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High-cycle fatigue behaviour of W360 steel produced by Powder Bed Fusion — Laser Beam (PBF-LB) is explored
by comparing post-processing of industrial interest, involving both heat treatments (conventional quenching and
multiple tempering (CHT), or innovative high-pressure heat treatment (HPHT)) and surface finishing (sand-
blasting, machining, shot peening). The combination of HPHT and machining returns the highest fatigue strength
(767 + 10 MPa) by reason of: i) reduced number and size of process-related defects compared to CHT and
machining (457 + 19 MPa); ii) reduced surface roughness compared to HPHT and sandblasting (243 + 23 MPa)

and HPHT and shot-peening (403 + 19 MPa). The latter combination, however, shows an improved fatigue
strength than the sandblasted one, thanks to compressive residual stress in the superficial region. The correlation
between killer defect and fatigue performance is also discussed based on the Kitagawa-Takahashi diagram and
the El-Haddad model, and compared to the conventionally manufactured steel.

1. Introduction

Hot work tool steels are alloys specifically designed and used for tool
applications. Due to their excellent combination of high hardness, wear
resistance, tensile and fatigue strength, coupled with adequate tough-
ness, tool steels have also found application in the aerospace and auto-
motive industries to replace nitriding steels in high-stressed mechanical
parts in order to simplify the production cycle and reducing lead times
[1,2]. However, the excellent mechanical properties of tool steels are
counterbalanced by technological difficulties in manufacturing
complex-shaped components by conventional processes, especially due
to the high hardness. From this perspective, additive manufacturing
(AM), in particular Powder Bed Fusion - Laser Beam (PBF-LB) technol-
ogy, is increasingly attracting interest in the production of structural
parts with tool steels [3-5].

Focusing on steels produced by PBF-LB technology, a wide literature
is available about stainless steels, such as austenitic ones (e.g., AISI 316L
and AISI 304L) and precipitation hardening ones (e.g., 17-4 PH and 15-
5 PH), and maraging steels (e.g., 18Ni300), thanks to their easy print-
ability due to their very low carbon content [6-9]. In contrast, the
PBF-LB production of medium and high carbon steels, such as tool steels
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or high-speed steels (HSS), is still under investigation because of their
limited weldability and cracking tendency, which has slowed down their
industrial implementation [10-16].

To date, the PBF-LB manufacturing of carbon-bearing martensitic
steels is focused on hot-work tool steels, such as AISI H11 and H13,
because of the potential in designing and producing moulds, tools and
dies for plastic injection moulding and high-pressure die casting with
conformal cooling channels to improve cooling efficiency, reduce cycle
time, and improve part quality [17-19].

The combination of outstanding mechanical performance of hot
work tool steels and design freedom of the PBF-LB process appears
particularly attractive for producing optimized mechanical components,
characterised by a high strength-to-weight ratio, in different engineering
fields, such as aerospace and automotive. However, the relevant C, Cr,
Mo and V content of hot-work tool steels (between 0.3 % and 0.5 % [20])
poses severe issues to their PBF-LB feasibility due to in-process
martensite formation. To overcome this problem, several authors [10,
18,21,22] studied the effects of preheating platform (starting from a
conventional 200 °C up to 800 °C, using a customised platform) to
reduce the post-process residual stress. In addition, if the platform
pre-heating temperature is sufficiently high (close to or above the
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martensite start (Ms) temperature), it counteracts martensite formation.
This condition leads to a reduction in the amount of hard and brittle
martensite, as well as exerts a martensite tempering effect with conse-
quent decrease of retained austenite and formation of different struc-
tures, such as bainite microstructure and ferrite + carbides structures
[17,21].

The as-built (AB) microstructure of tool steels shows the typical hi-
erarchical structure induced by the peculiar solidification conditions of
the PBF-LB process, consisting of (i) melt pool macrostructure, (ii)
epitaxial columnar grain mesostructure, and (iii) cellular microstructure
[17]. As described by Krell et al. [23], the multiphase cellular
sub-structure is the direct consequence of alloying micro-segregation
between the cell centre and the border developed during solidifica-
tion. This leads to the formation of a-ferrite/o/-martensite cells, which
can form nanometric-sized alloying carbides and a y-austenite network
at cell borders [24]. The cellular solidification structure is substantially
unaffected by platform pre-heating since the cell core-border segrega-
tion is formed upon solidification, hence at significantly higher tem-
peratures (between 1215 °C and 1479 °C in Ref. [23]) [25,26].

The microstructure, and therefore the mechanical properties, of the
AB tool steels can also be customised by post-process heat treatment,
which can be used to relieve residual stresses and remove microstruc-
tural (and eventually mechanical) anisotropy. Two different heat
treatments can be applied depending on the initial AB microstructure
and the desired final properties: (i) quenching and multiple tempering
(QT) and (ii) direct tempering (DT). The QT heat treatment results in a
final microstructure comparable to conventionally manufactured hot-
work tool steels, i.e., a homogeneous martensite microstructure with
no melt pool/scan track borders, equiaxed prior austenite grains, no
oriented grains nor cellular solidification structure [27]. The
high-temperature austenitising step promotes alloying diffusion, thus
homogenising the composition and eliminating the cellular solidifica-
tion structure and austenite grain recrystallization, from which a ho-
mogeneous and isotropic martensite microstructure is obtained during
the subsequent quenching. This allows the erasing of the prior hierar-
chical AB microstructure. As for conventionally manufactured hot-work
tool steels, the structure is subjected to a multiple tempering treatment
after quenching to improve toughness and ductility, eliminate the
eventual retained austenite, and promote the precipitation of tempering
carbides [23,24,27]. The microstructural characteristics of the AB
microstructure potentially enable a DT heat treatment to be carried out,
taking advantage of its intrinsically metastable martensitic structure,
which can be directly tempered without austenitising and hardening
steps. The overall result of DT is the gradual dissolution of the segre-
gated cellular structure for increasing tempering temperature and its
replacement with a fine distribution of tempering carbides and elimi-
nating retained austenite. Moreover, carbide precipitation destabilises
the eventually retained austenite at cell borders, transforming it into
bainite, ferrite, or martensite upon the subsequent cooling. However,
compared to the QT treatment, the oriented, segregated and inhomo-
geneous cellular structure remains in the DT treatment, as well as
retained austenite at cell borders depending on the platform pre-heating
temperature and tempering temperature, containing high C and alloying
elements content (Cr, Mo, V) [27,28].

In previous works [8,29], the authors compared the microstructure,
hardness and tensile properties of the W360 steel produced by PBF-LB to
the same steel produced via Electro-Slag Remelting (ESR), demon-
strating the possibility to achieve comparable properties after quenching
and multiple tempering heat treatments. In Ref. [29], the effect of an
innovative High-Pressure Heat Treatment (HPHT), introducing a Hot
Isostatic Pressing (HIP) step in the conventional quenching and multiple
tempering cycle, was investigated. However, the effects of heat treat-
ments, defects, and surface finish on the fatigue strength of PBF-LB
W360, which is a key factor for its application in aerospace, automo-
tive and tooling fields, have not been explored yet.

Conventionally manufactured tool steels are renowned for their high
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fatigue strength as a result of specific composition and heat treatment,
coupled with exceptional microstructural cleanliness achieved through
special production processes such as ESR, Vacuum Arc Remelting (VAR),
or Powder Metallurgy (PM) [1,30]. These processes result in an
outstanding chemical homogeneity and a minimal presence of defects
that act as potential sites for fatigue failures, therefore directly influ-
encing the fatigue strength [31-35]. High-cycle fatigue failures in
high-strength steels (HV > 400 or UTS >1400 MPa), such as high-speed
steels (HSS), usually start from small defects, such as non-metallic in-
clusions (oxide), as well as large carbides, carbide clusters, voids, and
other, which behave like pre-existing short cracks for what concerns
high-cycle fatigue failures [31,32,36,37].

