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Abstract

The combination of outstanding mechanical strength of tool steels and design freedom ensured by Additive Manufacturing (AM)
processes is of a great interest for automotive applications. However, AM techniques produce peculiar defects, which affect the
resulting mechanical behavior. For this reason, safety critical AM components are often subjected to 4ot isostatic pressing (HIP)
to heal process defects. At the same time, tool steels require a proper quenching and tempering (QT) heat treatment to achieve
high hardness and strength.

In the present work, the effect of an innovative high pressure heat treatment (HPHT) on the tensile properties of a hot work tool
steel produced via Laser Powder Bed Fusion (LPBF) was investigated. LPBF samples were subjected to two post-process heat
treatments: a conventional quenching and tempering heat treatment performed in vacuum (CHT), and an innovative HPHT
combining HIP e QT in a single step, to heal LPBF defects and obtain high mechanical properties. HPHT featured the same
quenching and tempering cycle of CHT but it was performed under high pressure in a HIP furnace and with longer austenitizing
time to promote defect closure. Tensile tests indicated no significant effect on proof and tensile strength for HPHT compared to
CHT, but a significant reduction of elongation after fracture. Fractographic analyses and fracture mechanics calculations
indicated that both CHT and HPHT specimens failed via crack propagation from large LPBF defects when the stress intensity
factor reached the material fracture toughness. Fractographic analyses indicated an incomplete defect closure during HPHT due
to the presence of an oxide film on the inner surface of defects, thus justifying the same failure mechanism and strength of CHT
samples. Instead, it was proposed that the reduced elongation could arise from coarsened grains due to the longer austenitizing.
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1. Introduction

Hot work tool steels are special steels specifically designed for dies, tools and manufacturing equipment operating
at high temperature, characterized by high hardness and strength and adequate toughness, also suitable for other
critical mechanical components requiring high stiffness, hardness, tensile, fatigue strength and wear resistance
(Ceschini et al. (2018)). Generally, they feature a medium-to-high C content and other alloying elements which
maximize steel hardenability and promote carbides formation, such as Cr, Mo, V and W, and are produced via
special metallurgical processes (such as Electro-Slag Remelting, Vacuum Arc Remelting and Powder Metallurgy) to
ensure high cleanliness and homogeneity. The typical Quenching and Tempering (QT) heat treatment of tool steels
consists of austenitizing, quenching and multiple tempering to produce a microstructure of tempered martensite and,
often, alloying carbides. A sub-zero treatment can be performed after quenching to eliminate retained austenite
and/or promote the precipitation of nanometric carbides, thus improving hardness, wear resistance and dimensional
stability (Baldissera et al. (2008)).

Additive Manufacturing (AM) processes are gaining large interest in view of their enhanced design freedom
compared to conventional techniques. Among them, the Laser Powder Bed Fusion (LPBF) technique is based on
layer-by-layer manufacturing and involves the production of 3D complex parts by iteratively and selectively melting
thin layers of metal powder (DebRoy et al. (2018), Hebert (2016)). Applied to tool steels, LPBF can potentially
enable the manufacturing of optimized components with light weight and extremely high mechanical strength.
However, all AM processes lead to the formation of peculiar defects which can severely impair mechanical
properties. The most diffuse defects resulting from LPBF are gas porosities and Lack of Fusion defects. The former
have a nearly spherical morphology and are due to gas entrapment during the melt pool solidification. The latter,
instead, possess a highly irregular morphology, and originate from insufficient energy input. Defects reduce density
and mechanical performance of LPBF components, locally intensifying the applied stress (Mostafaei et al. (2022),
du Plessis et al. (2020)). To mitigate the detrimental effect of LPBF defects, a post-process Hot Isostatic Pressing
(HIP), which is traditionally used to densify cast components or as a Powder Metallurgy technique, can be
performed (Atkinson et al. (2000), Ahlfors (2020), du Plessis et al. (2020), Cegan et al. (2020), Asberg et al. (2019)).
HIP involves the application of a high isostatic pressure (up to 200 MPa) using Ar as inert gas at high temperature
(above 0.7 times the solidus temperature). Due to the limited cooling rates of traditional HIP furnaces, the heat
treatment required to achieve the desired microstructure and mechanical properties (for example a QT treatment for
tool steels) is traditionally performed after the HIP cycle, thus resulting in long treatment durations. However,
modern HIP furnaces capable of rapid cooling enable the direct quenching from HIP conditions, and thus to integrate
HIP and heat treatment in a single cycle which simultaneously aims at removing process defects and obtaining high
mechanical properties, containing the overall cycle duration (Maistro et al. (2021), Krakhmalev et al. (2020), Qin et
al. (2021), Sridar et al. (2020), Tocci et al. (2020)).

