their processing and application [5]. Another major factor is the high melting point
of Mo and TZM at around 2,896 K (2,623 °C). This makes it challenging to form Mo or TZM into
shapes or conventionally cast into various products. Another factor is the high strength and
hardness of these materials, making their machining and shaping costly and cumbersome. Unlike
most metals, Mo and TZM retain their strength at higher temperatures, presenting challenges in

their high-temperature processing as well [6].

LPBF AM process is a layer-by-layer manufacturing process in which metal powders are fused
together using the selective scanning of a laser beam. The LPBF AM offers great design freedom
and enables the fabrication of parts with near-net complex forms with intricate features [7].
Literature reveals that the LPBF processing of Mo results in cracking defects in the parts produced
[8-11]. This is attributed to the inherent brittleness of Mo, which is worsened by the presence of
O interstitial [5]. O is an unavoidable impurity in the LPBF process and enters the process from
the powder feedstock and the build atmosphere. Under the action of a laser, when powder melts
and forms a melt pool, O dissolves into it in significant amounts. Upon solidification and cooling,
O is forced out of the lattice due to its low solid solubility in Mo at lower temperatures. O
segregates to free surfaces and GBs, and the formation of oxides at the GBs leads to its
embrittlement [12]. The residual stresses in the parts generated by the cyclic heating and cooling
in the LPBF process are usually relieved by some deformation. The presence of embrittled GBs
leads to cracking as the major mechanism for releasing residual stresses. The literature evidences

that the optimization of LPBF process parameters has yielded a reduction in cracking behaviour,
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but it has proved insufficient to eliminate cracking completely. Researchers have used alloying
and substrate heating to suppress cracking in LPBF-processed Mo with success, but such
approaches present limitations in the form of material specifications and design limitations, and
the literature lacks a protocol which doesn’t present such limitations [13, 14].

7.2 Mo and TZM powders for LPBF

The powder feedstock is one of the most important components in the LPBF process. The influence
of powder feedstock characteristics on the LPBF processing of materials has been discussed in
section 2.6.3 earlier. In this study, gas-atomized pure Mo powders and spray-dried TZM powders
were used. The Mo powder particles are spherical and smooth in nature and do not show any
satellite or agglomeration, while on the other hand, TZM powder particles seem to be rough
spheroidized aggregates of varying spheroidicity and density formed from finer particles. The Mo
powder showed flow times of 13.2 + 0.1 s (per 50 g) and 6.2 £ 0.0 s (per 150 g) under Hall and
Carney funnel flow tests respectively, suggesting a high powder flowability. TZM powders did
not exhibit flow under either of the funnel flow tests, which is attributed to the increased possibility
of mechanical locking of the powder particles owing to their morphology. The apparent density of
the Mo and TZM powders were measured to be 57 + 1 % and 30 + 1 % of theoretical density,
respectively. The apparent density calculation considered 10280 kg-m for Mo and 10220 kg-m

for TZM as the full dense value.

Additional characterization was performed to study the spreading behaviour of the powders
through rotating drum experiments. The results of the rotating drum apparatus for both powders
provided further clarity on the behaviour of the powders. The mechanical locking tendency of the
TZM particle morphology was evidenced by the higher values of the angle of repose observed for
TZM in comparison to Mo powders. Mo powders showed low values of the cohesiveness index at
all speeds indicating that higher recoating speeds could be used to reduce process time. TZM
powders, on the other hand, indicated higher values of cohesiveness index along with some shear-
thickening behaviour suggesting that higher recoating speeds may affect powder spreadability.

Hence the default recoating speed was used for both powders, and the powder bed was visually
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observed to be without defects and suitable for LPBF processing. In conclusion, both powders

could be suitably used for the LPBF processing of these materials.

7.3 Crack-free Mo via LPBF
The study evaluated the feasibility of fabricating crack-free Mo samples through the LPBF process

using the N2 build atmosphere. As a comparative study, samples were initially fabricated through
the LPBF process under the Ar build atmosphere since this was the default atmosphere reported in
the literature [10, 14]. Microstructural characterization of the control samples produced under an
inert Ar atmosphere (Mo-Ar) evidenced a typical columnar grain structure, with grains aligned
with build direction. The columnar grain structure is attributed to the epitaxial growth of grains
where the previous layers are used as a substrate by the grains growing within the melt pool [14].
In LPBF, the partial re-melting of the previous layer eliminates the nucleation barrier and provides
a base for the epitaxial growth of grains. In a pure metal like Mo, grain growth has no hindrance
beyond the competition between the different orientations. The O level in the build chamber was
reduced to <200 ppm using vacuum cycles, but the results of the inert gas fusion analysis showed
that the fabricated samples showed an O content of ~400 ppm. This is attributed to the O
contamination in the powder feedstock in addition to the O level in the build chamber. This value

of O content in LPBF processed Mo is similar to other studies reported in the literature [10].

