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Abstract: High pressure die casting (HPDC) tools undergo several repairs during their life cycle.
Traditional repair methods (e.g., welding) cannot always be applied on damaged tools, necessitating
complete replacement. Usually, direct energy deposition (DED) is considered and applied to repair
tools. In this study, the potential of laser powder bed fusion (LPBF) for HPDC tool repair is investi-
gated. LPBF of the hot work tool steel 1.2343/H11 normally requires preheating temperatures above
200 ◦C to overcome cracking. Therefore, a process window for the crack-susceptible hot work tool
steel 1.2343/H11 with no preheating was developed to avoid preheating an entire preform. Laser
power, hatch distance, and scan speed are varied to maximize relative density. Since the correlation
of LPBF process parameters and resulting build quality is not fully understood yet, the relationship
between process parameters and surface roughness is statistically determined. The identification of
suitable process parameters with no preheating allowed crack-free processing of 1.2343/H11 tool
steel via LPBF in this study. The LPBF repair of a volume of ~2000 cm3 was successfully carried out
and microstructurally and mechanically characterized. A special focus lays on the interface between
the worn HPDC tool and additive reconstruction, since it must withstand the mechanical and thermal
loads during the HPDC process.

Keywords: additive manufacturing; tool steel; laser power; scanning speed; tool repair; HPDC; insert

1. Introduction

Additive manufacturing is a technology that creates objects on the basis of a 3D CAD
geometry in a layer-by-layer fashion [1–3]. Components manufactured via laser powder
bed fusion (LPBF) are near-net-shape components, implying a minimal amount of post-
processing required to achieve the desired final geometry. This results in reduced material
waste. LPBF allows for increased design freedom, enabling the manufacture of complex
geometries which would be challenging to produce with conventional technologies [4,5].
LPBF challenges include distortion and curling (rolling up of the edges during build),
sagging (sinking of the overhanging layer into the powder bed), sintering of powder
particles to component surfaces, powder bed quality, and residual stresses [6,7]. These
effects can lead to increased post-processing, unreproducible mechanical properties, or even
impairment of component functionality [8,9]. Even though components with the required
quality can be manufactured with LPBF, experimentally secured process parameters do not
exist [10]. The large number of process parameters (more than 100 [11]), as well as varying
thermal conditions, make repeatable manufacturing quality challenging.

When considering internal channels, the use of support structures may be required
for LPBF depending on the angle of the overhanging structure [8,12]. Overhangs were
studied by Wang et al., among others [13–16]. A larger overhang length leads to increased
sagging and curling. Sagging and curling negatively affects dimensional accuracy of
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channel structures [13]. According to Wang et al. [13], overhang angles larger than 40
◦

can be reliably built without supports, which agrees with other studies found in the
literature [8,17]. Angles of θ ≥ 45◦ should be manufactured with high energy input, while
angles of θ < 45◦ should be manufactured with low energy input [17]. This is due to the
differing heat dissipation capacity of solid-supported zones compared to that of powder-
supported zones [13,17]. The heat dissipation capacity in powder-supported zones can be
more than 100 times smaller compared to solid supported ones and depends on the relative
density of the powder and the contact size [18,19].

High pressure die casting (HPDC) tools must be repaired several times during their life
cycle, due to thermal fatigue, erosion, adhesion of casting material, and corrosion [20–22].
Repeated heating and cooling cycles during the HPDC process cause crack initiation [22].
Traditional repair methods (e.g., welding) cannot always be applied on damaged tools since
dimensional accuracy standards are no longer met, necessitating complete replacement [22].
Repairing tools is economically preferred and can double the lifetime of a tool [22].

Tool inserts are mostly made of 1.2709 grade steel, since it is readily weldable [7,9]. In
contrast, using hot work tool steel 1.2343/H11 tool steel or 1.2344 is preferred due to the
higher thermal conductivity and better wear and corrosion resistance. The high carbon
content reduces the weldability of 1.2343/H11 tool steel, making it difficult to process using
LPBF [23]. Compared to 1.2344, 1.2343/H11 tool steel has not been as thoroughly researched
for LPBF [24]. To mitigate crack susceptibility, the substrate is usually preheated to reduce
thermal gradients, thereby reducing crack susceptibility [9]. Preheating temperatures
over 200 ◦C is necessary for reproducible crack-free manufacturing. These preheating
temperatures cannot be readily reached by all commercial LPBF machines.

