W) Check for updates

Received: 10 January 2023 Revised: 30 March 2023 Accepted: 9 April 2023

DOI: 10.1111/ffe.14025

. Fatigue & Frudure_of
ORIGINAL ARTICLE rdi #m Engineering Materials & Structures Wl LEY

Effect of heat treatment and defects on the tensile behavior
of a hot work tool steel manufactured by laser powder bed
fusion

Mattia Zanni' © | Filippo Berto>*© | Per Erik Vullum*® |
Lavinia Tonelli'® | Alessandro Morri'©® | Lorella Ceschini’

'Department of Industrial Engineering

(DIN), Alma Mater Studiorum University Abstract
of Bologna, Bologna, Italy Microstructure and tensile properties of a hot work tool steel manufactured via
*Department of Mechanical and Industrial laser powder bed fusion (LPBF) were investigated. Specimens were built under

Engineering, Norwegian University of

Science and Technology (NTNU), two different orientations and subjected to two quenching and tempering heat

Trondheim, Norway treatments, featuring different austenitizing and tempering temperatures and the
*Department of Chemical Engineering eventual presence of a sub-zero step. Microstructural analyses revealed a homoge-
Materials Environment, Sapienza neous tempered martensite structure after both heat treatments, with the only

University of Rome, Rome, Italy

“ . distinction of a higher alloying segregation at a sub micrometric scale length in
SINTEF Industry, Trondheim, Norway

samples subjected to the highest tempering temperatures. Hardness and tensile

Correspondence tests indicated a negligible effect of building orientation on mechanical properties,
Mattia Zanni, Department of Industrial
Engineering (DIN), Alma Mater

Studiorum University of Bologna, Viale the lower tempering temperatures and the sub-zero step resulted in higher hard-

but a significant influence of heat treatment parameters. The treatment featuring

Risorgimento 4, Bologna 40136, Italy. ness, tensile strength, and elongation, attributed to a lower martensite tempering

Email: mattia.zanni2@unibo.it . . . . AT
and alloying segregation. Tensile fracture occurred via crack initiation and unsta-

Funding information ble propagation from large LPBF defects in all the investigated conditions.
This research did not receive any specific
grant from funding agencies in the public, KEYWORDS

commercial, or not-for-profit sectors. defects, heat treatment, laser powder bed fusion, mechanical properties, tool steel

Highlights

« Microstructure and tensile properties of a tool steel produced via LPBF were
studied.

« Tensile failure was initiated from large defects due to the LPBF process.

« No effect of building orientation on microstructure and tensile properties
was observed.

« The treatment with the lowest tempering temperatures induced the highest

properties.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2023 The Authors. Fatigue & Fracture of Engineering Materials & Structures published by John Wiley & Sons Ltd.

Fatigue Fract Eng Mater Struct. 2023;46:2681-2696. wileyonlinelibrary.com/journal/ffe 2681


https://orcid.org/0000-0002-3992-0037
https://orcid.org/0000-0001-9676-9970
https://orcid.org/0000-0001-7968-4879
https://orcid.org/0000-0002-6014-2233
https://orcid.org/0000-0002-7062-2951
https://orcid.org/0000-0003-2358-1306
mailto:mattia.zanni2@unibo.it
https://doi.org/10.1111/ffe.14025
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/ffe
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fffe.14025&domain=pdf&date_stamp=2023-04-23

ZANNI ET AL.

2682 | g I Fatigue & Fracture of
Wl LEY d d ‘ ‘ Engineering Materials & Structures

1 | INTRODUCTION

Tool steels are specifically designed for manufacturing
equipment and thus possess high hardness and strength to
avoid deformation, scratching, and indenting during ser-
vice operations.”* Their high hardness is achieved through
an optimal combination of chemical composition and heat
treatment, generally composed of austenitizing, quench-
ing, and (multiple) tempering, which results in a tempered
martensite microstructure often also containing alloying
carbides. A sub-zero step can be added to the standard
heat treatment procedure to reduce or eliminate the
retained austenite, thus enhancing hardness, dimensional
stability, and wear resistance.>® In case of hot work tool
steels (such as AISI H11 and H13), designed for equip-
ment operating at high temperature, Cr, Mo, V, and W are
generally alloyed beside C to improve the tempering resis-
tance and promote the precipitation of fine tempering car-
bides with high hardness and good stability at the
operating temperatures.>”'® To ensure adequate service
life, tool steels must possess high fatigue strength and
duration, conferred also by an outstanding cleanliness and
microstructural homogeneity. Hence, they are generally
produced via special processes such as electro-slag remelt-
ing (ESR), vacuum-arc remelting, or powder metallurgy
(PM). Due to these characteristics, tool steels are also suit-
able for the manufacturing of critical mechanical compo-
nents requiring high tensile and fatigue strength, stiffness,
hardness, and wear resistance, such as engine camshaft
and crankshaft, in replacement of nitriding steels."

