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Abstract
In this investigation, a novel Fe–Cr–Mo–V–Mn hot work tool steel powder was specifically developed for laser-based 
additive manufacturing, targeting the possibility to create conformal cooling channels in hot stamping tools for improved 
cooling efficiency during the forming of steel sheets for the automotive industry. Specimens of the proposed tool steel were 
printed via laser metal deposition and characterized to demonstrate its compatibility with hot work tool steels that are com-
monly used in the tooling industry. The applicability of the developed material was proved by fabricating cooling channels 
in a simple geometry demonstrator using a hybrid process combining milling and laser metal deposition. Finally, a hybrid-
manufactured hot stamping tool segment was tested in a pilot plant to evaluate the effect of the investigated material on the 
cooling performance when compared to a conventional tool machined from H13 hot work tool steel. The results showed 
that the Fe–Cr–Mo–V–Mn tool steel features thermophysical properties similar to the most popular H13 steel and it can be 
efficiently used to produce tools containing conformal cooling channels by hybrid laser metal deposition, without the need 
of intermediate structures to improve the compatibility between the substrate and the deposited volumes.

Keywords Hybrid additive manufacturing · Laser metal deposition · Hot stamping · Conformal cooling channels · Tool 
steel · Thermal diffusivity

1 Introduction

Lightweight is one of the main trends within body-in-white 
design, as it translates into a combined reduction of raw 
material use and fuel consumption [1], therefore highlight-
ing the environmental benefits during both the manufac-
turing and use of vehicles [2, 3]. Hot stamping is a wide-
spread forming technology in the automotive industry, 
which enables the manufacturing of lightweight automotive 

components, such as B-Pillars and door impact beams, with 
high strength and crash performance [4, 5], thus ensuring 
both fuel saving and passenger safety. Hot stamping involves 
heating of the steel blank above the austenitization tempera-
ture, followed by simultaneous forming and quenching in a 
closed tool [4]. Under high cooling rates (of the order of sev-
eral tens of °C  s−1 [1]), the steel microstructure transforms 
into martensite, leading to high hardness and strength of 
the formed part. The rapid cooling of the blank and tool is 
achieved by a network of internal channels where a cooling 
fluid, typically water, flows. In conventional manufacturing 
processes, straight cooling channels are simply machined in 
the tools by drilling [4]. However, this design shows some 
limitations. Since straight cooling channels cannot always 
match the surface curvature of the tool, they cannot guar-
antee a uniform heat extraction from the hot blank, which 
may cause warpage due to non-uniform stress states in the 
formed part [6] and incomplete martensitic transformation 
in regions where the local cooling rate is insufficient, thus 
resulting in inadequate mechanical properties [4]. In addi-
tion, a lower cooling efficiency increases the process cycle 

 * Tobia Romano 
 tobia.romano@polimi.it

1 Department of Mechanical Engineering, Politecnico di 
Milano, 34 La Masa, 20156 Milan, Italy

2 Department of Design and Production Engineering, Faculty 
of Engineering, Ain Shams University, Cairo, Egypt

3 Höganäs AB, Höganäs, Sweden
4 Fraunhofer Institute for Material and Beam Technology IWS 

Dresden, Dresden, Germany
5 Gestamp Hardtech SA, Luleå, Sweden

http://crossmark.crossref.org/dialog/?doi=10.1007/s40964-023-00396-w&domain=pdf
http://orcid.org/0000-0002-7736-1643
http://orcid.org/0000-0002-0977-7970
http://orcid.org/0000-0002-1397-8599
http://orcid.org/0000-0002-6569-6980
http://orcid.org/0000-0002-2796-8439
http://orcid.org/0000-0001-9524-2018
http://orcid.org/0000-0003-3626-5732


 Progress in Additive Manufacturing

1 3

time, thus affecting the productivity, and reduces the lifetime 
of tools subjected to higher in-service temperatures.

The use of conformal cooling channels has been pro-
posed as an approach to improve the cooling efficiency in 
hot stamping tools [5]. However, topologically optimized 
cooling channels usually feature complex curved shapes that 
are difficult or even impossible to be manufactured using 
conventional technologies [7]. Groove milling has been pro-
posed as an alternative to straight drilling for the produc-
tion of molds and tools containing conformal cooling chan-
nels [8]. Each tool face is designed in two halves. Grooves 
are milled on one face according to the expected surface 
curvature of the tool, while the other face is used to cover 
them and obtain a network of channels [8]. Despite the ease 
of fabrication, several gaskets and O-rings are required in 
bolted joints or, alternatively, even more complex bonding 
techniques may be needed to achieve a good seal and avoid 
coolant leakage [7, 9].

