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Abstract: Laser-Powder Bed Fusion brings new possibilities for the design of parts, e.g., cutter
shafts with integrated cooling channels close to the contour. However, there are new challenges
to dimensional accuracy in the production of thin-walled components, e.g., heat exchangers.
High degrees of dimensional accuracy are necessary for the production of functional components.
The aim is to already achieve these during the process, to reduce post-processing costs and time.
In this work, thin-walled ring specimens of H13 tool steel are produced and used for the analysis of
dimensional accuracy and residual stresses. Two different scanning strategies were evaluated. One is
a stripe scan strategy, which was automatically generated and provided by the machine manufacturer,
and a (manually designed) sectional scan strategy. The ring segment strategy is designed by manually
segmenting the geometry, which results in a longer preparation time. The samples were printed
in different diameters and analyzed with respect to the degree of accuracy and residual stresses.
The dimensional accuracy of ring specimens could be improved by up to 81% with the introduced
sectional strategy compared to the standard approach.

Keywords: H13; 1.2344; tool steel; scan strategy; metal printing

1. Introduction

Laser-Powder Bed Fusion (LPBF) is a layer-based technique of 3-dimensional additive
manufacturing. One of the major advantages of the LPBF technique is the short production time
for individual parts. Applications are for example dental technology, biomedical application or
aerospace engineering [1,2]. The goal is to produce components for different industrial fields with
high dimensional accuracy. The advantages of the LPBF process are the possibility of lightweight
construction by lattice structures [3–5], the flexibility of geometry and the integration of functions [6,7].
In order to utilize these advantages, component designed for LPBF tend to have a higher level of
complexity, with a significant amount of thin-walled parts. Unlike in conventional fabrication processes,
the dimensional accuracy often poses a challenge in LPBF [8].

In the melting process, the locally concentrated energy input of the laser leads to distortion
and residual stresses in the part. There are two main theories for the generation of residual stresses,
the Temperature Gradient Mechanism (TGM) and the Cool-Down Phase [9,10]. The Temperature
Gradient Mechanism describes the generation due to the layered structure of the process, first, a layer
is melted and then the following layer. Because of the rapid heating by the laser and the low heat
conduction, a high temperature gradient is created. The heat conduction is limited by the thin walls,
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which results in a small solidified cross-section available for heat transport in the solid, while the
powder-bed acts like a thermal insulation. Therefore, stresses arise in the components due to the
high temperature gradients [11]. The Cool-Down Phase model describes the formation of the residual
stresses by the melting material and the subsequent solidification. During solidification and cooling,
the metal shrinks and contracts thereby stresses are generated [10]. The already solidified layers inhibit
the shrinkage and tensile stresses occur in the upper layer [9]. Residual stresses are separated into
three types: macro-residual stresses, which span several grains (type I), micro-residual stresses within
one grain (type II), and sub-micro residual stress of several atomic distances within a grain (type III)
[12]. For the dimensional accuracy in the LPBF process residual stresses of type I are relevant [10].
The residual stresses can lead to deformation and even cracks in the parts [9]. Regarding component
accuracy, residual stresses should be avoided. The main methods to reduce residual stresses are
improving the scan strategy [13,14], using powder bed preheating [15–17] and via heat treatments
after the fabrication process [18].

With the help of the exposure strategy, the methodology of fusing the individual layers can
be changed and thus the residual stresses can be reduced. With a change of the exposure strategy,
the temperature profile within the layer is influenced, this can reduce the residual stresses, taking TGM
into account. With the standard stripe exposure strategy, the test results vary. Cheng et al. found out in
their experiments that a line exposure with a 45◦ angle for tension measurement gives the best results
and exposed from inside to outside [19]. In contrast to this, Kruth et al. reported that the successive
island exposure with short vectors are preferable [14]. Dunbar et al. and Ali et al. showed that the
rotation of scan vectors lead to a decrease of the deformations [13,20]. In the experiments of Mercelis
and Kruth, residual stresses were lower in direction of exposure, compared to the perpendicular
in-plane direction [10]. Yu et al. studied the influence of re-melting on porosity and have shown that
re-melting with same and opposite directions are the same in central areas of printed parts, the same
direction re-melting have better results on porosity at edges [21]. In summary, it can be stated that the
experiments yielded different results. Common features in the investigations are that the exposure
strategy influences the residual stresses.

