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Abstract: Additive technologies are now widely used for the production of complex precise parts and
have high potential for the production of forming dies. In this work, hot-forming dies optimized for
additive manufacturing were developed and produced with wire arc direct energy deposition (WA-DED)
and laser powder bed fusion (L-PBF) technologies. The concept of lightweight hot-forming dies with
a 2D-lattice structure was developed, which reduced the weight of each die by 56%, from 14.2 kg to
6.1 kg, in production using L-PBF. Maraging/precipitation-hardened steel 17-4PH was used as an
alternative to traditional hot-working steels with slightly lower mechanical properties and a much
higher processability in the additive manufacturing process. The workability of the manufactured
dies was confirmed by forging tests on an industrial screw press.
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1. Introduction

Additive manufacturing (AM) technologies [1] currently play an important role in the
metal processing industry along with traditional formative and subtractive technologies [2].
They are widely used for rapid prototyping, manufacturing individual parts and small-
scale production [3]. AM is considered to substantially increase material utilization and
reduce total production time as well as energy consumption compared to metal forming
or casting [4]. The main fields of AM applications are the aerospace [5], energy [6] and
automotive industries [7] as well as biomedicine [8]. The materials processed include steels,
aluminum, titanium, nickel, cobalt, magnesium and copper alloys.

Currently, powder bed fusion (PBF) and direct energy deposition (DED) [9] are the
most widespread additive manufacturing methods. An electric arc, laser, plasma or electron
beam may be used as an energy source.

Laser powder bed fusion (L-PBF) allows the production of complex spatial parts via
layer-by-layer selective laser melting. It facilitates near-net-shape manufacturing with
one of the highest accuracies among the AM technologies [10]. The main drawback is the
limited dimensions of the workspace and relatively low productivity.

Direct energy deposition is an additive manufacturing process in which focused
thermal energy is used to fuse materials via melting as they are being deposited. DED
processes can be divided into powder-based and wire-based processes, depending on the
form of the additive material used [11]. Wire-based DED that uses an electric arc (WA-DED,
formerly WAAM) has the highest productivity among the AM methods. It is thought
that because of the utilization of an electrical arc, WA-DED leads to a high thermal load
during processing [12] and a large heat-affected zone [13] and can therefore only be used
to a limited extent. The powder-based laser direct energy deposition (L-DEDp) process
causes much lower thermal stresses, can be easily controlled and is characterized by a
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low dilution ratio [14]. The main disadvantage of L-DEDp is its relatively low process
productivity. Wire-based L-DED (L-DED-wire) offers a higher deposition rate with lower
shape accuracy and resolution and a higher heat input and dilution ratio (28–42% according
Caiazzo et al. [15]) compared to L-DEDp [16]. Using a novel hot-wire-based L-DED, it is
possible to reduce the dilution ratio by up to 5% [17].

Typically, AM methods are used to produce parts; however, the production of casting
molds [18] and metal forming dies [19] has tremendous potential. Additive manufacturing
has found many applications in the manufacture of sheet metal forming dies. Stache’s
thesis [20] describes the production of an X38CrMoV5-3 (DIN 1.2367) die for sheet metal
forming–press-hardening process using L-DEDp. The study of X55CrMoWV4-3-2-1 and
X65MoCrWV3-2-1 steels revealed a tendency to crack during processing.

Nycz et al. used high-productivity WA-DED (5.5 kg/h) for the production of a
large-scale (180 kg) stamping die from Lincoln L-59 mild steel coated with AISI 410 alloy.
L-DEDp has been extensively used to produce sheet metal forming–press-hardening dies
with cooling channels, for example, in the studies by Müller et al. [21], Gebauer et al. [22],
Cortina et al. [23] and Pujante et al. [24].