An investigation of the fracture surface showed a large amount of oxides, validating the
segregation tendency of O to GB, its detrimental effect on GB cohesion and causing GB cracking.
Literature abounds with similar observations in LPBF processed Mo [8-10, 14, 15]. The residual
stresses from the cyclic heating and cooling in the LPBF process resulted in the cracking of the
embrittled GBs in these Mo-Ar samples. The microstructural characterization revealed that large
cracks aligned along the build direction were present. EBSD analysis showed that these cracks
were formed at GBs. Optimization of the process parameters to study the influence of ED on
porosity and cracking tendency was performed. The results showed that by controlling the ED,
porosity could be reduced, and samples with densities around 99% could be fabricated. It was

noticed that for achieving higher densities, higher ED was required. On the other hand, the cracking
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behaviour did not show any discernible trend with ED, and large cracks along the GB were
observed for most samples. An average crack length above 500 um could be measured for most
Mo-Ar samples produced in this study. This is comparable to the results reported in the literature
for LPBF processed Mo under an Ar atmosphere [10].

In contrast, samples produced under an N2 build atmosphere (Mo-N) were found to be crack-free.
Samples with densities up to 99.1% could be fabricated by optimizing the process parameters.
Unlike the inert Ar atmosphere, the N> atmosphere introduced N content into the LPBF processed
parts close to ~600 ppm. The presence of N also affected the grain structure in LPBF-processed
Mo. The aspect ratio of grains in Mo-N samples was closer to 1, in contrast to the vertically
elongated grains with aspect ratios of ~2 to 4 observed in Mo-Ar. The Mo-N samples showed a
similar level of O as Mo-Ar, but the GBs and fracture surfaces were cleaner, with scarcely any
oxides. Within the grains, the Mo-Ar sample presents an area fraction of oxides at 0.35%, with an
average diameter of 0.152 + 0.024 um, while the Mo-N sample showed an area fraction of 0.12%
with an average diameter of 0.082 £+ 0.017 um, indicating a much smaller number of oxides (in
size and number density) within the grain in Mo-N. This suggests that oxides were prevented from
forming within the grains and at the GBs. The results of the optimization study showed a similar
response as that of Mo-Ar samples in terms of porosity. At higher ED values, for example, above
~700 J-mm3, samples with very low porosity could be fabricated. Samples with densities around
99.1% were fabricated in this study. In contrast to the Mo-Ar samples, cracking also could be
eliminated in these samples. The study successfully showed that by employing an N2 build
atmosphere and optimizing LPBF process parameters, crack-free and dense LPBF-processed Mo

samples could be fabricated.

7.4 Influence of N2 on LPBF-processed Mo

The use of an N2 build atmosphere introduces N into the melt pool in LPBF processing. This has
been reported in the welding literature in laser welding of Mo [16]. The introduction of N
influenced the O diffusion characteristics in Mo. With first-principles atomistic modelling via

DFT, using the nudged elastic band (NEB) method, the diffusion barrier for O in pure Mo lattice
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and Mo lattice with N was computed. The diffusion barrier was higher for the case with N in the
Mo lattice. Similar results have been reported in the literature for the O-C combination in Mo,
where C raised the diffusion barrier for O [17]. Under rapid solidification conditions similar to that
observed in the LPBF process, the raising of the diffusion barrier forces the O to be trapped within
the lattice beyond the limits of equilibrium solid solubility. It hinders O segregation to free surfaces
and GBs in quantities sufficient to form oxides and essentially results in a purification of the GBs.
SEM analysis confirmed that O segregation to the GBs was limited, and oxide formation was
negligible in the samples prepared under the N> atmosphere in comparison to those prepared under

the Ar atmosphere.

Using different Ar+N2 gas mixtures in the build chamber allows for the fabrication of LPBF-
processed parts under different N partial pressure and provides a control on the amount of N
introduced in the sample. In Mo, Sievert’s law follows that the N content will increase with N
partial pressure [18]. By varying N2 gas content from 0% to 100% in the build atmosphere, N
content in the LPBF-processed samples could be changed within a range of ~16 ppm to ~600 ppm.
The N content followed Sievert’s law at lower partial pressure levels but deviated at higher values,
and N content beyond the equilibrium solid solubility was measured in the samples. Similar results
have been reported and attributed to the plasma-enhanced fugacity of N in the welding literature
[19].