Metal additive manufacturing (AM) raised the possibility 
to print molds, tools, and dies already containing conformal 
cooling channels without any machining time and material 
waste [10–14]. The design freedom offered by AM could 
be exploited even further to fabricate the volumes contain-
ing the conformal cooling channels and forming surface of 
the tool, while the main body could still be manufactured 
using subtractive methods to limit the overall production 
time and costs. Muvunzi et al. [1, 15] successfully fabricated 
hot stamping tools with conformal cooling channels using 
a hybrid technology which combined machining and Laser 
Powder Bed Fusion (LPBF). However, it was challenging 
to achieve a perfect alignment of the surface in the LPBF 
machine to correctly start the printing process. Designing a 
common heat treatment suitable for both the machined and 
the deposited sections, made of two dissimilar materials, 
was also a source of compromise. One inherent limitation 
of LPBF is the strict requirements of a flat surface for a suc-
cessful deposition of the powder bed [16], which may not 
always be possible when dealing with complex tool geom-
etries. Liu et al. [17] also showed that the relatively high 
roughness of the inner surface of cooling channels manu-
factured through LPBF hinders the flow of the cooling fluid, 
leading to a lower performance compared to a system of 
drilled channels with the same geometry.

Direct deposition AM technologies such as Laser Metal 
Deposition (LMD) are capable of free-form manufactur-
ing with almost no geometrical restrictions and are particu-
larly suited for adding features to existing parts without the 
need for a flat base surface, since the feedstock material is 
melted immediately as it is deposited during the process [18]. 

Compared to LPBF, LMD can fabricate larger parts, as in prin-
ciple it does not require an enclosed work chamber, and can 
be more easily combined with machining tools to mechani-
cally finish the inner surface of the channels as they are built 
up layer by layer [7], resulting in a better surface quality. In 
addition, the substrate can be conveniently oriented during the 
process to always deposit the material in the vertical direction, 
avoiding the issues related to the fabrication of overhanging 
structures. Cortina et al. [19] fabricated a hot stamping die 
with conformal cooling channels using a hybrid process com-
bining milling and LMD. First, they machined the bottom half 
of a duct on the surface of the tool base, made of CR7V-L 
hot work tool steel, ending with a 45° V-notch to facilitate 
the following LMD operation. Then, they additively created 
the upper vault of the channel by depositing an initial 316L 
stainless steel intermediate layer, followed by a H13 hot work 
tool steel cover. The 316L buffer layer allowed avoiding the 
formation of cracks that would have otherwise appeared at 
the interface between the two hot work tool steels. A hybrid 
manufacturing strategy was also adopted by Hong et al. [20] to 
fabricate a hot stamping tool with conformal cooling channels. 
They machined hemispherical channels on a base plate made 
of S45C structural steel and closed them with HTCS-150 hot 
work tool steel hemispherical coupons. Finally, a HTCS-150 
surface layer was deposited by LMD. In both case studies, an 
intermediate structure was needed to improve the compatibility 
between the machined and the additively manufactured sec-
tions of the tool, which increased the complexity of the overall 
manufacturing process.

Despite the promising results in the fabrication of hot 
stamping tools with conformal cooling channels, LMD is 
not yet fully established in industrial applications. One of the 
main reasons is the limited availability of materials with suit-
able mechanical and thermal properties combined with good 
LMD processability [21]. The present study investigates a 
novel Fe–Cr–Mo–V–Mn hot work tool steel grade especially 
tailored for AM and its use in combination with conventional 
hot work tool steels. The target application was the fabrica-
tion of hot stamping tools with conformal cooling channels 
by a hybrid technology integrating conventional machining 
and LMD. First, the processing parameters were optimized 
for the LMD of the Fe–Cr–Mo–V–Mn alloy and the thermo-
physical properties of the printed material were characterized 
to demonstrate its compatibility with steel grades used in tool 
and die manufacturing. Then, the proposed alloy was used to 
integrate cooling channels on a machined H13 hot work tool 
steel body via LMD without any interlayer material. Finally, 
the performance of a hybrid-manufactured hot stamping tool 
segment was assessed by testing it in a pilot plant.
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2  Materials and methods

2.1  Feedstock powder for LMD

A gas atomized Fe–Cr–Mo–V–Mn tool steel powder was 
developed and supplied by Höganäs AB. The chemical com-
position of the investigated powder is provided in Table 1 
and compared with ASTM standard H13 hot work tool steel 
[22]. The developed powder contains around 15% and 30% 
increase in chromium and molybdenum contents, respec-
tively, compared to H13 alloy. Figure 1 displays the spherical 
morphology of the powder particles and the size distribution 
measured with a Sympatec particle size analyzer. Apparent 
density, Hall flaw rate, and particle size characteristics of the 
powder are reported in Table 2.

