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Abstract

To produce increasingly efficient tools with optimized geometry, additive manufacturing is
a suitable solution. However, tool steels, due to their high amount of carbon and hardening
elements, may be unweldable and therefore difficult to produce using additive manufactur-
ing methods that employ melting. W360 is a hot-forming alloy, and, in this study, it was
produced through laser powder bed fusion (PBF-LB). The microstructure and mechanical
properties were evaluated on as-built netshape PBF-LB samples. Despite the presence
of many alloying elements, this alloy was not sensitive to cracks, and very good results
from the defect analysis (defect surface density < 0.2%) were achieved. Microstructure and
hardness are homogeneous in the sample except in the last layer due to an upskin effect.
As-built netshape samples exhibit very promising mechanical properties up to 400 °C,
which could be further improved by heat treatments.

Keywords: additive manufacturing; laser powder bed fusion; hot-forming steel; high
temperature tensile tests; mechanical properties

1. Introduction

Recently, to avoid machining and assembly steps, additive manufacturing (AM) has
emerged as a promising solution. It can produce complex parts directly from computer-
aided design, a capability indispensable to modern industry. Among all metal AM tech-
niques, laser powder bed fusion (PBF-LB) is the most studied and mature technique [1].
Compared to Laser Directed Energy Deposition (DED-LB), PBF-LB enables very accurate,
topologically optimized components to be obtained, while DED provides a high deposition
rate, which is more suited for larger components and repair applications [2]. Moreover,
PBF-LB is a mature technology and enables the production of more efficient redesigned
parts, which are required in industrial contexts [1,2].

PBF-LB can produce standard alloys such as aluminum alloys [3], titanium alloys [4,5],
nickel-based superalloys [6], steels [7-9] and some specific alloy compositions optimized
for AM processes [10-12]. However, due to the high cooling rate (up to 10° K/s) and
steep thermal gradient imposed during the process, non-weldable alloys are difficult to
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produce using this technique [13]. Indeed, very hard alloys such as tool steel are often
crack-sensitive, and the presence of cracks will hinder the quality of the final part [14-16].

W360 is a novel hot-forming steel alloy sold as a conventional raw product (sheet,
rod, etc.) and as a powder. This material is said to have high toughness, fair ductility,
good wear resistance, fair machinability, good hardness at elevated temperature, and
good thermal conductivity [17]. Its microstructure in the conventional manufacturing
route consists mainly of the BCC/BCT martensitic phase, with a small amount of retained
austenite [18-20]. It has been shown that the recommended heat treatment with multiple
tempering cycles refines martensite laths and grains, leading to high hardness (696 HV0.2)
and impact toughness (AKy = 21.3 J) [18]. Despite the high hardness, a ductile Charpy
impact test fracture mode was noticed. Wear properties and autofrettage processing were
analyzed and compared with those of more common materials, such as H10, H13, and
1.2344 steels, as well as Unimax, which showed promising properties [18-20]. Another
study reports the evaluation of nitriding a W360 hot forging die for the production of
an engine valve. Three critical wear mechanisms were identified (plastic deformation,
thermo-mechanical fatigue, and abrasive wear) [21]. W360 heat treatment was numerically
investigated. For most cooling rates (until 3 K/s), martensite and a small amount of retained
austenite were obtained. The residual stresses after hardening were compressive in the
subsurface layer, and the depth of this layer increased with higher cooling rates. However,
rapid changes in thermal strains may lead to microcracks [22].

All the above-mentioned studies deal with conventional forms of W360 products. In
all these studies, W360 is either compared to other materials or used as an example to
investigate new numerical methods. More recently, a couple of papers concerning W360
produced by PBF-LB were also published. For example, variations in mechanical properties
depending on the applied heat treatment were studied [23-25]. Based on the microstructure,
ferrite with a small amount of residual austenite was detected after stress relief treatment.
Additional tempering steps enabled the precipitation of hardening M3Cs, M7Cz and MgC
phases in the ferritic matrix, resulting in a hardness of 630-670 HV, a tensile yield strength
of around 1700 MPa, an ultimate tensile stress of 2100-2300 MPa and an elongation at
break of around 1.5-3.8% [23-25]. However, the as-built state is almost uninvestigated. The
evolution of microstructure on as-built DED-LB, as-quenched, and after tempering was
studied, and the martensite phase was found in all conditions, even after tempering for 3 h
at 540 °C [26]. They show that quenching increases the number of carbides, and tempering
enables a homogeneous microstructure of tempered martensite while retaining carbides.