Laser powder bed fusion (LPBF) is an additive
manufacturing (AM) process that enables the direct
manufacturing of complex near-net-shape components
by selectively melting thin layers of metal powder using a
laser beam as focused heat source, thus ensuring high
design freedom.'*”'®> The combination of design freedom
ensured by LPBF, and high mechanical strength of tool
steels could potentially be exploited to manufacture com-
ponents with optimized geometry, high strength and low
weight, enabling lightweight design. Although LPBF is
one of the most investigated and appealing AM technolo-
gies for several engineering fields, such as automotive,
aerospace and biomedical, the number of metals and
alloys feasible via LPBF is still quite limited. Among
steels, the LPBF process is, to date, mainly performed on
alloys with low carbon content, such as maraging, aus-
tenitic, and precipitation-hardening stainless steels. On
the contrary, the processing of steels with medium-to-
high carbon content, such as tool steels, is still challeng-
ing since C promotes martensite formation upon rapid
cooling with the consequent risk of cracking, residual
stress formation and distortions.'®™'® Several literature
works®**” reported the beneficial effect of using a pre-

heated building plate, which dramatically reduces cracks
and residual stress formation. In particular, the greatest
benefit occurs at pre-heating temperatures above the
martensite start temperature Mg, which prevent the in-
process formation of martensite (around 300°C for AISI
H11 and H13). LPBF also enables the possibility to
develop and produce innovative composite materials by
incorporating micrometric or nanometric ceramic parti-
cles into a tool steel matrix, in order to further improve
their hardness, elastic modulus, and wear resistance. Lit-
erature works demonstrated the LPBF feasibility of AISI
H13 hot work tool steel reinforced with TiC, TiB,, or par-
tially stabilized zirconia, mechanically alloyed to AISI
H13 feedstock powder by high energy ball milling,
describing the effect of ceramic particles on the resulting
microstructure, density, and hardness.?®*°

The second major issue is related to the microstruc-
tural features resulting from the LPBF process. As a gen-
eral rule, hot work tool steels manufactured by LPBF
exhibit, in the as-built condition, the typical hierarchical
structure of most metallic LPBF parts composed of melt
pool/scan track borders, columnar grains, and a fine cel-
lular/dendritic solidification sub-structure featuring seg-
regation of C and other alloying elements at cell
boundaries, resulting from the high thermal gradient and
cooling rate.'®**3'"** Depending on the platform pre-
heating temperature, the as-built microstructure can be
mainly martensitic or bainitic, with the eventual pres-
ence of retained austenite at cell boundaries due to C
enrichment, which locally lowers the Mg temperature,
stabilizing austenite at room temperature. Moreover, the
LPBF process generally results in the formation of pecu-
liar defects, such as lack of fusion defects (hereafter indi-
cated as LoF) and gas pores, which reduce density and,
most importantly, severely affect the resulting mechani-
cal properties.***> Several authors®”**2°*° reported the
great effect of LPBF defects, in particular lack of fusion
defects, on the mechanical properties of additively manu-
factured tool steels, especially on fatigue properties. Fon-
seca et al®' reported that the choice of process parameters
(such as laser power, scan speed, hatch distance, etc.) has
little or no influence on the as-built microstructure of hot
work tool steels but strongly affects the formation of
defects. Hence, the LPBF process of hot work tool steels
must be optimized aiming to minimize the content and
size of LPBF defects, harmful for the mechanical behav-
ior. Considering post-process heat treatments, previous
literature works proved the possibility of obtaining high
hardness and tensile strength by simply performing a
direct tempering treatment after LPBF.***>>7*"*3 How-
ever, in view of its features, the as-built microstructure of
LPBF parts is typically non-homogeneous. If more uni-
form characteristics are desired, a conventional heat
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treatment composed of austenitizing, quenching, and
(multiple) tempering, must be performed. Even so, gas
pores and lack of fusion defects resulting from the LPBF
process are still present; hence, their impact on the
mechanical properties must be evaluated to assess the
feasibility of hot work tool steels for the production of
mechanical components by LPBF.

The aim of the present work is to investigate the effect
of defects and heat treatment parameters on the mechan-
ical properties of a hot work tool steel manufactured by
LPBF. Specimens were manufactured in two different
building orientations and subjected to two different heat
treatments composed of austenitizing, quenching, and
triple tempering, distinguished by different austenitizing
and tempering temperatures and the presence or not of a
sub-zero step. Mechanical properties were investigated in
terms of hardness and tensile behavior and then dis-
cussed in light of the microstructural and fractographic
evidences. The results were also compared with the data
reported in Ceschini et al.'' obtained on a hot work tool
steel with identical composition but manufactured via
ESR and previously investigated by the authors in terms
of microstructure, hardness, tensile, and fatigue behavior
and fracture toughness.

2 | MATERIALS & METHODS

2.1 | Specimens production and heat
treatment

Specimens were supplied by Bohler Edelstahl GmbH,
manufactured from the gas-atomized feedstock powder
with nominal composition given in Table 1. Table 1 also
reports the chemical composition of the supplied speci-
mens checked by Glow Discharge Optical Emission Spec-
troscopy (GDOES) according to ISO 14707:2021, which
appeared consistent with the nominal one declared by
the supplier for the feedstock powder, with only little
deviations in C, Cr, Mo, and V.

