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Abstract

Laser directed energy deposition (L-DED) was used to produce samples of the newly patented W360 hot work tool steel by
Bohler. The process parameters were optimized to obtain nearly fully dense samples through the production and analysis of
single deposited tracks and single layers. Subsequently, bulk samples underwent a hardening heat treatment, consisting of
austenitizing, air quenching, and tempering. The samples were analysed in the as-built condition (AB), after quenching (Q)
and following tempering cycles (HT) to observe the microstructural evolution. The microstructure was investigated using
optical and scanning electron microscopes, energy dispersive X-ray analysis, and X-ray diffraction analysis. Furthermore, the
microstructural evolution was analysed with differential scanning calorimetry, while the mechanical response was evaluated
through microhardness test. It was found that the AB samples exhibited a dendritic-cellular microstructure with tempered
martensite laths. The thermal history of the AB samples was completely modified by the austenitizing treatment followed
by quenching, resulting in a fully martensitic Q sample that did not display the typical dendritic-cellular microstructure of
the L-DED process. The completion of the heat treatment with tempering cycles revealed the presence of Mo-rich carbides
dispersed in a martensitic matrix. The HT samples exhibited a mean microhardness of 634 HV, remaining constant along
the entire building direction from the substrate to the last deposited layer, indicating a homogeneous microstructure. This
high value, similar to other hot work tool steels such as H13, makes W360 a very promising candidate for tool build and
repair purposes.

Keywords Additive manufacturing - Laser directed energy deposition (L-DED) - Hot work tool steel W360 - Optimization
of process parameters - Heat treatment - Microhardness

1 Introduction part of their business processes [2]. The most common

AM techniques for processing metals today are Powder

In the 1990s, the first Additive Manufacturing (AM) tech-
nologies dedicated to metallic materials were invented and
patented [1]. Over time, these technologies have improved,
evolving from the creation of scale models to rapid prototyp-
ing and then to the production of structural and functional
near-net-shape components. Recently, numerous companies
in various industrial fields have adopted AM as an integral
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Bed Fusion (PBF) and Directed Energy Deposition (DED)
[3]. In PBF, a thin layer of powder material is spread on a
flat surface of a building platform within a closed cham-
ber in an inert atmosphere. A focused heat source, that can
be a laser (L-PBF) or an electron beam (E-PBF), is used
to selectively melt the desired areas of the powder bed
with an extremely fast gradient. Subsequently, the mate-
rial solidifies rapidly, enabling the production of complex
geometric parts with very fine microstructures [4]. On the
other hand, DED systems involve the melting of material in
either powder or wire form using focused thermal energy
during the deposition process. As the deposition head with
the heat source moves away, the molten metallic material
cools and solidifies rapidly, leaving a thin track of solidi-
fied metal welded on the underlying layer. By repeating this
process with multiple overlapping tracks, a complete layer is
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formed. Powder-based DED systems commonly utilize laser
as a thermal energy source, while wire-based DED systems
employ electric or plasma arcs, lasers, or electron beams
[5-7]. In a typical DED machine, the deposition head and
working table are controlled by multi-axis CNC systems,
enabling precise material deposition at specific locations [8].
It is important to note that DED does not necessitate a pow-
der bed, does not have the limitations of a closed building
chamber, and can be used not only for building full parts, but
also for repair or adding new material to existing objects [9].
However, due to the higher energy source and consequently
slower melting and solidification compared to PBF systems,
parts produced using DED typically exhibit a coarser grain
size.

Different DED processes are available on the mar-
ket, depending on the type of feedstock and power source
employed. The most common process for processing materi-
als in powder form is Laser-DED (L-DED), which is also
known as Laser Metal Deposition (LMD), Laser Cladding
(LC), or Laser Engineered Net Shaping (LENS) [10]. In line
with the global goal of sustainability, repairing and reman-
ufacturing damaged parts are considered more desirable
solutions than producing new parts, especially in terms of
energy consumption [11]. In comparison to traditional weld-
ing technologies used for repair, such as Tungsten Inert Gas
(TIG) welding, Plasma Transferred Arc Welding (PTAW),
and Electron Beam Welding (EBW), L-DED shows great
potential due to lower residual stresses, higher repeatability,
and increased precision [12, 13]. However, it is known that
parts produced by L-DED often exhibit non-uniform micro-
structures and properties, which limits their application [8,
14]. This non-uniformity arises from the complex thermal
history experienced by the manufactured samples. A cross
section of a DED sample along the building direction can be
schematically subdivided into four zones. Starting from the
substrate material the first zone is the “not affected zone”.
Then, closed to the first layer deposited, there is the “heat-
affected zone”. Then the third zone consists of “tempered
metal”, which corresponds to the main deposited part, while
the top layer of the sample, corresponding to the last depos-
ited layer, form the “non-tempered metal” zone [15, 16] Dur-
ing the process, the first layer is usually deposited on a cold
substrate at environment temperature, causing rapid cooling
due to the dissipation of heat and leaving a non-tempered
layer. With each additional layer deposition, the heat from
the energy source to the solidifying material passes through
the previously deposited layers into the substrate, causing
an intrinsic heat treatment (IHT) effect. However, the last
layer deposited does not undergo this reheating process,
and therefore it exhibits a microstructure characteristic of
the as-built material [17-19]. Therefore, to achieve uniform
microstructure and hence uniform mechanical properties in
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bulk samples by L-DED, post-processing heat treatments are
commonly utilized [20, 21]