Additive repairs are mostly carried out using direct energy deposition (DLD) [25–27].
However, DLD does not allow for increased functionality such as cooling channels, which
could prolong the lifetime of a HPDC tool. LPBF allows for increased functionality, however
repairing tools with LPBF is challenging due the need for support structures [26] and the
difficulty in positioning. If the process window includes preheating, as it usually does
when considering 1.2343/H11 tool steel, the preheating of an entire preform also poses
a challenge. Therefore, LPBF is not as thoroughly researched for tool repairs compared
to DLD.

In this study, process parameters are varied to manufacture crack-free 1.2343/H11
tool steel components via LPBF without preheating. Developing a process window for
1.2343/H11 tool steel without preheating allows the processing of this tool steel on all
available LPBF machines. For comparison, process parameters with preheating are also
investigated. The correlation between process parameters and surface roughness is statis-
tically determined. Once suitable process parameters without preheating are identified,
a worn 1.2343 tool is repaired by LPBF. The LPBF repair consists of a volume of roughly
2000 cm3, which is not readily found in literature. The interface between additive re-
pair and worn tool is analyzed in terms of geometric compliance, microstructure, and
mechanical properties.

2. Materials and Methods
2.1. Materials

The material of choice in this study is hot working tool steel 1.2343/H11 tool steel. The
gas-atomized powder of 15–45 µm was supplied by Thyssenkrupp GmbH. The composition
of the powder used is shown in Table 1. A powder analysis was carried out using Retsch
Camsizer X2 to quantitively analyze the powder particle size distribution (PSD). Images of
the powder were taken using a Zeiss scanning electron microscope (SEM). Double-sided
tape was used to take three-dimensional images of powder. Cross-sections were also
prepared. For that purpose, powder was embedded in bakelite, ground, polished, and
etched with 10% NaOH. As can be seen from Figure 1, the powder is spherical with limited
porosity and satellites. A PSD is also shown in Figure 1.



J. Manuf. Mater. Process. 2022, 6, 139 3 of 16

Table 1. Composition of 1.2343/H11 tool steel powder.

C Fe Si V Cr Mn Mo

wt.% 0.37 Rest 1.6 0.7 7.39 0.05 1.4
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Figure 1. SEM images of 1.2343/H11 tool steel powder (left) and PSD (right).

2.2. LPBF Manufacturing

Samples were manufactured using an ACONITY MINI. This machine allows access to
all relevant process parameters [28], namely laser power, hatch distance, scan speed, layer
thickness, and preheating temperatures up to 800 ◦C.

The scanning strategy used is 90◦ alternating stripes. A constant laser beam diameter
of 75 µm is used. Scan speed, laser power, and hatch spacing are varied to achieve volume
energy densities between 16–198 J/mm3.

The sample geometries include:

• 120 cubes (10 × 10 × 10 mm3) for relative density and microstructure analysis.
• 6 B4 × 20 tensile samples. Three of those samples were tested in as-built condition,

the remaining three samples were sand blasted prior to tensile testing.
• 12 cylinders (∅ 8 mm × 55 mm) for tensile testing, which are subsequently machined

into B4 × 20 tensile samples.
• 18 cubes with circular channels (see Figure 2). The edge length of the cube is 16 mm,

the channel diameter of the surface-centered channel structures is 6 mm. The sample
geometry was chosen according to the results of Thomas [8]; a wall thickness (t) of
5 mm reduces the risk of sample damage when removing the test geometries [8].
Furthermore, a channel diameter of 6 mm reduces the probability that the powder
within the channel structure will be sintered by the energy input.
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Figure 2. (a) Schematic representation of a cube with circular channels; (b) Positioning of cubes with
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2.3. Relative Density

For the analysis of relative density, samples were hot-mounted in bakelite, ground,
and polished. Relative density was measured using a Keyence VHX7000 microscope. Using
100× magnification, images of the entire surface were taken and stitched together. The
built-in Keyence software distinguishes pores and solid material according to changes in
contrast. The crack density was determined using ImageJ open software. Defects with a
sphericity of 0.7 are defined as a pore, and defects with a sphericity below 0.7 are defined
as a crack.