The amount of N in the sample influenced the solidification and growth of Mo grains, leading to
changes in the grain structure. Microstructural analysis revealed that samples with an N content of
less than or equal to 520 ppm showed predominantly columnar grains with high aspect ratios (2 to
4), with some amount of irregularly shaped grains with a low aspect ratio (~1). The study showed
that the grain structure transitioned from columnar to irregular, the irregularity increasing with N
content. The results of the full profile fitting analysis in Chapter 4 showed that the trapping of N
and O strains the Mo lattice. The results discussed in Chapter 5 further validated this and evidenced
that the lattice strain increased with increasing N content, and an increase of lattice strain up to
~0.2% was observed. The strain in the lattice disrupted the epitaxial growth of grains in the
samples, leading to an increase in the irregularity of grain structure that was observed from
microstructural characterization. With N content above the threshold level of ~580 ppm, the grain
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structure was observed to be fully irregular. In literature, a similar influence of lattice strain on the
grain structure has been observed with the epitaxial growth of silver (Ag) on a strained Ag (111)
surface, and it was suggested that a reduction in surface diffusion due to the strain leads to an
increase in island density and disrupts the epitaxial growth [20]. The microstructural
characterization also evidenced a decrease in the average crack length with this change in grain
structure. As the N content increased and the aspect ratio of grains lowered, the crack lengths
decreased from 640 + 40 pum in samples prepared under pure Ar atmosphere through to 220 + 50
pm for samples with ~520 ppm N. The irregularity in the grain structure presented a hindrance to
crack growth in these samples. At a threshold N level in the samples (~580 ppm), the grain

structure was observed to be fully irregular without any evidence of GB cracking.

Fracture surface investigations were performed, which revealed the influence of N on the extent
of GB oxide segregation. With increasing N content, there was a decrease in GB oxides, and
beyond the threshold N level, GB oxides were scarce. The purification of the GB oxides, in this
manner, is the most significant factor for the elimination of cracking in LPBF-processed Mo parts
manufactured in this study. The microhardness measurements revealed a generally increasing
trend of hardness with N content. This was consistent with the increase in lattice strain in the
samples. At high N partial pressures, the samples showed grains with significant differences in
hardness values (~210 HV and 250 HV). This was due to the presence of two distinct types of
grains in the samples; grains with sub-micron molybdenum nitride precipitates and grains without
precipitates. The precipitate containing grains’ microhardness could be explained through a

composite analysis of the precipitate and hardness of Mo grains without precipitates or interstitials.

7.5 Microstructure of Mo and TZM parts with thin wall features

Leveraging the understanding gained from the previous LPBF study, Mo and TZM samples with
thin wall features were fabricated under an N2 atmosphere. Thin walls of 0.4 mm, 0.7 mmand 1.1
mm thickness were fabricated with density values around 99%. Both the Mo and TZM fabricated
samples showed an irregular grain structure similar to that observed in bulk Mo samples discussed
earlier. Despite the presence of carbide and oxide forming Ti, Zr and C alloying elements in TZM,
no discernible change was observed in the microstructure. The grain structure matched that

reported for LPBF-processed TZM samples in the literature [21]. This suggests that the influence
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of N on the grain structure in LPBF-processed Mo could be analogous to that of the alloying
elements in TZM. The samples were also observed to be devoid of any cracking, and GBs were
observed to be clean of any oxide presence, unlike Mo and TZM samples fabricated under an Ar
atmosphere. The results of microstructural characterization showed that the grain structure was

very similar for all the samples indicating that the part dimension did not affect the grain structure.

7.6 Cu infiltrated Mo and TZM structures with tailored CTE

Using the knowledge developed to fabricate crack-free Mo and TZM parts and parts with thin wall
features using the LPBF process, a practical application was sought. A power electronics heat sink
was chosen to demonstrate a practical application of LPBF-processed parts of this nature. The
parts were designed to be built out of Mo and TZM for their very low CTE and good thermal
diffusivity, while the cavity will be infiltrated with Cu for its high thermal diffusivity. The use of
the low CTE and high strength Mo and TZM exoskeleton will also resist the thermal expansion of
the high CTE Cu region. Such a heat sink would offer a good overall thermal diffusivity while
limiting the thermal expansion to match that of power electronics semiconductors. A closer
matching of CTE to the semiconductors will allow for improved performance since commercially
available Cu-Mo-Cu laminate heat sinks show delamination failure due to a CTE mismatch.
Additionally, LPBF offers the benefits of creating complex heat sink structures, including integral

fins, for greater performance.

