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Abstract
Laser-based powder bed fusion (L-PBF) is a promising technology for the production of near net–shaped metallic components.
The high surface roughness and the comparatively low-dimensional accuracy of such components, however, usually require a
finishing by a subtractive process such as milling or grinding in order to meet the requirements of the application. Materials
manufactured via L-PBF are characterized by a unique microstructure and anisotropic material properties. These specific
properties could also affect the subtractive processes themselves. In this paper, the effect of L-PBF on the machinability of the
aluminum alloy AlSi10Mg is explored when milling. The chips, the process forces, the surface morphology, the microhardness,
and the burr formation are analyzed in dependence on the manufacturing parameter settings used for L-PBF and the direction of
feed motion of the end mill relative to the build-up direction of the parts. The results are compared with a conventionally cast
AlSi10Mg. The analysis shows that L-PBF influences the machinability. Differences between the reference and the L-PBF
AlSi10Mg were observed in the chip form, the process forces, the surface morphology, and the burr formation. The initial
manufacturing method of the part thus needs to be considered during the design of the finishing process to achieve suitable
results.
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1 Introduction

In laser-based powder bed fusion (L-PBF), components are
produced from a powdery raw material by the defined layer-
by-layer joining of individual volume elements. This
manufacturing principle enables new possibilities for the user
with regard to the freedom in design, the manufacturing of
highly customized parts, and the tailoring of products to the
requirements of particular applications [1–3]. In recent years,
intensive research has been carried out to understand the phys-
ical principles of L-PBF [4–6] and to study the influence of the
process management on the properties of the manufactured
components [7–9]. As a result, the degree of maturity of L-
PBF has been significantly improved. Today, it is used in

several industrial sectors not only for prototyping but also
for the manufacturing of customized parts [10, 11].

The surface qualities and dimensional accuracies of laser-
based powder bed–fused (hereafter also abbreviated as L-
PBF) parts, however, are usually still insufficient for a direct
application of the parts [12, 13]. Depending on the
manufacturing parameters used for L-PBF, typically docu-
mented average surface roughness values Ra of as-built parts
are in the range of Ra = 3–40 μm [14, 15], and common di-
mensional errors are between 0.01 and 34% of the target
values [11, 16]. Therefore, functional surfaces of L-PBF-
manufactured components usually require a finishing by
means of a subtractive process such as milling, grinding, laser
machining, or polishing in order to improve the part quality
characteristics [17–19]. Machining processes are known to be
well-suited for the production of adequate functional surfaces
at cast or wrought components. It is therefore obvious to also
finish additively manufactured components by machining.
However, the properties of L-PBF materials significantly dif-
fer from cast or wrought components due to the large temper-
ature gradients in the material during L-PBF and the complex
heat transfer to the material due to the cyclic processing [12].
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These specific process conditions of L-PBF result in a unique,
anisotropic, and fine-grained microstructure, which improves
strength and toughness [12, 20]. The L-PBF process condi-
tions are accompanied by anisotropic material properties,
large and highly inhomogeneous residual stresses, and a po-
rous material structure including unmelted or only partially
melted powder particles [21–23]. As a result, the machinabil-
ity of parts manufactured via L-PBF could significantly differ
from wrought or cast metals despite the same chemical
composition.

Grove et al. [24] investigated the machinability of a titani-
um alloy manufactured via laser-based powder bed fusion.
They found different mechanisms of chip formation (material
manufactured via L-PBF: continuous chips, cast reference
material: serrated chips), higher forces during the milling of
the material manufactured via L-PBF, and a different wear
behavior of the tools. Only the tools used for the milling of
the L-PBF material showed severe chipping. The surface
roughness of the finished additively manufactured workpieces
was higher, and the stress state of the surface residual stresses
depends, contrary to the reference, strongly on the evaluation
direction. Tensile stresses were measured perpendicular to the
feedmotion of the tool and compressive stresses parallel to the
feed motion [24]. Milton et al. [13] determined higher forces
when milling a titanium alloy produced bymeans of L-PBF in
comparison to the hot-rolled reference and also a stronger
work hardening behavior, which resulted in different hardness
depth profiles in the surface layer. Polishetty et al. [25] com-
pared the results of turning between a wrought and a L-PBF
titanium alloy. They detected lower roughness values on the
surfaces of the specimens made via L-PBF. The turning of
these specimens caused higher forces. A rise of cutting speed
increased the difference [25]. Le Coz et al. [26] investigated
the machinability when micro cutting a cast and a L-PBF
titanium alloy. The surface integrity and the chip morphology
were not affected by the manufacturing method. However, the
forces were up to 24% higher in machining the L-PBF mate-
rial, depending on the cutting condition used [26]. Sartori et al.
[27] found more intense crater wear and flank wear on the
tools used to mill a titanium alloy made via L-PBF. They
concluded that the machinability of this material is worse in
comparison to the wrought reference [27]. Alexeev et al. [28]
showed that the magnitude of the cutting force depends on the
direction of feedmotion of the end mill relative to the build-up
direction (BUD) of the workpieces (AISI 316 L) during L-
PBF. Milling perpendicular to the BUD caused higher forces
than milling parallel to the direction of build-up [28].
Differences with respect to the results of finishing were also
documented between a L-PBF Inconel 718 and a cast refer-
ence in grinding. Regarding the additively manufactured ma-
terial, the grinding wheel wear was less, the surfaces were
rougher, and the hardness in the surface layer was smaller than
at the cast specimens [29].