In this work, the resulting residual stresses and the dimensional accuracy of specimens
manufactured by the stripe and sectional scan strategies were analyzed. According to the models
for the creation of residual stresses, which can lead to distortion, a suitable strategy for thin-walled
components will be investigated. Lower residual stresses are expected from scan vectors along the
component contour [9,10]. The focus of this investigation is to improve the scan strategy with the
scope of dimensional accuracy. A sectional scan strategy is developed and results are compared to the
stripe scan strategy. With a scanning path orthogonal to the contour is deviations from the nominal
dimension of the component width are observed. The best results are obtained with a scanning
path along the contour path [22]. The dimensional accuracy of thin-walled geometries before and
after separating the part from the base platform will be investigated. To identify the influence of the
scanning strategies on the residual stresses, the stresses after separation will be measured.

2. Materials and Methods

A high degree of dimensional accuracy is required for the production of functional components.
This is especially true for thin-walled components, which are prone to distortion due to residual
stresses created during production. Selection of the process parameters and the process strategy has a
significant influence on the quality of the thin-walled components.

2.1. Printing Strategies

Assuming the fact that the scan vectors along the contour lead to a good dimensional accuracy,
a sectional strategy has been designed and is compared with the stripe strategy, Figure 1. The arrows
represent the scan-vectors and describe the path of the laser. The case of the stripe strategy powder
melting is from the inside to the outside, i.e., laser scanning started with the core, followed by the fill
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and finally the contour region, Figure 1a. Applied stripe pattern had an incremental rotation of 33◦

between subsequent layers. This led to different lengths of the scan-vectors. Comparing the stripe
strategy with the sectional strategy, the area was divided into small segments of equal consecutive
lengths of the scan vectors in each layer along the curvature, Figure 1b. In case of the sectional strategy,
powder melting occurred from the outside to the inside of the counter and only contour exposure
was used.

Figure 1. Magnified views of ring section to illustrate different irradiation strategies for laser scan
paths: (a) stripes (b) sectional.

2.2. Specimens

To analyze the influence of the printing strategies on the dimension accuracy thin-walled
rings with diameters of 85 mm (D85), 50 mm (D50) and 25 mm (D25), with a thickness of 1 mm
and a height of 30 mm were produced. To avoid varying mechanical properties with different
positioning, all samples were aligned in the same manner and positioned in the center of the build
plate, Figure 2. The specimens were connected to the base plate with solid supports during the
printing process. This solid connection was chosen to ensure a good heat transfer during the process
and to avoid localized heat accumulation. To avoid heat input and possible deformations during the
subsequent cutting procedure, the specimens were carefully separated with a cutting disc form the
base plate. The specimens were fabricated from the tool steel (X40CrMoV5 1, 1.2344, H13), Table 1.
The characteristics of this material are a high tensile strength and resistance to thermal fatigue. Due to
these properties, the material is commonly used in tooling applications, e.g., for injection molds.

Table 1. Chemical composition of H13 tool steel metal powder, all values in percentage by weight [wt%].

Fe C Cr Mn Mo Ni + Cu P S Si V

Bal. 0.32–0.45 4.75–5.50 0.20–0.60 1.10–1.75 0.75 0.03 0.03 0.80–1.25 0.80–1.20
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Figure 2. Two-dimensional views of (a) specimen position on building plate with angles and
(b) dimensions for tactile measurements of distortion.

2.3. Manufacturing Conditions

A SLM 280HL metal printing machine (SLM Solutions Group AG, Lübeck, Germany) was utilized
for the fabrication of the specimens. The machine has an available build space of 280 × 280 × 350 mm
and is equipped with a 400 W YLR fiber laser with a spot size between 70 and 80 µm. Argon was used
as the inert gas. The volume-based energy density EV (J/mm3) depends on the following variables: PL
(W) is the laser power, vs (mm/s) is the scan speed, hs (mm) is the hatch distance and lz (mm) is the
layer thickness [23]. The printing parameters were kept constant for all specimens, Table 2.

Ev =
PL

vs ∗ hs ∗ lz
(1)

Table 2. Parameters used in this work for additive manufacturing of H13 tool steel.