On the other hand, components produced by the PBF-LB process
exhibit several process-induced defects, such as gas porosities and de-
fects, which have a detrimental effect on fatigue strength [8,11,38].
Additionally, the poor surface finishing, high residual stress, and
anisotropic microstructure, in the as-built condition, act as stress risers
and sites for crack initiation, thus controlling fatigue behaviour and
strength [39-43].

Limited literature on the fatigue behaviour of PBF-LB tool steels is
available to date. Research efforts have focused on investigating the
effect of building orientation [44], machining of as-built surfaces [45],
and stress relieving heat treatment [46]. Pellizzari et al. [45] showed a
significant effect of building orientation on the high-cycle fatigue
strength of PBF-LB AISI H13, heat treated (direct double tempering at
650 °C for 2 h) and machined. In particular, the lowest strength at 107
cycles (<200 MPa) exhibited by vertically built specimens with respect
to ~280 MPa for horizontal and ~310 MPa for 45° oriented specimens
was attributable to different orientations of LoF defects, which act as
crack initiation sites, respect to the loading direction, thus to a different
defect size area projected on the maximum stress plane.

Considering the detrimental effect of residual stress and high surface
roughness on the fatigue behaviour of PBF-LB manufactured compo-
nents, different post-process heat treatments, and surface finishing were
investigated. Dorfert et al. [44] compared the fatigue behaviour of
machined and AB AISI H13 hot-work tool steel manufactured via PBF-LB
with a pre-heated platform (240 °C). Machined specimens exhibited
higher strength, equal to 283 MPa, than AB specimens, below 100 MPa,
although considerably lower than the fatigue strength reported for
conventionally produced AISI H13 investigated in the same conditions
(600 MPa). This significant difference between machined and AB spec-
imens was attributed to the different crack initiation sites: (i) sub-surface
defects in machined specimens and (ii) rough surface in AB specimens.
Mazur et al. [46] investigated the effect of stress-relieving heat treat-
ment on the fatigue strength of PBF-LB-manufactured AISI H13, pro-
duced with a 200 °C pre-heated platform and tested at AB surface
finishing. Applying stress relieving at 600 °C for 2 h (direct tempering)
improves fatigue strength at 107 cycles from ~100 MPa for AB speci-
mens to ~250 MPa for stress-relieved ones. However, in both cases, the
fatigue strength was significantly lower than conventionally manufac-
tured AISI H13, heat treated to 50 HRC and machined (~750 MPa),
underscoring the detrimental effects of issues related to the PBF-LB
process on fatigue behaviour.

It is worth emphasizing that the results of fatigue strength reported in
these studies for PBF-LB tool steels are significantly lower than those of
conventionally produced counterparts, typically ranging from 200 to
250 MPa for PBF-LB tool steels versus 600-750 MPa for conventional
ones. This result is undeniably linked to the detrimental effect of PBF-LB
defects on fatigue behaviour. In order to reduce the defects content, a
Hot Isostatic Pressing (HIP) post-process treatment can be applied to
close internal defects [39,40], as demonstrated by the work of Qin et al.
[16]. Their study succeeded in improving the high-cycle fatigue strength
of PBF-LB AISI M3:2 high-speed steel manufactured via PBF-LB (500 °C
preheating platform) from 482 MPa to 1182 MPa using an integrated
HIP + QT (quenching tempering) post-process heat treatment compared
to a conventional QT heat treatment (austenitising (20 min at 1200 °C)
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in vacuum, N5 gas quenching and triple tempering (3.5 h at 580 °C) in
vacuum). Fatigue tests indicated a beneficial effect of integrated HIP +
QT treatment on the fatigue strength attributable to the closure of in-
ternal defects due to the HIP treatment. Among the potential heat
treatments, quenching followed by multiple QT yields a final micro-
structure comparable to conventionally manufactured hot-work tool
steels. All these aspects will contribute to increase the mechanical
response of the steel and, particularly, its fatigue behaviour.

Based on the above, the present study aims to investigate the impact
of various combinations of post-process heat treatments and surface
finishing, that can be applied in an industrial environment, on the high-
cycle fatigue strength of a hot work tool steel (W360 alloy) produced by
PBF-LB. As reported by the Authors in a previous study [1], the
conventionally manufactured W360 steel, produced via ESR, exhibited a
fatigue strength of 992 + 74 MPa when heat treated to a hardness of
648-676 HV and fatigue tested with machined and ground surfaces.
Specifically, two distinct heat treatment cycles were assessed: (i) a
conventional QT heat treatment with an interposed sub-zero step and
(ii) an innovative high-pressure treatment that integrates the HIP pro-
cess within the QT cycle. Furthermore, three different surface finishing
were analysed: (i) de-powdering sandblasting, performed immediately
after the PBF-LB process and before any subsequent heat treatment or
surface finishing, representing the as-built condition in an industrial
environment; (ii) machining; (iii) shot-peening. Given that the primary
advantage of the PBF-LB process over conventional methods lies in the
geometrical complexity of components, usually characterised by sur-
faces that are challenging or even impossible to machine (such as lattice
structures), shot peening represents an optimal solution compared to
de-powdering sandblasting and machining to enhance fatigue strength
by improving surface finish and by introducing compressive residual
stress field in the surface region. In addition, several analyses (e.g.
surface roughness evaluation, residual stress measurement, micro-
structural characterization, fractography) are conducted in order to
elucidate the relationship among process, fatigue behaviour, micro-
structure, and failure mechanisms.

2. Experimental
2.1. Specimens production

Near-net-shape fatigue specimens (Fig. 1) were manufactured at the
Voestalpine Additive Manufacturing Centre [47], starting from the

Fig. 1. Near-net-shape specimens produced by PBF-LB process and specimen
layout on the building plate.
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Bohler AMPO W360 feedstock powder [48].

AMPO W360 is a medium C hot work tool steel containing Cr, Mo,
and V as the main alloying elements. As reported inn Table 1, its
composition is comparable to AISI H11 and H13 steels.

Specimens were manufactured with their axis perpendicular to the
building plate (i.e. vertical building direction) using a Renishaw RenAM
500 Q PBF-LB equipped with a custom-building plate pre-heated at
400 °C under a high-purity Ar atmosphere. The RenAM 500Q machine is
configured with four 500 W lasers, which can be used simultaneously,
and a maximum scanning speed of 10 m/s. In this study, the laser power
was optimized in the range of 100-400 W and the scanning speed in the
range of 2-8 m/s. The layer thickness and hatch distance were defined in
the range of 20 and 80 pm and 50 and 200 pm, respectively. Due to
industrial confidentiality, further details of the PBF-LB process cannot be
disclosed. After PBF-LB, all the specimens underwent de-powdering
sandblasting and a stress relief annealing at 690 °C for 2 h. This con-
dition was defined “as received”.

To investigate the effect of various post-process heat treatments and
surface finishing conditions on the fatigue behaviour of the PBF-LB
W360, near-net-shape specimens were divided into 4 sets, correspond-
ing to different post-process cycles (heat treatment and surface finish-
ing), as summarised in Table 2.