2.2  Development of LMD process parameters 
and post‑process heat treatment

The LMD process optimization for the proposed steel was 
carried out in a DMG Mori Lasertec 65 DED Hybrid system 

using a 316L stainless steel substrate. A fiber coupled diode 
laser source from Laserline having a maximum power of 
4 kW and a spot size of 1.6 mm was used during the manu-
facturing process. The powder was delivered from an exter-
nal feeder (type GTV PF 2/2) to a COAX14V5 nozzle hav-
ing a powder spot size of 1.6 mm at a distance of 12.5 mm 
from the substrate. The powder cone was scanned with a 
LIsec system from Fraunhofer IWS, and the powder spot 
size was measured as the smallest area through which 86% 
of the blown powder passes.

Laser power, deposition speed, and powder feed rate were 
first adjusted to deposit stable single tracks. Then, the opti-
mization of the geometrical parameters (hatching distance 
and layer thickness) was carried out through the deposition 
of small volumes, as shown in Fig. 2. The optimal process 
parameters, leading to crack-free deposits with a limited 
fraction of residual porosity, are listed in Table 3. Each layer 
was created employing a bidirectional deposition strategy 
with laser off between tracks. Also, the scanning direction 
was rotated by 90° after each layer. This strategy, involving 
the deposition of alternating longitudinal and transversal 
tracks, prevents the generation of directional residual stress 
in the material, which promotes the formation of cracks 
in LMD deposits [19]. No holding time was used after the 
deposition of each layer.

A group of printed specimens was subjected to a multi-
stage heat treatment, as shown in the diagram of Fig. 3. The 
treatment consisted of a first annealing step at 850 °C for 

Table 1  Chemical composition (in weight %) of Fe–Cr–Mo–V–Mn and H13 hot work tool steel grades

Material Cr Mo V Si C Mn P S Fe

Fe–Cr–Mo–V–Mn 6.03 2.06 1.01 0.77 0.36 0.20 – – Bal.
H13 (ASTM A681 [22]) 4.75–5.5 1.1–1.75 0.8–1.2 0.8–1.25 0.32–0.45 0.2–0.6 0.03 0.03 Bal.

a b

Fig. 1  a SEM micrograph and b particle size distribution of the Fe–Cr–Mo–V–Mn powder

Table 2  Fe–Cr–Mo–V–Mn powder characteristics

Apparent density Hall flaw rate Particle size

D10 D50 D90

4.42 g  cm−3 15.0  s−1 50 μm 82 μm 126 μm
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60 min, followed by a second annealing step at 1020 °C for 
30 min. Later, the specimens were quenched in oil and sub-
jected to double tempering treatment at 570 °C for 60 min 
with air cooling between cycles. This thermal profile was 
defined based on the recommended heat treatment practices 
for H13 hot work tool steel [23, 24] and considering the 
phase transformation temperatures predicted by thermody-
namic simulations performed with ThermoCalc AB software 
relying on an equilibrium TCFE 9.2 database for the investi-
gated material and for a H13 steel with the standard chemi-
cal composition reported in Table 1. As reported in Table 4, 
slightly higher transformation temperatures were obtained 
for the Fe–Cr–Mo–V–Mn alloy compared to H13 steel. This 
is attributed to the higher chromium and molybdenum con-
tent of the proposed alloy, which broaden the stability field 
of ferrite [25], thus increasing the austenitic and martensitic 
transformation temperatures.

2.3  Characterization of LMD specimens

Figure 4a shows a picture of one cubic specimen built by 
LMD. A mismatch can be seen between the contour and the 
infill region of the samples. This is because process param-
eters were adjusted only for the inner region since a contour 
strategy was not employed to manufacture the demonstra-
tor. The density of as-built parts was determined by the 
immersion method based on Archimedes’ buoyancy prin-
ciple, using a Mettler Toledo scale and employing distilled 
water at 20 °C as a reference liquid for the measurement. 
The values reported below are the average of seven meas-
urements. The microstructure of as-built and heat-treated 
specimens was observed by a Nikon Eclipse LV150NL opti-
cal microscope and a Zeiss Sigma 500 field-emission scan-
ning electron microscope (FE-SEM), exposing sections on 
planes parallel to the lateral surface (YZ) and perpendicular 
to the building direction (Z). After sectioning, the specimens 
were prepared according to standard metallographic proce-
dures and polished up to 1 μm diamond suspension. The 
as-built specimens were etched by a Nital 2% solution (2 
vol% nitric acid and 98 vol% ethanol) for 270 s to reveal the 
microstructure. The immersion time was reduced to 120 s 
for heat-treated specimens. Vickers hardness of the LMD 
processed material was measured along the building direc-
tion with 1 mm steps, starting from the top of the deposit 

Fig. 2  Test runs of single tracks, single layers, cube volumes, and thin 
walls for the optimization of the geometrical process parameters

Table 3  Set of parameters resulting from LMD process optimization

Parameter Value

Laser power 825 W
Deposition speed 750 mm  min−1

Powder feed rate 8.3 g  min−1

Track width 1.45 mm
Tracks overlap 35%
Layer thickness 0.9 mm
Shielding gas flow rate 7 l  min−1

Carrier gas flow rate 10 l  min−1

Fig. 3  Heat treatment schedule applied on LMD-processed specimens

Table 4  Phase transformation temperatures (in °C) of Fe–Cr–Mo–V–
Mn and H13 hot work tool steel predicted with ThermoCalc AB soft-
ware

Material Ac1 Ac3 Ms Mf

Fe–Cr–Mo–V–Mn 858 886 255 180
H13 (ASTM A681 [22]) 850 878 249 173
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down to the 316L stainless steel substrate, by employing a 
HP-Mikromat 1 hardness tester using the testing routine for 
 HV0.3 (ISO 6507-1:2018).

