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Abstract

Implementing additive manufacturing in an industry, particularly for critical applications of lightweight aluminum (AISi10Mg),
requires part properties that are both accurate and precise to conform to the intent of a robust design. In this experimental study,
the objective was to evaluate anisotropy in part properties (i.e., flatness, surface roughness, surface porosity, surface hardness,
pre-hole shrinkage, drilling thrust force, and thread-stripping force) when the part orientation (i.e., print inclination and recoater
angle) was independently changed. This study developed and investigated an innovative procedure for determining anisotropy in
part properties. The part properties were evaluated by designing specific features on a tailor-made flat plate. The replicas of the
aluminum plate were additively manufactured at varying orientations using two commercial EOS parameter sets for the laser-
based powder bed fusion technique. Conventional measurement equipment was used to analyze all the part properties, except the
thread-stripping force, which was measured using a custom-made setup. All the part properties indicated a considerable degree of
anisotropy, excluding the drilling thrust force. The printing parameters dictate the significance of the anisotropy. The anisotropy
in flatness and pre-hole shrinkage decreases with an increased substrate temperature and a decrease in energy input and thermal
gradient. The presence of surface overlapping contours in the scan strategy and an increased energy input can reduce anisotropy
in surface roughness and hardness. No significant anisotropy was detected when the recoater angle was changed. This study helps
designers establish and substantiate design for additive manufacturing that is within the limits of appropriate anisotropy for a
robust design.

Keywords 3D printing - Direct metal laser sintering (DMLS) - Print orientation - Recoater angle - Machining allowance - Threads

1 Introduction

Additive manufacturing (AM) enables the production of parts
with unprecedented geometric freedom through a digital con-
trol system. It is widely used in the automotive [1, 2], aero-
space [1, 3], and medical [4, 5] industries, mainly to produce
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end-use parts [1, 6], functional prototypes [1], and tooling [1,
7]. In the AM process, material is typically joined layer by
layer to make parts from three-dimensional (3D) model data,
as opposed to subtractive and formative manufacturing meth-
odologies [8]. One of the AM technologies used to produce
metal parts is powder bed fusion (PBF), in which thermal
energy is used to selectively fuse regions of a powder bed [8].

Because of the wide range of applications in the automotive
and aerospace industry, aluminum alloys, particularly
AlSi10Mg, are among the most widely-studied non-ferrous
metallic alloys. At 11% of silicon (eutectic point), this alloy
has a sharp melting and solidifying temperature which makes
it suitable for many casting and metal-PBF (m-PBF) processes
[9]. Its major alloying elements are 9-11% silicon, 0.2-0.45%
magnesium, and 0.55% iron.

Though the aluminum part properties and geometrical ac-
curacy obtained by subtractive and formative manufacturing
are well-established, these have been understudied with AM
technologies [10].
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During the m-PBF process, metal powder is spread by a
recoater, and parts are additively manufactured at an inclined
position on the substrate [11] to avoid a possible collision with
the recoater [12]. Among other process parameters, support
structures are crucial for a successful build because they pro-
vide rigidity and heat dissipation [12, 13]. The thickness and
density of the support structures can play an important role in
determining distortions in the part [14]. Typically, a combina-
tion of block and solid supports is used to ensure part stability
on the substrate [12, 15].

Studies [16-26] have proven that changing the printing
parameters (laser power, scanning speed, layer thickness,
scanning strategy, inert gas flow, and substrate temperature)
can have a significant impact on the material properties. By
carefully controlling these parameters, most defects that may
be present in the m-PBF process, e.g., pores [12], dross [27],
warpness, and shrinkage [28], can be reduced. Dross typically
forms at the down-skin surfaces as a result of the partially
melted powder particles [27]. Moreover, the presence of pores
can have a serious impact on the material strength. In certain
cases, a fatigue crack can grow through the pore, resulting in a
premature failure [29]. The selection of appropriate printing
parameters can improve surface roughness and reduce the
number of pores in the AISil0Mg [26, 27].

