Wissenschaftliche
Gesellschaft
Lasertechnik und
Photonik e.V.

Lasers in Manufacturing Conference 2025

Influence of in-situ high-speed milling within a hybrid additive
manufacturing approach on the fatigue behaviour of Inconel 718 lattice
structures

David Sommer®*, Maximilian Peters?, Cemal Esen®, Ralf Hellmann?

9Applied Laser and Photonics group, University of Applied Sciences Aschaffenburg, Wuerzburger Str. 45, 63743 Aschaffenburg, Germany
bApplied Laser Technologies, Ruhr University Bochum, Universitaetsstr. 150, 44801 Bochum, Germany

Abstract

As lattice structures in various designs are used in additive manufacturing for lightweight components, the mechanical characterisation
and fracture behaviour is of upmost importance for their industrial application. In this study, the fatigue behaviour of Inconel 718 lattice
structures is evaluated, comparing sole PBF-LB/M to a hybrid additive manufacturing process combining PBF-LB/M with in-situ high-speed
milling. At first, the static and dynamic mechanical load behaviour of different packing densities is analysed, determining the compressive
strength and the endurance limit. Secondly, hybrid additive manufactured components are compared to PBF-LB/M built parts with respect
to these mechanical properties, revealing improved compressive properties and modified regimes of fatigue. In addition, differences in
fracture behaviour are qualified by fractographic and surface analysis. Overall, it can be summarized that the mechanical load
characteristics, especially the fatigue behaviour, are improved for hybrid additively manufactured components with a superior surface
quality of Ra <1 um.
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1. Introduction

Laser Powder Bed Fusion (PBF-LB/M) is getting uprising attention in industrial applications, as the freedom of design,
various processing materials and good mechanical properties are advantageous in comparison to conventional
manufacturing technologies (Zhou et al., 2024). Applications range from rapid prototyping, aviation and aerospace to
lightweight components with functional integration (Blakey-Milner et al., 2021, Adelmann et al., 2022). For the generation
of lightweight components, unit cells, gyroid structures or in general triply periodic structures are used, as part properties
like, e.g., stiffness, weight and mechanical properties can be adjusted. As several studies report on static mechanical
properties of different unit cells and gyroid structures and fracture behaviour, dynamic mechanical properties often remain
unreported (Liu et al., 2017; Mazur et al., 2016; Ma et al., 2019). However, for a comprehensive understanding of mechanical
properties and reliable application, the fatigue behaviour is of upmost importance.

For the fatigue behaviour, inlaying porosities and surface quality are decisive factors, as micro-notches, superficial cracks
and melting errors lead to crack initiation and propagation until a final failure of the components (Yang et al., 2020). Due to
the melting process and adhered powder particles, the surface quality of PBF-LB/M built components is inferior, diminishing
the fatigue behaviour. To exclude disadvantages like that, hybrid additive manufacturing technologies are generated,
exploiting additive and subtractive manufacturing (Smith et al., 2024). A promising hybrid approach combines PBF-LB/M
with an in-situ high-speed milling process, directly machining fabricated components and inlaying surface structures (Wist
et al., 2020; Sommer et al., 2024).

Against this background, we report on a study of mechanical properties of different lattice structures. Different packing
densities as well as PBF-LB/M and hybrid built components are compared, evaluating the static and dynamic mechanical
load behaviour. For this, compressive strength, different regimes of fatigue and the endurance limit of the structures are
determined. Furthermore, differences are discussed based on fractographic and surface analysis.
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2. Materials and Methods

Hybrid additive manufacturing is performed using a Lumex Avanace-25 (Matsuura, Fukui, Japan), as schematically
depicted in Fig. 1a. The machining unit combines PBF-LB/M with in-situ high-speed milling, generating an alternating
additive/subtractive machining process. The PBF-LB/M-process is conducted with a laser power of PL =320 W, a scan-speed
of vs = 700 mm/min, a hatch distance of dh = 140 um and a layer height of hi = 50 um, using an Yb-fibre laser with a nominal
spot size of dspot = 200 um. As a subtractive process is following, a material allowance of atotal = 250 um must be added onto
the constructed geometry.
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Fig. 1. (a) Hybrid manufacturing unit, integrating a high-speed milling spindle, and (b) in-situ milling process, interrupting the PBF-LB/M-process for the
three-step milling process