2.4. Microstructure

For the analysis of the microstructure, samples were etched using 10% NaOH solution
for up to 15 seconds. A Zeiss SEM was used for the microstructural analysis.

2.5. Tensile Testing

Tensile tests were carried out according to DIN EN ISO 6892-1:2009. A Zwick Roell
testing system was used. Samples were tested at room temperature. After the tensile test, a
stress–strain diagram with all data could be extracted. The tensile samples are differentiated
according to their surface quality: as-built, sand blasted, and machined. For sandblasting
100 µm, 200 µm glass beads, and a pressure of 6 bar were used.

2.6. Support Free Channel

The cubes with internal channels were sectioned, ground, and polished. The dimen-
sions of the cube channels are determined by measuring the wall thickness (t) using a
Keyence VHX7000. The nominal wall thickness is 5 mm (compare Figure 2a). The mea-
sured dimension is compared to the nominal value. A deviation from the wall thickness
indicates that the channel structure does not correspond to the desired shape.

2.7. Surface Roughness

The surface roughness is measured on the outer cube walls as well as inside the cube
channels (channel floor and ceiling) using a Keyence VHX7000 microscope. By creating
a Z-stack, a 3D model of the surface was obtained on which surface roughness can be
measured. To determine the effect of LPBF process parameter on surface roughness, a
statistical effect analysis was carried out.

2.8. Tool Repair

For the tool repair, a worn 1.2343 tool preform was used as the base material. The
worn top of the tool was removed via electron discharge machining (EDM). The prepared
preform was fixed onto the middle of a substrate plate by a screw. Using a guide laser
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pointer, the additive repair was positioned manually. To ensure sufficient bonding between
additive repair and preform, the first layer was melted twice.

After the LPBF tool repair, a 3D GOM scan was taken to ensure geometrical compliance.
A hardness map from substrate, interface, and additive reconstruction was measured. HRC
hardness was measured using a Qness 30A+ micro hardness tester. Hardness was measured
along the build direction in the middle of the sample. A mean of three measurements per
location was calculated.

3. Results
3.1. Relative Density and Microstructure

Since 1.2343 is a crack-susceptible tool steel, process parameters with and without
preheating were tested. To identify the process window for 1.2343/H11 tool steel, a
design of experiments (DoE) for no preheating, 300 ◦C, 400 ◦C, and 500 ◦C preheating
was developed. The volume energy densities varied from 16 to 198 J/mm3. The achieved
relative densities are shown in Figure 3. It can be seen that energy densities below 50 J/mm3

and above 150 J/mm3 show low relative densities. This holds true for no preheating and
for all preheating temperatures. The highest relative densities are seen in the range of
50–150 J/mm3. The effect preheating has on the crack density can be seen in Figure 4.
As can be seen, preheating only has a limited effect on reducing the crack density when
comparing to no preheating. Only 400 ◦C preheating consistently reduces crack density in
comparison to no preheating. Since the chosen preheating temperatures (300 ◦C, 400 ◦C,
and 500 ◦C) can mostly be realized on laboratory machines, the samples manufactured
without preheating are of particular interest. A cross-section of a sample manufactured with
an EV of 69.93 J/mm3, no preheating, and a relative density of 99.99% is shown in Figure 5a.
As can be seen, there is no porosity and no cracks. Figure 5b shows the microstructure in
build direction of the sample. Even at high resolution and higher magnification, cracks
cannot be identified. In Figure 5b, mostly columnar grains can be seen. Some equiaxed
grains can be seen between columnar grains. The grains are oriented in build direction.
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3.2. Surface Roughness

Figure 6 shows the average of three roughness measurements per energy density of
the outer cube walls in build direction. A quality improvement in outer surface roughness
at an energy density between 45 J/mm3 and 70 J/mm3 was observed. Energy densities
below 45 J/mm3 and above 70 J/mm3 lead to increased roughness. The energy density
required for improved surface roughness (45–70 J/mm3) overlaps with the energy density
required to achieve a high relative density (50–150 J/mm3, see Figure 3).
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Table 2 shows the average roughness values of the surfaces within the internal channels
out of three measurements. Samples with low energy density 34.19 J/mm3, medium
energy density 58.28 J/mm3, and high energy density 94.7 J/mm3 were examined. When
considering the roughness for the channel floor, the lowest roughness is achieved with
medium energy density. The roughness for channel ceiling and channel floor of low and
high energy densities are similar.