Fig. 2 schematically illustrates the two heat treatment cycles per-
formed prior to surface finishing: the conventional heat treatment
(CHT), only applied to the CHT-MG specimens, and the HPHT treatment
utilised for sets HPHT-P, HPHT-MG, and HPHT-SP. CHT treatment was
designed on AMPO W360 in Ref. [8] following previous research ac-
tivity [30], which indicated higher mechanical properties (hardness,
proof and tensile strength, and elongation at fracture) for a
PM-produced cold work tool steel subjected to heat treatment featuring
higher austenitising temperature, and a sub-zero step between second
and third tempering compared to the typical quenching and multiple
tempering treatments. HPHT treatment was selected based on the po-
tential of modern HIP systems to direct rapid cooling (up to 4500 °C/min
[49]), allowing to perform in situ heat treatments during HIP,
combining HIP and heat treatment in a single procedure (or, on the
contrary, performing the heat treatment at high pressure), which
simultaneously aims to remove process defects and obtain the desired
microstructure and mechanical properties, limiting the overall cycle
duration as shown in Fig. 2. Moreover, it must be considered that the
high pressure applied during HIP leads to high heat-transfer coefficients
between parts and the pressurising gas (Ar), reducing thermal gradients
and enabling cooling rates comparable to oil or water quenching to be
achieved, without the risk of quenching medium boiling. Therefore, in
this HPHT cycle, the HIP step (in which densification and pore closure
are achieved) and the austenitising step of QT correspond.

Specifically, the CHT cycle is a quenching and multiple tempering
heat treatment composed of (i) austenitising at 1070 °C for 20 min in
vacuum (after a double preheating at 600 °C and 900 °C), (ii) quenching
in Ny, (p = 5 bar) (iii) double tempering at 510-520 °C for 150 min in
vacuum, (iv) sub-zero step at - 80 °C for 180 min in Ar gas, and (v) final
tempering at 520-530 °C for 150 min in vacuum. The HPHT was
designed by combining the HIP process and CHT cycle in a single pro-
cess, aiming to increase material density and reduce the number and size

Table 1

Nominal chemical compositions (wt.%) of AMPO W360 feedstock powder sup-
plied by the producer and glow discharge-optical emission spectroscopy (GD-
OES) analysis carried out on PBF-LB specimens in accordance with ISO
14707:2021.

wt.% C Cr Mo \% Si Mn Fe
Feedstock 0.50 4.50 3.00 0.55 0.20 0.25 Bal.
powder
PBF-LB 0.38 4.28 3.20 0.60 0.20 0.23 Bal.
samples + + + + + +
0.01 0.01 0.01 0.02 0.00 0.00
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Table 2
Post-process cycle summary applied on PBF-LB W360 specimens after de-
powdering.

Set Heat
treatment

Surface finishing

CHT-MG CHT

HPHT- HPHT
MG

HPHT-N HPHT

Machining (M) and grinding (G)
Machining (M) and grinding (G)

As received, surface finishing after heat treatment:
none (N)

HPHT-SP HPHT Shot peening (SP)

of internal defects, which are expected to have a detrimental effect on
fatigue strength. The HPHT consists of (i) HIP + austenitising at 1070 °C
and 200 MPa for 40 min (after a double preheating at 600 °C and
900 °C), (ii) quenching in Ar gas at 150 °C/min under high pressure
(from 200 to 90 MPa), (iii) double tempering at 510-520 °C for 150min
in Ar under high pressure (150 MPa), (iv) sub-zero at —80 °C for 180 min
in Ar, and (v) third tempering at 520-530 °C for 150 min in vacuum. In
the HPHT cycles, steps (i) to (iii) were performed under high pressure by
using a Quintus QIH60 URQ HIP system and high purity (>99.999 %) Ar
gas as pressurising medium. In addition, the duration of austenitising
(step (i)) was increased to 40 min compared to the CHT cycle (20 min) to
promote material densification and closure of internal defects. Before
pressurisation, a double cycle of air purging and Ar filling was per-
formed to minimise the content of contaminants (air, O, N5, moisture,
etc.). The sub-zero treatment and the last tempering (steps (iv) and (v))
were performed in the same conditions of CHT, outside the HIP system,
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without applying pressure.

Fig. 3(a) shows the geometry of cylindrical fatigue specimens,
compliant to ISO 1143:2021, obtained from near-net-shape geometry.
The @12 mm grip ends were machined for all the specimen sets, while
the #5.2 mm gauge section and R45 mm fillets (highlighted by the
dashed red line in Fig. 3(b)) were finished after heat treatment according
to the related set, as indicated in Table 2.

CHT-MG and HPHT-MG specimens were designed to investigate the
effect of PBF-LB defects and post-process heat treatments on fatigue
strength. To this aim, these specimens were machined from near-net-
shape conditions to a target average roughness R, = 0.1 pm after heat
treatment to minimise the impact of poor surface roughness. HPHT-N
and HPHT-SP specimen sets, instead, were designed to investigate
only the effect of different surface finishing conditions, therefore no
machining was performed. No surface finishing was performed on
HPHT-N specimens after heat treatment. In contrast, HPHT-SP speci-
mens were shot peened after heat treatment using ceramic ultrafine
shots, 8-10 N Almen strip intensity, and 200 % coverage. The appear-
ance of CHT-MG/HPHT-MG, HPHT-N, and HPHT-SP specimens is shown
in Fig. 3(b).

2.2. Characterization of microstructure, surface, hardness and fatigue

strength

Samples for microstructural analyses were cut from the @12 mm grip
ends after heat treatment, hot-mounted in conductive resin, ground with
emery papers up to P1200 grit and polished with diamond suspension (9
pm, 3 pm, 1 pm) up to a mirror finish. Micrographs of polished cross-

Fig. 2. Schematic representation of (a) CHT (CHT-MG specimens) and (b) HPHT (HPHT-MG, HPHT-N, and HPHT-SP specimens) heat treatment cycles.

Fig. 3. (a) Geometry of fatigue specimens. (b) Gauge and fillet surfaces, finished by different processes according to the considered specimens set, are indicated by
the dashed red lines: machined and ground (CHT-MG, HPHT-MG), as-received (HPHT-N) and shot peened (HPHT-SP) specimens. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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sections were acquired using an optical microscope (OM). Image anal-
ysis to evaluate sample density, defect content, and Prior Austenite
Grain (PAG) size was performed using the ImageJ v1.52a open-source
software [50] on polished surfaces. Detailed microstructural analyses
were performed on the same samples after etching with Nital 2 reagent
(2 % HNOs3 in ethanol), using both an OM and a Tescan Mira 3 field
emission-scanning electron microscope (FEG-SEM) equipped with
energy-dispersive spectroscopy (EDS). Phase identification was per-
formed using the Pananlytical X’Pert HighScore Plus v. 2.2.0 software
on X-ray diffraction (XRD) patterns acquired using a Cu-Ka source (A =
1.5405 A) in the 20 range from 40° to 100°, with a 0.01° step size and a
3s time per step. The volume content of retained austenite was calcu-
lated from the XRD patterns according to ASTM E975-22.

The surface conditions were characterised in terms of morphology,
roughness, and residual stress. The surface morphology was investigated
using a Hirox RX-100 digital multifocus microscope (OM) and FEG-SEM
with EDS. Roughness profiles were acquired using a stylus contact
profilometer (contact tip radius: 5 pm) according to ISO 21920:2022 on
the (5.2 mm gauge section along the longitudinal axis for the evaluation
of average roughness (R,), total height of the profile (Ry) and maximum
height for section (Rz;). Surface residual stresses (6res) were evaluated
along the longitudinal axis according to EN 15305:2008 using a G.N.R.
StressX X-ray diffractometer equipped with a Cr source (K, = 0.229 nm),
V filter and a 1 mm? collimator, operating at 25 kV and 4 mA. Gyes
measurements were performed according to the sin?y method consid-
ering the (211) ferrite reflection with the following operating condi-
tions: o scanning geometry, y angle scanned between —40° and +40°, 9
acquisition points, 30 s acquisition time per point. No surface prepara-
tion was performed to avoid affecting the surface residual stress field.
Besides surface measurements, in-depth o5 profiles were acquired by
iterating XRD measurements and controlled material removal by
electro-polishing, performed using a Struers MoviPol-5 electrolytic
polisher with Struers A3 electrolyte (4 % perchloric acid HClO4 in
methanol CH3OH and 2-butoxyethanol).