When considering materials, a number of them have
been explored by L-DED. Generally, metallic materials
that exhibit reasonably good weldability are easier to
process, while metals with high reflectivity and thermal
conductivity are difficult to process, such as gold and cer-
tain alloys of aluminum and copper [22, 23]. Moreover, if
the focus is on using L-DED for repairing tools, the main
material requirements are very high mechanical properties,
such as high yield strength, high hardness and abrasion
resistance. In such cases, steels, particularly tool steels
would be the preferred choice [24]. Tool steels belong to
a family of high-carbon and alloyed steels with specific
characteristics including very high hardness (exceeding
600 HV), excellent wear resistance, and toughness even
at elevated temperatures. They find wide application in
various tools and tooling systems, including dies, moulds,
and cutting tools. Tool steels are typically categorized into
six groups: water-hardening, cold-work, shock-resistant,
high-speed, hot work, and special purpose steels [25]. Due
to their high market value, the repair of worn or damaged
tool steel components holds significant importance across
numerous industries [26].

Among tool steels, only a few grades have been success-
fully processed by L-DED [27]. Tool steels are generally
high-alloyed carbon steels, and most of them have an equiva-
lent carbon content of over 0.50% according to the European
standard EN 1011-2 Method A, Eq. (1) [28].

%Mn ~ %Cr + %Mo + %V~ %Cu + %Ni

E =
CE = %C + G 5 15

ey

In welding literature, it is reported that steels with an
equivalent carbon content exceeding 0.7% are considered
non-weldable or, at least, difficult to weld. This is due to
their tendency to form martensite upon cooling, leading
to increased sensitivity to cold cracking. Cold cracking is
associated with changes in the specific volume during the
solid-phase transformation [29-32].

Considering hot work tool steels, the most investigated
in the AM field are chromium-molybdenum steels, with the
AISTH13 (1.2344, X40CrMoV5-1) grade being particularly
prominent [27]. Despite H13 steel having a relatively high
processability indicator equivalent carbon content of 2.14%
according to Eq. (1), its remarkable combination of hard-
ness, toughness, thermal shock resistance, and wear resist-
ance make it highly desirable [33]. Extensive studies have
been conducted on H13 steel produced by both PBF and
L-DED, as reported in literature [14, 15, 17-19, 27, 34-36].
It has been demonstrated that dense and crack free samples
of H13 can be achieved through L-DED by optimizing the
main process parameters. However, there are still challenges
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that need to be addressed, including locally varying heat
transfer rates during manufacturing, which directly affect
cooling rates and subsequent changes in microstructure. As
stated before, the layer by layer deposition process in L-DED
results in IHT, involving repeated heating, austenitizing
and tempering. The formation of martensite, re-austenitiza-
tion, and tempering effects strongly depend on the process
parameters and position within the parts along the building
direction. At the tip of the part, corresponding to the last
layer deposited, no further reheating occurs, and martensite
forms without subsequent re-austenitization or tempering.
As result, the hardness within the as-built samples can vary
along the building direction due to IHT, necessitating post-
heat treatment for homogenization. Typically, this involves
austenitization followed by quenching and one or more tem-
pering cycles [14, 21, 37].

Bohlen et al. and Mazumder et. al reported that the micro-
structure of H13 produced by L-DED in as-built condition
consists of solidification cells and dendrites with retained
austenite located in the interdendritic regions. The size of
these cells ranges from 2 to 30 pm [38]. The cellular struc-
ture is the result of micro-segregation during solidification,
which leads to enrichment of certain alloying elements, such
as Cr, Mo and V in the interdendritic regions. Carbide pre-
cipitates can already be present in the as built condition.
The lower layers, which undergo IHT, contain carbides rich
in V and Cr. These carbides are mainly MC-type carbides,
along with a small amount of M,C; carbides. For as-built
material produced by L-DED, the hardness ranges from 550
to 660 HV [27, 38, 39], the ultimate tensile strength (UTS)
is around 2000 MPa and the elongation at fracture ranges
from 5 to 6%, which is similar to the values of quenched and
tempered wrought material, reflecting its in-situ tempered
state [27].

Other tool steels that have been processed by L-DED
include high-speed tool steels M2, M4, and CPM 9V, as well
as the recently introduced cold-work tool steel D2 [40-43].
Die repairing applications using CPM 9 V on H13 tool steel
and mould repair using H13 have shown that repairing tool
steel parts using L-DED results in similar mechanical prop-
erties to those of the original parts [32, 44, 45].