Laser Power [W] Scan Speed [mm/s] Hatch Distance [mm] Energy Density [J/mm3]

Contour 100 400 0.09 92.6
Fill 150 450 0.08 138.9

Core 175 720 0.12 67.5

Layer thickness of 30 µm
Mounting plate temperature 200 ◦C

2.4. Experiments

The methods for verifying dimensional accuracy were the measurement of residual stresses and
the tactile measurement of geometry.

To discuss the feasibility of performing X-ray diffraction (XRD) measurements to determine the
residual stresses, it has to be determined whether a characteristic phase in the present microstructure
can be measured and separated from different phases in this material. Therefore, XRD for phase
analysis was performed using Copper K-α radiation on a Bruker Advance instrument featuring
a VÅNTEC—500 two-dimensional detector on the D25 specimen produced via the stripe strategy.
The sample was measured at two positions: one chosen centrally and one 5 mm away from this in the
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positive z-direction. The samples were oscillated during the measurements, resulting in an effective
sample volume of 2.5 × 0.5 mm. Both measurements showed no qualitative differences from each other
and were accumulated. To measure the dimensional accuracy, a coordinate measuring machine type
Zeiss DuraMax RT was employed. The tolerances of the machine at room temperature for the size of
the specimen are specified with 2.9 µm and lead to a good result in the analysis of the samples. For the
measurements, six planes in the z-axis were defined, Figure 2. The validation of the dimensional
accuracy, the circularity and the deviation in diameter were analyzed. These two values were selected
because they are well comparable. The circularity C (mm) is the difference between the maximum
radius Rmax (mm) and the minimum radius Rmin (mm) on the measuring plane.

C = Rmax − Rmin (2)

The deviation of the diameter ∆D (mm) and the radius ∆R (mm) are calculated as:

∆D = Dmax − Dnominal (3)

∆R = Rmax − Rnominal (4)

They represent the difference of the maximal value of the diameter Dmax (mm) or radius
Rmax (mm) and the nominal diameter Dnominal (mm) or radius Rnominal (mm).

3. Results and Discussion

To determine process parameters, the preliminary tests leading to the parameters are presented.

3.1. Preliminary Research

A parameter study was conducted to determine the effects of laser power and scan speed on
porosity. Three samples each were printed with the laser power and scan speed combinations and
the relative density was measured with Archimedes method, Figure 3. The study shows that some
parameter combinations have high standard deviation (e.g., 148 W/548 mm/s); the others show
almost no standard deviation from the nominal value. The highest relative density of 99.5% as well as
minimum standard deviation was measured for the combination of 175 W laser power and 720 mm/s
scan speed.

The mechanical properties were tested in destructive tensile tests on round tensile specimens
DIN 50125 – A4 × 20 at 200 ◦C, Table 3. The angle describes the relative position on the substrate plate
to the building direction (0◦: in z-direction, 90◦: parallel to z-direction). The resulting microstructure
of additive manufactured H13 tool steel, after processing with the Adler solution, shows a strongly
pronounced martensitic structure (brown, acicular texture), which due to rapid cooling and volume
change have a low residual austenite content (white spots), Figure 4. The fatigue behavior of additively
printed 1.2344 tool steel and the impact of surface conditions were examined [24].

Table 3. Mechanical properties of additive manufactured H13 tool steel.

Yield Strength [MPa] Tensile Strength [MPa] Elongation at Fracture [%]

As built 0◦ 851 ± 49 1359 ± 5 1.19 ± 0.4
As built 90◦ 551 ± 5 1235 ± 71 1.35 ± 0.16

As built 0◦ soft annealed 418 ± 97 675 ± 77 13.9 ± 1.2
As built 90◦ soft annealed 444 ± 76 697 ± 5 11.7 ± 2.5
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Figure 3. Porosity of printed H13 in dependency of laser power and scanning speed.

Figure 4. Microstructure of additive manufactured H13 tool steel show martensite structure with
retained austenite (red circles): (a) perpendicular to built direction, (b) parallel to built direction.