Table 2. Channel roughness of samples with low, medium, and high energy density.

Energy Density 34.19 J/mm3 58.28 J/mm3 94.7 J/mm3

Ra Channel Ceiling 48 ± 6 µm 70 ± 1 µm 96 ± 10 µm

Ra Channel Floors 54 ± 6 µm 4 ± 1 µm 106 ± 10 µm

The highest measured value of the cube wall thickness is 5401 µm (nominal 5000 µm)
manufactured with 34.19 J/mm3, which lies outside the energy density range required
for a high relative cube density (50–150 J/mm3, see Figure 3). The lowest wall thickness
measured is 3659 µm (nominal 5000 µm) manufactured with 94.7 J/mm3, which lies within
the energy density range required for a high relative cube density (50–150 J/mm3, see
Figure 3). These measurements show a decrease in cube wall thickness with an increase
in energy density. Figure 7 shows a linear reduction in channel diameter with increased
energy density. The corresponding channel cross-sections can be seen in Figure 8.

In Figure 8, a clear qualitative distinction between the samples can be seen in channel
ceiling morphology. Sample 94.7 J/mm3, which was produced with the highest energy
density, shows the coarsest macrostructure with many larger sintering points. In contrast,
sample 58.28 J/mm3 (medium energy density) shows a lower number of sintered particles.
The surface image of sample 34.19 J/mm3 (low energy density) shows the finest surface
structure (also confirmed by Table 2).
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3.3. Tensile Properties

The tensile properties are shown in Figure 9. Each stress–strain curve is a mean of
three measurements. The bump in the stress strain curves is caused by a change in strain
rate. The strain rate was carried out as stated in DIN EN ISO 6892-1:2009. The as-built
samples show the highest tensile strength (1808 MPa), followed by sand blasted (1719 MPa)
and machined (1672 MPa). There is an 8.13% difference in tensile strengths. In terms of
strain, machined and as-built samples show similar results.
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3.4. Tool Repair

The additive cube and the conventional preform are both made out of 1.2343/H11
tool steel. Figure 10 shows a cross-section of a repaired sample. As shown in Figure 10, the
interface (overlap between additive cube and substrate) is ~200 µm thick. When considering
the microstructure (see Figure 11), additive repair and conventional preform can clearly be
differentiated. The microstructure of the additive half is much finer. The microstructure
of the conventional preform is coarser with large precipitates. The hardness map from
conventional preform, interface, and additive repair is shown in Figure 12. It can be seen
that the additive repair shows the highest hardness with 56 HRC, the interface 47 HRC,
and the conventional 20 HRC.

The interface of the tool repair is seen in Figure 13a. The positioning of the preform is
characterized by a 3D GOM Scan, shown in Figure 13b. The GOM Scan shows a geometrical
compliance at the interface in the range of +1 mm to −1 mm.
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4. Discussion

Figure 3 shows that the highest relative densities are achieved between 50–150 J/mm3.
Lower energy densities do not supply enough energy to fully melt the powder leading to
lack of fusion [29]. Higher energy densities induce too much energy, leading to keyhol-
ing [29].

Preheating only shows a limiting effect on reducing crack density. Similar crack densi-
ties are shown in Figure 4 for no preheating, 300 ◦C, and 500 ◦C. Only 400 ◦C preheating
was able to consistently reduce crack density. Reducing temperature gradients during
the LPBF process is therefore a limited means to manufacture crack sensitive materials,
indicating that the chemical composition is the key cause [30] and opportunity to reduce
crack susceptibility. Preheating thus increases the number of process parameters during
process window development, since the cool down after the LPBF process must also be
considered [31,32]. Hot cracking occurs during solidification when dendrites shrink and
liquid cannot refill the space. According to Clyne et al. [33], there are two time periods
where materials are prone to hot cracking during solidification:

1. Liquid volume fraction between 0.1–0.01
2. Liquid volume fraction between 0.6–0.1

While the process window is sensitive to small changes in energy density with regards
to crack density (see Figure 4), a balance between the two times proposed by Clyne et al. [33]
was identified when an EV of 69.93 J/mm3 and no preheating or preheating of 400 ◦C was
used to manufacture 1.2343/H11 tool steel with LPBF. According to Gor et al. the most
influential parameters to increase relative density are laser power, scan speed, and layer
thickness [34].