For the hybrid approach, the PBF-LB/M-process is interrupted after several layers, directly machining the components
within the powder bed. Within three milling steps, the material allowance is detached gradually, as two roughing processes
remove ai+2 = 220 um, while the finishing step finalises the geometry with an infeed of a3 = 30 um (cf. Fig. 1 b). For the three
milling processes, a feed rate of vc = 240 um, a spindle speed of n =9,600 1/min and z-pitches of ge,. = 150 um, 100 um
and 80 um are employed.

Lattice structures following the Body centered cubic (BCC) unit cell are manufactured, as depicted in Fig. 2a and 2b.
Different packing densities are realized, maintaining a nominal relative density of prei= 22 %. For the evaluation of the hybrid
approach, the in-situ milling enables a machining of the single struts, not accessible after a finished build process. Please
note that, due to the 3-axis system only side and up-facing surfaces are milled (cf. Fig. 2c).

d/mm b/ mm A/ mm? Prei/ %
BCC1 2.7 12 144 22
BCC2 1.35 6 144 22

(b) (c) (e)

Fig. 2. a) BCC1 unit cell, b) BCC2 Lattice structure, c) Milling of lattice structures, d) schematic illustration of geometrical parameters,
and e) geometrical parameters for the manufactured lattice structures
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Static mechanical testing is performed with an AG-X plus universal testing machine (Shimadzu, Kyoto, Japan) with a
maximum applied Force of Fmax = 50 kN for a batch of 5 specimens for each lattice structure. For dynamic testing, an
electrodynamic actuator UD020 (Step Engineering, Resana, Italy) is employed, applying a maximum force of Fmax= 14 kN with
a sinusoidal oscillation with a frequency of f = 100 Hz. While the fatigue behaviour is tested, using staircase sequences, the
endurance limit is determined by the staircase-method (Caliskan et al., 2021) and a limiting number of cycles of n = 1.5¢107.

3. Results and Discussion

The static mechanical load behaviour is shown in Fig. 3a, evaluating the compressive stress-strain response of the lattice
structures. At first, the ductile load behaviour of IN718 can be observed for the different structures, as the lattice structures
get compressed stepwise up to the maximum applicable stress. Within this, the structure collapses with a deformation of
the single struts, not showing an outbreak of component parts.

The BCC1 lattice shows a breakage of the single struts, developing a plateau stress of 0, = 22.93 MPa and a second small
increase for the collapse of the second layer of struts. For the BCC2, the layerwise collapse develops with a more continuous
deformation, as smaller layers with a higher number of struts crush. The plateau stress can be determined to &, = 61.27 MPa,
as a higher packing density increases the static load behaviour significantly. The applied load is distributed across a higher
number of knots, decreasing the stress concentration for each and improving the maximum applicable load for an analogous
relative density of the lattice structures (Mazur et al., 2016).

For the fatigue behaviour, the trend differs, as depicted in Fig. 3b. Depending on the determination of the Low Cycle
Fatigue (LCF) regime up to a number of cycles of n = 1¢10%, the LCF regime of the BCC2 structures is defined with an amplitude
of 0=37 MPa and merges into the High Cycle Fatigue (HCF) regime. Within this, the Wéhler-line gets described by the
gradient of k = -3.53 down to an amplitude of about 9 MPa. As a failure does not occur at lower amplitudes, the endurance
limit is evaluated with db = 8.00 MPa, according to the staircase-method. For the BCC1, the LCF regime is identified at a
lower amplitude of 0= 30 MPa, accomplishing the HCF regime at about n = 3.5°10% As the Wéhler-line is described by the
gradient k = -4.44, the BCC1 shows an improved HCF regime, intersecting the Wohler-line of the BCC2 structures.
Furthermore, the endurance limit can be raised marginally up to 0b = 8.75 MPa.