Cylindrical bars (914 mm, length 163 mm) were man-
ufactured by LPBF using a Renishaw RenAM 500Q
equipped with a building plate pre-heated at 400°C,
under a high-purity argon atmosphere. Additional infor-
mation on the LPBF process were not disclosed by the
supplier due to industrial confidentiality reasons. To

TABLE 1
nominal chemical composition of the

Comparison between Wt.%
feedstock powder (declared by the
supplier) and effective one measured on
LPBF samples.
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assess the effect of the building orientation, bars were
manufactured along two different orientations, namely
0° and 90°. 0° bars were produced with their symmetry
axis parallel to the x-y plane of laser scanning/building
plate, while 90° bars were manufactured with their sym-
metry axis perpendicular to the building plate, as clarified
in Figure 1A. 0° bars were manufactured with a prismatic
support structure, not shown in Figure 1A. All the bars
were subjected to a stress relief annealing at 690°C for
2 hours after the detachment from the building plate
(hereafter SR condition). Specimens for tensile tests, with
geometry consistent with ISO 6892 (Figure 1B), were
then machined from the stress-relieved bars and, after-
wards, subjected to heat treatments (“HTA” and “HTB”,
described in the following).

HTA and HTB treatments are schematically depicted
in Figure 2. HTA included: (i) austenitizing at 1050°C in
vacuum (after a double preheating at 600°C and 900°C),
(ii) quenching in nitrogen gas, and (iii) triple tempering
at 540-550°C. Heat treatment HTB, instead, consisted of:
(i) austenitizing at 1070°C in vacuum (after the same
double preheating), (ii) quenching in nitrogen gas,
(iii) double tempering at 510-520°C, (iv) a sub-zero treat-
ment at —80°C, and (v) final tempering at 520-530°C.
HTA represents the standard quenching and multiple
tempering treatment performed on the ESR-produced
counterpart of the steel, with identical composition, pre-
viously investigated by the authors in ref.'’ Instead, the
HTB treatment was designed following previous research
activities performed by the authors, published in Morri
et al.,** which indicated higher hardness, tensile strength
and ductility, toughness, and fatigue strength for a PM-
produced cold work tool steel subjected to a heat treat-
ment featuring higher austenitizing temperature, lower
tempering temperatures, and a — 80°C sub-zero step
compared to the one subjected to the typical quenching
and multiple tempering treatment.

According to building orientation and applied heat
treatment, specimens were divided in four sets, as dis-
closed in Table 2.

2.2 | Microstructural characterization

Density, microstructure, and hardness (described in sec-
tion 2.3) were evaluated on samples extracted from the

C Cr Mo A% Si Mn Fe

Nominal (feedstock powder) 0.50 4.50 3.00 0.55 0.20 0.25 Bal.
Measured (LPBF samples) 0.46 4.3 3.2 0.61 0.20 0.22 Bal.
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FIGURE 1 Schematic representation of bars orientation during the LPBF process (A); geometry (dimensions in mm) of tensile

specimens machined form the annealed LPBF bars (B); orientation of metallographic sections extracted from 90° and 0° specimens (C).

[Colour figure can be viewed at wileyonlinelibrary.com]

OT Austenitizing First and second Sub-zero
[*Cl| and quenching tempering treatment
1070 °C
1050 °C ° HTA
- HTB
900 °C
540-550 °C 540-550 °C
600 °C
[ | [ \
SR 510-520 °C 510-520 °C - 80 °C

] FIGURE 2 Schematic
ten-:gggng representation of heat treatments HTA
and HTB. [Colour figure can be viewed
at wileyonlinelibrary.com]
540-550 °C
520-530 °C

TABLE 2
direction and heat treatment.

Summary of the investigated conditions of building

Heat treatment

Building orientation HTA HTB
90° HTA_90° HTB_90°
0° HTA_0° HTB_0°

©12 mm grip ends of heat-treated tensile specimens.
Density measurements were performed by the gravimet-
ric method according to the ASTM B962-17 standard
using an analytical balance with 10~* g precision. The
relative density was calculated using the reference value
of 7.85 g/cm’, measured on the ESR produced counter-
part of the steel, investigated in ref.'"’ Microstructural