Vickers hardness (HV) indentions were performed using a 30 kg load
and 15 s dwell time on samples extracted from the #12 mm grip ends.

The high-cycle fatigue strength was evaluated by performing fully-
reversed (load ratio R = —1) rotating-bending tests according to ISO
1143:2021 in a four-point configuration, with 107 cycles run-out and
100 Hz frequency. The staircase method (ISO 12107:2012) was followed
to carry out the fatigue tests and to calculate the fatigue strength at the
50 % probability of failure (6 50 %, estimated mean of fatigue strength
distribution) and the corresponding standard deviation (cy). Following
preliminary tests, a stress step of 10 MPa was used for HPHT-MG and
HPHT-N sets and 20 MPa for CHT-MG and HPHT-SP sets. At least 15
specimens were tested for each condition. Fractographic analyses were
performed using OM and FEG-SEM-EDS on all the specimens to

Materials Science & Engineering A 932 (2025) 148237

elucidate the failure mechanisms and to characterise both the killer
defect and the fracture initiation site responsible for fatigue failure in
terms of size (y/area) and position (distance from the external surface).
Run-out specimens were re-tested at a higher stress level up to failure to
allow the identification of the most harmful defect (i.e. the potential
killer defect), which, however, did not induce specimen failure under
the stress cycle applied during the original fatigue test.

3. Results
3.1. Microstructural characterisation

Fig. 4 shows representative OM micrographs of polished, unetched
cross-sections extracted from CHT-MG specimens subjected to CHT
(Fig. 4(a)) and specimens subjected to HPHT (HPHT-MG, HPHT-N, and
HPHT-SP sets, Fig. 4(b)).

HPHT improved density (99.99 + 0.01 %) compared to CHT (99.94

=+ 0.04 %), obtaining near-full density fatigue specimens due to the HIP

step (Fig. 5). However, it is worth noting that some very small defects
were still present in the HPHT specimens. Compared to previous study
[29], oxide-containing LoF defects were not found on the polished
metallographic section, probably due to a better control of process pa-
rameters and feedstock quality by the supplier. Fig. 5 reports the size
distribution of defects detected through image analyses on OM micro-
graphs represented as the number of defects per unit area plotted against

Fig. 5. Defect size distributions evaluated by image analysis on polished
metallographic sections of CHT (CHT-MG) and HPHT (HPHT-MG, HPHT-N,
HPHT-SP) specimens.

Fig. 4. Low magnification OM images acquired on polished and unetched sections of CHT (a) and HPHT (b) samples. Yellow arrows highlight more significant
defects. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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defect size (y/area.). It is evident that HPHT specimens exhibited a
reduced number of defects per unit area (N,) and smaller defect size, as
indicated by the maximum Feret diameter (Dpayx), as well as the 50th
and 90th percentiles of the size distribution (D50 and D90), respectively.

Fig. 6 compares representative optical micrographs of etched speci-
mens subjected to CHT (Fig. 6(a)) and HPHT (Fig. 6(b)) heat treatments.
A tempered martensite microstructure is present in both the heat
treatment conditions, consistent with steel chemistry and heat treatment
cycles. The heat treatment process eliminated any trace of the typical
hierarchical microstructure resulting from the PBF-LB process, as re-
ported [8]. However, while CHT samples exhibited a homogeneous prior
austenite grain (PAG) size, characterised by a Feret diameter between 5
and 10 pm, HPHT ones showed a non-homogeneous PAG size, with
severely coarsened grains, distributed along finer grains, with a Feret
diameter up to 40 pm. Grain coarsening in the HPHT samples can be
attributed to the higher duration of austenitisation (40 min) than in CHT
(20 min) ones. HPHT specimens exhibited a slightly higher hardness
(693 + 5 HV) than CHT ones (674 + 5 HV), probably due to their higher
density and, possibly, to the different austenitising time and cooling
rate.

XRD analyses (Fig. 7) indicated o-ferrite as the main phase and a
negligible content of retained austenite in both CHT and HPHT speci-
mens. Besides a-ferrite, minor diffraction peaks were detected in both
heat treatment conditions, consistent with Cr-rich M3Cg, M7C3 and Mo-
rich MeC alloying carbides.

Fig. 8 shows the microstructure of CHT and HPHT specimens
observed SEM in secondary and backscattered electrons (SE and BSE)
imaging. They are comparable (Fig. 8(a and b)), if not for grain di-
mensions as described before (Fig. 6), and reveal the presence of grey
fine particles dispersed with similar contrast to the surrounding
martensite matrix (Fig. 8(c and d)). From the analyses reported in
Ref. [8], it can be assumed that the fine grey particles probably contain
Cr, given their similar appearance to the surrounding matrix and the
comparable atomic number between Cr and Fe. This would explain the
diffraction peaks of Cr-rich carbides in the XRD patterns (Fig. 7).

The absence of microstructural features typical of PBF-LB compo-
nents derives from the austenitisation phase in both the heat treatment
cycles (CHT and HPHT) which favours the chemical homogenization
and the removal of the alloy segregation and the PBF-LB solidification
structure by alloy diffusion, and recrystallization by nucleation of new
austenite grains with homogeneous composition and equiaxed
morphology. After quenching and subsequent tempering, a homoge-
neous and tempered martensitic structure is obtained, as well as the
transformation of the retained austenite and the uniform precipitation of
secondary carbides uniformly within the matrix (Fig. 8), as described in
more detail in Refs. [8,29].
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Fig. 7. XRD patterns of CHT (in blue) and HPHT (in green) specimens. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

3.2. Effect of surface finishing on surface morphology, roughness and
residual stress

OM images in Fig. 9(a-f) show the surface appearance of machined
and ground (CHT-MG and HPHT-MG),as-received (HPHT-N), and shot-
peened (HPHT-SP) specimens, at different magnifications, while
Fig. 10 compares the Ry, R; and Rz | roughness parameters.

CHT-MG and HPHT-MG sets have a smooth, bright, and regular
surface appearance with the lowest roughness (R, = 0.1-0.2 pm) among
the investigated surface finishing conditions, resulting from machining
and grinding performed at the end of the manufacturing cycle. HPHT-N
set exhibited a dark and matt appearance and the highest roughness (R,
= 9 pm), consistent with the typical irregular topography of PBF-LB
components in the as-built condition [51]. By comparison to HPHT-N,
the HPHT-SP set does not show significant differences in roughness
parameters and surface topography, although surfaces exhibited a
brighter appearance after shot peening. This outcome was deepened by
morphological FEG-SEM analyses.

The surface of HPHT-N specimens exhibited the typical irregular
morphology of PBF-LB parts, with evidence of balling and spattering
phenomena along with numerous partially melted and sintered particles
adhering to the surface, and the extensive surface oxidation that can
occur at high temperatures [52,53] during the austenitisation and HIP
phase (1070 °C) (Fig. 11(a and b)). According to the HIP system
manufacturer [54], surface oxidation is a known issue in HIP process,
despite the use of high-purity Ar as a pressurising medium due to the
potential contamination with Oy, air, and HyO adsorbed on the rough
surfaces of the specimens.