Therefore, there is a lack of literature considering the investigation of the microstruc-
ture and mechanical properties of as-built W360. In this way, this paper aims to address
this issue by investigating the material health, microstructure, and room- and elevated-
temperature mechanical properties of W360 manufactured by PBF-LB.

2. Materials and Methods
2.1. Materials

W360 hot tool steel powder supplied by Bohler (Kapfenberg, Germany) is purchased
for this study. Powder composition provided by the supplier and bulk composition mea-
sured by a Foundry Master spark optical emission spectrometer (Oxford instruments,
Abingdon-on-Thames, UK) are listed in Table 1.

Powder particles are spherical, with a narrow particle size distribution (D10 =21.3 +
0.7 pm, D50 = 32.0 £ 0.8 um, and D90 = 45.8 £ 0.9 um), consistent with the values reported
by the supplier [17].
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Table 1. Powder and bulk compositions (weight%) [27].

Fe C Si Mn Cr Mo \Y% O N S W
Powder
(Bohlen) [17] Bal. 0.5 0.2 0.25 45 3 0.55 / / /
As-built 91.05 0459+ 0.181+ 0207+ 442+ 283+ 0582+ 0.128 +
/ / <0.005

PBF-LB (exp) =+ 0.02

0.004 0.003 0.002 0.02 0.01 0.002 0.004

o]
<

Mg s

Samples were produced by the PBF-LB process using a Trumpf TruPrint 1000 machine
(Ditzingen, Germany) (power up to 200 W) equipped with a 30 um diameter laser beam.
The manufacturing parameters are displayed in Table 2 and were obtained from a prelimi-
nary study based on parameters derived from the manufacturer’s recommendations for
AISI316L. In the building chamber, the oxygen level was maintained below 3 ppm. The
build plate was not preheated because this equipment does not have this capability. Core
material was scanned using a chess strategy (block length of 3.96 mm and a pattern shift
from layer to layer of 2.7648 mm in the X direction and 2.9769 mm in the Y direction), with
a 45° rotation between layers. The recoater travels in the X direction. In the following
sections, the building direction corresponds to the Z-axis, while the XY plane corresponds
to the scanning plane. To analyze defects, microstructure and hardness, block samples
(14 x 14 x 10 mm?®) were built. For room temperature tensile tests, dog-bone-shaped
specimens were vertically built. For high-temperature tensile tests, cylindrical specimens
were vertically built. For Charpy impact tests, ASTM E23 reduced-size 2.5 x 10 mm (55 mm
length) bars were vertically and horizontally built. Then they were V-broached. No further
heat treatments were applied. An illustration of these explanations is provided in Figure 1.

Building direction

=
o

RO

Figure 1. Schematic representation of building plate during the process (left), Schematic representa-
tion of mechanical test specimens. Lengths are given in mm (right).
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Table 2. PBF-LB manufacturing parameters.
. Laser Power (P)  Laser Scanning Speed (v) Layer Thickness Hatching Distance
Position
W) (mm/s) (um) (um)

Core 120 700 20 pm 90 pm
Downskin 30 460 20 pm 30 um
Contouring 80 500 Not Applicable Not Applicable