analyses were performed on cross-sections extracted in
the transverse direction respect to the specimen axis.
Note that, as clarified in Figure 1C, the sections extracted
from 90° specimens are parallel to the x—y plane of LPBF
laser scanning/building plate, while the ones extracted
from 0° specimens are normal to the x-y plane (parallel
to x-z/y-z planes). Samples for metallographic analysis
were prepared following the standard procedure defined
in the ASTM E3-11 standard composed of hot mounting,
grinding with abrasive papers up to 1,200 grit and polish-
ing with diamond suspensions (9 pm, 3 pm, 1 pm). Low
magnification images of polished sections were acquired
using a Zeiss Axio Imager A.1M optical microscope
(OM) and processed using the Image] v. 1.52a open-
source software to analyze defects. Phase identification
was performed using the Pananlytical X'Pert HighScore
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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 3 s
time per step. The volume content of retained austenite
was calculated from the XRD patterns according to
ASTM E975-22. OM analyses were performed using a
Reichert metallographic microscope on sections etched
with Picral Etch (4 g picric acid in 100 ml ethanol).
Microstructural observations at higher magnification
were performed on sections etched with Vilella'setch (1 g
picric acid, 4 ml HCI, 96 ml ethanol) using a Tescan Mira
3 Field Emission Scanning Electron Microscope (SEM)
equipped with energy dispersive X-ray spectroscopy
(EDS) by Bruker. For comparison, XRD, OM, and SEM
analyses were also performed on the material in SR con-
dition to investigate the microstructure prior to the appli-
cation of HTA and HTB heat treatments. Transmission
Electron Microscopy (TEM) analyses were performed on
HTA and HTB samples using a double Cs aberration cor-
rected cold FEG JEOL ARM 200FC, operated at 200 kV,
equipped with EDS and electron energy loss spectroscopy
(EELS) detectors. EDS and EELS were performed simul-
taneously in scanning transmission electron microscopy
(STEM) mode. Cross-section TEM lamellae were pre-
pared using a FEI Helios G4 UX focused ion beam. Car-
bon protection layers were deposited on top of the region
of interest prior to any cutting. Coarse thinning was per-
formed with Ga™ ions and 30 kV acceleration voltages,
followed by 5 kV and 2 kV final thinning to minimize
ion-beam induced surface damage. The cross-section
lamellae were then cut out and transferred to dedicated
Cu half grids by standard lift-out procedures.

2.3 | Mechanical characterization

Vickers hardness (HV) indentations were performed
according to ISO 6507-1:2018 using a 30 Kg load on the
same specimens used for metallographic analyses. Ten-
sile tests were performed according to the ISO
6892-1:2019 standard using a servo-hydraulic testing
machine, on the specimens shown in Figure 1B, for the
determination of Young's modulus (E), 0.2% proof
strength (Rpp,), ultimate tensile strength (UTS), elonga-
tion after fracture (A%), and reduction of area after frac-
ture (Z%). Three specimens were tested for each
condition defined in Table 2. The strain hardening expo-
nent (n) was calculated according to ISO 10275. Analysis
of variance (ANOVA) tests with a = 0.05 were performed
on density, hardness, and tensile data using the MS Excel
software to assess the effect of the investigated condi-
tions, in terms of heat treatment and building direction,
from a statistical standpoint. Fracture surfaces of tensile
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specimens were investigated by SEM to elucidate the
mechanisms of failure.

3 | RESULTS

3.1 | Density and defects

Gravimetric measurements indicated a density of 7.826
+ 0.010 g/cm? and 7.832 =+ 0.008 g/cm’ for HTA and HTB
specimens, respectively. ANOVA tests confirmed that no
significant difference exists between HTA and HTB speci-
mens in terms of density, in agreement with the consider-
ation that defects, responsible of density reduction, are
generated during the LPBF process. Hence, hereafter, no
distinction between the two heat treatment conditions is
made concerning density and defect content. The average
relative density was calculated as 99.7% + 0.12%.
Figure 3A,B shows representative low magnification OM
images of polished sections extracted from 90° and 0°
specimens. A remarkable number of defects with size in
the range 10-100 pm were observed, despite the high
gravimetric density and the low area fraction of pores
obtained via image analysis (0.24 + 0.01% on x-y sections
and 0.30% + 0.11% on x-z/y-z sections). While the great
part of detected defects exhibited a circular morphology,
consistent with gas pores, some of them presented an
irregular morphology consistent with LoFs. The high-
magnification appearance of a LoF defect is reported in
the SEM image in Figure 3C. Both kinds are known as
typical defects resulting from the LPBF process.'***

3.2 | Microstructural analyses

Figure 4 shows the microstructure in the SR condition,
i.e., prior to the application of HTA or HTB heat treat-
ments. As can be noted, in the SR condition, the steel
exhibited the typical hierarchical structure of LPBF man-
ufactured tool steels,'®*>*'** featuring melt pool borders
(Figure 4A), and a cellular sub-structure resulting from
alloying segregation during the rapid solidification
(Figure 4C). At intermediate magnifications (Figure 4B),
the microstructure appeared fully bainitic, in agreement
with the prolonged isothermal exposure at 400°C during
the LPBF process. In fact, as reported in Huber et al.,*
the use of a platform pre-heating temperature higher
than Mg suppresses martensite formation and promotes
the isothermal transformation in bainite during the
manufacturing of subsequent layers. XRD analyses
(Figure 5) indicated a-ferrite as the only phase in the SR
condition, with no y-austenite nor alloying carbides
resulting from the LPBF process or SR annealing.
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FIGURE 3 Low magnification OM images acquired from 90° (A) and 0° (B) specimens. High magnification SEM images of a lack of
fusion defect (C). [Colour figure can be viewed at wileyonlinelibrary.com]

)

FIGURE 4 Microstructure in the SR condition: low magnification OM images (A) and back-scattered SEM images at different
magnifications (B,C). [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 XRD patterns of