Fig. 6. Microstructure of CHT (a) and HPHT (b) heat-treated specimens. Dotted lines highlight representative grains within the microstructure.
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Fig. 8. Microstructures of samples subjected to CHT (a,c) and HPHT (b,d) heat treatments, observed using SEM in BSE (a,b) and SE (c,d) mode. In (d) a detail of an

oxide inclusion (EDS analysis is reported).

The analyses on HPHT-SP specimens (Fig. 12), on the other hand,
clearly showed the effect of shot peening performed after HPHT: the
surface featured a pit-like morphology, resulting from the impact of
peening media, with no partially melted or sintered particles adhering to
the surface, nor any widespread oxidation.

Surface residual stress of the CHT-MG, HPHT-MG, HPHT-N, and
HPHT-SP sets are compared in Fig. 13(a). CHT-MG and HPHT-MG
specimens exhibited comparable compressive surface residual stress
(—600 MPa, equal to 35 % of the yield strength (YS) reported in previous
work [29]), resulting from machining and grinding. HPHT-N specimens,
exhibited a near negligible compressive surface residual stress (—70
MPa, equal to 4 % of the YS). HPHT-SP specimens featured the highest
compressive surface residual stress (—690 MPa, equal to 40 % of the YS),
slightly above CHT-MG and HPHT-MG specimens. Despite the compa-
rable surface residual stress values, machined and ground (CHT-MG and
HPHT-MG sets) and shot peened (HPHT-SP) specimens featured
different in-depth residual stress profiles, as reported in Fig. 13(b). In
CHT-MG and HPHT-MG specimens, residual stresses due to machining

and grinding were the highest at the surface and rapidly decreased
beneath it. On the contrary, shot-peened specimens showed the most
elevated compressive residual stress (—1000 MPa, equal to 58 % of the
YS) at a depth of 30 pm, gradually decreasing in magnitude at higher
depths. HPHT-N specimens did not show a clear residual stress profile
underneath the surface.

3.3. Fatigue strength and fracture surfaces

Fig. 14 summarizes the results of fatigue tests, in terms of mean value
Ge 50 % and standard deviation oy of the fatigue strength distribution. As
can be noted, the fatigue strength varied significantly among the
different sets, ranging from a minimum of 243 + 23 MPa (Ge50 %
roughly equal to 11 % of the ultimate tensile strength UTS (Table 3)) for
HPHT-N to a maximum value of 767 & 10 MPa (e 50 9 roughly equal to
34 % of UTS (Table 3)) for HPHT-MG.

The remaining sets, CHT-MG and HPHT-SP, exhibited comparable
fatigue strength values ranging between HPHT-N and HPHT-MG, with
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Fig. 9. OM images of the gauge length (a,c,e) and detail of the surface appearance (b,d,f) of the machined and ground (CHT-MG and HPHT-MG), as-received (HPHT-

N) and shot-peened (HPHT-SP) specimens.

Fig. 10. Comparison of surface profiles between (i) machined and ground (CHT-MG and HPHT-MG), (ii) as-received (HPHT-N) and (iii) shot-peened (HPHT-SP)

specimens (a), and calculated R,, R and Rz roughness parameters (b).

values of 457 + 19 MPa and 403 + 19 MPa, respectively, despite the
different heat treatment and surface finishing conditions. Under all
investigated conditions, the PBF-LB Bohler AMPO W360 exhibited lower
fatigue strength compared to its conventionally manufactured counter-
part (992 + 74 MPa, corresponding to 43 % of UTS, as reported in
Ref. [1]) (Fig. 14). In order to explain the different fatigue behaviour
among the investigated conditions, fracture surfaces of failed specimens
were analysed to identify the killer defects, from which the fatigue
failure initiated.

Fig. 15 shows representative fracture surfaces of CHT-MG specimens,
where all fatigue failures initiated at large LoF defects (killer defects)
located on the specimen surface or just beneath it. Killer LoF defects had

a size (y/area) (measured via image analyses on fracture surfaces)
ranging from 79 to 149 pm, with mean and standard deviation of 99 +
15 pm. The fracture morphology was significantly affected by the po-
sition of the killer defect [31]: (i) for superficial crack-initiation sites, no
fish-eye or rough areas were observed (Fig. 15(a,b,c)); (ii) for
sub-surface crack-initiation sites, fish-eye patterns and rough areas
similar to those in conventionally manufactured tool steel [1] were
present (Fig. 15(e,f,g)). In both cases, a stable fatigue crack-propagation
zone and a final fast overload fracture were observed. If the fatigue
failure started from a surface defect, the fatigue cyclic propagation
started directly at the defect border (Fig. 15(d)). Conversely, in the
presence of fish-eye morphology of the crack initiation site, the
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Fig. 11. SEM-EDS images analysis highlighting the surface oxidation (Fe oxides eventually containing Cr, Si, Mn, Mo, and V) (a), and detail of the surface
morphology of HPHT-N specimens (b). De-powdering is not effective in removing the partially melted particles.

Fig. 12. SEM images of the surface morphology of HPHT-SP specimens (a) and SEM-EDS analysis highlighting the surface oxidation (b). Oxides are observed only at

the bottom of the surface profile valleys, hard to be reached by peening media.

propagation started at the rough-area border (Fig. 15(h)).

Fig. 16 shows representative fracture surfaces of HPHT-MG speci-
mens, which exhibit a fracture surface morphology comparable to that
of CHT-MG ones. However, the HPHT-MG specimens are characterised
by a considerably smaller region of stable crack propagation and a larger
region of overload fracture (propagation area - total area ratio equal to
7-11 %). This morphology is likely attributable to the higher stress
amplitude applied during fatigue tests due to their higher fatigue
strength (Fig. 14). Moreover, while CHT-MG specimens failed from large
LoF defects, HPHT-MG specimens did not exhibit any evidence of LoF
defects, further supporting the effectiveness of the HIP treatment in
closing internal defects. All specimens were characterised by a crack

initiation morphology with no apparent killer defect (Fig. 16), but with a
nearly circular region of granular morphology similar to the rough area
and with a \/area size between 27 and 52 pm, with an average value of
42 £ 10 pm, significantly smaller than the killer LoF defects identified in
CHT-MG specimens.

In HPHT-MG specimens, SEM-EDS analyses (Fig. 16(c)) showed a
significantly lower content of Cr, Mo and V in the granular region at the
centre of the fish-eye zone compared to the surrounding bulk material
and to the steel nominal composition. Therefore, despite the absence of
an evident defect, granular regions at the crack initiation site of HPHT-
MG specimens appeared as chemical inhomogeneities or alloy-depleted
zones. Only one specimen, shown in Fig. 16(d,e,f), exhibited a small
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Fig. 13. Surface residual stress (a) and in-depth residual stress profiles (b) measured on CHT-MG, HPHT-MG, HPHT-N, and HPHT-SP specimens. Negative values

indicate compressive residual stress.
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Fig. 14. Comparison of 107 cycles fatigue strength at the 50 % failure proba-
bility (oe,50 %) among the investigated heat treatment and surface finishing
conditions. T-bars represent the standard deviation. The fatigue strength of the
conventionally manufactured steel (Bohler W360 Isobloc) investigated in
Ref. [1], heat treated to achieve a hardness of 648-676 HV and tested in the
same fatigue conditions of CHT-MG and HPHT-MG sets is reported for com-
parison as dotted line (e 50 o), coloured range (standard deviation).

Table 3

Summary of hardness and tensile properties for machined tensile specimens
subjected to CHT and HPHT treatments, as reported and discussed in Ref. [29]
by the Authors.