Based on the above, the present work investigates the effect of an innovative High Pressure Heat Treatment
(HPHT), which combines HIP and QT in a single cycle, on the microstructure and tensile properties of a hot work
tool steel manufactured via LPBF. For comparison, tensile properties were also characterized on samples subjected
to the conventional QT heat treatment (hereafter indicated as CHT), performed in vacuum with no high pressure
applied.

2. Experimental

Samples manufactured from the gas atomized feedstock powder with the nominal composition given in Table 1
were supplied by Bohler Edelstahl GmbH.
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Table 1. Chemical composition (wt.%) of the feedstock powder and LPBF bars.

Composition (wt. %) C Cr Mo \% Si Mn Al Fe
Nominal (feedstock powder) 0.50 4.50 3.00 0.55 0.20 0.25 - Bal.
Effective (LPBF bars) 046 430 320 0.6l 020 022 001 Bal.

Cylindrical bars (914 x 163 mm) were manufactured by LPBF using a Renishaw RenAM 500Q machine
equipped with a pre-heated building plate (400 °C), under high-purity Ar atmosphere. Additional details on the
LPBF process were not disclosed by the supplier due to industrial confidentiality. The effective composition of
LPBF bars, evaluated according to ISO 14707:2021, is reported in Table 1. Bars were produced with their axis
parallel to the vertical building direction (90° orientation), subjected to a stress relief annealing at 690 °C for 2 hours
after the detachment from the building plate, and then to two different post-process heat treatments, indicated as
CHT and HPHT (schematically depicted in Figure 1). CHT represents the conventional quenching and multiple
tempering heat treatment composed of (i) austenitizing at 1070 °C for 20 min in vacuum (after a double preheating at
600 °C and 900 °C), (ii) quenching in nitrogen gas, (iii) double tempering at 510-520 °C for 150 min, (iv) sub-zero
step at -80 °C for 180 min, and (v) final tempering at 520-530 °C for 150 min (v). Instead, HPHT is the innovative
high pressure heat treatment which combines HIP and QT in a single treatment, i.e. a quenching and multiple
tempering treatment performed under high pressure. HPHT featured the same quenching and tempering cycle but
steps (i) to (iii) were performed under high pressure Ar, using a Quintus QIH60 furnace. In particular, step (i)
(austenitizing, coincident with the HIP step) was performed under 200 MPa isostatic pressure and its duration was
increased to 40 min, compared to 20 min in CHT, to promote material densification and closing of internal LPBF
defects. Moreover, HPHT featured a quenching (step (ii)) under high pressure (between 200 and 90 MPa) with a
cooling rate of 150 °C/min and step (iii) (Ist and 2nd tempering) performed under 150 MPa isostatic pressure.
Instead, steps (iv) and (v) (sub-zero step and 3rd tempering) were performed in the same conditions of CHT. Tensile
specimens, with geometry shown in Figure 2, were machined from LPBF bars after heat treatment.
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Fig. 1. Schematic representation of temperature and pressure cycles during CHT (a) and HPHT (b).

Tensile tests were performed according to ISO 6892-1:2019 for the determination of 0.2% proof strength (Rpo.),
ultimate tensile strength (UTS), elongation after fracture (A%), and area reduction after fracture (Z%). Four
specimens were tested for both CHT and HPHT conditions. Vickers hardness (HV) indentations were performed
according to ISO 6507-1:2018 using a 30 Kg load and 15 s duration. Fracture surfaces of tensile specimens were
investigated using a Tescan Mira 3 Field Emission-Scanning Electron Microscope (SEM), equipped with X-ray
Energy Dispersive Spectroscopy (EDS) to study the mechanisms of failure. Density and microstructural analyses
were performed on samples extracted from the 912 mm grip ends of tensile specimens in the transverse direction
respect to the specimen axis. Samples were prepared following the standard procedure defined in ASTM E3-11
composed of hot mounting, grinding with abrasive papers up to 1200 grit and polishing with diamond suspension (9
pm, 3 um, 1 um). Low magnification images of polished sections were acquired using a Zeiss Axio Imager A.1M
optical microscope (OM) and processed using the ImageJ v. 1.52a open-source software to perform defect analyses
and calculate the density. Microstructural observations were performed using OM on sections chemically etched
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with Picral (4 g picric acid, 100 mL ethanol) and SEM-EDS on sections etched with Vilella’s reagent (1 g picric
acid, 4 mL HCIl, 96 mL ethanol).
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Fig. 2. Geometry and dimensions (mm) of tensile specimens.
3. Results and discussion