Specimens for dilatometry tests and laser flash analysis 
(LFA) were extracted from both as-built and heat-treated 
samples by electrical discharge machining (EDM), as 
depicted in Fig. 4b. The dilatometry experiments were per-
formed in argon atmosphere (1.2 bar pressure; 2 nl  h−1 flow 
rate) by applying the thermal profile given in Fig. 5, using a 
Linseis L75 vertical dilatometer. LFA was performed with a 
Linseis LFA 1000 equipment in a dynamic vacuum environ-
ment under ~ 1.2⋅10–2 mbar, employing a 350 V laser voltage 
with 1 ms pulse duration and a 5 °C  min−1 nominal heating 
rate. Both faces of the LFA specimens were grinded and pol-
ished up to 6 μm diamond suspension. Then, a thin graphite 
layer was sprayed on both faces to increase the absorption 
of laser energy, which is essential for metallic materials 
with relatively high reflectivity. Thermal diffusivity val-
ues were collected from room temperature to 500 °C with 
increments of 25 °C, performing three measurements for 
each step with an allowance of ± 7 °C. ASTM E228-17 and 

E1461-13 standards were used as a reference for the experi-
mental procedures.

2.4  Hybrid LMD cooling channel feasibility

A simplified demonstrator with planar geometry was first 
manufactured to assess the processability of conformal 
cooling channels in hot stamping tools using the investi-
gated Fe–Cr–Mo–V–Mn alloy and the developed LMD 
process parameters. The main body of the demonstrator, 
made of H13 hot work tool steel, was first machined pro-
ducing grooves for the lower half of the cooling channels 
(Fig. 6a) and 45° V-notches in the upper part to facilitate 
the following material deposition by LMD. Then, 5-axis 
LMD was performed to create the upper vaults of the ducts 
using the approach shown in Fig. 6b. During the process, 
the substrate was continuously tilted by ± 40° to grow the 
deposit along the vertical direction (Fig. 6c) by cladding 
longitudinal tracks alternately on the right and left side of 
the V-notch. Finally, additional layers were deposited to the 
whole surface to achieve the desired profile. The use of the 
Fe–Cr–Mo–V–Mn powder allowed fabricating bimetallic 
cooling channels by direct deposition on the H13 hot work 
tool steel substrate without the need of interposing any inter-
mediate buffer layer.

2.5  Hot stamping tool prototyping

To assess the actual performance under real use of the pro-
posed steel, a hot stamping die segment containing cooling 
channels was fabricated according to a procedure similar to 
that described above and tested in a pilot plant provided by 
Gestamp Hardtech SA.

Large stamping tools are normally built by joining mul-
tiple segments (Fig. 7), which are individually machined 
before their assembly [5]. Therefore, a single tool segment 
(Fig. 8c) was designed for the hot stamping of the sheet 
profile shown in Fig. 8b. One side of the segment was manu-
factured by conventional machining only, starting from a 

Fig. 4  View of the LMD speci-
mens used for a microstructure 
analysis, b dilatometry, and 
thermal diffusivity tests

Fig. 5  Heating profile used in dilatation experiments
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blank made of heat-treated H13 hot work tool steel. A hybrid 
process was employed to fabricate the other side with the 
same geometry (Fig. 8d). Straight cooling channels were 
fabricated by drilling and a concave surface was generated 
by milling to allow the deposition of a Fe–Cr–Mo–V–Mn 

steel cover by 5-axis LMD to achieve the designed tool 
geometry. An offset of 1 mm was maintained for the final 
surface finishing operation. The tool segment was not sub-
jected to additional quenching and tempering treatment after 
the LMD process to avoid possible distortions between the 
two sides made of different materials. It should be empha-
sized that for this prototype only the top of the tool segment 
was produced by LMD, while the cooling channels were 
conventionally drilled to simplify the manufacturing of the 
segment. The purpose of this simplified tool design was to 
evaluate the effect of the Fe–Cr–Mo–V–Mn tool steel on 
the cooling efficiency of a hot stamping tool fabricated by 
the hybrid LMD process, compared to a tool conventionally 
machined from H13 hot work tool steel.

The upper die of the tool segment used for the stamping 
tests (Fig. 8a) was conventionally machined from a H13 hot 
work tool steel blank.