Upskin 120 700 20 pm 90 pm
2.2. Methods

2.2.1. Defect Analysis and Microstructural Characterization

For defect analysis and microstructural characterization, optical micrography was
acquired using an Olympus PMG3 optical microscope (Evident, Tokyo, Japan) on sample
cross-sections. For higher-magnification imaging, a ZEISS EVO HD15LS scanning electron
microscope (SEM) (Zeiss France, Paris, France) equipped with an energy-dispersive X-
ray (EDX; Oxford Instruments, Abingdon-on-Thames, UK, X-Max 50 mm?) detector was
employed. The sample preparations required initial mechanical polishing steps using P4000-
grit papers (Buehler, Leinfelden-Echterdingen, Germany) and an automatic mechanical
polisher (Mecatech 334, Presci, Eybens, France). Then, colloidal diamond solutions (3 pm,
1 pm) and oxide polishing solutions (OPS) were used. In order to reveal the microstructure,
samples were etched by immersing them for 10 s in Nital etching solution (97 mL ethanol,
3 mL nitric acid). Image ] analysis software (Fiji version)) was used for quantitative image
analysis [28]. For phase quantitative analysis, XRD spectra were recorded at the 1D22
beamline of ESRF (Grenoble, France), utilizing a 1 x 1 mm? X-ray beam with a wavelength
of 0.35431132 = 0.00000324 A and a Dectris Eiger 2 x 2 m-w CdTe detector equipped with
nine Si (111) crystals (Dectris USA, Philadelphia, PA, USA) [29-31]. The samples were
scanned with a step size of 0.0001° at 251 rpm, resulting in a total acquisition time of 16 min.
Results were analyzed with the ICCD database.

2.2.2. Mechanical Characterization

Room-temperature hardness indents were performed using the Zwick/Roell ZHV2.5
equipment (Zwick, Ulm, Germany) with a Vickers indent with two different loads: 10 kg
(HV10) (macrohardness), 0.2 kg (HVO0.2) (microhardness). For microhardness testing, a
10 kg load was applied to a bulk sample. The result is the average value of 30 measure-
ments. For microhardness measurements, at least 300 indentations were recorded in each
plane. An electromechanical Instron 5892 tensile machine was used to perform tensile tests.
Deformation rate was controlled with a crosshead displacement mode of 2 mm/min. This
implies a strain rate of around 2 x 1073 s~! on the sample. For room-temperature tests,
dog-bone-shaped specimens (5 x 3 x 35 mm?®) were used, while for high-temperature
tests, cylindrical samples (diameter 6 mm, gauge length 45 mm) were printed. Prior to
tensile testing, to remove excessive surface roughness and improve cross-section measure-
ment accuracy, the surface of the specimens was polished with P600 SiC paper (Buehler,
Leinfelden-Echterdingen, Germany). The strain of samples tested at room temperature was
measured using a digital video extensometer. The elastoplastic transition was defined as
the stress corresponding to a plastic strain of 0.2%. High-temperature tensile tests were
performed at 300 °C and 400 °C using an SF-16 furnace (Instron, Norwood, MA, USA).
Tests were started after temperature stabilization, and strain was measured using a 25 mm
gauge-length extensometer (13448-025M-020, Instron, Norwood, MA, USA). Charpy impact
tests were performed on as-built samples with a 2.5 X 10 mm V-notched geometry, using a
Zwick HIT 50P pendulum (Zwick, Ulm, Germany) with a 50 ] capacity at room temperature.
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3. Results and Discussion
3.1. Defect Analysis

For the defect analysis, the cross-sections of the samples were observed. The result of
this investigation is shown in Figure 2. Several pores can be observed in the bulk and are
also aligned with the sample edge. The contouring strategy may explain the one near the
sample edge, which is aligned along the building direction [32]. In the literature [23-25],
the buildplate was preheated to 400 °C to avoid large cracking issues. Therefore, this study
shows that preheating produces acceptable results. In addition, a second kind of defect
can be observed: cracks. In the upper region, especially in the last layer, microcracks are
evident. This defect is well known in tool steels (such as AISI M2 and AISI M50) with
compositions close to W360. Cracking can be avoided by reducing the thermal gradient by
pre-heating the build plate [16,33-35]. The last layer has a different thermal history from
the bulk area, which may explain the cracks. However, the defect location may not make
them harmful because they will be removed by surface machining.

ERTCe

400 pm 100 pm

Figure 2. Optical micrographs of the sample (polished, no etching) half XZ plane. An arrow indicates

the building’s direction (BD). Small arrows highlight cracks in the upper layer. High magnification
images of some areas are also provided.