Ullah et al. [30] studied the thrust forces when drilling a L-
PBF and wrought AlSi10Mg. The magnitude of the thrust
forces depended on the manufacturing parameters used for
L-PBF, which affect the properties of the material. A lower
material hardness led to higher thrust forces. It was assumed
that this is due to greater plastic deformation of the material
during chip formation and the continuous chips that were
formed. The thrust forces during the drilling of the wrought
reference material were smaller compared to the aluminum
alloy manufactured via L-PBF [30]. Struzikiewicz et al. [31]
investigated the machinability of AlSi10Mg workpieces.
Turning the L-PBF material caused lower forces than the cast
reference material and a higher arithmetic mean roughness,
except for the use of the minimum feed (0.058 mm/rev) con-
sidered. Here, the surfaces of the workpieces made by means
of L-PBF were smoother. Burrs were detected on the additive-
ly manufactured workpieces but not on the cast workpieces
[31].

In conclusion, powder bed fusing significantly affects the
machinability of the so far investigated materials. The nature
of this influence seems to depend not only on the manufactur-
ing parameter settings used for L-PBF but also on the machin-
ing process applied for finishing and the manufacturing meth-
od of the reference material under consideration. For the ap-
plication of L-PBF AlSi10Mg parts, knowledge of the influ-
ence of L-PBF on the subsequent machining process is of
great importance in order to be able to control the part quality
during finishing. In the present paper, the machinability of L-
PBF workpieces made of the aluminum alloy AlSi10Mg is
explored when milling. This alloy is a traditional cast alloy
that is frequently used in the aerospace and automotive indus-
try due to its good mechanical properties, light weight, and
small coefficient of thermal expansion [32, 33]. The chip mor-
phology, the resultant forces, the surface roughness, the mi-
crohardness, and the burr formation are analyzed in depen-
dence on the manufacturing parameters used for L-PBF and
the direction of feed motion of the end mill relative to the
build-up direction of the workpieces. The effect of L-PBF
on the machinability of AlSi10Mg is evaluated by comparing
the results with cast reference specimens.

2 Experimental design

2.1 Manufacturing of the AlSi10Mg specimens

The workpieces produced by L-PBF were manufactured by
using the SLM® 280 HL Twin by SLMSolutions Group AG.1

This system is equipped with a heated building platform, a

1 Naming of specific manufacturers is done solely for the sake of completeness
and does not necessarily imply an endorsement of the named companies nor
that the products are necessarily the best for the purpose.
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maximum building volume of 280 × 280 × 350 mm, and two
400 W lasers. The dimensions of the workpieces and their
orientation on the building platform during L-PBF are shown
in Fig. 1.

The workpieces were produced with two different process
parameter combinations L-PBF1 and L-PBF2, which differ in
terms of their layer thickness and the scanning speed of the
laser (Table 1). The increased layer thickness of L-PBF1 is
representative for a reduced exposure time during L-PBF,
which is halved in the present case, and thus for a more eco-
nomic process. For both process parameter combinations, a
67° rotation of the scan vectors from layer to layer was chosen
as the scanning strategy, the hatch spacing was 170 μm, and
the building platform was heated to 150 °C during L-PBF.

The L-PBF workpieces were not heat-treated after L-PBF;
they were milled as-built. This allows for the evaluation of the
influence of L-PBF on machinability. The reference material
was produced by casting and a subsequent heat treatment
(T6), which is a common manufacturing chain for the produc-
tion of AlSi10Mg components.

2.2 Milling

Dry side milling was performed on a 5-axis machining center
(DMU 70 eVolution1) with the experimental setup given in
Fig. 2a. On each workpiece, two 90° shoulders were
manufactured using solely up milling and solely down mill-
ing, respectively (Fig. 2b).