Image analysis indicated the beneficial effect in material densification of HPHT treatment, which resulted in a
density of 99.97+0.02 % compared to 99.77+0.13 % of samples subjected to CHT. The different content of defects
and their size distribution in samples subjected to CHT and HPHT are compared in Figure 3 and Figure 4, which
respectively reports representative OM images of polished metallographic sections and the distribution of defects
detected via image analysis. Despite the relatively high density, CHT samples exhibited a considerable number of
defects with a relevant size (varea of the largest detected defect equal to 86 pum) and circular morphology,
consistent with gas pores resulting from gas entrapment in the melt during the LPBF process (Mostafaei et al.
(2022), DebRoy et al. (2018)). A circular morphology was observed also for defects in HPHT samples. However, the
number and size of defects detected in HPHT samples appeared considerably lower than in CHT ones, with no
defect exceeding 36 pm, in agreement with density data. An extremely low amount of Lack of Fusion defects, with a
complex, irregular morphology, was observed on polished sections.

a) b)

Fig. 3. Representative low magnification OM images acquired on polished sections of CHT (a) and HPHT (b) samples showing the different
content of defects.
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Fig. 4. Comparison between size distributions of defects detected via image analysis on polished metallographic sections of CHT and HPHT
samples.

Table 2 summarizes the results of hardness and tensile tests. Compared to CHT, HPHT resulted in negligible
variations of hardness HV, proof strength Rpo> and tensile strength UTS, but in a dramatical loss of ductility, as
indicated by elongation A% and area reduction after fracture Z%. Therefore, no beneficial effect of HPHT on
hardness and tensile properties was observed, despite the positive effect on density.

Table 2. Summary of hardness and tensile properties for samples subjected to CHT and HPHT treatments.

HV Rpos [MPa]  UTS [MPa] A% [%]  Z% [%]
CHT 665+5 1719+15 2280+3 3.4+0.5 6.9+0.4
HPHT 671+2 1739+9 2265+20 1.5+0.2 3.6+0.0
A% +09%  +12% 0.7 % -56 % -48 %

Figure 5 shows representative low magnification SEM images of fracture surfaces. Noticeably, neither CHT nor
HPHT specimens exhibited the typical fracture appearance of ductile materials failed under monotonic tensile loads,
i.e. a cup-cone fracture with a central fibrous zone created via microvoids nucleation and coalescence mechanism,
responsible of dimples formation, surrounded by an external shear-lip zone. Instead, fracture surfaces indicated a
failure mechanism consistent with unstable crack propagation, initiated from a single large discontinuity (hereafter
indicated as killer defect) and propagated through the whole cross-section up to failure. An extremely limited shear-
lip was observed, with lower width in HPHT specimens than in CHT ones, in agreement with the trend of Z%. In
fact, shear-lip formation is strictly related to necking, i.e. the localization of plastic strains on a section at the
maximum load, responsible for the reduction of cross-section area (McGarry (2021)). A similar fracture appearance
for hot work tool steels manufactured via LPBF was reported also by Asberg et al. (2019), Lee et al. (2019) and
Vilardell et al. (2021) and attributed to the presence of LPBF defects. At the microscale (Figure 6), both CHT and
HPHT samples exhibited a mixed ductile-brittle fracture morphology on the whole surface (excluding the fully
ductile shear-lip), composed of both dimples and cleavage facets and consistent with the supposed mechanism of
unstable crack propagation. For comparison, the ESR counterpart of the steel, investigated by Ceschini et al. (2018),
exhibited a fully ductile cup-cone fracture appearance, with no evidence of unstable crack propagation. Note that the
mixed ductile-brittle appearance observed in tensile specimens in the present work is consistent with the morphology
reported by Ceschini et al. (2018) for the final overload fracture region in fatigue specimens, which is typically
originated via unstable crack propagation (Parrington (2021)).
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Fig. 5. Representative low magnification SEM images of the fracture surfaces of CHT (a) and HPHT (b) tensile samples; in the inset: proposed
failure mechanism.