The production of hot-bulk-forming dies via additive manufacturing technology is not
covered as extensively in the literature. Huskic et al. [25] showed that die tools made of
1.2709 using L-DEDp are capable of undergoing 500 hot-bulk-forging cycles. Junker et al. [26]
described the L-DEDp manufacturing process of an X37CrMoV5-1 (DIN 1.2343) hot-bulk-
forging die. The hybrid manufactured tool with a machined base part and an active element
added via additive manufacturing was integrated into the batch production process, and
its workability was proven.

Thus, the potential of additive manufacturing technologies for the production of
hot-bulk-forming dies has not been fully exploited. Traditional hot-working steels exhibit
many problems during the AM process, such as crack formation due to complex thermal
processing cycles [27]. Maraging/precipitation-hardened (PH) steels [28] may be a good
alternative with slightly lower mechanical properties and a much higher processability in
additive manufacturing. Moreover, the design of the dies could be improved to reduce the
weight and to comply with the requirements for parts in additive manufacturing. Reducing
the weight would also lead to a decrease in the forming die production time.

Thus, the aim of this work was to design hot-bulk-forming dies suitable for additive
manufacturing and to develop AM technologies for their production. A technology for the
hot-forging of a part from EN AW-6060 was chosen to be investigated, and a die geometry
was developed based on the simulation of manufacturing from 17-4PH steel using L-PBF
and WA-DED methods. Additive manufacturing of forming dies was proven to be effective
through trial forgings with an SMS SPPE 6.3 screw press.

2. Materials and Methods
2.1. Materials

Each investigated process utilized material in the needed form, particularly powder
for L-PBF and wire for WA-DED. The material used in the L-PBF process was a 17-4PH
(FeCr17Ni4, AISI 630, DIN 1.4548) powder with a 20–45 µm particle size provided by
m4p material solutions GmbH, Magdeburg, Germany. The wire used for WA-DED with
a 1.2 mm diameter made of17-4PH (FeCr17Ni4, AISI 630, DIN 1.4548) was provided by
Metal Technology Canterbo GmbH, Meerbusch, Germany. The chemical composition is
presented in Table 1.

Table 1. Chemical composition of the 17-4PH powder.

Element Cr Ni Cu Nb C Si Mn Fe

Nom. 15.0–
17.0

3.0–
5.0

3.0–
5.0

0.15–
0.45 <0.07 <1.00 <0.70

Bal.L-PBF 16.0 4.0 4.0 0.29 0.03 0.60 0.70
WA-DED 16.37 4.78 3.63 0.23 0.019 0.46 0.64
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Workpieces were made from AlMgSi (EN-AW 6060, DIN 3.3206) D80x6000 mm bars
provided by Gemmel Metalle GmbH, Berlin, Germany. The chemical composition is
presented in Table 2.

Table 2. The chemical composition of the AlMgSi bars.

Element Mg Si Fe Cu Mn Ti Zn Al
Nom. 0.35–0.60 0.30–0.60 0.10–0.30 <0.10 <0.10 <0.10 <0.15 Bal.Fact. 0.436 0.596 0.186 0.004 0.012 0.015 0.003

2.2. Forging

Forging was performed on an SMS SPPE 6.3 screw press (SMS group GmbH, Düs-
seldorf, Germany) with a nominal force of 6.3 MN. The maximum speed of the ram was
700 mm/s. The nominal impact energy was 14 kJ. The actual impact energy was controlled
by adjusting the ram speed accordingly. The upper and lower dies were installed in the
press with a die holder using an adapter and aligned to ensure the absence of offset or twist.
The die holder was equipped with prism slides.

The workpieces were manufactured on a CNC turning lathe according to the drawing.
Before forging, the workpieces were sprayed with a water-based hexagonal boron nitride
lubricant, air-dried, placed in a chamber furnace at 480 ◦C and heated for 1.5 h. The
workpieces were then transferred manually from the furnace to the dies using forging
tongs. Forging was performed in semiautomatic mode with 3 blows with a pause of 2 s
between blows. The forgings were also extracted manually using forging tongs.