The tools used were cemented carbide end mills (K.-H.
Müller Präzisionswerkzeuge1: AluMax) with a diameter d of
8 mm and three teeth (Fig. 3). The end mills had a helix angle
δ of 45°, a tool orthogonal rake angle γ of 13°, a first tool
orthogonal clearance α1 of 2°, and a second tool orthogonal
clearance α2 of 10°. The end mills were coated with a zirco-
nium nitride coating. The cutting edge radius of the tools after
coating amounted to rß = 9 ± 0.9 μm, and the form-factor was
K = 1.037 ± 0.054. The cutting edge geometry was measured
using a fringe projection sensor (GFM MikroCAD Plus1).

The process parameter settings used are listed in Table 2.
All samples were milled at a constant cutting speed vc as well
as axial ap and radial ae infeed. The milling kinematics (up
milling and down milling), the direction of feed motion of the
end mill relative to the build-up direction (parallel vf‖ and
perpendicular vf⫠ (Fig. 2b)) and the feed per tooth fz were
varied. The fz variation was only carried out for the reference
material and for L-PBF2. L-PBF1 was milled with a feed per
tooth of fz = 0.06 mm. Prior to the formation of significant
signs of wear or adhesions on the tool (Fig. 3), new end mills
were used for milling in order to avoid a significant effect of
these phenomena on the results. All milling tests were carried
out three times respectively.

2.3 Characterization methods

The chemical composition of the L-PBF materials and the
reference material was measured via energy dispersive X-ray
spectroscopy (EDS). Three measurements were carried out for
statistical verification, respectively. To determine the relative
density ρ of the materials, the dimensions of the specimens
were measured in each of the three directions, as well as the
weight. For this purpose, three specimens of each manufactur-
ing method of the material were milled on each side using an
identical cutting condition. This results in a defined surface
structure and material volume. The weight of these specimens
was measured using a precision balance (accuracy: ± 0.001 g,
Kern & Sohn GmbH, EMB 200-31), the dimensions bymeans
of a digital vernier height gauge (accuracy: ± 0.01 mm, BZT
Maschinenbau GmbH1). The density ρm so determined was
divided through the density of a completely dense AlSi10Mg
specimen (taken from literature: ρd = 2.68 kg/dm3 [34]) in
order to calculate the relative density (ρ = ρm/ρd).

The forces in x-, y-, and z-direction during milling were
measured using a rotating dynamometer (Kistler 9123 C1)
with a sampling rate of 15 kHz. The arithmetic mean of the
root mean square (RMS) values of these forces was

Fig. 1 Workpiece dimensions and orientation of the workpieces on the
building platform during L-PBF

Table 1 Process parameter combinations used for L-PBF

Process parameters L-PBF1 L-PBF2

Scanning strategy (bulk) 67° alternating

Hatch spacing h in μm 170

Building platform temperature in °C 150

Layer thickness t in μm 60 30

Laser power P in W

Contour 370 300

Bulk 300 300

Scanning speed vS in mm/s

Contour 860 730

Bulk 750 730
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calculated over the time that was required to mill a 90°
shoulder (Fig. 2b). These three averaged values were vec-
torially added in order to determine the resultant force Fz,
which is used to evaluate the forces. The surface roughness
of the specimens prior to milling and after milling was
measured by means of a stylus instrument (MarSurf
XR20 GD1201). Three measurements were carried out on
each surface considered. Regarding the as-built respective-
ly as-cast workpieces, these three measurement positions
were randomly selected. On the milled surfaces, however,
the roughness was measured each within three specific
areas. The measurement positions were located in the vi-
cinity of the left and right border of the width of the milled
surface and approximately in the middle of the surface.
Possible effects of the varying undeformed chip thickness
across the width of cut, which matches the width of the
milled surface, on the roughness can thus be considered
within the investigations. Each measurement was carried
out in the direction of feed travel of the tool. A measuring
length of 5.6 mm and a Gaussian filter with a cutoff wave-
length of λc = 0.8 mm (to eliminate the waviness) were
applied. The surface roughness was specified via the arith-
metic mean roughness Ra.

Moreover, scanning electron microscope (SEM, FEI
Quanta 6001) images were captured from the surfaces in order
to qualitatively analyze the surfaces generated. Backscatter
electrons (BSE) were detected. The edges of the workpieces
were investigated with regard to possibly formed burrs by
means of light microscopy. Sections were made from the
workpieces prior to milling and after milling. These sections
were prepared metallographically. A Kroll etching agent
(2.5% nitric acid HNO3, 2.5% hydrofluoric acid HF, rest wa-
ter; etching time 50 s) was used to visualize the melt borders.
Keller’s etching agent (2.5% nitric acid HNO3, 1.5% hydro-
chloric acid HCl, 1% hydrofluoric acid HF, rest water; etching
time 16 s) was used to reveal the microstructure of the mate-
rials. The microhardness was measured on the sections with a
Vickers indenter using the microhardness tester Buehler
MicroMet 51001. A load force of 10 gf (HV0.01; 0.098 N)
was used for the generation of the hardness depth profiles. The
measurements were carried out six times following DIN EN
ISO 6507-1 [35]. The chip form and chip morphology were
analyzed using a reflected-light microscope and a scanning
electron microscope.