Similar to the microstructure shown in Figure 5, the microstructure of the additive
repair consists mostly of columnar grains oriented in build orientation. Due to the length of
the grains, epitaxial grain growth can be assumed. However, epitaxial grain growth needs
to be validated with an electron backscatter diffraction scan. Some equiaxed grains can be
seen, which can be correlated to the scan strategy and hatch distance used. The difference
in microstructure is due to the scan strategy and the rotation of 90◦. Similar microstructures
were found by Arisoy et al. with Ti64 [35], leading to the assumption that this result is
independent of material but rather depends on cooling rate and temperature distribu-
tion. Similar microstructures are also found for Al alloys manufactured with LPBF [36].
Therefore, the obtained microstructure corresponds to the expected LPBF microstructure.

The additive repair was not perfectly positioned. Positioning therefore needs to be
optimized. The coordinate system of the LPBF machine should be synchronized with
the coordinate system of the pre-processing software. The additive repair can then be
positioned more precisely. Additionally, the repair should be upscaled to account for
shrinkage. Excess material can be removed in post-processing.

Hardness is not homogeneous throughout the tool. This result can be correlated to the
observed microstructures, in particular grain size. The additive repair experiences much
higher cooling rates (i.e., 106 K/s [29,37]) compared to the conventional preform. The fast
cooling rate leads to grain refinement within the additive repair causing higher strength
according to the Hall–Petch relation [38,39]. Similar results were found by Tian et al.
with regards to tensile properties [40]. Subsequent heat treatment could homogenize
the microstructure.

The surface roughness listed in Table 2 shows the highest values for low and high
energy densities. When using high energy densities, powder particles partially melt onto
the surface of the component increasing surface roughness. At low energy densities,
the energy used does not suffice to melt the powder, therefore particles sinter onto the
component surface, again increasing surface roughness. The channel floors show lower
surface roughness since there are no overhanging structures. Each new powder layer is
supported by solid material. The channel ceiling shows higher surface roughness due to
the overhanging structure being supported by powder. Using low energy densities for the
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channel ceiling causes sintering of the powder, while high energy densities lead to partial
melting. Both cases increase surface roughness.

The difference in tensile properties in as-built, sand blasted, and machined lies at
approximately 8%. A possible hypothesis for the small difference could be the generated
heat during machining. This generated heat at the surface could alter the microstructure at
the surface, reducing the tensile strength. For sand blasting, the collision of the glass beads
onto the sample surface could lead to work hardening, altering the materials properties at
the surface. These hypotheses need to be verified in further studies. Since the microstructure
at the core of the cylinder is not altered, the ductilities remain similar at roughly 2%. These
results agree with literature [7,41,42].

By means of the effect size analysis, a conclusion about the effect on surface roughness
when changing the factors (i.e., process parameters) is possible [43]. The calculation of
an effect is shown in Equation (1). An effect describes the mean recorded change of the
quality characteristic (i.e., surface roughness) when changing the factor setting (i.e., process
parameters) from low to high.

CFactor =
n

∑
i=1

yi
n
−

m

∑
j=1

yj

m
(1)

where
C: effect related to the selected factor
n: Number of high-level expressions of the chosen factor.
m: number of low-level expressions of the selected factor
yi: quality characteristic at high level of the selected factor
yj: quality characteristic at low level of the selected factor
The interaction is the average mutual influence of several factors on their effect on

surface roughness. A high value for the interaction indicates a strong average influence on
surface roughness and means that the interaction of the two factors with each other plays
a significant role on the surface roughness. An interaction exists for two, three, or more
factors. Within the scope of this study, a total of three factors (i.e., laser power, scan speed,
and hatch distance) is considered.

In the context of surface roughness, values as low as possible should be aimed for.
Accordingly, effects and interactions with a negative sign show quality improvement. A
positive sign indicates a deterioration of the surface roughness. Table 3 shows that the
process parameters on their own have a negligible influence on surface roughness. Thus, a
change in laser power, hatch distance, or scan speed alone has a very small average effect
on the measurement result. Similar results are seen for factors laser power × hatch distance
and laser power × scan speed, whose average influence on the surface roughness is also small
if the third factor remains unchanged.