A quantitative analysis was also performed. On the half XZ plane (cf. Figure 2), a
surface density of 99.82% was measured. Then, on each plane, a total area of 22 mm? was
carefully analyzed (XY, XZ, YZ). It corresponds to approx. 10% of the total plane surface. On
each plane, several optical images were acquired in different areas where the pore density
is important. Due to the micrography resolution, defect diameters lower than 0.7 um were
not considered. Statistical results indicate a surface density of 99.86 £ 0.06%, consistent
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with the literature [23-25], and an average defect diameter of 5 &+ 6 pm, indicating excellent
material health. Defects were then divided into two categories: circular (circularity > 0.9) or
non-circular ones. Indeed, sharp defects can lead to stress concentrations, which can favor
crack propagation. Defect size distribution and circularity are plotted in Figure 3. Most
circular defects (99%) have an average diameter lower than 15 pum, although this is the case
for only 80% of non-circular defects. Another difference is defect number: 647 non-circular
vs. 1092 circular, but non-circular defects have a higher equivalent diameter and represent
a higher surface density, 0.03% vs. 0.02%. In conclusion, PBF-LB classical defects could not
be avoided. However, the low porosity and limited defect diameter are consistent with
results reported in the PBF-LB literature s [23-25].
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Figure 3. Defect size distribution (zoom of defect diameters [25;80] inside the dash line) (left). Defects
circularity distribution (right).

3.2. Material Microstructure

Macrostructure was investigated using an optical microscope (Figure 4, top). A typical
PBF-LB melt pool is visible. However, the top layer is not similar to the sample’s core, which
means there is a difference in composition or microstructure in this last layer. Nothing
in the process accounts for such a large compositional difference between the last and
previous layers, which explains the high hardness variation. Therefore, this difference
cannot be attributed to a composition gradient. This layer has a different thermal history
with no remelting and no subsequent heat treatment due to the construction. It can lead to
microstructure variations between the core and the last layer.

To investigate laser-matter interactions, melt pool dimensions were measured in
two planes on the last layer. The results are presented in Table 3. Keyhole mode is
considered for a height/half-width ratio higher than 2.5. Melt pools are isotropic. The
height-to-width measured ratio implies a laser-matter interaction in a keyhole mode [1,36].
This mode is associated with a high energy density and is not favored because it can gener-
ate keyhole porosity [1,36]. In PBF-LB, the conduction mode is preferable to limit porosity
formation; however, in this specific study, the keyhole is not harmful for production.

At higher magnification (Figure 4, bottom), a typical PBF-LB cellular microstructure
was observed inside the melt pool. The literature also reports cellular or needle-like
structures for martensitic steel [34,37]. Cell size is not homogeneous in the sample. Some
heterogeneities are observed near the melt pool boundaries or the sample surface. Cell size
is linked to cooling rates during solidification. Therefore, different cell sizes imply different
cooling rates [1]. The average cell size is 0.7 & 0.3 um, within the range reported in the
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literature [38]. Cell walls and cell cores should show compositional differences; however,
due to cell size, it was not possible to assess the compositional gradient using SEM-EDX.
However, at higher magnification, needle-like or lath-like features, typical of martensitic
microstructures, were observed in the cell core. The results differ from [24], where no
cellular microstructure was found. However, the temperature during production was kept
at 400 °C, above Ms, which may explain the difference.

Figure 4. The arrow corresponds to the building direction. (left) Optical micrography of macrostruc-
ture. Melt pool boundaries are visible. (right) SEM image of microstructure. Cellular microstructure
is visible. The melt pool boundary is highlighted by a dashed line. (bottom) Highlight of cellular
microstructure. Martensite laths are visible inside the cells.

Table 3. Melt pool dimensions [27]. XZ and YZ correspond to two perpendicular cross-sections, both
parallel to the building direction.

Melt Pool Dimensions XZ Plane XY Plane
height (um) 190 £ 20 186 + 15
width (um) 86+ 9 96 + 10
Melt pool aspect ratio [36] ~4.4 ~3.9

To investigate the crystallographic structure, XRD patterns were acquired (Figure 5).
W360 is a martensitic steel. Therefore, the BCC or BCT iron phase was detected. This
high-angular-resolution analysis detects only one peak. Therefore, it suggests that only
martensite or tempered martensite is present (no coexistence of ferrite and martensite in
the bulk). However, retained austenite was detected, which is common for martensitic
steel produced by PBF-LB [35,39-41]. Our result is consistent with previous studies on
PBF-LB W360 [23,24]. In a previous study [23], a BCC phase was considered due to the
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preheating plate at 400 °C during the process and stress relief at 690 °C. In all cases [23,24],
the iron carbide phase was not detected. However, chromium carbides were detected after
tempering. This residual austenite shows peak deviation from pure iron due to the high
amount of elements in solid solution. The relatively high martensite start temperature
(~280 °C) [17] suggests residual austenite content of less than 1%.