2.3. WA-DED

The WA-DED process was realized on a GEFERTEC arc605 machine (Gefertec GmbH,
Berlin, Germany) with a Fronius TPS400i (Fronius Deutschland GmbH, Berlin, Germany)
welding power source (Figure 1a). The WA-DED parameters were determined with prelim-
inary trials. Parameters were chosen based on good bonding of adjacent beads and a stable
process. ArC2 (argon + 2% carbon dioxide with a flow rate of 15 L/min) was used as the
shielding gas. The stickout (contact nozzle-to-workpiece distance) was 15 mm. The sub-
strate was a C45 W round disc (Figure 1b) with dimensions of Ø238 mm × 60 mm, which
was not preheated. Both die halves were produced parallel to the process acceleration.
During the entire WA-DED process runtime, local compressed-air cooling of the surface
took place after each welding layer at the next point to be welded until the temperature at
this position fell below 150 ◦C. The temperature was measured during the process using a
pyrometer with an emission coefficient set to 1.
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2.4. L-PBF

An EOS M290 (EOS GmbH, Krailling, Germany) was used to produce the forging
dies via L-PBF technology (Figure 2a). This machine uses a 400 W laser, which is focused
to a diameter of 80 µm in the printing area. The L-PBF parameters were provided by the
machine manufacturer. Production was carried out at a laser power of approx. 220 W, an
exposure speed of approx. 750 mm/s, a hatching distance of 0.11 mm, a substrate plate
temperature of 80 ◦C and a layer thickness of 40 µm (Figure 2b). The part was fabricated
directly on the build plate without any support structures to avoid warpage. The part was
subsequently separated from the substrate plate via wire-cut EDM. To obtain a surface
suitable for forging, the rough surface was processed from the as-printed state via milling.
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2.5. Forging Simulation

Simulations were performed with the commercial FEM software QForm UK 10.2.4
(QForm Group FZ LLC, Fujairah, United Arab Emirates) in a general forming module.
The workpiece was set as an elastic–plastic body, and the tools were set as rigid bodies.
The die mesh consisted of approximately 170,000 volumetric finite elements, while the
workpiece mesh at the end of the forging consisted of approximately 300,000 volumetric
finite elements. Remeshing of the workpiece was performed automatically. The maximum
strain increment on a step was 0.1. The equipment used in the simulation was a screw
press with a nominal impact energy of 14 kJ and a nominal force of 6.3 MN. Stamping was
simulated in 3 blows with full energy. The maximum speed of the ram was 700 mm/s.
Thermal processes were also considered. The initial temperature of the workpiece was set as
480 ◦C with subsequent air cooling for 2 s and cooling in dies for 1 s. The initial temperature
of the dies was set as 20 ◦C. Friction was set by a shear law with m = 0.4. Heat transfer
coefficient was set as 40,000 W/(m2·K) with a pause coefficient of 0.05. The flow curves
and thermophysical parameters of the workpiece and the dies were set according to the EN
AW-6060 and H11 (EN 1.2343) steels from the QForm standard database, respectively. The
environment was set as “Air” from the QForm standard database.

The geometry models used in the simulation are shown in Figure 3.
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3. Results
3.1. Simulation of the Forging Process and Die Analysis