Fig. 6. Representative microscale fracture morphology of both CHT and HPHT samples.

To confirm the supposed unstable crack propagation failure mechanism, Linear-Elastic Fracture Mechanics
(LEFM) were applied by calculating the mode I-stress intensity factor K; at killer defects observed at the crack
initiation sites on fracture surfaces, examples of which are reported in Figure 7. K; was calculated using the formula

K, =Yo /(ﬂ\/area) (1

proposed by Murakami (2002), where v area represents the killer defect size evaluated by image analysis on SEM
fractographies, o represent the tensile stress at fracture and Y is a dimensionless coefficient representative of defect
position (0.65 for surface defects, 0.5 for internal ones). Figure 8§ summarizes and compares size varea and stress
intensity factor K; for killer defects of CHT and HPHT samples. Despite the large scatter, killer defects exhibited a
similar size (156+79 pm for CHT samples, 148 +42 pm for HPHT ones) and stress intensity factor Ky (32.2+11
MPa-m'? for CHT samples and 32.844 MPa-m'? for HPHT ones) in both heat treatment conditions. Note that the
stress intensity factor K; was extremely close to the fracture toughness Kic of the ESR-produced steel reported by
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Ceschini et al. (2018) (33£1.1 MPa-m'?, red dotted line in Figure 8-b). Therefore, it can be concluded that tensile
fracture of LPBF samples occurred via unstable crack propagation from a large discontinuity, that acted as killer
defect and for which it was verified the critical condition K; = Kjc. Moreover, no significant difference in killer
defects size existed between samples subjected to CHT and HPHT treatment. By analysing at higher magnification
killer defects in Figure 7, it can be seen that in CHT specimens (Figure 9-a) tensile fractures originated from large
discontinuities consistent with Lack of Fusion defects resulting from the LPBF process in view of their large size,
complex shape and surface morphology (Mostafaei et al. (2022)). SEM-EDS analyses indicated a localized
enrichment of O, Si, Mn, Cr and V on the surface of Lack of Fusion defects due to the presence of um-size oxides,
consistent with the typical non-metallic inclusions found in steels and resulting from their production route. Killer
defects at the crack initiation sites of HPHT specimens (Figure 9-b) exhibited size, shape and O, Si, Mn, Cr and V
enrichment similar to Lack of Fusion defects in CHT ones, but a significant lower volume (due to the lower depth
along the normal direction to the fracture surface), appearing as crack-like flat defects, and a different surface
morphology at high magnification. In fact, they did not exhibit the surface appearance of Lack of Fusion defects,
resulting from steel solidification during LPBF, but sub-um dimples containing small particles and larger regions
consistent with the oxides found on Lack of Fusion defects in CHT samples. While it is clear that killer Lack of
Fusion defects in CHT samples existed before tensile tests (created during the LPBF process), the presence of
dimples indicates that the surface of killer defects in HPHT samples was created via micro-voids nucleation and
coalescence under an applied load (i.e., during tensile tests), possibly from a pre-existing defect or discontinuity.
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Fig. 7. Killer defects at crack initiation sites in CHT (a) and HPHT (b) samples and SEM-EDS analyses showing the local enrichment of Cr, V,
Mn, Si and O.
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Fig. 8. Comparison of size varea (a) and stress intensity factor K; (b) of the killer defect observed at the crack initiation site in CHT and HPHT
samples (the red dotted line indicates the steel fracture toughness K;c reported by Ceschini et al. (2018)).
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Fig. 9. High magnification SEM images SEM-EDS analyses of the surface of killer defects in CHT (a) and HPHT (b) samples, showing the
presence of Si, Mn, Cr, Al and V rich oxides. Note the presence of dimples on killer defects in HPHT samples.