. Experimental values _ Expe.rimentalvalues
2 BCC iron 2 BECivon
: FCCiron
8 FCCiron 3
2 <
> >
= h=4
(%2} (%]
c c
7] o
= =
—_— ‘ -_—
TVA A N A A N
7 12 17 22 27 9 9.5 10 10.5 11
26 (°) 26 (°)

Figure 5. XRD spectra, full (left), zoom (right).

3.3. Mechanical Properties

In this part, hardness and impact toughness are investigated at room temperature and
tensile properties are presented up to 400 °C.

3.3.1. Hardness Tests

Macro- and micro-hardness measurements were performed, and the results are dis-
played in Table 4. Indentation tracks (more than 200 indentations on each plane) were
performed for micro-hardness, and homogeneous hardness for both width and height
was measured. A high as-built macro-hardness slightly below the value expected after
further heat treatment, comprising solution treatment and tempering (590-630 HV) from
the powder supplier [17], which was measured, is very promising. A very low anisotropy
between vertical and horizontal planes was noticed; therefore, an isotropic macroscopic
mechanical behavior is expected. In the first layer, the higher value can be explained by
an upskin effect. This first layer was neither remelted nor tempered by thermal reloading,
and it was built using the same parameters as the core material. Therefore, core materials
correspond to tempered martensite, while the last layer corresponds to as-built martensite.
The supplier data suggest that heat treatment may slightly improve the global hardness
value, while the hardness of heat-treated samples reported in the literature is consistent
with ours [23-25].

Table 4. Hardness measurements [27].

XY Plane XZ Plane YZ Plane
Macro-hardness 550 4+ 30 HV10
Micro-hardness bulk 678 + 41 HV0.2 648 + 31 HVO0.2 644 + 47 HVO0.2
Micro-hardness top layer / 819 4= 54 HVO0.2

3.3.2. Charpy Impact Tests

Tests were performed on as-built samples at room temperature (Table 5). Horizontal
samples show lower values than vertical ones. Vertical samples almost reached the prop-
erties claimed by the supplier after heat treatment. Figure 6 displays SEM fractographies
at different magnifications for both vertically and horizontally built samples. At a macro
scale, a brittle behavior is observed. However, at higher magnification, a mix of ductile
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and brittle failure is observed, accompanied by small dimples. Crack propagation seems
to be influenced by microstructure features, which at this scale could be grain structure.
Wrought heat-treated W360 exhibits comparable ductile behavior [18]. Therefore, ductility
may be increased after heat treatment in our case. With other hot-tool steels, the values are
slightly higher, consistent with conventional material properties [18,42].

Table 5. As-built impact toughness values [27].

As-Built Vertical Samples As-Built Horizontal Samples
Sample geometry ASTM V-notch reduced size 2.5 x 10 mm
Impact toughness 9.52 + 1.08 ] /cm? 7.79 & 1.06 ] /cm?

Figure 6. SEM observations at different magnifications after failure.
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3.3.3. Tensile Tests

On as-built samples, tensile properties were investigated at room and higher temper-
atures. At least two tests were performed for each condition. Engineering stress—strain
curves are plotted in Figure 7. Yield stress (YS), ultimate tensile strength (UTS), and elonga-
tion at break (A%) values were determined from these plots. The results are summarized
in Table 6. First, one can observe good reproducibility and rather poor ductility at room
temperature. Ductility does not improve at higher temperatures. Though the yield strength
and ultimate tensile strength are high, they are slightly lower than those reported by the
supplier (YS = 1500-1670 MPa, UTS = 1970-2010 MPa, A% = 6.6-8.1%) for the heat-treated
sample [17]. Given the as-built properties, one can expect that PBF-LB samples will achieve
the targeted properties after heat treatment. Regarding high-temperature tensile properties,
they are maintained at least up to 400 °C, consistent with the constant hardness value up to
550 °C reported in [17]. Tensile properties (YS and UTS) values are in the range of as-built
H13 steel on a non-preheated building plate [16] but are lower than those of W360 after
heat-treatment [23-25].