A R —_—HTA specimens in the SR condition
TR A oFerrite (006-0696) (in purple) and subjected to heat
treatments HTA (in red) and HTB
O y-Austenite (031-0619) X M6C (041-1351) (in blue). [Colour figure can be viewed
O M7C3(036-1482) ¢ M23C6 (005-0721) at wileyonlinelibrary.com]
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FIGURE 6 Microstructure of specimens subjected to HTA (A,C,E) and HTB (D,D,F) observed using OM (A,B) and SEM (C,D,E,F).
[Colour figure can be viewed at wileyonlinelibrary.com]

For both HTA and HTB treated samples, XRD ana- detection limit (2%). Moreover, minor diffraction peaks
lyses indicated a-ferrite as the main phase, with negligi-  were observed, possibly related to MgC and M,5Cg¢ car-
ble amounts of retained austenite below the instrumental bides, in particular for the HTA sample. MgC and M,5Cg
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FIGURE 7
wileyonlinelibrary.com]

are respectively known as typical Mo-rich and Cr-rich
alloying carbides in quenched and tempered tool steels of
similar composition.****

Figure 6 shows the microstructure of HTA and HTB
specimens observed using OM and SEM in back-scattered
electrons imaging (BSE). Both specimens exhibited a
homogeneous tempered martensite structure, featuring
equiaxed prior austenite grains with a size between 5 and
10 pm. None of the typical features of LPBF components
(melt pool/scan track borders, columnar grain, cellular
solidification sub-structure), still present in the SR condi-
tion, were observed, as well as differences between 90°
(x-y sections) and 0° (x-z/y-z sections) specimens. High
magnification SEM images (Figure 6E,F) revealed the
presence of fine particles dispersed within the martensite
matrix, mainly in the HTA specimens, with various
appearance: i) bright particles with a size of hundreds of
nm and ii) gray particles, with similar contrast to the
surrounding martensite matrix and smaller than the
formers. SEM-EDS analyses (Figure 7) revealed a high
Mo content in bright particles, suggesting their matching
with the MgC Mo-rich carbides indicated by XRD
analyses. The assessment of chemical composition of grey
particles via SEM-EDS was not possible due to the size of
the interaction volume between the electron beam and
the sample. However, considering the atomic number
contrast of BSE imaging, it is reasonable to assume that
gray particles contain elements with atomic number
similar to Fe (Z = 24), and thus probably Cr (Z = 26).
This assumption would explain the diffraction peaks
related to Cr-rich carbides from XRD patterns.

Figure 8 shows representative bright-field TEM
micrographs of HTA and HTB samples and the C, Cr,
Mo, and V maps of the same regions obtained via STEM-
EDS and EELS. TEM analyses confirmed the presence of
alloying carbides, especially in HTA samples, as indicated

Energy [keV]

SEM-EDS composition of secondary bright particles observed in HTA specimen. [Colour figure can be viewed at

by the local enrichment in Mo, V, Cr, and C at the parti-
cle observed in the HTA sample. Two types of carbides
were observed: Fe-based and V-based ones, also contain-
ing Mo and Cr. Both types of carbides are present, but at
lower densities, in the HTB sample. Furthermore, for
both types, a significant enrichment of Cr at the interface
between the carbide and the steel matrix was observed.
The number of carbides did not appear sufficiently high
to induce an appreciable strengthening effect, neither in
HTA nor in HTB samples. Considering the absence of
carbides in SR samples from XRD and SEM-EDS analyses
(Figures 4 and 5), it can be reasonably inferred that the
ones observed in HTA and HTB samples were originated
during the subsequent heat treatment, and in particular
during the tempering step. For this reason, they are
generally referred to as secondary or tempering carbides,
in opposition to primary or solidification ones originated
during steel solidification.” TEM analyses also indicated
a segregation of Cr, Mo, and V toward the martensite
laths boundaries. As for carbides, this alloying segrega-
tion appeared more pronounced in HTA samples than in
HTB ones, which exhibited a more homogeneous
composition.

3.3 | Mechanical properties

Table 3 summarizes hardness and tensile properties eval-
uated on HTA and HTB specimens. ANOVA tests indi-
cated significant differences between HTA and HTB
specimens in terms of HV, UTS, and A% but not of E and
Rpo,. Instead, the effect of the building orientation
resulted non-significant for all the considered properties.
Hence, tensile properties appeared substantially isotropic,
in agreement with the complete absence of the LPBF
hierarchical microstructure. For this reason, in the
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FIGURE 8

Representative TEM bright field micrographs and
element maps obtained with EDS and EELS in STEM mode for
HTA (left column) and HTB (right column) samples. [Colour figure
can be viewed at wileyonlinelibrary.com|
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following, only the effect of the heat treatment on
mechanical properties will be discussed.