As shown in Figure 11-a, oxide-containing Lack of Fusion defects were also found on polished metallographic
sections. Yang et al. (2021), Liverani et al. (2020) and Yan et al. (2018) described the formation of SiO»,
(Mn,Cr)Cr204 spinel, MnSiOs rhodonite, and in general Si, Cr and Mn based oxides, during the LPBF solidification
of AISI 316L stainless steel as a result of the in-situ reaction between molten steel and O pick-up from the build
chamber atmosphere and/or from the feedstock powder. Moreover, Liverani et al. (2020) reported the formation of
non-metallic inclusions ((Mn,Fe)>SiO4 olivine) in AISI 316L samples manufactured via LPBF during the subsequent
HIP and/or high temperature solution annealing. Defects found in HPHT samples, reported in Figure 11-b, exhibited
a complex shape consistent with Lack of Fusion defects, but a narrow, crack-like appearance. While Lack of Fusion
defects in CHT samples possessed a certain volume, probably filled the inert gas present in the building chamber
during LPBF, the small, extremely narrow volume of defects in HPHT samples was entirely filled with oxides.



378 Mattia Zanni et al. / Procedia Structural Integrity 47 (2023) 370-382

cps/eV

' EDS 1
[wis [ 0 | s [wn [ [ v [wo|a|r]

EDS1 59 69 64 104 36 16 09 644

CHT
Ch1 MAG:3083x HV:20kV WD:17.9mm
Px: 54 nm Energy [keV]

' EDS 1
jwes [ o | S [mfa]vim]a]e]

EDS1 147 65 102 154 6.1 22 0.7 443

HPHT 22
Ch1 MAG:2310x HV:20kV WD: 160 mm

10 ym
Px:72nm | — Energy [keV]

Fig. 10. Examples of defects found on metallographic sections: Lack of Fusion in a CHT sample (a) and shrunk Lack of Fusion filled with oxides
in a HPHT sample (b).

Following the characteristics of defects observed on metallographic sections and at the crack initiation sites of
tensile specimens, it is proposed that the discontinuities which acted as killer defects in HPHT samples (as well as
defects such as the one reported in Figure 11-b) originated from previous oxide-containing Lack of Fusion defects
from the LPBF process (which are responsible for the tensile failure of CHT specimens), severely modified but not
effectively eliminated by the HIP+austenitizing step (i). The effect of the HIP+austenitizing step of HPHT on oxide-
containing Lack of Fusion defects schematically depicted in Figure 13. In particular, defects shrink via plastic flow
under the high pressure applied at high temperature during step (i) of HPHT (HIP+austenitizing step), leading to
higher density and lower defect content of HPHT samples compared to CHT ones. However, the presence of oxides
on the inner surfaces of Lack of Fusion defects, probably formed during the LPBF solidification and/or coming from
the feedstock powder, hinders the formation of an effective metal-to-metal junction between the facing surfaces by
acting as an intermediate non-metallic layer. In fact, according to the existing literature data on diffusion bonding,
sintering and hot isostatic pressing (German (2014), Shirzadi et al. (2001), Takahashi et al. (1992), Xie et al.
(2003)), the presence of a oxide film on metal surfaces hinder the formation of an effective metal-to-metal bond,
requiring the additional break-up of the oxide layer and its dissolution through the metal lattice. The effectiveness of
HIP in creating a strong metallurgical bond in presence of oxide layers depends on the maximum oxygen solubility
in the base metal and on the equilibrium constant K¢q of the metal-oxygen reaction. For example, Ti has high O;
solubility and K¢q constant, therefore it can easily dissolve oxide films and form effective metallurgical bonds during
HIP. On the opposite, the dissolution of oxide films on iron and steels requires longer times, due to the considerably
lower solubility of O; in Fe and K.q. However, these considerations only refer to base metal oxide films (for example
TiO> films in Ti alloys, Fe.Os in steels). No indication on the dissolution of complex oxides, containing Si, Mn, Cr,
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V and Al in iron and steels was found in the literature. As a result of this incomplete junction, narrow defects with
size and shape similar to the original Lack of Fusion but with lower depth and entirely filled with oxides, such as the
one showed in Figure 11-b, remain in the material after HPHT. Considering their formation mechanism, oxide-filled
defects found in HPHT samples can be indicated as Incomplete Junction defects, in analogy to Lack of Fusion ones.

Original oxide-containing Defect shrinking during HIP Incomplete Junction defect:
Lack of Fusion residual oxide-filled crack-like defect

a) b) c)

Fig. 11. Effect of HIP+austenitizing (step (i) of HPHT) on oxide-containing Lack of Fusion defects: original defect (a), defect shrinking via
plastic flow (b), residual oxide-filled Incomplete Junction defect (c).