Very recently a new hot work tool steel named W360,
patented by voelstalpine Bohler, has been available on the
market of AM powders. It has been designed to outperform
other tool steels like M300 or H13, exhibiting higher tough-
ness and wear resistance at high temperatures. According
to the Bohler datasheet, after a tempering heat treatment
in order to achieve a hardness of 590-630 HV, additively
manufactured W360 parts can exhibit a range of properties,
including a UTS of ranging from 1970 to 2010 MPa, yield
strength between 1500 and 1670 MPa, elongation ranging
from 6.6 to 8.1%, and the reported toughness between 8
and 14 J/cm? [46]. These exceptional properties make it an

excellent candidate for demanding tooling applications like
High Pressure Die Casting (HPDC). The equivalent carbon
content of W360 steel, calculated using Eq. (1), is 2.15%,
indicating similar processability by AM to H13. However,
to the best of the authors' knowledge, there are no previous
studies in the literature on the processing of W360 through
L-DED or through other AM techniques [47].

Considering this, the main focus of this study to evalu-
ate the processability of the new hot work tool steel, W360,
by L-DED, trying to expand the existing database of tool
steel grades available for this technology. The experimental
investigation begins with the optimizing of L-DED process
parameters specifically for W360 steel, with the ultimate
goal of achieving fully dense bulk samples without cracks.
This optimization process involves fabricating single tracks
(STs), followed by single layers (SLs), and finally parallel-
epiped bulk samples. The optimal energy density is deter-
mined by depositing STs using different combinations of
power and scan speed. Additionally, SLs are manufactured
to determine the layer thickness for subsequent bulk sam-
ple deposition. Once the feasibility of producing dense and
crack-free bulk samples is demonstrated, a hardening heat
treatment, commonly used for other hot work tool steels,
is applied to achieve a uniform microstructure with con-
sistent mechanical properties. This heat treatment consists
of austenitization, followed by quenching and three sub-
sequent tempering cycles. Characterization of the W360
steel L-DED samples in various post-processing conditions
provides an initial understanding of their microstructure.
The microstructural evolution is examined throughout the
entire heat treatment process, starting with the analysis of
the as-built (AB) condition, followed by investigations after
air quenching (Q), and culminating with evaluations after
the three consecutive tempering cycles (HT). The samples
labelled AB, Q, and HT are examined using Optical and
Field Emission Scanning Electron Microscopy (OM and
FESEM), in conjunction with Energy Dispersive X-Ray
(EDX) and X-Ray Diffraction (XRD) analyses, to gather
information about their chemical composition and about the
phase evolution. Differential Scanning Calorimetry (DSC) is
employed to study the phase transformations during temper-
ing while microhardness tests provide an initial assessment
of the samples mechanical response. This research effort
demonstrates, for the first time, the processability of W360
tool steel by L-DED and could establish a rapid and reliable
procedure for optimizing process parameters. The explora-
tion of W360 steel at different stages of heat treatment opens
new possibilities for utilizing this remarkable hot work tool
steel grade in AM applications, ranging from the production
of complex components, like moulds with internal cooling
channels, to the use in mould and tool repair.
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Table 1 Nominal chemical

.. Composition C
composition of the W360 steel

Si Mn Cr Mo \' Fe

powder used in this study Wt. % 0.50

0.20 0.25 45 3.0 0.55 Bal

2 Materials and Methods
2.1 Materials

A commercially available gas atomized W360 tool steel
powder from voelstalpine Bohler Edelstahl GmbH & Co,
a special steel producer located in Styria (Austria), with a
chemical composition presented in Table 1, was utilized for
the production of AM samples using L-DED. The producer
stated also that the powders are atomized using renewable
electrical energy and that they are one hundred percent recy-
clable. The powder was characterized as-received through
laser granulometry and SEM. As depicted in Fig. 1, the
W360 powder exhibited a unimodal Gaussian particle size
distribution, with d10, d50, and d90 values of 45.2, 76.0,
and 131.3 pm, respectively. Hence, it could be stated that it
falls within the typical range for L-DED processes, which
is 50-150 pm. SEM images presented in Fig. 2 display pre-
dominantly spherical-shaped particles, along with numerous
small satellites (Fig. 2b). Additionally, the images reveal
the presence of some agglomerated small particles (Fig. 2c).
Such morphology is common for gas atomized powders, as
smaller droplets, possessing higher velocities, may collide
with larger droplets, resulting in adhesion on the surface and
the formation of satellite powder [48]. Nevertheless, this
phenomenon should not significantly impact the process-
ability of the material during L-DED, as it is unrelated to
powder bed behaviour.

2.2 Experimental Procedure

The L-DED system used is a Laserdyne 430 by Prima Addi-
tive (Fig. 3). A 3-axis CNC unit was used to control X-Y
movements of the deposition table and the Z movement of
deposition head. The machine is equipped with a fibre laser
with maximum power output of 1 kW and nominal laser
spot diameter (d;) of 2 mm. A commercial powder feeder
was used to transfer powder to the deposition head, with four
coaxial multi-nozzles (4-way). Argon with 99.99% purity
was used as the carrier gas. The substrate plate used was
made of stainless steel 316L with dimensions of 90X 90 x 6
mm°.