Table 3. Effects and interactions of surface roughness.

Factor(s) Value Effect/Interaction

ScanSpeed × Hatch Distance 2.71

Laser Power × Scan Speed × Hatch Distance 1.25

Laser Power × Hatch Distance 0.33

Laser Power 0.10

Hatch Distance −0.08

Scan Speed −0.07

Laser Power × Scan Speed 0.04
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In contrast, the interaction of scan speed × hatch distance shows an average influence on
the surface roughness of 2.71. This means that the interaction of these two factors has the
strongest influence on surface roughness.

The interaction of the combination of laser power × scan speed × hatch distance with an
average effect of 1.25 on the surface roughness shows the second largest influence.

Based on these results, it is recommended to optimize hatch distance and scan speed
simultaneously and then address laser power to achieve an energy density, ranging between
50–150 J/mm3 to achieve a high relative density. To reduce surface roughness, a small
hatch distance and fast scan speed should be chosen.

Considering channel diameter, the factors with an effect with a negative sign are
particularly responsible for sintering and shrinkage of powder layers and vice versa.
Table 4 shows that the process parameters hatch spacing, scan speed, and laser power on their
own have the greatest influence on the dimensional stability of the channel diameter. In
combination with the signs, it can be confirmed that lower energy densities lead to better
dimensional stability.

Table 4. Effects and interaction effects of the minimum channel diameter.

Factor(s) Value Effect/Interaction

Hatch Distance 527.12

Scan Speed 403.90

Laser Power −370.08

Laser Power × Scan Speed × Hatch Distance −312.93

Scan speed × Hatch Distance −196.39

Laser Power × Hatch Distance 86.33

Laser Power × Scan Speed 56.78

A step change in scan speed × hatch distance leads to worse results, meaning a stronger
sintering tendency in the overhang zone for equal step settings of the two factors.

The opposite is true for the interaction effects laser power × hatch distance and laser
power × scan speed. However, these two interaction effects are considerably smaller than
those previously discussed.

The energy density range required for high relative densities (50–150 J/mm3) agrees
with the energy density required for dimensionally stable channel structure. This conclusion
and the results related to the optimization direction are also confirmed by the results of
Feng [44].

When considering the results of the sensitivity analysis, channel diameter, and relative
density, it can be concluded that different parameter combinations cause a different effect:

• A high relative density is necessary to avoid defects. Too high an energy density leads
to keyholing and if the energy density is too low, lack of fusion is found.

• For improved channel diameter compliance, it was found that a minimum energy
density leads to better results. This will cause a trade off when considering the relative
density for the remaining volume of the component.

• When considering surface roughness, the combination of scan speed and hatch dis-
tance played the largest role. Here, the possibility of adjusting contour parameters
with this parameter combination would avoid adjusting the energy density for the
entire component.

5. Conclusions and Outlook

In this study, 1.2343/H11 tool steel was successfully manufactured with LPBF with-
out preheating.

• An energy density of 69.93 J/mm3 and no preheating was used.
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• No pores or cracks could be found.
• The tensile properties agree with those reported in literature.
• Preheating only showed a limited effect on reducing crack density.

A tool insert was successfully repaired using LPBF and was examined for mechanical
properties and microstructure. The printed volume was ~2000 cm3.

• The hardness is not homogenously spread.

Therefore, heat treatments should be investigated in further studies.

• CT scans of the repaired tool should also be considered in further studies to identify
defects within the volume of the insert.

The relationship of laser power, scan speed, and hatch distance on surface the rough-
ness of support-free channel structures was characterized.

• Lower energy input is recommended for improved geometric compliance of channel
structures. Higher energy densities lead to sagging of the surface layers and reduce
dimensional stability.

• Hatch distance, scan speed, and laser power should be adjusted in descending or-
der to optimize the minimum channel diameter. It is recommended to use a small
hatch distance and fast scan speed combined with a high laser power. The energy
density range of 50–150 J/mm3 should be considered to simultaneously achieve high
relative densities.

• The interaction of scan speed and hatch distance has a significant effect on geomet-
ric compliance and surface roughness and should be further investigated in fur-
ther studies.
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