The uncertainty of the measurement results is indicated via
the average standard deviation σ. To determine the average

Fig. 2 a Experimental setup and b relation between the direction of feed motion of the end mill and the build-up direction

Fig. 3 Cutting edges of the end
mills. a Before milling. b After
milling
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standard deviation, the standard deviations were first calculat-
ed from the three repetitions of each investigation. Then, the
arithmetic mean was calculated from all standard deviations,
which were determined at a specific feed per tooth for L-PBF1
and L-PBF2, respectively, the reference.

2.4 Characterization of the specimens

In Fig. 4, SEM images of the as-built surfaces and the chem-
ical composition of the L-PBF1 and L-PBF2 specimens are
shown. Etched micrographs, the microhardness of the L-PBF
AlSi10Mg, and the ratio of the melt path height to the melt
path width are illustrated in Fig. 5.

The structure of the as-built surfaces of both process pa-
rameter combinations differs in dependence on their orienta-
tion in the powder bed. Surfaces perpendicular to the build-up
direction (workpiece xy-plane) show crater-like structures.
The roughness of these surfaces is Ra = 3.8 ± 0.2 μm for L-
PBF1 and Ra = 3.7 ± 0.1 μm for L-PBF2. Adhesions of pow-
der particles that were not completely melted during L-PBF
are present on surfaces oriented parallel to the build-up direc-
tion (xz- and yz-plane). The quantity of adhering powder par-
ticles varies between L-PBF1 and L-PBF2. In the case of L-
PBF1, more and larger agglomerates were formed.
Consequently, the surface roughness of L-PBF1 (Ra = 9.2 ±
1.4 μm) is significantly larger compared to L-PBF2 (Ra = 4.3
± 0.9 μm). The etched micrographs show the characteristic
scaly microstructure of materials manufactured by L-PBF in
the plane parallel to the build-up direction (Fig. 5, right
images). The grains are elongated along the BUD. In the plane
perpendicular to the build-up direction, the material exhibits a
fine-grainedmicrostructure (Fig. 5, images in themiddle). The
ratio of the width w to the height h of the single melt paths is
smaller at L-PBF1 (1.74 ± 0.24) than at L-PBF2 (2.25 ± 0.38).
This is due to the greater layer thickness (Table 1) used in the
manufacture of L-PBF1. Despite this significant difference in
the applied layer thickness, both process parameter combina-
tions achieve relative densities of almost 100% (L-PBF1: ρL-
PBF1 = 99.4 ± 0.2%, L-PBF2: ρL-PBF2 = 99.9 ± 0.1%). The rel-
ative density is a value that compares the density of the present
material with an ideally manufactured material, i.e., a free of
any pores and thus completely dense material (ρ = 100%). The
chemical composition and the microhardness of the L-PBF1

and L-PBF2 specimens are very similar; the slight variations
are in the range of the respective standard deviation.

In order to increase the dimensional accuracy of the com-
ponents, the contour of L-PBF workpieces is typically ex-
posed separately from the bulk, often using different process
parameters. This has also been realized for the workpieces
considered (Table 1). The melt paths of the contour are there-
fore oriented differently to the bulk of the workpiece (Fig. 6).
Due to the positioning of the workpieces on the building plat-
form (Fig. 1), the contour’s exposure was performed only on
the surfaces parallel to the build-up direction (xz- and yz-
plane), whereas the exposure for the majority of the work-
piece’s bulk was carried out perpendicular to the build-up
direction (xy-plane) using the scanning strategy listed in
Table 1.

Figure 7 depicts the as-cast surface, microstructure, relative
density, microhardness, and chemical composition of the ref-
erence material. The relative density is ρref = 99.6 ± 0.1% and
is thus in the same range as that of L-PBF1 and L-PBF2. The
chemical composition reveals a lower aluminum content (ap-
proximately 6%) and a higher silicon content (approximately
6%) in comparison to the L-PBF AlSi10Mg. Regarding the
microhardness, the reference material is 7% less hard than L-
PBF1 and L-PBF2. The higher hardness of the L-PBF mate-
rial is due to the refinement of the microstructure as a result of
the high cooling rates in L-PBF [36]. The etched micrographs
of the reference material reveal a dendritic structure with ag-
glomerations of silicon particles.