HV YS [MPa] UTS [MPa] A% [%] Z% [%]
CHT 665 + 5 1719 £ 15 2280 £ 3 3.4+05 6.9 + 0.4
HPHT 671 £ 2 1739 £ 9 2265 + 20 1.5+0.2 3.6 £0.0

non-metallic inclusion (mainly composed of O, Si and Ca with minor
amounts of Al and Mg) at the crack initiation site, as observed also in the
conventionally manufactured Bohler W360 Isobloc reported in Ref. [1].

Considering HPHT-N condition, all specimens exhibited a fracture
surface characterised by the largest stable propagation region and the
smallest overload fracture (propagation area - total area ratio equal to
58-65 %) due to the lowest stress applied during fatigue tests. The HIP
step of HPHT closed the LoF defects, as also occurred in the HPHT-MG
condition. However, unlike the HPHT-MG condition, no fish-eye nor
rough area morphology was observed in HPHT-N condition and crack
initiated at large superficial defects associated with the irregular surface
featuring high roughness resulting from the PBF-LB process (Fig. 17). In
particular, Fig. 17(c) shows the typical surface defect, acting as a
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geometric notch, from which fatigue crack nucleation has occurred.
Killer defects in HPHT-N specimens exhibited a /area size in the range
of 250-309 pm, with mean and standard deviation of 267 + 21 pm.

In contrast, in HPHT-SP specimens, two types of fracture morphol-
ogies were observed (Fig. 18): (i) comparable fracture morphology with
HPHT-N specimens, characterised by crack initiation from large surface
defects related to the high roughness (Fig. 18(a,b,c)), (ii) near-surface
crack initiation at surface-connected LoF defects, with also the pres-
ence of a fish-eye (Fig. 18(d,e,f)). As already evidenced, the HIP treat-
ment effectively sealed the internal defects, but as expected it had no
effect on surface-connected LoF. The propagation area - total area ratio
of the HPHT-SP condition was equal to 31-39 %, comparable to CHT-
MG condition (29-39 %), with which it shares similar test loads and
fatigue resistance.

In all fatigue specimens (CHT-MG, HPHT-MG, HPHT-N, HPHT-SP
sets), the final overload fracture zone exhibited a mixed ductile-brittle
fracture morphology, characterized by both dimples and cleavage fac-
ets. This fracture morphology is indicative of high crack propagation
speed and closely resembles the fracture morphology observed in tensile
specimens, as extensively described in previous studies [8,29].

4. Discussion

4.1. Effect of defects, heat treatment and surface finishing on fatigue
behaviour

Based on the experimental results, it appears that the different
combinations of heat treatment and surface finishing conditions resulted
in significantly different fatigue strengths. The comparison between
CHT-MG and HPHT-MG conditions, subjected to different heat treat-
ments but the same surface finishing (machining and grinding) in order
to exclude any possible effect of surface roughness or a different surface
finishing, indicated that HPHT-MG specimens exhibited a fatigue
strength 68 % higher than CHT-MG ones. This outcome indicates the
significant influence of heat treatment on the fatigue strength of PBF-LB
manufactured Bohler AMPO W360 steel, in particular of the HIP step
included in HPHT, which affected the size and content of defects
induced by the PBF-LB process. On the opposite, the comparison be-
tween HPHT-N, HPHT-MG and HPHT-SP conditions, characterized by
different surface finishing but the same heat treatment, enables to
quantify the effect of surface finishing by excluding the effect of
different heat treatments or defects content.

While HPHT-MG specimens exhibited the overall highest fatigue
strength, HPHT-N ones exhibited the lowest strength due to the high
surface roughness, which promoted surface crack initiation and thus
invalidating the beneficial effect of the HIP step of HPHT. All tested
conditions showed a fatigue strength lower than the conventional
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Fig. 15. Low magnification (a,b,e,f) and high magnification (c,d,g,h) micrographs of representative fracture surfaces in CHT-MG specimens (CHT, machining and
grinding) showing the two observed failure mechanisms: fatigue failure starting from a superficial LoF (a,b,c,d); fatigue failure starting from a sub-superficial LoF
with formation of fish eye morphology (e,f,g,h).
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Fig. 16. Low magnification (a,b,d,e) and high magnification (c,f) micrographs showing fracture surfaces in HPHT-MG specimens (HPHT, machining and grinding)
and relative SEM-EDS analyses. Representative failure mechanism observed in the majority of samples with no clear defect at the crack initiation site (a,b,c); sample
in which failure started from a non-metallic inclusion (d,e,f).
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Fig. 17. Low magnification (a,b) and high magnification (c) images showing representative fracture surfaces of HPHT-N specimens (HPHT, no surface finishing) in

which failures originated from large surface defects.

Fig. 18. Low magnification (a,b,d,e) and high magnification (c,f) micrographs of representative fracture surfaces in HPHT-SP specimens (HPHT and shot peening on
as-received surfaces) showing the two observed failure mechanisms: crack initiated from large surface defects (a,b,c); crack initiated in correspondence of surface-

connected LoF defects, with also the presence of a fish-eye (d,e,f).

counterpart Bohler W360 Isobloc investigated in Ref. [1], which showed
a fatigue strength of 992 + 74 MPa (heat treated to a hardness of
648-676 HV and tested with similar surface conditions to the CHT-MG
and HPHT-MG samples), +29 % higher compared to the best PBF-LB
condition (HPHT-MG) investigated in the present work.

For each specimen, both failed and re-tested after run-out, the stress
range Ac and stress intensity factor range AK at the killer defect at the
crack initiation site were calculated through Eq. (1) and Eq. (2),
respectively. In the evaluation, the combined effect of defect size, po-
sition, and rotating-bending stress distribution was considered.

(€Y

AGC = Omax — Omin = 204

13

AK=C e Ac e \/ m\/area

Where, in Eq. (1) opax is the maximum stress, 6, the minimum
stress, 6, the stress amplitude and in Eq. (2) \/area is the projected defect
size and C is a coefficient representative of defect position (0.5 for in-
ternal defects, 0.65 for surface ones) [31].

Fig. 19 compares the size (y/area), stress range Ao, and stress in-
tensity factor range AK of killer defects at the crack initiation sites
among the various sets of fatigue specimens investigated in this study,
along with the conventionally manufactured Bohler W360 Isobloc
investigated by the Authors in a previous work [1]. As described above,
the following populations of killer defects were observed at the crack

(2)
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Fig. 19. Comparison of \/area, Ac and AK at killer defects at the crack initiation site in the investigated conditions (CHT-MG, HPHT-MG, HPHT-N, HPHT-SP sets) and

in conventional Bohler W360 Isobloc [1].

initiation site: (i) LoF defects (CHT-MG and HPHT-SP sets), (ii) surface
roughness-related defects (HPHT-N and HPHT-SP sets), (iii)
alloy-depleted zones (HPHT-MG set), and (iv) non-metallic inclusions
(HPHT-MG set and Bohler W360 Isobloc [1]).

Killer defects, responsible for fatigue failures in various conditions,
were characterized by significantly different sizes, stress ranges, and
stress intensity factor ranges. High-cycle fatigue failure occurs when the
AK at the most harmful defect exceeds the fatigue threshold (AKy,) [31].
The AKy, is not an intrinsic property of the material but varies with the
crack/defect size, leading to the short crack/long crack regimes
modelled by El-Haddad. Among all existing defects, the most harmful
ones are characterized by the highest stress intensity factor range AK
under a given cyclic stress. According to Eq. (2), the harmfulness of a
defect depends on its size, position, and applied stress, which is addi-
tionally affected by the defect position according to the stress distribu-
tion. Therefore, different distribution and types of defects may
contribute differently to fatigue behaviour.