To define the best set of process parameters, that can
ensure dense and crack free bulk samples, a multi-step
approach was used (Fig. 4). First STs 30 mm in length were
deposited with different laser power (P) and scan speed

@ Springer

(v). Then, with optimized P and v, SLs (20 x 20 mm?) were
deposited to obtain the information about layer growth and
penetration, so to define the layer thickness (Az). Lastly,
parallelepipeds of 20 20X 15 mm® were manufactured.
The process window for optimizing P and v was rang-
ing from 500 to 900 W with step of 100 W and from 300
to 600 mm/min with step of 150 mm/min. The STs were
deposited with a fixed powder feed rate (r) of 8 g/min,
obtained using a rotation of powder feed motor of 6.0 rpm
and a carrier gas flow rate (V,,) of 5 L/min. To evaluate the
different sets of P and v employed by OM, STs were cut
perpendicular to scanning direction for obtaining cross-
sections, as schematically shown in Fig. 5a. Character-
istic geometrical features of cross-sections of STs such
as width (W), total height (H), growth (G) and depth (D)
were measured using the Imagel software (Fig. 5b). The
set of parameters with G/D ratio between 0.9 and 1.1 and
with the lowest W/G ratio was selected to create single
layers. The G/D ratio close to value 1.0 could mean having
regular melt pool geometry and providing a good vertical
metallurgical bonding without the risk of keyhole poros-
ity. On the other hand, high G/D values would result in
insufficient bonding between deposited layers, eventually
leading to the balling effect geometry. While low G/D val-
ues would lead to keyhole geometry melt pools, therefore
causing the risk of keyhole porosity. The other criteria

Volume density, %
[o 2]
1
Cumulative volume density, %

0 - T T T . 0
0 50 100 150 200 250
Particle size, ym

— - =Volume density Cumulative volume density

Fig.1 W360 powder particle size distributions in the as received con-
dition: the dotted blue curve corresponds to the distribution in vol-
ume, while the red curve to the cumulative volume distribution
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Fig.2 SEM micrographs of a W360 powder in the as received condition, and magnifications showing b a particle with smaller satellites, ¢ an
agglomerated powder particle

Powder
feeder

| Deposition

head

Working
table

Control
panel

=1

Fig.3 Laserdyne 430 by Prima Additive: a picture of building chaimer, control panel and powder feeder, b picture of deposition head and work-
ing table with bulid parallelepiped samples

considered was the W/G ratio also called the aspect ratio: Once defined the main process parameters (P and v,
the lowest values are related to the highest growth of the  being r and V,, constant), five SLs with 40% pass overlap-
samples [12]. ping (Ov) among each track, based on previous experience

for a uniform layer growth, were deposited. They were
fundamental to determine the layer thickness, also called

@ Springer



506

Metals and Materials International (2024) 30:501-516

SINGLE TRACKS

2%/4

-
20
238
o ©
£ E
“®
) =
c ®
-
w“—
9 o
O‘_,
£ o
Ow

SINGLE LAYER

BULK SAMPLE

thickness

e
[
>
8
=
E
=
£
-
3
©
(=]

Fig.4 Schematic explanation of the deposition procedure used in the present study and defined in a previous one [49]

Fig.5 Schematical view of a cut performed to analyse the single tracks deposited and b geometrical features of a ST cross-section considered as

reference

z-step (Az) for bulk sample deposition. A digital calliper
TESA Micromaster with precision +0.004 mm was used
to measure the thickness of the deposited SLs. Finally,
six bulk parallelepipeds samples 20 x 20 X 15 mm? were
deposited. The scanning strategy adopted was made by
simple zigzag scanning pattern and a 90° rotation among
consecutive layers.

Then the six parallelepiped samples were removed
from substrate using wire electrical discharge machining.
Two samples labelled AB were analysed without post pro-
cessing in an as-built condition. Other samples were heat
treated in tubular furnace (Nabertherm RHTC 80-710/15)
with Ar-protected atmosphere following different steps as
displayed in Fig. 6. The first heating to austenitizing tem-
perature was done in three steps. A first step to 650 °C in
90 min followed by a isothermal for 15 min. A second step
from 650 to 815 °C in 90 min followed by a isothermal
for 30 min. The third step from 815 to 1050 °C in 120 min
followed by a isothermal for 30 min. Samples were then
quenched using a compressed air and two of them, labelled
Q, were considered for microstructural analysis. After that,

@ Springer

three consecutive tempering cycles were performed on
the last two samples labelled HT. Each tempering cycle
includes heating from room temperature to 540 °C in
10 min, holding at 540 °C for 60 min and air cooling [37].