Fig. 6  a Machined demonstrator body, b hybrid LMD strategy for cooling channel creation, and c LMD fabrication of the cooling channel vaults

Fig. 7  Schematic of the assembly of hot stamping tool segments

Fig. 8  Models of the a upper 
and c lower dies of the designed 
tool segment, b expected sheet 
geometry after hot stamping, 
and d view of the hybrid-man-
ufactured tool segment before 
surface finishing
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2.6  Testing of the hot stamping tool segment

Rockwell hardness testing (DIN 50157) was performed to 
compare the hardness of the two sides of the tool segment, 
using a portable DYNATEST SCX electronic hardness 
tester.

The service performance of the tool segment was vali-
dated in a hydraulic press to simulate its use in a real hot 
stamping process. Figure 9a shows the test setup, while the 
main parameters used in the stamping process are listed in 
Table 5. The press was equipped with four 50 kN load cells. 
The steel sheets to be stamped were heated in a furnace 
above the austenitization temperature before the forming 
operation and water was flowed into the cooling channels 
using a water manifold (Fig. 9b) during each pressing test. 
Four thermocouples (Fig. 9c) and a timing camera were 
used to measure the temperature peaks experienced by the 

different zones of the tool segment during each stroke tryout. 
An aluminum foil was employed to protect the thermocou-
ples from the heat radiated by the hot steel sheets. The tem-
perature distribution in formed steel parts was qualitatively 

Fig. 9  Views of a the pilot plant used for the performance validation of the tool segment, b water manifold connected to the cooling channels, 
and c thermocouples connected to the tool segment

Table 5  Set of experimental parameters used for testing in the pilot 
plant

Parameter Value

Blank thickness 2 mm
Press force 265 kN
Press speed 13 mm  s−1

Average pressure during cooling stage 4.3 MPa
Furnace temperature 940 °C
Holding time in furnace 300 s
Cooling time 9 s
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determined with a FLIR T1020 thermal camera immediately 
after the stamping operation. Since no specific calibration 
was performed, the absolute temperature values recorded 
by the thermal camera can be used for comparison purposes 
only, considering the different zones of each formed sheet 
and among different formed sheets.

The hardness of the hot stamped steel parts was measured 
using a Vickers hardness tester with the testing routine for 
 HV10 (ISO 6507-1:2018).

3  Results and discussion

3.1  Density, microstructure, and hardness of LMD 
parts

The measured density of the as-built specimens and the 
theoretical density of the Fe–Cr–Mo–V–Mn alloy at 
20 °C (estimated with ThermoCalc AB software based on 
actual composition) are provided in Table 6. Observation 
of the polished samples at low magnifications revealed 
equally spaced and aligned residual pores along the inter-
face with the substrate and between the first two layers, as 
depicted in Fig. 10a. This inter-run porosity can be attrib-
uted to incomplete fusion of the feedstock material due 
to insufficient energy input or excessive material feeding 
provided during the deposition process [26, 27], as also 
confirmed by the presence of residual unmelted powder 
particles inside pores (Fig. 10b). Moreover, the presence 

of significantly larger pores in the first few layers com-
pared to the smaller pore size observed in the upper layers 
suggests that the low heat input of the process was further 
accentuated by a relatively high heat dissipation in close 
proximity to the cold substrate, which acted as a heat sink 
decreasing the amount of heat actually available for melt-
ing [28]. These defects tended to fade at upper positions 
of the deposit due to the higher temperature of the already 
deposited material which partially compensated for the 
low energy input.

The melt pool boundaries and scan tracks can be clearly 
observed in the optical micrographs of as-built specimens in 
the transverse (Fig. 11a) and top (Fig. 11b) cross sectional 
views, respectively.

The microstructure of the as-deposited material is shown 
in Fig. 12. A fine cellular structure exists at the boundary 
of the melt pools, while columnar dendrites are dominant in 
the inner regions, as highlighted in the higher magnification 
FE-SEM micrograph of Fig. 12b. These cell morphologies 
resulted from the different solidification conditions experi-
enced by the different regions of the melt pool. The border 
of the melt pool experienced a higher thermal gradient dur-
ing solidification due to the direct contact with the already 
solidified material at relatively low temperature. According 
to solidification maps [29], high thermal gradients in com-
bination with rapid cooling rates during LMD lead to a fine 
cellular microstructure that is consistently observed at the 
melt pool boundaries. On the other hand, the inner region of 
the melt pool is subjected to a lower temperature gradient, 
resulting in the preferential growth of columnar dendrites. It 
can be observed that the dendrites are mostly oriented per-
pendicularly to the melt pool boundary, indicating that pref-
erential growth occurred in the direction opposite to the heat 
flow towards the already solidified material. Finally, it is 
assumed that martensite and retained austenite are the main 

Table 6  Density of as-built LMD parts

Measured density Theoretical density Relative density

7.55 ± 0.15 g  cm−3 7.78 g  cm−3 97%

Fig. 10  a Interlayer porosity and b lack of fusion defect found in as-built LMD specimens. The schematic drawings indicate the area of the sam-
ple where the micrographs were collected
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constituents of the as-built microstructure (Fig. 12b), simi-
larly to what was observed by Chen et al. [30] in as-printed 
H13 hot work tool steel specimens fabricated by LMD.