The comparison between machined specimens (CHT-MG and HPHT-
MG), characterised by the same surface finishing but subjected to a
different post-process heat treatment, provides significant informations.
LoF defects resulting from the PBF-LB process acted as killer defects in
all CHT-MG specimens, as also reported in the literature [16,44,45]. The
critical role of LoF defects over other defects resulting from the PBF-LB
process (gas and key-hole pores) is likely due to their irregular shape and
large size, especially on a plane perpendicular to the vertical building
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direction, which corresponds to the plane of maximum stress for speci-
mens built in vertical orientation. As shown in Fig. 19, the HPHT-MG
specimens had the smallest killer defects and hence the highest fatigue
strength and stress range Ao at the crack initiation site, but the lowest
stress intensity factor AK. With the only exception of a specimen that
failed from a non-metallic inclusion, all HPHT-MG specimens failed
from small areas, hereafter referred to as alloy-depleted zones, with a
reduced alloy content (Cr, Mo, V) compared to the bulk and nominal
composition. It is proposed that these regions had a reduced harden-
ability due to the lower alloy content, thus a reduced hardness and
strength after heat treatment compared to the surrounding microstruc-
ture. Therefore, they potentially acted as soft spots for preferential fa-
tigue crack nucleation. A similar mechanism is described in Ref. [55] for
subsurface non-defect crack initiations in martensitic-ferritic and
martensitic-austenitic dual-phase steels. Murakami described the
sub-surface fatigue crack initiation from small bainitic regions in
high-strength ultraclean bearing steels [41]. In these conditions, crack
initiation occurs in the softer phase due to the preferential formation of
slip bands associated with its lower strength.

Concerning the nature and formation of alloy-depleted zones at the
crack initiation site of HPHT-MG specimens, they may originate from
previous LoF defects, closed by the HIP step of HPHT heat treatment, or
chemical inhomogeneities resulting from the PBF-LB process that were
not effectively homogenised by the post-process heat treatment. If the
second hypothesis is correct, one would expect that alloy-depleted zones
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would also be present in the CHT-MG fatigue specimens, probably
competing with the LoFs as crack initiation sites, although the LoF de-
fects are expected to have a controlling effect on the fatigue behavior
due to their larger size. Therefore, in the present activity, it was not
possible to confirm the presence of a different microstructure or me-
chanical strength and hardness of the alloy-depleted zones due to their
fine size (<50 pm).

Since the PBF-LB process was performed under an Ar protective at-
mosphere, gas pores are expected to contain inert Ar gas. Several works
[56-59] investigated the behaviour during HIP of Ar-filled pores,
concluding that: (i) Ar-filled pores cannot be effectively eliminated since
Ar dissolution and diffusion through the metal lattice is extremely
difficult, (ii) the internal Ar pressure increases following the ideal gas
law as the pore volume reduces, and (iii) the final pore volume and
internal pressure are determined by the applied HIP pressure and tem-
perature. Following the model proposed in Refs. [56-59], assuming no
Ar solubility and diffusion in the iron lattice and the validity of ideal gas
law, the performed HIP + austenitising step at 200 MPa and 1070 °C was
predicted to cause a final volume of Ar-filled gas pores in the order of
~10* times the initial one and pressure of the contained Ar ~45 MPa.
However, further investigation is needed to evaluate the potential effect
of reopening small pores containing Ar at high pressure under loading
conditions that may affect the fatigue performance of the material.

The presence of surface LoF defects at the crack initiation site in
some HPHT-SP specimens indicates that HIP cannot eliminate them
since the Ar gas also penetrates the defect and impinges on its internal
surfaces, preventing its closure and elimination. The penetration of Ar
inside surface defects is also indicated by the island-shaped oxidation
morphology observed on the surfaces of killer LoF defects in HPHT-SP
specimens (Fig. 18(f)), consistent with the morphology of external sur-
faces of HPHT-N specimens (Fig. 11) and attributed to oxidation during
the austenitising step of the HPHT. The lack of a machining step after
HPHT caused the persistence of surface LoF defects, not removed by
HPHT, in the final part. It follows that surface LoF defects originating
during PBF-LB are extremely harmful even if a HIP treatment is per-
formed if a sufficient depth of material is not removed via machining
after HIP treatment.

The comparison between different surface finishing applied to
specimens subjected to the same post-process heat treatment (HPHT-
MG, HPHT-N, and HPHT-SP) highlights the competition between sur-
face defects and process-related defects, such as LoF, to act as killer
defects during fatigue testing. Machining of specimens (HPHT-MG) led
to the reduction of surface roughness and to the elimination of surface-
connected defects, that cannot be closed by HIP as previously described.
On the contrary, the same features remained on the surface of the HPHT-
N and HPHT-SP specimens and competed as killers during the fatigue
tests. As evidenced by Fig. 19, HPHT-N specimens had the largest killer
defects, resulting in the lowest fatigue strength. Although surface-
connected LoF defects are to be present in HPHT-N, fatigue failures
were dominated by roughness-related surface defects due to their larger
size, which in turn caused the lowest fatigue strength among all the
investigated conditions. Killer defects in HPHT-N specimens were sub-
jected to the lowest Ac and an intermediate AK due to the combination
of applied stress and defect size. Compared to HPHT-N, killer surface
defects in HPHT-SP were smaller in size (comparable to LoF defects) but
had a higher AK, resulting in increased fatigue strength. The smaller size
of the surface defects responsible for fatigue failures can be attributed to
the additional shot peening step, which was not performed on HPHT-N
specimens. This step modified the surface morphology, as shown in
Figs. 9 and 10, although these changes are not clearly appreciable from
the surface profiles and related roughness parameters. The slightly
higher AK at killer defects might indicate a higher fatigue threshold
AKyp, possibly resulting from the compressive residual stress oyes intro-
duced in surface and sub-surface positions by shot peening, as described
in the experimental results.

Instead, the conventionally produced Bohler W360 Isobloc [1] had
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the smallest killer defects, resulting in the highest fatigue strength and
Ao at the crack initiation site, but the lowest AK. While there was a clear
distinction between the various sets in terms of fatigue strength, killer
defect size and stress range, with an inverse qualitative relationship
between size and stress range/fatigue strength, the stress intensity factor
range showed limited variations the considered conditions, with only
slightly higher and lower values for HPHT-SP and HPHT-MG sets,
respectively. Instead, non-metallic inclusions at the crack initiation site
in Bohler W360 Isobloc were subjected to a significantly lower AK with
respect to PBF-LB specimens, despite the higher Ac and fatigue strength.

4.2. Kitagawa-Takahashi diagram and El-Haddad model

Following previous studied on the fatigue strength of additively
manufactured alloys [60], Kitagawa-Takahashi (KT) diagrams were
constructed by plotting the applied stress amplitude (Ac) and the stress
intensity factor range (AK) as a function of the size (y/area) of the most
detrimental defect for both failed and run-out specimens (re-tested at
higher loads up to failure) (Fig. 20). These diagrams were used to
develop a phenomenological model describing the interrelation between
defect size and high-cycle fatigue strength for the investigated hot-work
tool steel. The data related to the conventionally manufactured Bohler
W360 Isobloc [1] was also included in Fig. 20.