3 Results and discussion

3.1 Chips

The chip morphology and chip form are important factors in
assessing the machinability of a material, as the quality of
machined surfaces and the costs for the production process
are influenced by them [37]. Figure 8a depicts the chip form
in dependence on the cutting condition applied for the milling
of the L-PBF2 specimens perpendicular to the BUD. A
change in feed per tooth or the kinematic of milling (up mill-
ing or downmilling) has no significant effect on the chip form.
Solely the chip curl radius differs slightly between down mill-
ing and up milling. Some chips generated in up milling have a
slightly greater chip curl radius than the chips after down
milling. This indicates different stress distributions across
the chip cross section due to differing thermo-mechanical
loads on the material. In the case of the manufacturing method
L-PBF1 and the reference material, an insignificant effect of
the examined cutting conditions on the chip form was found
just like with L-PBF2.

The manufacturing method of the AlSi10Mg influences the
chip form (Fig. 8b). Milling the reference material results in

Table 2 Process parameters used for side milling

Process parameters

Depth of cut ap in mm 1

Width of cut ae in mm 4

Cutting speed vc in m/min 250

Feed per tooth fz in mm 0.03 0.06 0.09
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discontinuous chips. Spiral chip segments were observed for
both L-PBF1 and L-PBF2 independent of the direction of feed
motion of the end mill relative to the build-up direction of the
workpiece (parallel or perpendicular). We believe that the dif-
ference in the chip form is for the following two reasons:
differences in the microstructure and the chemical composi-
tion of the materials. The micrographs of the materials in
Figs. 5 and 7 reveal a larger grain size for the reference mate-
rial and a significantly more inhomogeneous microstructure.
The larger grains lead to a lower hardness. A smaller yield
strength and ultimate tensile strength are therefore expected
for the reference material following Keist et al. [39] who re-
ported a linear correlation between the microhardness and the
two mentioned mechanical properties. It can hence be as-
sumed that the reference material can only withstand smaller
stresses than the L-PBF materials, and thus, the chips break

earlier. The inhomogeneous microstructure of the reference
material usually results in high stresses near the silicon parti-
cles during the chip flow. These high stresses facilitate the
initiation and propagation of cracks [40], which lead to the
chip breakage. The silicon content in the reference material is
approximately 6% higher as the silicon content in the L-PBF
materials. A larger silicon content improves the chip breakage
as the material becomes more brittle [41]. The combination of
the larger grain size, the more inhomogeneous microstructure,
and the higher silicon content might be the reason for the
earlier chip breakage of the reference material.

Figure 9 illustrates exemplary SEM images, which are rep-
resentative for the respectively generated chips. An almost
uniformly deformed material structure is apparent at each
chip, except for the free surfaces of the chips. These exhibit
a lamella structure which is typical for most metallic materials

Fig. 4 As-built surfaces and
chemical composition of the L-
PBF1 and L-PBF2 specimens
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[38]. The almost uniformly deformed material structure is
characteristic for a continuous chip formation. This mecha-
nism of chip formation allows for two conclusions. The

degree of deformation in the shear zones is lower than the
respective shear strength of the materials. The microstructure
of the materials is homogeneous enough to enable a

Fig. 6 Etched (Kroll etching
agent) micrographs of L-PBF2:
contour and bulk microstructure
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Fig. 5 Microstructure (left images: Kroll etching agent; rest: Keller etching agent), microhardness, and ratio of melt path widthw to melt path height h of
the L-PBF1 and L-PBF2 specimens
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continuous chip formation with an almost uniform degree of
deformation along the chip length and chip width. Within our
investigations, L-PBF did not influence the chip morphology
in comparison to the reference manufacturing method.

3.2 Process forces

The resultant forces during milling of L-PBF1, L-PBF2, and
the reference workpieces are shown in Fig. 10.

An increase of the feed per tooth leads to higher resultant
forces due to the associated rise of the undeformed chip thick-
ness. As a result of the larger undeformed chip thickness, more
material is removed during a single rotation of the end mill,
resulting in a larger energy requirement for the plastic defor-
mation of the material and the overcoming of the higher fric-
tion [42]. In addition, a tendency towards larger resultant
forces was found during up milling compared to down mill-
ing. This is a common observation, which can be attributed to

Fig. 8 Chip forms in dependence on (a) the cutting condition when milling the L-PBF2 specimens perpendicular to the BUD and (b) on the manufactur-
ing method of the workpieces at the same cutting condition for milling

Fig. 7 Reference material: as-cast surface, hardness, etched (Keller etching agent) micrographs, relative density, and chemical composition
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the more pronounced plowing of the material and the higher
friction during up milling.

Regarding L-PBF2, the magnitude of the forces depends
strongly on the direction of feedmotion of the endmill relative
to the build-up direction of the workpieces. Significantly
higher forces (17.3–39.1%) were observed when milling par-
allel to the BUD. The smaller the feed per tooth, the higher the
percentage difference. Up milling causes larger differences in
the resultant forces between the two examined directions of
tool feed motion than down milling. During up milling, the
differences in the resultant forces range from 18.7 to 39.1%.
This difference decreases to 17.3–28.9% when down milling.
For L-PBF1, there is no significant effect of the direction of
feed motion of the end mill on the forces.