2.3 Microstructural and Mechanical
Characterization

All the bulk samples were cut in half along the build direc-
tion (also called z-axis). The obtained cross-sections were
grinded and polished using a standard metallographic pro-
cedure for obtaining mirror like surface. The density, or
the residual porosity, and the possible presence of cracks,
were evaluated by analysing 25 optical micrographs taken
at 100 X magnification for each sample using ImageJ soft-
ware. Then the polished surfaces were etched with 2%
Nital by immersion for 60 s for microstructural obser-
vations. They were carried out on etched cross-sections
using the optical microscope LEICA DMI 5000 M and
the Zeiss Supra TM 40 Field Emission Scanning Electron
Microscope (FESEM). The compositional analysis was
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Fig.6 The complete heat treatment performed on W360 samples: diagram with indication of sample condition in each step considered for char-

acterization

Table 2 Main process parameters optimized to manufacture bulk samples in W360 steel by L-DED

P [W] v [mm/min] r [rpm]

V. [L/min]

d; [mm] Ov [%]

Az [mm)]

800 450 6 5

2 40.0 0.65

conducted by Scanning Electron Microscope (SEM) EVO
15 equipped with an Energy-dispersive X-ray spectroscopy
(EDX) detector.

The phase composition of samples in the cross sec-
tion was analysed by X-ray diffraction (XRD) by using
an Empyrean diffractometer (Cu Ka) in a Bragg Brentano
configuration in a 26 from 30 to 110°, operated at 40 kV
and 40 mA with a step size 0.013 and 30 s per step.

DSC was carried out using Setaram TGA-DSC 92
16.18 in Argon atmosphere to avoid oxidation. The
mass of the specimen, cut from the cylinder, was around
200 mg. Specimens were heated from 200 to 1120 °C with
a heating rate 10 °C/min and subsequently cooled down to
room temperature.

Micro-hardness was evaluated on bulk samples using
a micro-Vickers indenter with a load of 500 g applied for
15 s. Five indentations were made “in line” as illustrated
in Fig. 7 in five different zones on each sample at different
height with respect to the substrate: bottom (B), central-
bottom (CB), central (C), central-top (CT), and top (T)
zones.

3 Results and Discussion

3.1 Definition of the L-DED Main Process
Parameters

As stated before, the combination of P, v, and powder feed is
crucial in L-DED for having a good metallurgical bonding
between layers, a controlled layer growth and crack and pore
free samples. Therefore, the evaluation of the cross-section

Top (T) -
Central-top (CT) -

Central (C) -
Central-bottom (CB) --

Build direction

Bottom (B) --

Fig.7 Schematic representation of microhardness measurements with
reported zones of sampling along building direction
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Fig.8 Optical micrographs of cross-sections of the W360 STs produced with coloured marks corresponding to criteria defined in legenda of the

diagram of Fig. 9

Table 3 EDX spot analysis with main alloying elements in % wt. of
W360 by L-DED samples in AB, Q, and HT conditions. The spot
number is related to Fig. 12

Spot  Description Fe Mo Cr A\

1 Carbide — AB 69.3 58 53 0.9
2 Cell boundary — AB 85.6 33 48 06
3 Cell- AB 87.9 25 42 05
4 Carbide—Q 51.0 21.1 6.7 38
5 Martensite — Q  87.1 2.6 4.2 0.4
6 Carbide — HT 74.9 89 42 07
7 Tempered martensite — HT 86.2 25 43 0.5

optical micrographs of the STs made in W360 steel for
different combinations of P and v was performed, and the
results are summarized in Fig. 8 and in the diagram of Fig. 9.
As can be seen from the cross sections of Fig. 8, it is pos-
sible to state that STs with the lowest P had a flat melt pool
without penetration in the substrate, while STs with the low-
est scan speed had higher growth than penetration, resulting
in G/D values over 1.25 which could mean a bad metallurgi-
cal bonding between consecutive layers. By further analysis,
STs with pair of parameters 600 W—450 mm/min and 600
W-600 mm/min had G/D values more acceptable with the
criteria established and defined in the legenda of Fig. 9, but
the corresponding W/G values were 12.54 and 12.28 respec-
tively, indicating low growth of the STs. Considering STs
with a P in the range 700 to 900 W and with v in the range
450 and 600 mm/min, it could be stated that they are in a
good interval. In particular, the ST with combination of 800
W and 450 mm/min (marked with a red star in Fig. 8) had
the G/D value closest to 1, which matches to a regular melt
pool geometry. Furthermore, the corresponding W/G ratio
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3.5 1 ® 0.90<G/D < 1.10
110<G/D <125
3.0 1 ° 0.75< G/D < 0.90
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Fig. 9 Diagram summarizing the G/D ratio over W/G ratio (aspect
ratio) with selection criteria lines

value was the lowest among the STs with the G/D values
between 0.9 and 1.1 values. Therefore, it was defined as
the P—v combination for W360 steel further SLs and bulk
samples depositions.

Moreover, according to the width of the STs obtained
with this P—v pair, and to the value Ov of 40%, the hatch
distance (hy) value to be set for SLs was of 1.2 mm. After
that, the mean value of the growth of the five SLs built was
measured. The result was 0.65 mm, and it was adopted as the
Az for manufacturing the parallelepiped bulk samples. The
process parameters defined for processing the W360 steel by
L-DED are summarized in Table 2.
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All the samples produced had a measured mean density
above 99.8%, with mean residual porosity value of 0.15%.
The pores found in the samples were spherical gas pores that
are typical for the L-DED process due to the fact that inert
gases are used for delivering powder to the melt pool and for
shielding the melt pool in order to prevent oxidation. Moreo-
ver, no cracks were found despite its high carbon equivalent
content value of 2.15% calculated with Eq. (1). This can be
explained considering that the L-DED process has lower
cooling rates and a different thermal history compared to the
L-PBF process: a higher energy source is employed, with a
larger laser spot size, with a nominal diameter one order of
magnitude greater, and with lower scan speed [25, 32].