The dendritic structure vanished during the austenitizing 
step, and a tempered martensitic microstructure was gen-
erated after the application of the conventional quenching 
and tempering treatment, as shown in Fig. 13. In addition, a 
homogeneous microstructure was observed along the whole 
cross-section of the specimens. Therefore, the developed 
material microstructure responds to standard quenching and 
tempering treatment similarly to H13 hot work tool steel, 
with the formation of fine constituents mainly consisting of 
tempered martensite [31]. The precipitation of  Mo2C,  V6C5, 
and  M23C6 (M = Cr, Fe, Mo) carbides was also predicted by 
ThermoCalc simulations, but could not be precisely verified 
by SEM in this investigation.

Figure 14 shows a representative longitudinal cross sec-
tion of an as-built sample and the corresponding hardness 
profile measured along the indicated vertical line. The 
deposit displayed a uniform hardness along its height, aver-
aging around 600  HV0.3. The higher hardness compared to 
LMD processed H13 hot work tool steel (~ 540  HV0.3 [30]) 
can be attributed to the higher content of carbide-former 
alloying elements. This increase in hardness is beneficial 
because it can result in increased resistance against wear 
and thermal fatigue [32], thus potentially prolonging the 
service life of hybrid-manufactured hot stamping tools. The 
first two deposited layers showed a slightly lower hardness 
(543 and 557  HV0.3, respectively) compared to the upper lay-
ers, presumably due to the dilution of the Fe–Cr–Mo–V–Mn 
alloy with the 316L stainless steel substrate (~ 180  HV0.3 
hardness).

Fig. 11  a Melt pool boundaries and b scan tracks observed in as-built LMD specimens. The schematic drawings indicate the area of the sample 
where the micrographs were collected

Fig. 12  a Optical and b FE-SEM micrographs depicting the LMD as-built microstructure of the Fe–Cr–Mo–V–Mn alloy
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3.2  Thermophysical properties of LMD parts

Figure 15 shows the dilatation curve and the calculated 
coefficient of thermal expansion (CTE) of the investigated 
steel in as-built and heat-treated conditions. The non-lin-
earity observed at around 500 °C during heating of the 
as-built material can be attributed to the decomposition of 
retained austenite, which is thermodynamically unstable. 
Despite the relatively high transformation temperatures 
predicted for the Fe–Cr–Mo–V–Mn alloy, retained austen-
ite may have remained at the end of the deposition process 
because the high cooling rate of LMD hinders carbide pre-
cipitation and growth [30]. As a result, a higher amount of 

alloying elements remains in solid solution in the austenite 
phase, thus reducing the real martensite start temperature 
of the material [30]. No evidence of the martensitic trans-
formation taking place during cooling can be observed in 
the diagram of Fig. 15b, indicating that full decomposition 
of the retained austenite occurred during the heating stage. 
The heat-treated material exhibits a more stable behavior 
because the retained austenite was fully transformed into 
martensite during the tempering treatment.

The linear CTE was calculated as the first derivative of 
the dilatation curve with respect to the temperature in the 
heating portion (Fig. 15a), using steps of 25 °C according 
to the following equation [33]:

Fig. 13  a Optical and b FE-SEM micrographs showing the microstructure of heat-treated LMD specimens

a b

Fig. 14  a Cross-section of an as-built LMD specimen with indication of the measurement line and b measured hardness profile compared to the 
hardness of LMD processed H13 hot work tool steel [30]
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where L2 − L1 is the change of specimen length due to tem-
perature variation from T1 to T2 . The average CTE calculated 
in the temperature range between 200 and 700 °C, where the 
dilatation curves are about linear, is 12.50 ± 1.16 ×  10–6 °C−1 
for the as-built material and 12.85 ± 0.91 ×  10–6 °C−1 for the 
heat-treated material. These values are comparable with 
the CTE of H13 hot work tool steel (12.6 ×  10–6 °C−1 [34]), 
indicating that the Fe–Cr–Mo–V–Mn alloy is suitable to be 
directly deposited via LMD on a H13 hot work tool steel 
substrate. Indeed, when joining dissimilar metallic materi-
als by AM, low discrepancy in their CTE is crucial to avoid 
large thermal stresses that may induce defects such as crack-
ing and delamination at the interface [35]. In addition, a 
large mismatch in the CTE of different regions of the tool 
would cause fluctuating strains to develop as a result of the 
heating and cooling cycles during the hot stamping process, 
making it more susceptible to thermal fatigue failure. The 
CTE values calculated for temperatures lower than 200 °C 
were not reported because the quality of the collected data 
was affected by the thermal transient due to the inertia of the 
materials under the relatively high heating rate used for the 
experiments (10 °C  min−1).