The increased force when milling with vf‖ can be attributed
to the anisotropic microstructure, which is characteristic for

workpieces produced via L-PBF. According to Hall [43],
there is an accumulation of dislocations at grain boundaries,
which may be comparable to melt borders (Fig. 5). During
milling, dislocations are moved through the material until they
reach the next melt border. Due to the accumulation and hence
increased number of dislocations at melt borders, their free-
dom of movement is reduced, which results in a local material
strengthening. In addition, L-PBF results in very high cooling
rates (103–108 K/s [12]) of the melt, such as those used in laser
transformation hardening processes, which utilize the rapid
solidification to modify surface properties [44]. Due to the
comparatively low density of the surrounding powder bed
[45], most of the heat is dissipated into the already built com-
ponent below, which acts as heat sink. The temperature distri-
bution of the melt is inhomogeneous: the melt’s temperature
decreases from the inside to the outside [46]; therefore, the

Fig. 10 Resultant forces for
different manufacturing methods
of the specimens, cutting
conditions, and directions of feed
motion of the tool relative to the
build-up direction of the
workpiece

Fig. 9 Chip morphology of differently manufactured AlSi10Mg
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outer regions of the melt solidify first. Due to this, the first
material to solidify is the melt border, which could lead to the
segregation of alloying elements in this region. As a result,
crossing the melt borders during milling temporarily increases
the forces due to the locally increased material strength and
possible segregations. When milling with vf‖, significantly
more melt borders are crossed than when milling with vf⫠,
as the ratio of melt path width to melt path height of L-
PBF2 is 2.25 ± 0.38. L-PBF1 applies w/h = 1.74 ± 0.24, which
is closer to 1 and therefore corresponds to a much more bal-
anced ratio of melt path width to melt path height. Due to this
ratio, the number of crossed melt borders when milling L-
PBF1 is less dependent on the direction of feed motion, which
in turn leads to almost identical resultant forces in both exam-
ined directions. The ratio of melt path width to melt path
height w/h and the direction of feed motion of the tool relative
to the BUD are a measure for the number of melt borders to be
crossed during subtractive manufacturing. This number has a
significant influence on the resultant forces. A larger number
of melt borders to be crossed increased the forces.

The size ratio of the forces when milling the differently
manufactured workpieces (L-PBF1, L-PBF2, reference) de-
pends on the direction of feed motion of the end mill relative
to the build-up direction of the workpieces. Parallel to the
BUD, the maximum forces were observed when milling L-
PBF2, while the minimum forces occurred for L-PBF1.
Milling perpendicular to the BUD results in roughly the same
forces for L-PBF1 and L-PBF2. These forces are smaller than
the forces when milling the reference.

Taking only the hardness of the differently manufactured
AlSi10Mg into account, higher forces could have been ex-
pected for the L-PBFmaterials, as the hardness is higher com-
pared to that of the reference. However, other researchers re-
vealed a considerable effect of the microstructure of a material
on the forces during machining. Approximately the same or
even higher forces have been reported for a coarser micro-
structure despite the lower hardness compared to the same
material with a finer microstructure [47, 48]. This agrees well
with our investigations. The microstructure of the reference
material is coarser than the microstructure of the L-PBF ma-
terial. Due to this, the ductility of the reference material is
higher. Materials with a higher ductility usually exhibit a
higher degree of plastic deformation during chip formation
[47]. The milling of the reference material could thus require
more energy for the plastic deformation of the material during
chip formation yielding into higher resultant forces, except for
the milling of L-PBF2 parallel to the build-up direction.

3.3 Surface morphology

The roughness of the milled surfaces is depicted in Fig. 11 in
dependence on the feed per tooth and the kinematic (up mill-
ing or down milling) used for milling, the manufacturing

method of the AlSi10Mg, and the direction of feed motion
of the tool relative to the build-up direction of the workpieces.
At the lowest feed per tooth considered, the roughness of the
milled L-PBF2 workpieces is slightly less than the roughness
of the milled reference workpieces. This ratio of the surface
roughness values changes with a rise of feed per tooth, except
for two conditions. The surfaces of the reference workpieces
are smoother than those of the L-PBF1 and L-PBF2 work-
pieces if higher feeds per tooth and thus larger undeformed
chip thicknesses are used for milling. Up milling tends to
cause higher Ra than down milling both for the reference
and L-PBFmaterial. The differences in the roughness between
up milling and down milling, however, are sometimes small.
It is likely that the larger roughness values of the up milled
surfaces are due to the stronger squeezing of the material [49].