To this end, the original equipment manufacturers (OEM)
of AM machines have standardized their AM parameters to
confirm process assurance and repeatability for their ma-
chines. For example, the EOS [30] has standardized parameter
sets according to the material, surface quality, mechanics, ac-
curacy, speed, and cost. The laser power, scanning speed,
layer thickness, hatch distance, stripe width, stripe overlap,
and overlaps with contours (surfaces) [31] are predefined in
the parameter sets.

The standardized m-PBF parameters allow the production
of AlSi10Mg parts close to the design intent. However, this is
inevitably followed by subtractive manufacturing (machining)
to remove support structures and to obtain accurate part prop-
erties such as surface roughness, flatness, and threads for as-
sembly interfaces in critical components.

Further, shrinkages occur as a result of the contraction in
AlSil10Mg after it has been processed at high temperatures.
Appropriate casting and machining allowances are generally
added to achieve strict dimensions in the end-use part. For
example, in the case of aluminum castings, a machining al-
lowance of 2 mm is prescribed for a dimension which is less
than 200 mm [32, page 68]. The ISO 6082-3 [33] standard
prescribes tolerance and machining allowances for cast com-
ponents. However, the requirement of machining allowance is
little understood for the m-PBF of AlSil0Mg.

Though the standardized m-PBF parameters provide qual-
ity assurance to a certain extent, the orientation of the part in
terms of the printing inclination and recoater angle may have a
considerable impact on the material properties and part
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features. For example, the formation of dross varies with
changes in the printing orientation [12]. Furthermore, the
printing orientation-induced staircase effect can affect the flat-
ness of a newly built surface [34, 35].

Because of the layer-wise building and rapid heating and
cooling, material defects [36] and non-uniform mechanical
properties can develop in the material [37]. Anisotropy exists
when the material exhibits different values of a property in
different directions [38, page 302-303]. Since the material is
built vertically upwards, the material properties, e.g., tensile
strength, yield strength, and elongation, become weaker in
one direction compared with others [30, 31, 39, 40] owing
to the resulting microstructural morphology. Typically, tensile
specimens are pulled until failure under controlled conditions
to determine the anisotropy associated with AlSil0Mg.
However, the impact of defects, such as shrinkage, support
rupturing [41], warpness [14], dross [20, 21, 42], and surface
porosity, on the features of the part can fluctuate with varying
printing orientations. The influence of surface defects arising
from the m-PBF may be mitigated using subtractive
manufacturing methods.

Therefore, there is indication and reason to believe that the
impact of part orientation in terms of the printing inclination
and recoater angle on the AISil0Mg part properties is
understudied, particularly in a unified setup involving multi-
ple properties.

The aim of this study is to investigate the anisotropy in part
propetties, i.e., flatness, surface roughness, surface hardness,
pre-hole shrinkage, surface porosity, drilling thrust force, and
thread-stripping force, when the part orientation, i.c., the print
inclination and recoater angle, is independently changed.

2 Experimental method

This study designed and investigated an innovative procedure
for evaluating the anisotropy in parts made of an aluminum
alloy (AISi10Mg).

2.1 Test plates

Figure 1 shows the detailed geometry of the flat test plates
modeled using Creo Parametric (4.0, PTC, Needham, MA,
USA). The plates contain pre-holes with small deviations (ma-
chining allowances) of a nominal diameter, i.e., 4.2 mm and
6.8 mm, required for drilling and tapping M5 and M8 internal
threads. The minimum increment (0.1 mm) of the machining
allowance was equal to the minimum feature size of an AM
machine in the XY-plane, which was approximately the diam-
eter of the focused beam. The pre-hole diameter and the sub-
sequent machining allowances are presented in Table 1. The
left-hand region of the plate (Fig. 1) was allocated for direct
drilling into the solid material. The inter-hole distances were
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Fig. 1 The CAD geometry of a

120.8

flat plate with a thickness of 8 mm

(43

fixed to 12.5 mm between two adjacent horizontal and vertical
holes. All the plates were 8-mm thick.