3.2 Microstructural Analysis

The samples microstructure was investigated with optical
and SEM microscopes. The optical micrographs of the AB,
Q and HT samples at different magnifications are shown
in Fig. 10. From the microstructure of the AB sample pre-
sented in Fig. 10a, the characteristic L-DED microstructure
can be observed, consisting of interconnected melt pools
and a dendritic-cellular microstructure with both equiaxed
and columnar dendrites. At higher magnification (Fig. 10b),
cells, intercellular white phase, very fine carbides in shape
of black dots can be detected. As discussed in previous stud-
ies [14, 19, 50] the microstructure of similar as-built hot
work tool steels, such as H13, exhibits a dendritic-cellular
structure with intercellular micro-segregation of the alloy-
ing elements, suggesting the presence of retained austen-
ite. It should be noted that carbide particles (marked by
red arrows) were found only within the intercellular areas.
The Q sample (Fig. 10c and d) exhibits the typical micro-
structure of quenched hot work tool steels, characterized by
numerous small martensite laths and carbides. Moreover, the
comparison with the AB state indicates that after the aus-
tenitizing heat treatment, the melt pools and the dendritic-
cellular microstructure are no longer visible, indicating also
that this heat treatment is sufficient to modify the effects of
the complex thermal history to which the material was sub-
jected. The resulting microstructure is more homogenized,
with the recovery of micro-segregated elements from the cell
boundaries and partial dissolution of the carbides through a
diffusional process facilitated by the austenitizing heat treat-
ment. In the HT sample (Fig. 10e and f) the microstructure is
homogeneous, consisting of tempered martensite and a great
quantity of carbides. To gain a better understanding of the
microstructural features observed in Fig. 10, an investigation
through FESEM was performed and the most representative
micrographs of the three conditions are shown in Fig. 11.
In particular, Fig. 11a shows the dendritic-cellular micro-
structure of the AB sample, the light grey phase corresponds
to tempered martensite within cells, while the darker grey

phase is the intercellular region suspected to be retained aus-
tenite. At higher magnification (Fig. 11b), very fine carbides
(marked with red arrows) can be observed in the intercellular
area, which exhibits a distinct microstructure compared to
the cellular phase. The presence of intercellular carbides is
consistent with findings from other studies on H13, a similar
hot work tool steel [14]. In the Q condition (Fig. 11c and
d), the austenite phase has transformed into a martensitic
microstructure [51]. Moreover, in this sample, the dendritic-
cellular microstructure typically observed in L-DED sam-
ples has disappeared, likely due to the reaching of the aus-
tenitizing temperature. With increased magnification, larger
carbides can also be observed (Fig. 11d). In HT condition,
as shown in Fig. 11e and f, the characteristic microstructure
of tempered hot work tool steels is evident [52]. The growth
of martensite laths and carbides can be observed, whit the
carbides appearing larger in size and number compared to
the AB and Q samples.

To better understand the composition of the matrix and
of the carbides, EDX point analyses were performed. The
results in terms of % in weight of Fe, Mo, Cr, and V of the
analysis for the AB, Q, and HT samples are presented in
Table 3, and the corresponding points are shown in the SEM
micrographs reported in Fig. 12. The Si and Mn results are
not included in table as they are not relevant for carbide
analysis.

It should also be noted that the EDX sensor used was
incapable of accurately measuring the C content, hence no
results are provided for C. In the micrograph of the AB sample
(Fig. 12a), a noticeable difference in microstructure between
the cell and the cell boundary is evident. Additionally, white
spots representing carbides are observed only at the cell bound-
ary. Comparing the EDX point analysis results for spots 1, 2,
and 3 (Table 2), it can be observed that the weight percentage
of alloying elements Mo, Cr, and V is slightly higher in the
cell boundary (spot 2) than in the cell (spot 3), confirming
the micro-segregation of alloying elements reported in previ-
ous studies [19, 50]. Moreover, the EDX spot analysis reveals
an increase in the carbide-forming elements in the carbides.
Notably, Mo exhibits the most significant increase, with its
content rising from 2.5% wt. in the cell (spot 4) to 3.3% in the
cell boundary (spot 3), and reaching a value of 5.8% in the
carbide (spot 1).