1800
§ 1600
= 1400 20°C-#1V
4 ﬁgg ——20°C-#2V
fﬂ ——20°C-#3V
e 890 300°C-#1V
=
S 600
S 400 ———300°C-#2 V
& ——400°C-#1V
£ 200 ]

0 ——400°C-#2V

0 2 4 6
Engineering Strain (%)

Figure 7. Engineering stress—strain curves of vertically (V) built samples at room temperature, at
300 °C and 400 °C.

Table 6. As-built tensile properties extracted from Figure 6 curves.

Samples YS (MPa) UTS (MPa) A%
As-built vertical (room temperature) 1189 4+ 52 1552 4+ 52 3.7 £ 1.6%
As-built vertical (T = 300 °C) 1235 4+ 54 1665 + 2 4.6 + 0.4%
As-built vertical (T = 400 °C) 1141 £ 6 1439 + 48 2.4 4+ 0.4%

Figure 8 shows SEM observations after failure at different magnifications for the
different tensile test temperatures. On room-temperature fracture surfaces, grain-structure
features are clearly noticeable, and higher magnification allowed martensite laths to be
identified. These flat areas are typical of a mixed (ductile and brittle) fracture mode. For
samples tested at 300 °C and 400 °C, the fracture surfaces exhibit fewer brittle areas and
greater overall waviness. At high magnification, dimples are easily detected.

https://doi.org/10.3390/alloys5030016


https://doi.org/10.3390/alloys5030016

Alloys 2026, 5, 16

11 0f 14

Room temperatrure

Figure 8. SEM observations of tensile samples’ fracture surfaces. White frames correspond to high
magnification images position.

3.4. Discussion on Process-Microstructure-Properties Relationships

Process parameters imply an area energy density AED (P/(v.d)) with d focal beam
diameter) [43] of 5.7 MJ/m2. This value is clearly above 1 MJ/ m?, the minimum required to
transition from conduction mode to keyhole mode [44]. According to Huang et al. [43], at
this energy density, a quasi-stable keyhole mode is achieved, thereby limiting the formation
of keyhole pores. The cooling rate (R) may be estimated from A = 83.R 3 (a constant for
low-alloy steel [45]) where A is the cell size. A value of R =8.2 10° K1 is consistent with
values reported for PBF-LB methods [1].

Even if large defects are present (up to an equivalent diameter of 77 um), it is consistent
with the literature, where a remarkable number of defects with an equivalent diameter
in the range 10-100 pm and a lower density than ours were reported [24]. However, our
tensile properties are lower, which cannot be attributed to a lower density. Therefore, it
can be explained by the use of a post-heat treatment in the literature [24]. Reference [24]
shows that fatigue crack initiation occurs in a large noncircular defect (attributed to lack of
fusion); therefore, the large noncircular defect detected may reduce fatigue properties.
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4. Conclusions

This study investigates the microstructure and mechanical properties of as-built PBF-
LB W360. Several conclusions can be drawn:

e Despite the lack of building plate preheating, a high density (>99.8%) was obtained.
However, some defects (cracks, pores) were detected. Most of them are related to the
scanning strategy (contouring and upskin) and will be removed during the machining
of the final part. Therefore, there is no need to build a plate preheating system to
achieve proper material health.

e A typical cellular microstructure with very thin cells (around 0.7 pm) was observed,
leading to the evaluation of the cooling rate at 8.2 10° K~!. For deeper analysis, TEM
observations should be performed in the future to obtain more details, specifically on
element segregation.

e  As-built net-shape mechanical properties were measured. Tensile and impact proper-
ties are already high without heat treatment. They are not meeting the expected values
after heat treatment and machining, but are very promising. These high mechanical
properties are maintained at least up to 400 °C.

In conclusion, W360 is a very promising material for hot-forming applications. Even if
as-built mechanical properties are high, there is still room for improvement; mechanical
properties can be enhanced by heat treatment. Therefore, these should be designed to
exploit the specific as-built cellular microstructure, and the resulting mechanical properties
should be measured.
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