Using the LPBF process, Mo and TZM parts with thin walls and honeycomb cavity structures
(HCS) were fabricated under an N2 atmosphere. The Mo and TZM samples showed the
characteristic irregular grain structure described earlier, which was resistant to cracking. The
samples showed no evidence of cracking and achieved a density of 99.1%. Dilatometric
measurements provided CTE values of ~5.3 x 10° K™ for both Mo and TZM samples fabricated
in the study. The CTE values are comparable to those reported in the literature [22]. Exposure to
a temperature of 1073 K (800 °C) did not bring any material change to the Mo or TZM parts. The

results of hardness measurements and microstructural characterization provided evidence for this.

Cu infiltration was successfully performed into both Mo and TZM HCS by melting OFHC Cu

above the samples at 1373 K (1100 °C). The microstructural characterization using optical
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micrography showed excellent wetting between the Mo HCS and Cu infill. EDS maps generated
from SEM analysis affirmed this finding. Mo and Cu are immiscible, and XRD analysis did not
evidence the formation of any new phases. The exposure to 1373 K (1100 °C) during Cu
infiltration resulted in partial recrystallization of Mo microstructure, as evidenced by an increase
in the recrystallized fraction under EBSD analysis. A decrease in hardness value by 12% was also
noted, in agreement with this observation. This was expected due to the recrystallization start
temperature for Mo being ~ 1173 K (900 °C). On the other hand, TZM samples did not show any
reduction in hardness or change in recrystallized fraction due to their increased resistance to
recrystallization. The presence of precipitates of Mo and Ti carbides and Zr and Ti oxides in TZM
provide GB pinning support and resists recrystallization. The AB TZM samples and those exposed
to 1373 K (1100 °C) showed a hardness value of 272 + 7 HV.

Cu infiltration increased the CTE of the samples to ~6.6 x 10 K1, which matched the estimated
CTE values through calculations using the modified rule of mixtures by Schapery [23].
Commercial laminate Cu-Mo-Cu heat sinks reported CTE values of 7.6 to 9.0 x 10 K™ for similar
Cu content. The thermal diffusivity of Mo and TZM HCS with Cu infill was measured at 61.7 +
0.8 x 10° m2-s and 60.3 + 1.0 x 10° m?.s%, respectively. This value matched the upper bound
values for commercial laminate Cu-Mo-Cu heat sinks with similar Cu content (30 wt.%). The CTE

and thermal diffusivity values show that the proposed heat sinks could be a drop-in replacement.

FEM modelling was performed to compare the performance of Mo-HCS+Cu and Cu-Mo-Cu heat
sinks. The conduction resistance was computed for both structures (Mo-HCS+Cu and Cu-Mo-Cu)
in this study and found to be similar at ~8.6 K/W. The reduced CTE of the Mo-HCS+Cu (~6.6 x
10 K1) in comparison to Cu-Mo-Cu (7.6 x 10 K1), which is closer to the values for power
electronics semiconductors (5.7 x 10° K1), suggests that the delamination risk due to thermal
stresses will be lower, allowing for higher junction temperatures in the operation of the heat sink.
FEM modelling showed that for a similar junction temperature of ~513 K (240 °C), the Mo-
HCS+Cu showed lower interface stress at 95 MPa in comparison to the 188 MPa shown by the
Cu-Mo-Cu laminate heat sink. A lower value of interface stress translates to lower stresses on the
mating surfaces and the thermal pastes used between the surfaces. This lowers the risk of
delamination between the LPBF fabricated heat sink and the semiconductor. The similarity in the
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thermal diffusivity and conduction resistance, along with the reduced thermal stresses evidenced

from modelling, validate that the fabricated component could be a suitable replacement for

laminate Cu-Mo-Cu heat sinks. The study successfully fabricated Mo and TZM parts with thin

walls and honeycomb cavity structures and demonstrated the successful Cu infiltration of such

structures for creating components with a tailored coefficient of thermal expansion.
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Chapter 8 — Conclusion

This study systematically investigated and successfully demonstrated the fabrication of crack-free