As an interims conclusion, while a higher packing density leads to an increased static mechanical load behaviour due to a
better distribution of the applied load, the endurance limit is diminished by lower strut diameters, as crack propagation can
lead to an early failure of the component. At constant relative density, an increased strut diameter predominates the fatigue
behaviour in comparison to the packing density, even though, a decreased compressive strength is evaluated during static
testing.

For the static testing of hybrid manufactured components, the deformation behaviour shows, analogous to PBF-LB/M
built components, a layer-wise deformation in two stages, as depicted in Fig. 3. For the hybrid manufacturing approach, the
plateau stress is determined with gy = 40.13 MPa, increasing the compressive strength with about Ag, = 18 MPa. Within the
dynamic testing, the LCF regime can be defined with a number of cycles of n = 5.8+10% at the static plateau stress. The HCF
regime gets described by a gradient of k = —6.49, improving the deviations of the performed cycle numbers significantly in
comparison to the PBF-LB/M built components. Finally, the endurance limit is determined at 0b = 18.75 MPa, multiplying
the endurance limit by the factor of 2.14.
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Fig. 3. (a) Stress-Strain diagram, and (b) Wohler-diagram for the testing of BCC2, BCC1 and hybrid built BCC1 lattice structures
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The hybrid additive manufacturing enhances the mechanical properties of the lattice structures, as the improvement of
the surface quality leads to higher mechanical resistance (Sarkar et al., 2019). Due to the in-situ high-speed milling, the
surface roughness can be minimized from Ra = 17.3 um for the PBF-LB/M process down to Ra = 0.81 um for the hybrid
manufactured components. As a material allowance of a: = 250 um gets detached by the different steps of the milling
processes, superficial cracks and micro-notches can be eliminated. Furthermore, melting errors as well as the balling effect
of the PBF-LB/M process is prevented, constituting crack initiation and propagation points within mechanical stress.

The geometry of the BCC structures causes a downfacing surface, diminishing the surface roughness, as overhanging
structures show an inferior melting quality. The fractographic analysis in Fig. 4a shows that a crack initiation can be observed
at the downfacing surface, emanating into the component within the HCF regime (o = 10 MPa). While the crack propagation
weakens the structure, a forced fracture of the up-facing part is identified, developing by virtue of the final failure of the
strut. As the 3-axis milling system enables a manufacturing of the up-facing and lateral surfaces, the overhanging structure
cannot be improved. Nevertheless, a significantly higher amplitude (o = 20 MPa) is performed by the hybrid built component,
until a crack initiation is developed. As depicted, the crack is, again, emanating from the lower part of the strut, propagating
into the material until a final failure occurs.

Fig. 4. SEM-images of crushed struts of (a) PBF-LB/M built, and (b) hybrid built structures, showing a crack initiation and propagation into the strut,
leading to a forced fracture at the top of the struts (red zone)

4, Conclusion

In this study, an investigation of mechanical properties of IN718 lattice structures is presented, evaluating the impact of
packing density as well as hybrid manufacturing on the static and dynamic load behaviour. For this, BCC lattice structures
are manufactured with different packing densities and continuous relative density, comparing the compressive strength and
the sole PBF-LB/M and hybrid built components.

While a higher packing density leads to an increased maximum compressive strength, a greater strut diameter leads to
an improved fatigue behaviour. Additionally, the in-situ high-speed milling is leading to enhanced mechanical properties, as
the compressive strength as well as the fatigue behaviour are considerably increased. Due to the superior surface quality of
the hybrid built components, the plateau stress is improved by 75 % up to a maximum of 40.1 MPa and the endurance limit
is increased by the factor 2.14 to 18.75 MPa. As superficial cracks and melting errors are excluded by the hybrid approach,
the mechanical properties are improved significantly. Crack initiation and propagation can be reduced, as shown in the
fractographic analysis.
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