To develop a defect-free forging technology, an iterative simulation procedure with
QFORM was performed, and the geometry of the forged part and the workpiece was
designed (Figure 4). Elements of the finished part (Figure 4a) that could not be obtained
with stamping, such as small holes and grooves, were filled with material to obtain the
forged part (Figure 4b) geometry. The use of a twin forged part (Figure 4c) made it possible
to significantly increase the metal consumption and forgeability of the part by increasing
the thickness of the flange.
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An analysis of the metal flow during the forging process was performed using WA-
DED forging dies (Figure 5). Since the forging dies made using L-PBF had the same
impression geometry, the metal flow was similar. The first step of forging is upsetting the
workpiece with a predominantly lateral material flow. As the distance between the dies
decreases and the flash surface increases, the resistance to lateral material flow increases,
and the rising phase begins, followed by the filling of deep die cavities. As seen in the
figure, in the final stage of forging, the entire surface of the workpiece came into contact
with the tool, indicating that there was no underfilling. The simulation also showed that
there were no defects, such as folds.
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Analysis of the simulation results showed that the temperature in the workpiece
(Figure 6) did not exceed 500 ◦C, which ensured the absence of metallurgical defects and a
high level of mechanical properties. There was a small area in the flash with temperatures
above 500 ◦C, but this was to be removed and had no effect on the forging.
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The temperature distribution in the dies was also analyzed using the QForm cyclic
tool heating module. A simulation of the forging process was carried out with a pause of
10 s between forgings before stabilizing the die temperature after forging. This simulation
allowed us to analyze the actual die temperature during continuous forging of several
parts. As shown in Figure 7, the surface temperature of the WA-DED-manufactured die
was approximately 160 ◦C in the cavity and 255 ◦C at the radius of the shaft, while that
of the L-PBF-manufactured die was approximately 200 ◦C in the cavity and 280 ◦C at the
radius of the shaft. The higher die temperature of the L-PBF-produced die was caused by
the reduced heat transfer from the die impression due to the hollow die geometry.

Analysis of the effective stresses shown in Figure 8 revealed that the L-PBF-produced
die also had higher stresses up to 1000–1200 MPa in contrast to the WA-DED-produced die,
which had stresses up to 900–1050 MPa. The maximum stresses in both cases occurred at the
corner of the cavities forming the flange of the twin forgings. It should also be mentioned
that these stresses were mostly tensile and may have led to cracking in these areas.
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(b) made dies after cyclic tool heating.
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Figure 8. Effective stress distribution on the die surface during the forging with WA-DED (a) and
L-PBF (b) made dies.

3.2. Design of Hot-Forming Dies for Additive and Hybrid Manufacturing

The forming dies were designed in such a way that the advantages of the selected
manufacturing processes were used in the best possible way. A substrate plate of C45
steel (EN 1.0503) was used to manufacture the tools using WA-DED (Figure 9a), onto
which 17-4PH steel (EN 1.4542) was applied with a stock allowance and without die
impression. Further heat treatment and machining were carried out to achieve the desired
die impression geometry and the necessary mechanical properties.
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As the production of solid components using the L-PBF process is challenging, the
dies were designed as a 2D-lattice structure (Figure 9b). In addition to the reduced man-
ufacturing time and the reduced distortion, the weight of each tool was reduced by 56%,
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from 14.2 kg to 6.1 kg. After manufacturing with the L-PBF process with the die impression
including a 0.5 mm stock allowance, the working surface of the tools was milled. The
approach used significantly shortened the machining time and simplified the milling work
considerably. Since the bearing surface area due to the 2D-lattice structure was significantly
smaller than that of WA-DED-produced dies, it was necessary to use hardened underlay-
ers to prevent plastic deformation of the die holder and subsequent deformation of the
die inserts.

3.3. Manufacturing Process

For the production of the forging dies with the WA-DED process, path planning was
realized in such a way that both die halves were produced in parallel to utilize the natural
cooling of the tool half that was not being welded and thus minimize the process time. The
meander geometry with a transverse alignment was used as a deposition strategy to enable
a mostly continuous WA-DED process (Figure 10), which means that only one start and end
point was needed for each welding layer. The wire feed speed was vf = 7.0 m/min, and the
welding speed was vw = 400 mm/min. The seam width was 7.5 mm, and the bead-to-bead
distance was 4.2 mm (corresponding to a bead overlap of approx. 0.44). Ten layers were
applied with a Z offset of 3.5 mm/layer.
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Figure 10. Top (a) and isometric (b) views of WA-DED weld path planning.