2.2 Additive manufacturing

The EOS M290 (EOS Gmbh, Krailling, Germany) machine
was used to print flat plates of aluminum alloy (AlSi10Mg)
using the PBF process, which is trademarked as direct metal
laser sintering (DMLS) by EOS Gmbh. The plates were in-
clined at five different inclination angles (0°, 30°, 45°, 60°,
and 90°), as shown in Fig. 2, and the parts were oriented at 5°
and 45° to the recoater (recoater angle), as shown in Fig. 3.
The global AM parameters are presented in Table 2.

Table 3 presents the AM job parameters for each print job.
The AlSi10Mg_Flex parameter set is optimized to obtain dis-
tinct properties and good surface quality. Whereas, the
AlSi10Mg 200C parameter set is used for excellent
buildability and reduced residual stresses. A stripe scanning
strategy involving a 67° [43] rotation angle between consec-
utive layers was employed. The scanning strategy ensured an
energy input of 73 J/mm?® for print job 1 and 49.9 J/mm® for
print jobs 2-3.
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A combination of block and solid support structures was
used to incline the plates. Identical support structures were
used for all print jobs. The plates were removed from the
substrate (also known as the build-platform) using a bandsaw,
and the supports were milled away to form a flat bottom. The
additively manufactured plates are shown in Fig. 6.

2.3 Flatness error

The flatness error was measured on the top surface of the
plates (Fig. 6) using the Ruby CMM model 444 (CE
Johansson AB, Eskilstuna, Sweden). The flatness error is cal-
culated using the least mean square method. The measure-
ments contained 60 points and were repeated three times for
each surface to ensure reliability. The flatness error was mea-
sured with and without the substrate attached to the plates. The
accuracy of the CMM was 20 pm.

2.4 Surface roughness

The surface roughness (R,) was measured on the top surface
with the Form Talysurf 1120 (Taylor Hobson, Leicester,

Table 1 Pre-hole diameter and

machining allowances of Pre-hole diameter

Machining allowance for 4.2-

Pre-hole diameter Machining allowance for 6.8-

additively manufactured plates (mm) mm drill (mm) mm drill

43 +0.1 6.9 +0.1

42 0.0 6.8 0.0

4.1 -0.1 6.7 -0.1

3.8 -04 6.4 -04

3.5 -0.7 6.1 -0.7

32 -1.0 5.8 -1.0

2.0 -22 3.0 -338
Direct drilling —4.2 mm Direct drilling —6.8 mm

@ Springer
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Fig. 2 Schematic of plate
orientation with build platform

60°

00

I

United Kingdom) with a back-and-forth stylus-type measur-
ing tool according to the EN ISO 4288 standard. The cut-off
length was 2.5 mm.

2.5 Surface hardness

The hardness of the additively manufactured plates was mea-
sured on the top surface using the Brickers-220 (Gnehm,
Thalwil, Switzerland) equipment and the Vickers V10 scale.
A sample (32 mm x 12.5 mm X 8§ mm) was sectioned from the
additively manufactured plate. It was ground using SiC paper
with the FEPA grit size P 1200. The hardness value was de-
termined by measuring the length of the diagonal on a V10
scale (98.07 N force) according to the SFS-EN-ISO-6507-4
standard. The hardness was measured at three locations (up-
per, middle, and lower) on the top surface of the plates (Fig. 6)
with regard to the substrate.

2.6 Hole diameter

The pre-holes in the additively manufactured plates (Fig. 6)
were measured using a hole gauge set and a micrometer.

2.7 Surface porosity
The surface porosity was evaluated through microstructural
analyses of the 4.2-mm and 6.8-mm pre-holes for each plate.