Analysing the Q sample, the EDX spot analysis (Fig. 12b)
indicates a homogenized martensitic matrix (spot 5), resulting
from the diffusion-based homogenization during the austeniti-
zation phase at high temperature, as observed by Amirabdol-
lahian et al. on H13 by L-DED [14]. Furthermore, some car-
bides in the Q sample exhibit increased content of all measured
alloying elements (spot 4) compared to the carbide in the AB
sample (spot 1). Specifically, Mo content increased from 5.8 to
21.1%, Cr content increased from 5.3 to 6.7%, and V content
increased from 0.9 to 3.8%.
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Fig. 10 Optical micrographs of W360 AB (a, d), Q (b, ) and HT (c, f) samples at different magnifications

In the HT sample, the tempering process had no significant
impact on the change in alloying element content in the matrix.
The tempered martensite (spot 7) exhibited similar alloying
element content as the as-quenched martensite (spot 5). Addi-
tionally, the carbide (spot 6) in the HT sample showed that
the content of Cr remained at a similar level as in the matrix
(spot 7), being 4.2% in the carbide and 4.3% in the matrix.
Moreover, the amount of V slightly increased from 0.5% in the
matrix to 0.7% in the carbide. Meanwhile, the content of Mo
increased from 2.5 to 8.9%, indicating that there are mainly
Mo-rich carbides, which is consistent with the findings of
Amirarsalani et al. [53].

@ Springer

To summarize the EDX analysis, the carbides in the AB
sample underwent intrinsic tempering, which was not con-
trolled like the tempering process in the HT sample. This sug-
gests that the carbides in the AB sample were tempered at
different temperatures, ranging from high to low, as the depo-
sition process progressed [17]. This phenomenon of intrinsic
tempering occurred at different stages, promoting the growth
of different carbide types. It could be stated that at tempera-
tures around 650 °C, the growth of V carbides was primarily
encouraged, while at temperatures between 538 and 592 °C,
the growth of Mo carbides was favoured. Finally, at tempera-
tures around 427 °C, the promotion of Cr carbides became
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Fig. 11 FESEM micrographs of revealed microstructure of AB (a, d), Q (b, e) and HT (c, f) samples at different magnifications

significant [54]. This could explain the increase in the content
of all carbide-forming elements in the spot analyses corre-
sponding to the carbides of the AB sample. In contrast, it can
be supposed that the HT sample underwent controlled temper-
ing at 540 °C, which predominantly promoted the growth of
Mo-rich carbides [54]. Furthermore, in the HT sample, the
content of Cr did not increase in relation to the martensitic
matrix, perhaps indicating that its role in W360 steel is mainly
to stabilize martensite [52].

Subsequently, XRD measurements were conducted to
validate the hypotheses presented in Figs. 10 and 11 regard-
ing the detected phases (Fig. 13). The XRD patterns of the

AB, Q, and HT samples all exhibited the peaks correspond-
ing to martensitic phase.

The peak values reported in Fig. 13a correspond to the
body-centered cubic (BCC) system C free steel structure. It
is well-known that the martensite lattice parameter changes
with the increase of C content into the lattice [55]. In the
reflection magnification of Fig. 13b the shift of the first
peak of all patterns compared to the a (110) value can be
observed. It could be explained with the fact that through
the rapid cooling from the austenitizing temperature, the
C gets trapped in the BCC lattice causing the change of
lattice parameters. During tempering the C diffuses out of
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Fig. 12 SEM micrographs used for EDX spot analysis a of AB sample, b of Q sample, ¢ of HT sample

Fig. 13 XRD patterns of a
AB, Q and HT samples with a
reported a values; b a magnifi-
cation of the first peak for the
a (110) value in AB, Q and HT
samples in comparison to the
theoretical one (dotted line)
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the lattice, therefore bringing back the peak related to the
lattice parameters. The C diffusion promotes the formation
and growth of carbides. However it should be noted that,
although carbides are certainly present, their content and
the content of retained austenite, if present, is less than 4%
of the volume content, thus they were not detected by XRD
analysis. However, the presence of different carbides content
could be assessed by means of DSC analyses.

Performing the DSC measurements, two endothermic
peaks were found clearly in the thermograms for all the bulk
samples (Fig. 14). They were labelled as Peak 2 and Peak 3.
While in Q samples it was found also an exothermic event
that occurs between 500 and 600 °C. This is probably due
to the Mo carbide formation since it is reported in litera-
ture that they could form easily between 538 and 592 °C
[54]. Peak 1 was not detected in HT samples because the
carbides were already formed, while in the AB samples, as
already stated before, an intrinsic tempering occurred during
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the L-DED process resulting in the carbide formation and
growth. The first endothermic event, peak 2 is the Curie
temperature (T() that is related to the magnetic transforma-
tion, it appears at 770 °C for Q and HT samples, while for
the AB sample the peak is shifted to the right at 779 °C [56].
The peak 3 is associated to the transformation from a to
Y. Austenite onset temperature (AC,) for all three samples
was measured to be 839 °C. On the other hand, austenite
finish temperature (AC;) was at 874 °C for Q and HT sam-
ples, while for AB sample was found at 882 °C. The peaks
shift to the right of the T, and AC; temperatures could be
explained by the difference in the grain sizes. In the opti-
cal micrographs of AB and HT samples (Fig. 10b and f) it
is possible to see such differences between the grain sizes.
The transformation from martensite to austenite is starting
at the grain boundaries and therefore smaller grain sizes are
being transformed faster. As reported in literature for H13
tool steel, using the same heating rate in DSC measurements,
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Fig. 14 Heating DSC curves of the AB, Q and HT samples

the larger grain size condition was having higher AC; tem-
perature, in our case AB samples [57, 58].