The direction of feedmotion of the tool relative to the BUD
significantly influences the surface roughness only for L-
PBF2. Milling perpendicular to the build-up direction is ac-
companied with a higher arithmetic mean roughness, particu-
larly at the larger feeds per tooth examined. Such a distinct
trend could not be observed for L-PBF1. The comparison of
Ra reveals that the surfaces of the L-PBF2 workpieces are
much smoother than those of the L-PBF1 workpieces when
milling parallel to the BUD. This ratio is reversed for a direc-
tion of the feedmotion perpendicular to the build-up direction.
In this case, the roughness of the milled L-PBF2workpieces is
slightly higher.

SEM images of the upmilled surfaces are shown in Fig. 12.
D-marks are present on each surface. They depict the peak of
the kinematic roughness and result from the cycloidal move-
ment of the cutting edge (due to linear feed motion and simul-
taneous rotation) through the material during a tool engage-
ment. The higher the feed per tooth, the larger the kinematic
roughness. There are differences in the surface structure be-
tween the milled L-PBF workpieces and the reference work-
pieces. In the milled surfaces of the reference, multiple silicon
grains protrude from the surface, and smeared material is vis-
ible on the surface. These irregularities increase the roughness
depending on their size. The surfaces of the milled L-PBF
workpieces show a severe flaky structure with clearly visible
flake fragments protruding from the surface. In the case of L-
PBF2, the intensity of this flake formation and the surface
structure strongly depends on the direction of feed motion of
the tool relative to the build-up direction. In milling with a
direction of feed motion perpendicular to the BUD of the
workpieces, the flake formation is much more pronounced
than in milling parallel to the BUD. As a result, the surface
roughness is also higher in this direction of feed motion
(Fig. 11). Such a considerable difference in the surface struc-
ture is not present at the milled L-PBF1 workpieces. Debris of
AlSi10Mg are apparent on the surfaces of the milled L-PBF
workpieces. These debris are presumably flakes that were
completely pulled out of the surface. The flaky structure of
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the surface and the debris on the surface increase the rough-
ness, as both the magnitude of the peaks and the valleys (due
to the pull-out of the material) of the surface profile are
enlarged.

In Fig. 13, the microhardness depth profiles of the L-
PBF1, L-PBF2, and reference workpieces are depicted
in dependence on the feed per tooth used for milling.
The microhardness depth profiles show similar results
for each manufacturing method of the material and feed
per tooth used. All values are in the range of 107–
126 HV0.01. The hardness does not significantly change
for distances from the workpiece surface from 25 to
280 μm. The thermo-mechanical loads on the material
during milling therefore did not lead to a change in the
microstructure and thus the microhardness of the mate-
rial. Higher loads could have caused such a change.

3.4 Burrs

The burr formation differs between the reference material and
the L-PBF materials (Fig. 14). Regardless of the feed per
tooth, the milling kinematics, and the feed direction of the
end mill relative to the build-up direction of the workpieces,
no burrs (Fig. 14b and c) can be detected on the L-PBF1 and
L-PBF2 workpieces, while burrs occurred when milling the
reference material.

While no burrs could be detected when milling the refer-
ence material in down milling mode (Fig. 14a) and no en-
trance burrs can be found when up milling (Fig. 14a and c),
entrance side burrs (rollover burr), top burrs, exit side burrs
(rollover burrs), and exit burrs were always formed when up
milling, irrespective of fz. The feed per tooth does not signif-
icantly affect the size of the burrs.

The differences in burr formation in up milling and down
milling of the reference material could be attributed to a higher
friction and stronger squeezing of the material in up milling.
This is caused by not achieving the minimum chip thickness at
the tooth entrance until a certain feed motion angle is reached.
The higher process temperatures during up milling could also
facilitate the burr formation, as the material gets more ductile
at elevated temperatures [49].

The different manufacture of the contour and the
bulk could be the reason for the absence of burrs. In
order to investigate this, the contour layer at as-built
workpieces was removed by milling. Using these iden-
tically pre-milled workpieces, additional milling tests
were carried out using a feed per tooth of 0.06 mm
(Fig. 15). These tests allow for two conclusions. First,
the different orientation of the melt paths of the contour
compared to the workpiece’s bulk (Fig. 6) does not
explain the absence of burrs on the L-PBF workpieces.
No burrs were formed on these pre-milled workpieces
either. Second, the irregularities on the as-built surfaces
of the L-PBF workpieces do not affect the burr
formation.