Samples were prepared to observe the top surface of the pre-
holes along the plane perpendicular to the hole axis. The

Fig. 3 Representation of recoater
angle
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samples were sectioned from the additively manufactured
plates and were ground with SiC paper with a grit size of
800, 1200, and 2000. Subsequently, the samples were
polished with 3-pm and 1-pum diamond paste. Keller’s reagent
was used as an etchant. The composition of the etchant is
shown in Table 4. The duration of the etching was 25-30 s.
Finally, the samples were washed with methanol and dried
using a hand-held electric air dryer. The top surface was ob-
served under an optical microscope (% 2.5 magnification). The
resultant macrographs were analyzed using the ImagelJ (1.52p,
NIH, Bethesda, MD, USA) software for measuring the surface
area of pores.

2.8 Drilling thrust force measurement

A Kistler 9271 A [44] piezoelectric sensor was used to mea-
sure the axial thrust force during the drilling process.

An MX-520 (Matsuura, Fukui-city, Japan) 5-axis vertical
machining center was used for drilling and tapping. Walter
carbide drilling tools [45] were used to drill all the pre-holes
with 4.2-mm and 6.8-mm drills. The drilled holes were taped
using the Walter [45] M5 and M8 tapping tools, mentioned in
Table 5. The drilling and tapping parameters were selected
according to the original equipment manufacturer’s (OEM)
recommendations, as shown in Table 5.

The drilling was performed using a 5% solution of
SwissCool 7722 with water as a coolant and lubricant.
Similarly, the Rocol RTD compound was used for tapping.
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Table2 AM parameters common to all sets

Global additive manufacturing parameters

ISO/ASTM Machine Software Material ~ Particle Chamber Plate layer  Support structure parameters Post-processing

AM method size atmosphere  thickness

Powder bed EOS EOSPRINT AISilOMg 20-80 um Argon 30 pm Software: EOSPRINT-1.5 Machining for
fusion M290 Type: block and solid support removal

Layer thickness 60 pm
Original EOS parameter set:
Default ExternalSupport

2.9 Thread-stripping force

The effect of the printing inclination and pre-hole diameter on
the thread strength was measured using the ISO standard 899-
2. To this end, a custom-made tensile testing machine with the
setup shown in Fig. 4 was employed to apply a tensile load.
The additively manufactured plate was clamped in a manner
which resisted the reciprocal motion of the mandrel. Four M8
bolts were used for clamping. The thickness of the plates was
kept at 5 mm for stripping all the M5 and M8 threads, consid-
ering the peak load of the tensile machine and the strength of
the bolt.

Because of the lack of an AM-specific standard for thread
integrity, the guidelines of the ISO standard 899-2 were im-
provised. To this end, this study considered completely strip-
ping the internal threads composed of aluminum to determine
the thread-breaking strength.

The hardness requirements for the fixture and mandrel
were fulfilled as defined by the standard. All the internal
threads were stripped off using a new mandrel (a bolt in this
case) per thread. The stripping force (tensile) was applied
along the axis of the pre-holes.

2.10 Benchmark

In order to benchmark the integrity of additively manufactured
threads, wrought (rolled) aluminum Al-6082 was drilled to
obtain similar pre-holes. Further, these pre-holes were drilled
and tapped to cut M5 and M8 threads. The subsequent drilling
and stripping forces were measured in a similar manner to that

Table3 AM job parameters summary

of the additively manufactured aluminum. In addition to the
pre-hole sizes, the location and arrangement of the holes were
also identical.

3 Results and discussion

The additively manufactured plates of print job 1 resulted in
ruptured supports (Fig. 5). Introducing denser supports
through optimization would most probably have prevented
the rupturing. No rupturing defects were observed in print jobs
2 and 3 (Fig. 6).

3.1 Flatness error

Figure 7 shows the flatness error of the plates induced by the
parameters of print job 1. This error was caused by the buildup
of large thermal gradients from inadequate support structures.
The large thermal gradients induced residual stresses and
strained (warped) the plate to such an extent that the supports
ruptured during the printing. The ruptured supports further
aided the buildup of residual stresses.