HTB specimens exhibited higher hardness HV (+5%),
tensile strength UTS (+5%), elongation A% (4+15%), and
strain hardening exponent n (4+29%) than HTA ones but
similar proof strength Rpy,. Due to the higher UTS for
the same Rpg,, HTB specimens exhibited a lower Rpg .,/
UTS ratio (—5%). It is worth noting that, despite the
higher elongation A%, HTB specimens showed a consid-
erably lower reduction of area Z% than HTA ones
(—56%). This apparently counterintuitive behavior of
HTB specimens can be explained by their higher strain
hardening than HTA ones, indicated by the higher n and
UTS for same Rpp,. In fact, according to previous
studies,***” strain hardening is a measure of the resis-
tance opposed by the material to the localization of plas-
tic strain (i.e. necking) and thus indicates the ability to
withstand a large uniform plastic strain prior to the onset
of necking and the subsequent fracture. Therefore, the
higher strain hardening of HTB samples can explain their
combination of higher elongation A% and lower area
reduction Z% compared to HTA ones.

Figure 9 shows representative low magnification
SEM images of the fracture surfaces of tensile speci-
mens. The large part of tensile specimens showed a frac-
ture morphology indicating a mechanism of unstable
crack propagation initiated from a large discontinuity,
which is quite unusual for ductile material subjected to
tensile loading since they generally fail via micro-voids
formation and coalescence, responsible of dimples for-
mation and the resulting cup-cone fracture morphol-
ogy.*®* The fracture was found to originate and
propagate from large LPBF defects, mainly LoFs, show-
ing an irregular morphology and large size (in the range
50-250 pm). Figure 10A shows the largest lack of fusion
defect observed at a fracture initiation site. Besides LoFs,
also gas pores or clusters of gas pores, with smaller size
(approximately in the range 40-150 pm) and spherical
morphology, were observed at crack origins, as shown
in Figure 10B. It is worth noting that the size of defects
observed at the crack initiation site widely exceeded the
maximum size observed on metallographic sections
(roughly 100 pm). Furthermore, many other LPBF
defects randomly distributed on the fracture surfaces,
mainly gas pores, were found in all the investigated
specimens, consistently with metallographic observa-
tions on polished cross-sections. The fracture morphol-
ogy indicated a strong influence of defects resulting
from the LPBF process on the tensile mechanism and
thus on tensile properties, as will be discussed in sec-
tion 4. It is worth noting from Figure 9 that HTB speci-
mens exhibited a shear lip considerably less wide than
HTA ones. In fact, since shear lip is formed during
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TABLE 3 Summary of hardness and tensile properties evaluated on the investigated steel manufactured by LPBF and on the ESR
counterpart from ref."!

Condition
HTA_90°
HTA_0°
HTB_90°
HTB_0°

ESR (HTA)"

HV
636 + 7

665 + 5

648-676

E [GPa]
215+ 7
208 + 4
215 + 2
214 + 2

Rpo> [MPa]
1717 £ 25
1729 + 24
1719 + 15
1702 + 27
1890 + 13

UTS [MPa]
2,165 + 7
2,147 + 5
2,280 + 3
2,249 + 12
2,288 + 11

A% [%]

32+01
3.1+0.2
34+0.5
3.8 +0.2
31+01

Z% [%]

20.7 £ 8.6

13.2+20
6.9 +0.4
8.0+ 0.5

n[-]
0.102
0.102
0.133
0.130

FIGURE 9

Representative low magnification SEM images of fracture surfaces of tensile specimens: HTA_90° (A), HTA_0° (B),
HTB_90° (C), and HTB_0° (D). [Colour figure can be viewed at wileyonlinelibrary.com]

necking, its width is related to the area reduction Z%.*®
At higher magnification (Figure 11), the fracture sur-
faces showed a mixed ductile-brittle appearance

composed of micron and sub-micron sized dimples and

cleavage facets, consistent with unstable crack propaga-
tion in high strength martensitic steels.
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Gas pores

Examples of defects resulting from the LPBF process found at the crack origin of tensile specimens: (A) lack of fusion

defect; (B) cluster of gas pores. [Colour figure can be viewed at wileyonlinelibrary.com]

| RN
y. & leavage facets

FIGURE 11
figure can be viewed at wileyonlinelibrary.com]

4 | DISCUSSION

4.1 | Effect of heat treatment on
microstructure and mechanical properties

The hot work tool steel investigated in the present work,
manufactured via LPBF using a pre-heated platform at
400°C, exhibited, in the SR condition, the typical features
of LPBF components (i.e., melt pool borders and a cellu-
lar/dendritic solidification structure resulting from the
rapid solidification, as reported in ref*), and a fully

\ »
<«
ey R

| Cleavage facets |

High magnification fracture morphology of tensile specimens subjected to heat treatment HTA (A) and HTB (B). [Colour