The WA-DED process was stable during the whole process. From the third layer
onwards, it became apparent that the end areas tended to overheat, which led to melt
running. This leads to the formation of slopes, which are unfavorable for the further
welding process (Figure 11—the eighth layer is shown as an example). These slopes were
compensated for by depositing an additional local welding layer on the incompletely filled
areas to create a flat surface at the end areas. No other welding defects occurred during the
WA-DED process.

The raw parts of both forming die halves were successfully produced using WA-DED
with compensation for the defect areas (Figure 12a). The total WA-DED process time,
including cooling times, was approx. 3 h for the production of both forming die halves
simultaneously. The wire consumption was approximately 4 kg. Machining took place
without cracking. A machined die half (without mounting elements) is shown in Figure 12b.
The obtained machined die surface was technically smooth and free of defects (binding
defects, pores).

The deposition strategy used in L-PBF manufacturing was meander-shaped exposure
in 12 mm wide strips with a 47◦ strip rotation from layer to layer (Figure 13). Complete
exposure of one strip was performed before the transition to the next strip. This deposition
strategy ensures a low probability of joint defects as well as high mechanical properties
and minimization of anisotropy.
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Figure 13. Deposition strategy used in L-PBF manufacturing.

The production time of each forming die half was 76 h, and the process was completed
without incident (Figure 14).

The actual impression geometries of the L-PBF-produced dies were compared with
target CAD geometries. For this purpose, they were scanned using the industrial 3D optical
measurement system GOM Atos 5 (Carl Zeiss GOM Metrology GmbH, Braunschweig, Ger-
many). The scans were further analyzed using GOM ATOS 2020 software (Carl Zeiss GOM
Metrology GmbH, Braunschweig, Germany) Deviation maps are presented in Figure 15.
The deviation analysis showed that the maximum deviation reached −0.34 mm in the rod
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length. The standard deviation was 0.09 mm for both die parts. Thus, machining with a
0.5 mm stock removal will produce the target die impression geometry.
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Since the L-PBF-produced forging dies were provided with finished impressions with
a stock to be machined to only 0.5 mm, the milling time was reduced from 80 h for both
WA-DED-produced dies to 30 h for both L-PBF-produced dies.

3.4. Forging Trials

The hot-forming dies were mounted on the SMS SPPE 6.3 screw press. The assem-
bly of WA-DED-manufactured tools in the press is shown in Figure 16. The WA-DED-
manufactured forging die inserts were fastened with bolts in the adapter, which was fixed
with clamps to the die holder.

The effect of the blow energy and number of blows on the forging process was
investigated. The fraction of full-impact energy was varied during the hot-forming process
as follows: 50%, 70% and 100%, two blows with 100% and three blows with 100%. In
Figure 17, the effect of the fraction of full-impact energy and the number of blows on the
workpiece’s plastic deformation is shown. The forming stages and final shape of the forging
correspond very well with those predicted in the simulation.

The assembly of the L-PBF-manufactured forming dies in the press and the manu-
factured forged part are shown in Figure 18. The L-PBF-manufactured forging die inserts
were fastened in the same way as the WA-DED-produced dies.

As shown in Figure 18, complete filling of the die cavity with flash formation along
the entire contour of the workpiece occurred during forging. Defects such as folds were not
present. With each set of dies, ten forgings were made, and no signs of wear, damage or
warping of the dies were detected.
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4. Discussion