The plate manufactured at a 90° inclination yielded the
least amount of flatness error. This is because a larger portion
of the plate supported itself compared with the others. The
solid material of the plate itself increases the heat transfer
capability. Additionally, it contains the smallest amount of
maximum energy input per layer compared with other orien-
tations owing to the smallest amount of selectively melted
cross-section area per layer. A lower energy input tends to

Additive manufacturing print job parameters

Print job Original EOS parameter set Energy input Substrate temperature Recoater angle Plate orientation angle

1 AlSil0Mg FlexM291.2.01 73.0 J/mm’® 35°C 5° 0°, 30°, 45°, 60°, and 90°
2 AlSil0Mg 200C M291 1.11 49.9 J/mm’ 200 °C 5°

3 AlSil0Mg 200C_M291 1.11 49.9 J/mm’ 200 °C 45°

@ Springer



Int J Adv Manuf Technol

Table 4 The

composition of Keller’s H>0 HCl1 HF HNO;
reagent used for

AlSil0Mg 95 ml 1.5 ml 1 ml 2.5 ml

induce a lower degree of deformation, particularly when
coupled with adequate heat transfer.

The plate manufactured at a 0° inclination provides the
second smallest amount of flatness error. This is because it
contains the highest amount of cross-section area of the sup-
port structures which is in contact with the substrate. A greater
cross-section area of supports in contact with the substrate
enables a higher solidification rate owing to an increased ca-
pability of heat transfer. Further, it allows a greater degree of
support that anchors the part to the substrate.

The flatness error decreases from a 30 to a 60° build orien-
tation because the maximum energy input per layer and the
cross-section area of the supports decrease during this transi-
tion. A greater amount of maximum energy input per layer is
prone to cause a greater amount of distortions, particularly
when associated with a lower amount of heat sink and support.
In this case, the lower amount of support cross-section means
that the plate has a greater tendency to support itself with solid
material which aids heat transfer. Further, the variation in en-
ergy input per layer caused by the varying cross-section area
of the selectively melted geometry also decreases during this
transition, which results in a lower flatness error.

The flatness error without the substrate follows a similar
trend to that of the one observed with the substrate. However,
the error has intensified. In this case, the residual stresses of the
part, which had been sustained by the supports anchored to the
substrate, have further deformed the plates when the substrate
was separated through machining. The intensity of the increase
in flatness error is proportional to the residual stresses induced
by the maximum energy input per layer and the decreasing
heat transfer capability. The machining of the plate supports
converts residual stresses induced by the impinging laser ener-
gy to strain which results in plate distortions. Additionally, the
heat generated by the machining process can also assist pre-
induced residual stresses to cause distortions in the plate ge-
ometry. This effect is mitigated at a 90° inclination because the

Fig. 4 Axial tensile test setup for internal thread-stripping forces

part was mainly supported by its own solid material and had
the smallest amount of support cross-section area.

Though the 90° inclination of the plate yielded the minimal
flatness error, the duration and cost of the print job of this
individual plate would be the maximum, comparatively.
Similarly, the duration of the print job would increase from 0
to 60°, which would also increase the costs as well. Therefore,
designers should consider the trade-offs between the flatness
error, the duration of the print job, and the cost.

Figures 8 and 9 present the flatness error generated by print
jobs 2 and 3. The error is reduced by approximately half com-
pared with print job 1 because of an increase in the substrate
temperature to 200 °C and the accompanying EOS original
parameter set shown in Table 3.

Table 5 OEM recommended

machining parameters Drills Product name
A3299XPL-4.2
AT7191TFT-6.8

Taps Product name

E2031466-M5
E2031466-M8

f* V% Point angle No. of flutes
0.11 60 140° 2

0.11 60 140° 2

Tapp material V. Tapp coating Pitch (mm)
HSS 6.3 TiN 0.8

HSS 10 TiN 1.25

*Feed = f (mm/rev)
*#*Cutting speed = V, (mm/min)

@ Springer
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Fig. 5 Rupturing of supports in print job 1

The increase in the substrate temperature allows for a de-
crease in the impinging laser energy needed to selectively melt
the regions of the powder bed. This enables a significant reduc-
tion in the buildup of large thermal gradients. As a result, the
support structures were not ruptured, and accounted for a reli-
able heat transfer throughout the print job. The increased tem-
perature also enables stress relief during the print job, which
also explains the consistency and reduction in the flatness error.