Figure 16 shows the thermal diffusivity data of as-built 
specimens collected during LFA experiments. The error 
bars on both thermal diffusivity and temperature values are 
reported in the graph. The uncertainty on the thermal diffusiv-
ity values can be primarily attributed to the different amount 
and distribution of residual porosity in the tested specimens, 
while the deviation on the temperature values is due to the 
allowance of ± 7 °C set for the measurements. The temperature 
dependence is the same as reported by Džugan et al. [36] for 

� =
1

L1

L2 − L1

T2 − T1
,

LPBF processed H13 hot work tool steel. The average thermal 
diffusivity at room temperature is 6.16 ± 0.19  mm2  s−1, which 
is in line with the values reported by Arrizubieta et al. [37] for 
laser-deposited H13 hot work tool steel. This value is compa-
rable, although slightly lower, than the thermal diffusivity of 
wrought H13 hot work tool steel (6.86  mm2  s−1), calculated 
from the data found in the literature [38–40] using the follow-
ing equation [37]:

where � is the thermal diffusivity, k is the thermal conductiv-
ity, � is the density, and cp is the specific heat of the mate-
rial. Since thermal diffusivity is proportional to thermal 

� =
k

� × cp
,

a b

Fig. 15  Dilatation curve and CTE trend of as-built and heat-treated LMD specimens recorded during a heating and b cooling

Fig. 16  Thermal diffusivity of as-built parts as a function of tempera-
ture
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conductivity, this is a further indication that the proposed 
alloy is a good candidate for the direct deposition on a H13 
hot work tool steel substrate. Indeed, the difference in ther-
mal conductivity is a key factor to be considered when join-
ing dissimilar metallic materials, as a large mismatch would 
induce a non-uniform cooling of the bimetallic structure dur-
ing the deposition process. Under this condition, the material 
with higher thermal conductivity would experience a faster 
cooling, but its contraction would be constrained by the 
counterpart, generating thermal stresses that may promote 
crack formation [38]. On the contrary, a similar thermal con-
ductivity between the two materials ensures a more uniform 
temperature variation in the tool during the heating and cool-
ing cycles of hot stamping operations, thus attenuating the 
detrimental effects of thermal fatigue. The slight reduction in 

thermal diffusivity of the Fe–Cr–Mo–V–Mn alloy compared 
to H13 hot work tool steel can be primarily attributed to the 
residual porosity [41, 42] and to the small size of the colum-
nar dendrites observed in the as-built specimens (Fig. 12), 
resulting in a large amount of interfaces that decrease the 
mean free path of electrons and, consequently, the elec-
tronic contribution to heat conduction when compared to 
the wrought steel microstructure [37]. The reduction can 
additionally be attributed to the larger content of alloying 
elements (such as chromium, molybdenum, and manganese) 
in the investigated material as compared to standard H13 hot 
work tool steel. These alloying elements decrease the ther-
mal conductivity of steels [43, 44] because they introduce 
lattice distortions and, consequently, hinder thermal energy 
transport by lattice waves [45].

3.3  Pilot plant testing

Figure 17 shows a map of the Rockwell hardness values 
measured on the surface of the manufactured tool segment. 
The hybrid-manufactured side of the tool segment displayed 
a slightly lower hardness than the conventionally machined 
side, as it was not subjected to a specific quenching and 
tempering treatment. However, this gap is supposed to be 
reduced or eliminated in a real hybrid-manufactured compo-
nent once the heat treatment is performed on the whole tool 
to meet the technical requirements for hot stamping tools 
(> 50 HRC hardness [5]). The hardness of the tool segment 
prototype was still considered sufficiently high to withstand 
the short-term service conditions for the testing in the pilot 
plant.

Figure 18a displays the regions of the tool segment where 
the temperature profiles shown in Fig. 18b were recorded 
during the pilot plant testing. Each temperature peak 

Machined sideHybrid side

48.5

46.7 50.1

51.2

53

51.548.5
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47.6
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Fig. 17  HRC hardness distribution measured on the surface of the 
heat-treated machined side and the untreated hybrid-manufactured 
side of the tool segment
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flow directions
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Fig. 18  a Measurement zones and b thermal profiles recorded at the hybrid-manufactured and machined side of the hot stamping tool segment 
during testing in the pilot plant
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corresponds to one press stroke tryout, i.e., one steel blank 
being formed and quenched. The hybrid-manufactured side 
experienced lower temperature peaks compared to the con-
ventionally machined side, due to less efficient heat extrac-
tion from the hot blanks by the LMD deposited material, 
having a slightly lower thermal conductivity than H13 hot 
work tool steel. Therefore, the portion of the steel blank that 
was formed by the hybrid-manufactured side of the tool seg-
ment in each hot stamping cycle was subjected to a lower 
cooling rate and experienced a slightly higher temperature 
profile when removed from the die compared to the region 
formed by the machined side of the tool (Fig. 19a). As a 
result, the steel sheets showed a lower hardness in the region 
that was formed by the hybrid-manufactured side of the tool 
segment in each press stroke tryout (Fig. 19c).