At present, the interest of the scientific and industrial community in the use of ad-
ditive technologies for die manufacturing [19] and repair [29] is quite high. Making dies
contributes significantly to the cost of forged parts. In addition, the die-making process is
time-consuming and requires considerable equipment for machining and heat treatment.
Additive technologies have significant potential to accelerate and reduce the cost of die
production, especially for individual and small batch forging, where metal forming may
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not be cost-effective at all compared to other manufacturing methods such as casting and
machining. There are a considerable number of works devoted to the additive manufac-
turing of forming dies, especially for die stamping [21,23], as covered in the Introduction.
However, the direct use of die steels for additive manufacturing has significant constraints.
Due to complex thermal loading, die steels exhibit poor processability in additive man-
ufacturing, and no ready-to-use solutions have been presented in the literature thus far.
Most researchers are trying to utilize traditional die steels for additive die manufactur-
ing [20,25,26], using various technical solutions such as the use of preheated substrate
to prevent defects like hot cracks. A method for the hybrid production of dies has also
been proposed wherein only individual elements of the die working surfaces are produced
using additive manufacturing [30,31]. In this case, by reducing the volume of deposited
metal, residual stresses and, consequently, the risk of defects, are reduced. In this paper,
we propose another approach, namely, using steel suitable for additive manufacturing,
particularly 17-4PH for die production. Using this steel allows hot-forging dies to be
produced without defects. Additive manufacturing material suppliers also offer other tool
steels that are of great interest for die manufacturing, such as MS1 (1.2709), CX and CM55.
These steels have some lower mechanical properties compared to die steels, as well as
lower operating temperatures. However, the question of their use for the production of
forging dies for prototyping, individual and small batch forging remains open.

In most of the work described above, the laser direct energy deposition method
(L-DED) was used to fabricate hot-stamping dies. In this paper, two other additive manu-
facturing processes, WA-DED and L-PBF, were investigated. WA-DED is characterized by
a higher production rate, but the near-net-shape manufacturing capabilities of this method
are limited, and a complex deep die cavity cannot be produced. Additionally, due to higher
thermal loads, crack formation and warping of the manufactured parts are more likely
to occur [32]. The L-PBF method is characterized by significantly lower heat input and
high accuracy, which makes it possible to produce dies with impressions with a stack to
be machined to only 0.3–0.5 mm. In addition, through the use of a 2D-lattice structure
design, the weight of each tool was reduced by 56%, from 14.2 kg to 6.1 kg, in production
via L-PBF. Compared to the conventional solid die manufacturing approach [26], this will
reduce internal stresses and the probability of cracking.

Since dies are subjected to high thermomechanical loads during the forging process.
Further research is essential to investigate the potential of additively manufactured dies
for use in industrial applications. There is quite extensive research available on conven-
tionally produced 17-4PH steel [33]. However, the mechanical properties of additively
manufactured 17-4PH steel have not been widely investigated. The fatigue performance
of 17-4PH was investigated primarily in high-cycle (HCF) and in low-cycle fatigue (LCF)
modes without heat treatment [34] as well as with an H1100 heat treatment [35]. LCF with
the heat treatment designation H900, which is most appropriate for die production, has not
been investigated. The fracture toughness of additively manufactured dies should also be
investigated. It is also necessary to investigate the creep resistance of these steels, as the
maximal operating temperature is much lower than that of die steels.

5. Conclusions

In this work, weight-optimized hot-bulk-forming dies suitable for additive manufac-
turing were designed, and AM technologies for their production were developed. Two
processes were investigated: L-PBF and WA-DED. Summarizing the following findings,
we can conclude:

1. WA-DED is characterized by a higher production rate, but the near-net-shape manu-
facturing capabilities of this method are limited, and a complex deep die cavity cannot
be produced.

2. The L-PBF method makes it possible to produce dies with impressions with a stock to
be machined to only 0.3–0.5 mm.
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3. Through the use of a 2D-lattice structure, the weight of each tool was reduced by 56%,
from 14.2 kg to 6.1 kg, in production via L-PBF.

4. The forging process was simulated, and the die temperature and stresses were analyzed.
5. Additive manufacturing of the forming dies was proven through trial forgings to

be effective.
6. The fatigue life, fracture toughness, creep resistance and wear behavior of the additive-

manufactured forming dies as well as the possibility of their use in industrial applica-
tions should be further investigated.
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