Figure 12 depicts the behaviour of Lack of Fusion and Incomplete Junction defects during tensile tests. In CHT
specimens (Figure 12-a), Lack of Fusion defects directly acted as killer defects causing unstable crack propagation at
Ki = Kic, thus leading to specimen failure. Instead, no volumetric discontinuity existed prior to tensile tests in HPHT
specimens but narrow, oxide-filled discontinuities, here indicated as Incomplete Junction defects, originated from
the same Lack of Fusion defects as described in Figure 11. It is proposed that, during tensile tests, the internal oxide
early fails under the applied load creating the dimples-covered discontinuity observed on the fracture surface (with
size and shape of the original Lack of Fusion), which then acted as killer defect at the critical condition K; = Kjc.
Since the mechanism described in Figure 11 did not affect appreciably the size of original Lack of Fusion defects, as
testified by the comparable size of killer defects on the fracture surfaces of CHT and HPHT samples (Figure 4),
HPHT did not result in a significant increase of tensile strength.

a) CHT HPHT b)

Tensile load I Tensile load T

Fracture

Oxides

Fracture

Tensile load l

Fig. 12. Schematic representation of the behaviour of defects during tensile tests: Lack of Fusion defect in a CHT sample, acting as killer defect
(a); formation of the dimples-covered discontinuity from an Incomplete Junction defect in a HPHT sample, which then acted as killer defect (b).
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The proposed effect of HIP+austenitizing on Lack of Fusion defects (Figure 11) and mechanism of killer defects
formation (Figure 12) in HPHT samples, related to the above discussed Incomplete Junction defects, explains the
same tensile failure mechanism and strength among CHT and HPHT specimens, but it does not justify the dramatical
loss of ductility of HPHT specimens. As can be noted in Figure 13, both CHT and HPHT treatments resulted in a
tempered martensite microstructure, with no evidence of the typical hierarchical structure of LPBF parts featuring
melt pools, oriented columnar grains and a cellular solidification sub-structure, as a consequence of the austenitizing
step of heat treatment cycles. However, while CHT samples exhibited a homogeneous prior austenite grain (PAG)
size of approximatively 5-10 um, HPHT samples featured a non-uniform PAG size, with regions of severe grain
coarsening in a globally fine microstructure. These coarsened grains may explain the reduced ductility of HPHT
samples and are likely to be caused by the higher duration of step (i) in HPHT compared to the CHT treatment. No
other microstructural difference was observed between CHT and HPHT samples.

a) ' j b)

20 pm 20 prm

| | sovm———

Fig. 13. Microstructure of CHT (a) and HPHT (b) samples.
4. Conclusions

In the present work, the effect of an innovative high pressure heat treatment (HPHT) on the tensile properties of a
hot work tool steel manufactured via LPBF was investigated. HPHT was designed to integrate the quenching and
multiple tempering heat treatment and hot isostatic pressing (HIP) in a single treatment, to simultaneously reduce
number and size of internal LPBF defects and to obtain high hardness and mechanical properties. For comparison,
the microstructure and mechanical properties of samples subjected to the conventional quenching and tempering
treatment performed in vacuum (indicated as CHT) were evaluated. The following conclusions can be drawn:

e HPHT led to significant material densification by reducing the number and size of LPBF defects, resulting in
near-full-density samples. Lack of Fusion defects were shrunk, with consequent volume reduction, but not
effectively eliminated due to the presence of oxides on the inner surfaces, which hindered the formation of
metal-to-metal junctions thus leading to residual Incomplete Junction defects.

e Compared to the conventional CHT treatment, HPHT led to negligible hardness, proof and tensile strength
variations, but a significant reduction of ductility (approximatively -50%). The loss of ductility for HPHT
samples was attributed to the non-homogeneous microstructure with coarsened grains, probably resulting from
the longer austenitizing step compared to CHT to promote material densification.

e Tensile fracture occurred via unstable crack propagation from large discontinuities in both CHT and HPHT
samples when the stress intensity factor K; reached the steel fracture toughness Kic.

e In CHT samples, large Lack of Fusion defects resulting from LPBF acted as killer defects.

e In HPHT samples, the oxide inside /ncomplete Junction defects early failed during the tensile test, creating a
dimples-covered discontinuity with size of the original Lack of Fusion which then acted as killer defect.
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