bainitic structure consistent with the prolonged exposure
at a temperature above My (roughly 240°C according to
the formula proposed in>°) during the LPBF process.
Instead, in both HTA and HTB conditions, the micro-
structure appeared comparable to the one of wrought
steels of similar composition, with no evidence of the typ-
ical features of as-built LPBF components, except for the
peculiar defects resulting from the LPBF process (lack of
fusion defects and gas pores). As reported in
literature,?0-%23223741:434531 the Jack of the typical
microstructural features of LPBF components comes
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from the austenitizing step, performed during HTA and
HTB heat treatments. In fact, the high temperature dur-
ing austenitizing promotes alloying diffusion, resulting in
i) chemical homogenization, ii) removal of alloying segre-
gation and solidification structure, and iii) recrystalliza-
tion via nucleation of new austenite grains with
homogeneous composition and equiaxed morphology.
After quenching, a homogeneous martensitic structure is
obtained, with the eventual presence of retained austen-
ite.?°%41%345 The subsequent tempering promotes mar-
tensite tempering and softening, transformation of
retained austenite, and, eventually, the precipitation of
secondary carbides evenly distributed within the martens-
ite matrix. As reported in section 3.2, the only microstruc-
tural distinction between HTA and HTB samples was
observed on a sub-micron length scale and concerned
alloying carbides and homogeneity, with HTA samples
featuring precipitated carbides and a significantly higher
alloying segregation at martensite inter-lath boundaries.
Instead, HTB samples exhibited a more homogeneous
structure, with fewer carbides and lower segregation. At
the same time, mechanical tests clearly indicated an over-
all better behavior for specimens subjected to HTB than
HTA, featuring higher hardness, UTS, and A%, thus
higher tensile strength than HTA without loss of ductil-
ity. Compared to HTA, the HTB treatment features i) a
slightly higher austenitizing temperature, ii) a cold treat-
ment at —80°C between the second and third tempering,
and iii) lower tempering temperatures. Traditionally, in
the heat treatment of tool steels, the austenitizing tem-
perature can be adjusted to control the amount of pri-
mary carbides solutioned and thus the amount of C and
alloying elements dissolved in the austenite prior to
quenching.>> However, no carbide was observed in SR
samples, thus no carbide dissolution is expected during
austenitizing. Therefore, it can be reasonably inferred
that the different austenitizing temperature (1,050°C for
HTA vs. 1,070°C HTB) did not produce appreciable
effects on the final structure and on mechanical proper-
ties. Considering the cold treatment at —80°C, according
to the existing literature® *>** it has the only effect of
completely transform the retained austenite, eventually
present after quenching, into un-tempered martensite.
Theoretically, this could potentially explain the higher
hardness and strength of HTB specimens than HTA.
However, XRD analyses did not indicate any difference
in terms of retained austenite between HTA and HTB
specimens. In HTA samples, the retained austenite even-
tually present after quenching is completely eliminated
after the triple tempering at 540-550°C. Instead, in HTB
ones it is not possible to establish if the elimination of the
eventual retained austenite is due to the cold treatment
or if the multiple tempering is sufficient, despite the

lower temperatures than in HTA. In the latter case, the
—80°C cold treatment could be eliminated from HTB
without penalizing the resulting mechanical properties.
All considered all the observed microstructural and
mechanical distinctions between HTA and HTB speci-
mens can be explained by the different tempering tem-
peratures. In fact, the higher hardness and tensile
strength of HTB specimens can result from a lower
degree of martensite tempering and softening related to
the lower tempering temperatures. Moreover, the higher
tempering temperature of HTA can promote alloying dif-
fusion, with consequent higher carbide precipitation and
alloying segregation than in HTB samples, which in turn
can explain the lower ductility of HTA specimens.

4.2 | Effect of LPBF defects on the
tensile behavior

As pointed out in section 3.2, the majority of tensile spec-
imens exhibited a fracture morphology consistent with
an unstable crack propagation mechanism, initiated from
large LPBF defects. Results in section 3.1 showed that no
appreciable difference exists between specimens sub-
jected to HTA and HTB heat treatments in terms of den-
sity and defects content and characteristics. Since defects
originate during the LPBF process, which is the same for
all the tested specimens, it can be inferred that they are
not affected by the subsequent heat treatment cycle. The
typical fracture appearance of tool steels, and in general
metallic materials, failed under tensile loads in absence
of large defects or embrittlement phenomena, does not
show crack initiation and unstable propagation but only
dimples and shear lip area, resulting from the failure
mechanism described in ref.**** However, previous liter-
ature works addressing the tensile behavior of tool steels
manufactured by LPBF*"***° reported fracture surfaces
similar to those observed in the present work, suggesting
that process-induced defects play a key role in the frac-
ture mechanism of these steels when manufactured via
LPBF, and thus on their tensile properties. To verify the
hypothesis that tensile fractures occurred via an unstable
crack propagation mechanism from pre-existing LPBF
defects, linear-elastic fracture mechanics (LEFM) was
applied by calculating the stress intensity factor Kj at
killer defects (i.e., observed at the crack initiation sites
and thus accounted for tensile failures) using the formula
K;=Y -64-\/7-+/area proposed by Murakami,”> were
the term “area” represents the killer defect size, o, the
nominal applied stress and Y is a coefficient dependent
on defect position (0.65 and 0.5 for surface and sub-
surface defects, respectively). According to LEFM, frac-
ture occurs when the stress intensity factor Kj related to
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an existing crack, defect or flaw reaches a critical value
known as fracture toughness (K;c).”® For each specimen
showing the fracture morphology reported in Figure 9,
the area and position of the killer defect were measured
via image analysis on the SEM images of fracture sur-
faces. o, was calculated by dividing the maximum force
applied during the tensile test to the area of the mini-
mum cross-section after fracture, in order to correct the
Ultimate Tensile Strength UTS, reported in Table 3,
accounting for the effect of the little necking. The calcu-
lated values of K lies in the range 18-41 MPa-m®> with
average and standard deviation equal to 21 +5 MPa-m®?
for HTA and 28 +9 MPa-m®® for HTB specimens. The
overall average and standard deviation of Kj calculated at
killer defects were equal to 26+7.7 MPa-m®’ which,
despite the large scatter, appeared reasonably comparable
to the fracture toughness Kijc (33+1.1 MPa-m®®)
reported in ref'! for the ESR-produced version of the steel
investigated in the present work, subjected to a heat
treatment consistent with HTA and possessing a similar
hardness (648-676 HV), evaluated according to the ASTM
E399 standard. The authors are well aware that the K;
values calculated at LPBF Kkiller defects from fracture sur-
faces analyses via the procedure described above suffer
from several inaccuracies and that the precise measure-
ment of the fracture toughness K;c on dedicated samples
following a standard test method would be required, as
performed in ref."! However, the similarity of K; values
calculated at killer defects in LPBF specimens in the pre-
sent work to the fracture toughness Kjc calculated
according to the ASTM E399 standard in ref,'" together
with the fracture appearances reported in Figures 9, 10,
and 11, supports the idea that the tensile fracture of the
investigated LPBF-manufactured steel occurred by unsta-
ble crack propagation from a pre-existing LPBF defect at
the fulfillment of the critical condition K; = Kj¢, and thus
it can be considered a defect-controlled phenomenon.
Hence, the Kj values calculated at killer defects can repre-
sent a rough estimate of the fracture toughness Kjc of the
investigated steel.