3.2. Residual Stresses

The absence of qualitative differences in this region suggested against a scenario in which
tempering over the height led to a shrinkage of martensite, which otherwise might explain some
geometry changes in the specimens. Broadened peaks and the abundance of possible phases in this
material hindered a complete phase analysis, Figure 5. Residual stresses, which can influence the
geometry of Laser-Powder Bed Fusion specimens, were analyzed. Phases that have an influence
on residual stress measurements on ferrite (e.g., utilizing the {310} or the {211} reflection) and
can cause a detectable reflection in the measuring range were attributed. One type of phase that,
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due to its crystallographic similarity, can strongly overlap with ferrite peaks is tetragonal martensite.
Residual stresses during the LPBF process can cause the stress-induced formation of tetragonal
martensite, resulting in strong textures. Depending on martensite texture, additional peaks occur
close to all ferrite peaks, which cannot always be discerned from it, resulting in direction-dependent
additional peak shifts, which cannot easily be quantified. The feature at 79.6◦ can be explained by
tetragonal martensite, e.g., by variants with a crystal structure similar to C0.09 Fe1.91 martensite or
C0.12 Fe1.88 martensite from the ICDD database. The missing peak at 61.6◦ can be attributed to
texture. Both martensite phases have their respective 301-reflections close to the {310}-ferrite peak
with a low lattice misfit (0.13% and 0.11%, respectively). The possibility of different XRD studies for
residual stress determination focusing on the austenite phase promises to discern the austenitic phase
from martensitic ones. However, such studies are expected to be biased towards smaller stresses due
to strain-induced phase transformation of mechanically loaded austenite grains.
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Figure 5. Intensity over 2θ acquired via XRD measurements from additive manufactured H13 tool steel.

3.3. Tactile Measurements

Comparing the results for dimensional accuracy before and after the separation of the building
plate, as well as with the different scan strategies, the sample showed similar behavior for all diameters.
Therefore, the diagrams for the sample, D85, of the outer radius are shown for the following analysis,
Figures 6–7. They show the shape of the rings on the six measuring planes and the nominal dimension.

The dimensional accuracy of the stripe strategy before separation showed that all deviations
are larger than the nominal size of the radius, which resulted in the sample being larger than
expected, Figure 6. The biggest deviation of the radius was 0.438 mm in the highest plane z = –1 mm.
The deviations also increased with the increasing height of the plane. This led to the result that the
samples revealed a concave outer surface. Besides, the specimen exhibited an elliptical shape on the
base plate, with the biggest deviations present in the top measuring plane. Considering the shape
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of the graph and the position of the maximum deviations, an elliptical characteristic was identified.
The characteristic of the ellipse and thus, the deviation decreases in the direction of the base plate
with a circularity of 0.104 mm was observed. The cause for this is the increased stiffness of the sample
due to the fixed connection to the base plate and their contribution, resulting in fewer deformations.
The same specimen after separation showed a change in shape with a clear formation of the ellipse,
Figure 6. The circularity changed from 0.104 to 0.131 mm and the deviation of the radius was increased
from 0.438 to 0.455 mm.

Figure 6. Dependence of the outer radius on height and angle, measured from specimen D85 stripe
strategy: (a) before and (b) after separation.

Before separation, the specimen fabricated with sectional strategy showed a positive deviation
and a larger radius than the nominal dimensions, similar to the stripe strategy, Figure 7. The maximum
deviation of the radius was improved from 0.438 to 0.252 mm in the highest plane z = –1 mm.
All other planes had similar deviations close to 0.077 mm. This showed a significant improvement
in the curvature of the outer surface. In addition, the roundness improved to a value of 0.088 mm.
After separation, the specimen D85 also showed a slight deformation in the range between 270◦ and
0◦, Figure 7. The deformation led to a circularity from 0.152 to 0.165 mm. The deformations behaved
similarly across all the specimens, with the measuring planes still lying on top of each other.

Figure 7. Dependence of the outer radius on height and angle, measured from specimen D85 sectional
strategy: (a) before and (b) after separation.

Comparing the deviations of diameters for all specimen, two things were visible immediately: the
deviations on the inside were smaller than on the outside and the stripe strategy resulted in a higher
deviation than the sectional strategy in both cases before and after separation, Figure 8. Considering
the relative deviation of the stripe scan strategy, the D85 sample had the lowest deviation with 1.02%
and D25 had the highest with 1.40%. The relative deviation of D50 with 1.34% was approximately
equal to that of the D25 sample. In comparison to the stripe strategy, the sectional strategy generated a
lower relative deviation in the D25 sample (0.68%). This resulted in a relative improvement of about
81% in favor of the sectional scan strategy.
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Figure 8. Comparison of maximum deviations for all samples.