Mo parts using the LPBF AM process. Crack-free parts could be fabricated without the need for

pre-alloying and substrate heating. The study investigated the influence of N2 gas in the build

atmosphere of the LPBF process. Mo and TZM parts with thin features and honeycomb cavity

structures were successfully fabricated in this study, and Cu infiltration was performed into the

cavities to create replacements for commercial laminate heat sinks. As an example application, the

study successfully demonstrated the benefits of LPBF-processed parts as replacements for

commercial components used in power electronics applications. The significant conclusions drawn

from the study are summarized as follows:

Under Ar atmosphere, LPBF-processed parts exhibit columnar grain structures with a high
aspect ratio along the build direction, which were prone to GB cracking. Using an N2 build
atmosphere, the grain structure achieved was irregular, with a much lower aspect ratio. The
N2 build atmosphere introduces N into LPBF-processed Mo parts, restricting O
segregation. Measurements showed that despite similar O content, samples processed
under N2 build atmosphere exhibited lower amounts of oxides within the grains and at GBs,
compared to samples processed under Ar. DFT simulations indicated that the presence of
N raises the diffusion barrier energy for O in Mo lattice. Samples produced under the N>
atmosphere achieved a higher microhardness value than those produced under Ar.
Fabricating crack-free Mo samples with excellent mechanical properties through the LPBF
process is feasible using an N2 build atmosphere.

The use of different Ar+N2 gas mixtures allows for the fabrication of LPBF-processed parts
under different N partial pressure. The N content introduced in the sample increased with
an increase in N partial pressure. The study demonstrated the ability to perform in-situ
nitriding in LPBF-processed AM samples with a nitrogen content ranging from 100 to 600
ppm through the variation of partial pressure inside the build chamber. The amount of N
in the sample influenced the solidification and growth of Mo grains, leading to changes in
the grain structure. Samples with a N content of less than or equal to 520 ppm N content
showed predominantly columnar grains. The grain structure transitioned from columnar to
irregular as the N content increased. The irregularity in the grain structure presented a
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hindrance to crack growth in these samples. With increasing N content, where the columnar
structure was increasingly disturbed, a concurrent decrease in average crack length in the
sample was observed. Average crack lengths decreased from 640 + 40 um in samples
without significant N, through 220 £+ 50 um for samples with ~400 ppm N, to no cracks in
samples with N content greater than or equal to 580 ppm. Full profile fitting analysis of
XRD data showed that the lattice strain increased with increasing N content, and a similar
trend was observed for the microhardness results.

Mo and TZM parts with thin walls and honeycomb cavity structures could be fabricated
under an N2 atmosphere to achieve a similar grain structure as the bulk samples. The
samples showed no evidence of cracking and achieved a density of 99.1%. The CTE of
both Mo and TZM samples were similar at ~5.3 x 10°® K and is comparable to values
reported in the literature. Cu infiltration was successfully performed into both Mo and TZM
HCS, as evidenced by the excellent wetting shown under microstructural characterization.
Exposure to 1373 K (1100 °C) during Cu infiltration resulted in partial recrystallization of
Mo samples, as evidenced by a decrease in microhardness and an increase in a
recrystallized fraction under EBSD analysis. This was expected due to the recrystallization
start temperature for Mo being close to 1173 K (900 °C). TZM samples showed no
reduction in hardness or change in recrystallized fraction due to its increased resistance to
recrystallization from the Ti and Zr precipitates in the sample. Cu infiltration increased the
CTE of the samples to ~6.6 x 10 K1 as estimated through calculations using the modified
rule of mixtures by Schapery. Both Mo and TZM HCS with Cu showed improved thermal
diffusivity of ~61 x 10® m?-s™1, matching the upper bound values for commercial laminate
Cu-Mo-Cu with similar Cu content. Similar conduction resistance as to that of Cu-Mo-Cu
was computed for the samples in this study, using FEM modelling. The similarity in
thermal diffusivity and conduction resistance shows that the fabricated component could
be a suitable replacement. The reduced CTE of the HCS, which is closer to the values for
power electronics semiconductors (5.7 x 10 K1) in comparison to Cu-Mo-Cu (7.6 x 10°®
K1), indicates that the delamination risk due to thermal stresses will be lower, allowing for
higher junction temperatures in the operation of the heat sink. The study successfully

fabricated Mo and TZM parts with thin walls and honeycomb cavity structures and
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demonstrated the successful Cu infiltration of such structures for creating components with

a tailored coefficient of thermal expansion.
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