To further understand the effect of LPBF defects on
the mechanical properties, HTA specimens were com-
pared with the ESR-manufactured counterpart of the
steel investigated in ref.'’ Despite the identical chemical
composition and heat treatment cycle they underwent,
the fracture surfaces of tensile specimens in ref'! did not
exhibit the crack propagation morphology observed in
the present work, nor large defects or the mixed ductile-
brittle appearance consisting of dimples and cleavage
facets. Instead, they exhibited a fully ductile fracture,
confirming that the peculiar fracture appearance
observed in the present work is due to the presence of
LPBF defects. Comparing the mechanical properties
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evaluated on LPBF specimens subjected to HTA treat-
ment in present work and on the ESR steel investigated
in ref'! (Table 3), it is clear that LPBF specimens exhib-
ited a lower hardness HV (—6%), proof strength Rpg,
(=7%), and ultimate tensile strength UTS (—6%) than
ESR ones, despite the same elongation A%. The lower
hardness, proof, and tensile strength of the LPBF steel
can be ascribed to the presence LPBF defects, as sug-
gested in ref.'>*® In fact, despite the high density (approx-
imately 99.7%), the investigated LPBF specimens
contained a high number of defects resulting from the
LPBF process, with a size ranging from tenth to hundreds
of pm. As in porous and sintered materials, these defects
reduce the effective load-bearing section with respect to
the nominal cross section, thus reducing the resulting
mechanical properties.”” However, no ductility reduction
(in terms of A%) was observed. According to ref,'>*®
defects possess a detrimental effect on fatigue, toughness,
and ductility properties. On the opposite, different
authors'**>? claim that LPBF components can possess a
higher ductility than conventional ones due to their finer
microstructure resulting from the high cooling rates,
despite defects. It follows that no general rule regarding
the ductility of LPBF components compared to the coun-
terparts produced via conventional manufacturing pro-
cesses can be drawn. In conclusion, it appears possible
that the fine microstructure resulting from the LPBF pro-
cess, even after the performed heat treatments, can coun-
terbalance the eventual ductility loss due to LPBF
defects.

5 | CONCLUSIONS

In the present work, the microstructure, hardness, and
tensile properties of a hot work tool steel, manufactured
by LPBF along two different building orientations (0°
and 90°) and subjected to two different heat treatments
(HTA and HTB) were investigated. Compared to HTA,
HTB featured a slightly higher austenitizing temperature,
lower tempering temperatures, and a cold treatment. The
following conclusions can be drawn:

« A homogeneous tempered martensite structure was
observed in both HTA and HTB samples. The only dif-
ferences concerned higher alloying segregation and
precipitated carbides in HTA samples due to the higher
tempering temperature.

« Specimens subjected to HTB treatment exhibited
higher hardness, tensile strength, and elongation due
to the lower martensite tempering, alloying segrega-
tion, and carbide precipitation resulting from the lower
tempering temperatures.
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« No significant effect of the building orientation on
microstructure and mechanical properties after heat
treatment was observed.

« Fracture surfaces exhibited a “crack-propagation” mor-
phology, initiated from large LPBF defects (typically
lack of fusion defects). The stress intensity factor Kj at
the killer defect appeared consistent with literature
data for the fracture toughness K;c of the ESR counter-
part of the steel.

« Compared to literature data for the ESR counterpart,
the LPBF-manufactured steel exhibited lower hardness
and strength due to the presence of defects, but similar
elongation. It was suggested that the fine structure
resulting from LPBF could counterbalance the detri-
mental effect of defects.
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