As the number of hot stamping cycles carried out 
increased, the hardness of the formed parts decreased 
(Fig. 19c) due to the lower cooling rate induced by the tool 
segment still being relatively hot from the previous cycle. 
The qualitative thermal images in Fig. 19a, b show that the 
part formed in the sixth pressing test featured an overall 
higher temperature when removed from the die compared 
to the part formed in the third run. The blank portion that 
was formed by the machined side of the tool segment expe-
rienced only a slight reduction in hardness when performing 
more than three hot stamping cycles. On the other hand, 
the hardness of the portion formed by the hybrid-manufac-
tured side decreased appreciably already from the second 

cycle, due to slower cooling of the LMD deposit made of 
Fe–Cr–Mo–V–Mn material with lower thermal conductivity.

Although the hybrid-manufactured side of the tool 
segment exhibited a lower thermal performance than the 
machined counterpart, it should be remarked that the tool 
segment was not heat treated after the LMD process to avoid 
distortions between the two dissimilar sides. This may have 
negatively affected the thermal performance of the LMD 
deposit, as tempering treatment is recognized to improve the 
thermal conductivity of tool steels by carbide precipitation, 
which reduces lattice distortion [46]. Moreover, the potential 
of conformal profiles for the hybrid-manufactured cooling 
channels in increasing the efficiency of the cooling system 
has not yet been exploited in this version of the prototype. It 
is expected that a higher cooling efficiency will be achieved 
after implementing specifically designed channels in the tool 
segments, taking advantage of the opportunities offered by 
LMD manufacturing.

4  Conclusions

Based on the experimental results, the main conclusions of 
this investigation can be recapped as follows.

(1) Microstructural observations of the LMD specimens 
showed that, after being heat treated, the Fe–Cr–

Press test no. 3

Hybrid side Machined side

Press test no. 6

a c

b

Fig. 19  Thermal maps of formed parts immediately after hot stamp-
ing tests a number 3 and b number 6, and c hardness measured in the 
regions of steel parts formed with the hybrid-manufactured and the 

machined side of the tool segment, respectively, as a function of the 
number of hot stamping cycles performed
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Mo–V–Mn alloy develops a fine tempered martensitic 
structure similar to that observed in a quenched and 
tempered H13 hot work tool steel. In addition, the 
material exhibited expansion behavior and thermal dif-
fusivity comparable to those of H13 hot work tool steel. 
The similarity in thermophysical properties promotes 
the developed alloy to be a promising candidate for the 
direct deposition on a tool steel body for the fabrication 
of conformal cooling channels, while mitigating ther-
mal fatigue issues caused by the heating and cooling 
cycles of the hot stamping process.

(2) The as-deposited material exhibited a slight increase in 
hardness compared to LMD processed H13 hot work 
tool steel. This can potentially enhance the wear and 
thermal fatigue resistance of hot stamping tools fabri-
cated by hybrid LMD employing the Fe–Cr–Mo–V–
Mn steel compared to hybrid tools made by H13 hot 
work tool steel, resulting in longer tool service life.

(3) A hybrid manufacturing process integrating conven-
tional machining and 5-axis LMD was successfully 
employed to fabricate bimetallic cooling channels by 
directly depositing the Fe–Cr–Mo–V–Mn material 
on a machined H13 hot work tool steel substrate. No 
intermediate material needed to be placed to improve 
the compatibility between the machined substrate and 
the additively manufactured sections of the component, 
which reduced the complexity of the manufacturing 
process compared to previous studies reported in the 
literature.

(4) The hybrid-manufactured tool segment tested in the 
pilot plant exhibited a lower thermal performance 
than the homogeneous machined counterpart owing to 
the slightly lower thermal conductivity of the Fe–Cr–
Mo–V–Mn material compared to H13 hot work tool 
steel. However, the cooling efficiency of the hybrid 
LMD-processed part can be further enhanced by apply-
ing a proper quenching and tempering heat treatment 
to increase the thermal conductivity of the Fe–Cr–
Mo–V–Mn deposited layers and by implementing more 
efficient conformal cooling channels, thus taking full 
advantage of the design flexibility offered by additive 
manufacturing.

An improved version of the prototype, featuring an opti-
mized network of conformal cooling channels and the final 
heat-treated condition, will be designed and assessed in a 
future study. A modified heat treatment procedure could 
also be developed taking into account the different chemi-
cal composition of the proposed alloy and the peculiar 
microstructure resulting from the LMD process.
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