Finally, the effects of these microstructural features on the
materials properties were evaluated trough hardness tests. In
Fig. 15 the microhardness mean values of AB, Q and HT W360
steel samples are displayed following an order related to the
positions where measurements were performed, along the height
of the cross section of the samples starting from the substrate,
hence along the build direction (as indicated in Fig. 7).

The AB sample hardness showed a certain trend along the
building direction. The bottom of the sample had measured the
highest values, the microhardness is decreasing with upper lay-
ers until the top part of the sample where an increase in micro-
hardness was noted. This trend could be explained with the fact
that temperatures of the substrate were increasing with more
layers added which is resulting in slower cooling rates, therefore
lower microhardness values. While the increased value of the
top of the AB sample could be due to not having upper layers
deposited on top that would hold the layer at elevated tempera-
tures for longer time and thus have the tempering effect on it.
The trend found in the AB condition was not found in the Q and
HT samples, suggesting that the thermal history can be erased
by the heat treatment performed. The mean value of AB sam-
ples was 642 while, showing that as quenched, Q sample has
as expected the highest microhardness value of 744 HV due to
the highest internal stress present which makes it more brittle.
Moreover, while reducing the risk of cracks with three temper-
ing cycles the value of HT samples microhardness dropped to
634 HV which is the expected hardness for the performed heat
treatment and suitable for tools repair applications [37].

Positions

T T T
500 600 700 800
Microhardness, HV

Fig. 15 Microhardness mean values for AB, Q and HT W360 sam-
ples reported for different positions along building direction

4 Conclusions

In this work, the processability of W360 tool steel by L-DED
was demonstrated for the first time. A fast approach for opti-
mizing process parameters was adopted, starting with the
deposition and analyses of single tracks (STs) and single
layers (SLs). Bulk samples were obtained and characterized
in terms of microstructure and microhardness at different
conditions: as built (AB), after austenitizing and air quench-
ing (Q), and after three consecutive tempering cycles (HT).
The main findings of this study are summarized below:

(1) Once a powder feed rate of 8 g/min was fixed, the best
combination of laser power and scan speed was determined
to be 800 W and 450 mm/min through STs analyses. An
overlapping of 40% among consecutive scan tracks was
chosen, and a hatching distance of 1.2 mm was defined
for the SLs. After deposition and measurement, a layer
thickness of 0.65 mm was defined. Lastly, a zig-zag pattern
with 90° rotation among consecutive layers was adopted as
the scanning strategy. The L-DED samples of W360 steel
resulted in bulk crack-free samples with a mean relative
density above 99.8%.

(2) Microstructural analysis of the AB samples revealed
the characteristic L-DED microstructure of W360 steel,
consisting of a dendritic-cellular microstructure with
both equiaxed and columnar dendrites. The presence
of very fine carbides in the intercellular regions was
also observed. The Q samples exhibited numerous
small martensite laths and an increased presence of
carbides, which were also larger in size compared to the
AB samples. Subsequent tempering cycles resulted in
a homogeneous microstructure of tempered martensite
with an even greater quantity of carbides.

(3) EDX point analyses provided semi-quantitative informa-
tion about the chemical composition of the matrix and car-
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bides in the AB, Q and HT samples. Variations in weight
percentage of the main alloying elements Fe, Mo, Cr, and
V content were observed among the different microstruc-
tural conditions. Micro-segregation of alloying elements in
the cell boundary was observed in the AB samples. Fur-
thermore, the carbides were found to be mostly Mo-rich
carbides.

(4) XRD results showed only the presence of the martensite
phase in all conditions, with no retained austenite or
carbide peaks observed.

(5) DSC analysis showed an exothermic peak only in Q
sample, while the AB and HT samples exhibited simi-
lar trends, probably due to the intrinsic heat treatment
of the AB sample during the deposition process and the
tempering cycles performed in the HT sample.

(6) The microhardness tests revealed a certain trend in the
AB samples along the building direction (z-axis), which
is characteristic of steels processed by L-DED due to
deposition on a cold substrate and intrinsic thermal
treatment. The first and last layers deposited showed
higher hardness values (662 HV and 647 HYV, respec-
tively), while the middle layers exhibited lower hard-
ness (633 HV). The Q samples exhibited the highest
mean hardness values, which are expected to corre-
spond to the condition with the highest residual thermal
stresses. After the HT, a mean hardness value of 634
HV was measured, which remained constant along the
building direction, confirming the homogeneous micro-
structure obtained after preformed heat treatment.

In conclusion, the results suggest that W360 steel has great
potential for various applications enabled by additive manufac-
turing (AM) and in particular by L-DED, including the produc-
tion of complex components with internal cooling channels, and
mould and tool repair. Further analyses, such as tensile testing
and wear resistance evaluation, can be conducted to fully assess
the mechanical properties and performance of W360 L-DED
samples in specific industrial applications. Additionally, inves-
tigating different post-heat treatment to fine-tune the micro-
structural properties of W360 steel could further enhance its
mechanical properties.
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