Bonati et al. [50] as well as Hojati et al. [47] ob-
served that when micro milling parts made of Ti6Al4V,
the additively manufactured (laser-engineered net shap-
ing (LENS), respectively; electron beam melting (EBM))
parts showed significantly more burr formation than the
extruded parts despite their higher hardness. Hojati et al.
[47] concluded, in agreement with Lizzul et al. [51] as
well as Khaliq et al. [52], that other factors related to
the microstructure of the material may have an essential
role in burr formation. Our reference material exhibits a
significantly coarser microstructure than the L-PBF
AlSi10Mg (Fig. 5 and Fig. 7). A coarser microstructure

Fig. 11 Surface roughness in
dependence on the manufacturing
method of the material and the
cutting condition used for milling
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Fig. 12 SEM images of the up milled workpiece surfaces
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is accompanied with a higher ductility and thus a larger
possible plastic deformation of the material during ma-
chining [47], as larger grains facilitate the dislocation
movement [53] on which the plastic deformation of
metals is based. In general, the amount of plastic defor-
mation of the material in the cutting zone is the deci-
sive factor for the burr formation. A more intense dis-
location movement and thus a greater plastic deforma-
tion favors burr formation [47, 53]. The dislocation
movement in the reference material is more pronounced
in comparison to the L-PBF material due to its coarser
microstructure. This could explain the greater tendency
of the reference material to form burrs. The fine-grained
microstructure of the L-PBF material impeded the dis-
location movement. Therefore, presumably no burrs
were formed.

4 Conclusions and outlook

The machinability of laser-based powder bed–fused
AlSi10Mg was explored in this study in dependence on the
manufacturing parameter settings used for L-PBF and the di-
rection of feed motion of the end mill relative to the build-up
direction of the workpiece. The results were compared with a
cast and heat-treated (T6) AlSi10Mg reference material. The
following conclusions can be drawn from the investigations:

& Continuous chips were formed regardless of the
manufacturing method of the material and the cut-
ting condition used for milling. The unique micro-
structure of materials manufactured using L-PBF
thus did not influence the mechanism of chip forma-
tion in comparison to the reference. However, the
chip form varied. Milling the reference material re-
sulted in discontinuous chips. The chips observed
when milling the additively manufactured aluminum
alloy can be classified as spiral chip segments.

& The ratio of the melt path width to the melt path
height and the direction of feed motion of the end
mill relative to the build-up direction are a measure
for the number of melt borders to be crossed when
milling. A larger number of melt borders to be
crossed significantly increased the resultant forces.
Milling of the reference material mainly resulted in
higher forces compared to the L-PBF AlSi10Mg de-
spite the 7% lower hardness of the reference. The
exceptions were higher forces when milling the L-
PBF material at the maximum number of melt bor-
ders to be crossed. The all in all higher forces might
be due to the significantly coarser microstructure of
the reference, which could lead to a higher degree of
plastic deformation of the material during cutting.

& The manufacturing method of the AlSi10Mg influences
the surface roughness and surface structure of the milled

Fig. 13 Microhardness depth
profiles for L-PBF1, L-PBF2, and
reference workpieces
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Fig. 14 Workpiece edges in dependence on (a) the feed per tooth and
kinematic used to mill the reference material, (b) the feed per tooth and
kinematic used to mill the L-PBF2 material, and (c) the manufacturing

method of the material, and the feed direction of the end mill relative to
the build-up direction of the workpieces
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workpieces. In most cases, the surfaces of the milled ref-
erence workpieces were smoother than the surfaces of the
material manufactured using L-PBF. This is due to the
different structures of the milled surfaces. The surfaces
of the L-PBF materials show a severe flaky structure with
clearly visible flake fragments protruding from the sur-
face. Such flakes were not observed on the surfaces of
the milled reference material. The number of melt borders
to be crossed is an important factor for the quality of the
milled surfaces. Considering the material produced with a
layer thickness of 60 μm, the roughness and structure of
the surfaces did not depend on the direction of feedmotion
of the tool relative to the build-up direction of the work-
pieces. In the case of the layer thickness of 30 μm, the
flake formation is much more pronounced in milling with
a direction of feed motion of the tool perpendicular to the
build-up direction than in milling parallel to the build-up
direction. As a result, the surface roughness is also higher
in this direction of feed motion.

& Milling the additively manufactured workpieces did
not lead to the formation of burrs regardless of the
manufacturing parameter setting applied for L-PBF

and the cutting condition used. However, entrance
side burrs, top burrs, exit side burrs, and exit burrs
were found when up milling the reference material.
We believe that the significant differences in the
microstructure of the materials could be the reason
for the observed differences in burr formation.

In future work, the mechanisms of surface generation when
milling AlSi10Mg manufactured via laser-based powder bed
fusion will be investigated in more detail in order to under-
stand the resulting surface in-depth. Moreover, the behavior of
the L-PBF material at the tool entrance and tool exit will be
explored more comprehensively. This could enable a repro-
ducible high-quality finishing of L-PBF workpieces via
machining.
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