In Fig. 20(a), (v/area; Ac) points are arranged in a relatively narrow
band describing an inverse relationship between defect size and fatigue
strength, despite the different killer defect populations discussed pre-
viously. In contrast, in Fig. 18(b) the (y/area; AK) points indicate direct
proportionality between defect size and AK, despite the higher scatter.
Additionally, it was possible to fit the (/area; Ac) and (y/area; AK)
bands through the El-Haddad model [42,61,62]. The threshold curves,
which separate the “failure” (above the curves) and “no failure” (below
the curves) regions, represent the relationships between high-cycle fa-
tigue strength (in terms of threshold stress range (Aocy,)), fatigue
threshold (AKy,), and crack length/defect size /area, as described by
Equations (3)-(5):

\/area,

Acth (\/ area) = Acth,o m (3)
vV 0
yarea
AKg (Varea) = AK e Tt e 4
V vV 0
1, ( AKau \*
aredo = T y (Y . AGm.o) ®)

where 6,0 represents the intrinsic endurance limit of the material
(threshold stress range in the absence of defects or when defects have a
negligible effect), AKy, 1 represents the long cracks fatigue threshold,
and ,/area, is a fictious parameters proportional to the transition size
between short and long cracks, obtained by the best-fitting of experi-
mental data. It is quite interesting that, despite the different
manufacturing route, all experimental data could be fitted by a unique
El-Haddad model, leading to a master curve for the W360 steel. The
resulting bet-fit parameters of El-Haddad model are: Aoy, o = 2200 MPa,
AKiplc = 11.5 MPa mo.s, y/areay = 20 pm. Therefore, for the hot-work
tool steel considered, the relationship between defect size, fatigue
strength and threshold are given by the following equations (Egs. (6)
and (7)):
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Fig. 20. Kitagawa-Takahashi diagrams. Points referring to failed specimens were indicated as “X”, while points for run-out specimens as “O”. Killer defects in run-out
specimens were characterised after re-testing at higher stress levels up to failure.

Eq.s (6) and (7) represent the master curves of fatigue strength and
threshold vs defect size for Bohler W360 hot-work tool steel (both ESR
and PBF-LB produced) heat treated to have hardness in the range
650-700 HV and valid for a defect size between 10 and 3¢10% pm,
despite the different killer defect populations (non-metallic inclusions,
LoF defects, surface defects and alloy depleted zones) resulting from
different combinations of the manufacturing process, heat treatment,
and surface finishing.

It is worth noting that the best-fit parameter Acy, o, which represents
the intrinsic fatigue strength (stress range) in the absence of defects, is in
agreement with the fatigue limit predicted by Garwood et al. [63]
through Eq. 8

6mo=1.6 HV + 0.1 HV ®)
where oy, g represents the fatigue limit in terms of the stress amplitude
considering a hardness of 650-700 HV (o, 0 = 1040-1120 MPa, hence
Aoy, = 2080-2240 MPa). Usually, Eq. (8) is considered valid for low-
strength steels having HV < 400. In the case of high-strength steels
with higher hardness, as in the present work, Eq. (8) can provide a rough
estimate of the intrinsic fatigue strength in the absence of defects. The
size of the transition from short to long crack, calculated as 10 e ,/area,
is of the order of 200 pm. Therefore, all killer defect populations can be
considered to act as short cracks, with the sole exception of surface
roughness related defects at the crack initiation size of HPHT-N speci-
mens, which have a size in the range of long cracks for the steel inves-
tigated. A comparison to the Murakami’s \/area model (Eq.s (9)-(11))
defined by parameters C1 and C2, depending on the defect position, as
summarised Table 4 was also performed, also reported in Fig. 20. This
model is valid for different materials (including steels, cast irons,
aluminium alloys) with Vickers hardness in the range 70-720 HV and
yarea < 1000 pm. However, from Fig. 20 is quite evident that the El-
Haddad model gave a better estimate of the fatigue strength and
threshold over the whole range of defect size considered (y/area =
10-3102 pm).

Table 4
Summary of C, C1 and C2 parameters for surface and internal defects in the

v/area model.

C C1 c2
Surface defect 0.65 331072 1.43
Internal defect 0.5 2.77 ¢1073 1.56
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where a = 0.226 + HV ¢ 10~ (11)

Specifically, the El-Haddad model proved to be sufficiently accurate
for all the manufacturing process conditions, heat treatment, and surface
finishes investigated. Conversely, the Murakami model provided good
accuracy, particularly for the conventional Bohler W360 Isobloc, the
HPHT-MG specimens, and a part of the CHT-MG and HPHT-SP speci-
mens. However, it overestimated the fatigue strength and threshold for
HPHT-N specimens that failed from surface defects of the largest size.
The Murakami model is generally valid for small defects acting as short
cracks; due to their large size, together with the small transition size
between short and long cracks for Bohler W360, the surface defects in
the HPHT-N condition behaved as long cracks, outside the validity of the
Murakami model.

5. Conclusions

In this work the effect of different combinations of post-process heat
treatment and surface finishing on the high-cycle fatigue strength of
Bohler AMPO W360 hot-work tool steel produced via PBF-LB was
investigated. In particular, a conventional quenching and multiple
tempering heat treatment (CHT) and an innovative high pressure heat
treatment (HPHT), integrating hot isostatic pressure (HIP) followed by
quenching and tempering (QT) were evaluated. With respect to surface
finishing, fatigue specimens were tested on: i) as-received surfaces (de-
powdering after the PBF-LB process), (ii) shot peened, and (iii)
machined conditions. The effect of heat treatment and surface finishing
was also evaluated by microstructural analysis, density, hardness, sur-
face roughness and residual stress measurements. From the characteri-
sation of killer defects through fractographic analyses, a model
describing the relationship between the high-cycle fatigue strength and
defect size was developed by applying the El-Haddad model. The
following conclusions can be drawn.

e Compared to the conventional CHT, the HPHT resulted in a higher
density, related to a lower defect content and size, but induced grain
coarsening. Internal LoF defects in fatigue specimens were effec-
tively removed by HPHT.
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e In machined and ground fatigue specimens, characterized by the
lowest roughness and a comparable compressive superficial stress
state, the innovative HPHT led to a great fatigue strength improve-
ment, from 457 4+ 19 MPa in CHT-MG set to 767 4 10 MPa in HPHT-
MG set (+68 %). In CHT-MG specimens, fatigue failures initiated
from large LoF defects resulting from the PBF-LB process. In the
HPHT-MG set, failures were originated from small regions charac-
terised by reduced alloy content, and alloy-depleted zones, which
acted as soft spots for the preferential nucleation of fatigue cracks
due to a locally reduced hardenability. HPHT-MG condition led to
the highest fatigue strength

e In specimens heat treated with innovative high pressure heat treat-
ment, the different surface finishing led to a different fatigue
behaviour. HPHT-N specimens exhibited the lowest fatigue strength
(243 + 23 MPa) due to the detrimental effect of large surface defects,
related to the high roughness, acting as killer defects, combined with
a negligible compressive stress state. Shot peening (HPHT-SP) had a
negligible effect on surface roughness but succeeded in inducing the
highest compressive residual stress. Therefore, it improved the fa-
tigue strength up to 403 + 19 MPa, with fatigue failures initiated at
surface defects or surface LoF defects, which cannot be removed by
HPHT.
Despite the different manufacturing cycles, a unique master curve
representing the relationship between defect size and fatigue
strength was obtained through the Kitagawa-Takahashi diagram and
the El-Haddad model based on the experimental data. The model was
able to provide a high prediction accuracy, especially for the largest
defects.

In conclusion, PBF-LB production of hot work tool steels for fatigue-
resistant components is still challenging today. Special precautions
(rigorous process control and optimization), along with post-process
heat treatments and surface finishing procedures, are required to mini-
mise the number and size of defects and the sensitivity of fatigue
strength to defects, and further analyses will be carried out to identify
possible solution for using hot work tool steels for fatigue-resistant
components.
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