3.4. Causes of Errors in 3D Printing

In summary, the deviations of the specimens could be classified into three errors: oversize, concave
outer surface and elliptical shape.

3.4.1. Oversize

During the process, the metal powder is melted and solidifies as a scan track. When the
melt solidifies and phase transition occurs, the scan track shrinks, followed by further shrinking
during cool down. In addition, various phase transformations in the solid occur during rapid
cooldown. The quenching-like cooling promotes the creation of tetragonal and cubic martensite.
In addition, residual stresses promote the stress-induced transformation of austenite to martensite.
Tetragonal martensite and significant residual stresses (observable from the corresponding peaks
and peak broadenings, Figure 5) are both verified within the present thin structures and indicate
fast cooling during the Laser-Powder Bed Fusion process. Both tempering of tetragonal martensite
and annealing of plastically deformed material are microscopic effects at elevated temperatures that,
along with the present residual stresses, can further affect the dimensional accuracies.

These phase transformations are driven by rapid quenching and/or stress-induced and allow
plastic deformation to occur. With the present residual stresses in the considered top layer being
tension residual stresses, any occurring deformation promotes deviations to larger diameters as it can
be seen in Figures 6a and 7a that the measured value are bigger than the nominal value.

3.4.2. Concave Outer Surface

The reason for the outward curvature can be described by the two following causes. During the
cool down of the component, several layers shrink. Because of the fixed connection in the area of the
building plate, the contraction is suppressed [25]. Thus, the first layers are defined with the dimension
of the component geometry. With increasing height, the influence of the stiffness of the building
plate decreases, and the layer is only supported by the underlying layers [26]. By generating the next
layer, the underlying layer already shrunk. The current layer is melted with the nominal size, shrinks,
and causes the layer underneath to contract further. With increasing layers, the shrinkage decreases
until the last layer, which is only influenced by its shrinkage (Figures 6a and 7a: the lower layers are
closer to the nominal values than the higher layers).

The second cause is temperature-dependent material behavior. According to the temperature
profile during the process, the layers near the building plate, as well as the last layers, cool down
faster. Taking the time-temperature-transformation diagram of the H13 into account, a martensitic
microstructure is formed, which could lead to an increase in the volume of up to 4% [16,26]. These two
causes are leading to a concave surface during the process.
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3.4.3. Elliptical Shape

The characteristic of the elliptical shape is mainly caused by residual stresses and
temperature-dependent material behavior. During the process, the samples are fixed in the lower area
by the building plate. After separation, the residual stresses are reduced by the deformation of the
specimens (Figures 6b and 7b). Another reason for the elliptical shape is the anisotropic properties of
the material, caused by the layer-wise generation in the Laser-Powder Bed Fusion process. Because of
the direction-dependent stiffness, it can lead to the shape of an ellipse during the process [27].

4. Conclusions

Two topics were discussed, the general result of the stripe strategy and the comparison with
the sectional strategy. For thin-walled parts, the standard stripe scan strategy led to large deviations.
X-ray diffraction results showed a formation of tetragonal martensite in these thin-walled specimens,
which had no significant height dependence, which speaks against martensite shrinkage due to
tempering processes. This led to a difficulty to quantify signal contributions to X-ray diffraction
measurements of residual stresses. However, concerning dimensional accuracy, the investigation of the
sectional strategy showed significantly better results with concern to the concavity of the outer surface
and improvement of the diameter deviation of up to 81% compared to the stripe strategy. To improve
the dimensional accuracy, the scaling should be adjusted to thin-walled components. For this purpose,
the axis specific scaling has to be adapted to other aspects, such as geometry and machine parameters.

From an application point of view, the acceptance of additive manufacturing of metal components
is growing with geometric accuracy. The required accuracy for the application is already achieved for
several components. With the increasing functionality of the additively manufactured components,
the requirements for dimensional accuracy increase. To date, this can only be achieved within
limitations and often results in the necessity of mechanical post-processing.
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