No significant changes in the flatness error were observed
between print jobs 2 and 3 when the recoater angle was
changed. Since a lower surface area of initial contact with
the recoater has a lower probability of striking the recoater,
the recoater angle of 45° may increase the chances of a suc-
cessful print.

The variation in the flatness error, observed in Figs. 8 and
9, is most probably caused by the uncertainty in the

) Support |
Fig. 6 The additively manufactured plates of print job 2 at five printing
inclinations a recoater angle and b the structure of the supports

800
700
600
500
400
300
200
100

Flatness error [um]

45° 60°
Printing Inclination

B With substrate B Without substrate

Fig. 7 Flatness error of print job 1

measurement equipment and process. The variation in the
flatness error with and without the substrate is significantly
decreased compared with print job 1 as a result of the signif-
icant reduction in the residual stresses. The slight decrease in
the flatness error that is clearly visible in Fig. 9 may have been
caused by the springback effect after the supports were re-
moved from the plates. When considering the print duration
and the subsequent cost, the plate manufactured at a 0° incli-
nation can yield favorable results.

For benchmarking purposes, the flatness error of the con-
ventionally manufactured and machined aluminum 6082 plate
was measured to be 35 pm.

3.2 Surface roughness

The dependence of the surface roughness on the printing in-
clination and recoater angle is illustrated in Fig. 10.

225
200

: I I I I I
0° 30° 45° 60° 90°

Printing Inclination

=R e
N N
v O un

[ N |
o wun

Flatness error [um]

N
wv

o

@ With substrate B Without substrate

Fig. 8 Flatness error of print job 2
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Fig. 9 Flatness error of print job 3

The surface roughness varies significantly according to the
microstructural morphology inherited from the printing pa-
rameters (original EOS parameter set and substrate tempera-
ture) and printing inclination, as shown in Fig. 11. The minor
fluctuation in surface roughness with varied recoater angles
can be accounted for by the uncertainty of the measurements.

The printing parameters of print job 1 yielded significantly
lower surface roughness than print jobs 2 and 3, except for a
0° inclination. This is because the parameters of print job 1 are
optimized for good surface quality that includes surface over-
laps with contours.

In the case of print job 1, the surface roughness decreases
from a 0 to a 90° inclination. It is highest at a 0° inclination
because the surface roughness is measured over the repeated
melt pool stripes and stripe overlaps where the melt pool has a
width of approximately 100 um. It is lowest at a 90°

25
20
15

10

Surface Roughness R, [um]

0

0° 30° 45° 60° 90°
OPrintJob1 12.64 7.78 7.00 6.09 4.83

EPrintJob2 9.04
@PrintJob3 8.86

21.56
23.59

20.38
20.83

16.86
18.39

20.38
19.95

Fig. 10 Surface roughness of all print jobs
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inclination because it is measured over the overlapped con-
tours with a layer thickness of 30 pm.

The decrease in roughness from 30 to 60° is caused by the
staircase effect shown in Fig. 12. During this transition, the
staircase effect causes a decrease in the length of the perpen-
dicular distance (Fig. 12) from the measurement surface of the
plate to the inner edge of the staircases generated by the layer-
by-layer principle.

In the case of print jobs 2 and 3, the lack of surface overlaps
with contours significantly increases the surface roughness.
As a result, the plates inclined from 30 to 90° provide a con-
siderably greater surface roughness. The 0° inclination is not
affected by the absence of surface overlaps with contours be-
cause the measured surface does not contain any surface
overlaps.

Further, the higher substrate temperature of 200 °C can aid
in the conglomeration of semi-fused powder particles to the
skin of the plates which is in contact with the powder. The
intensity of this effect can be described by the angle of incli-
nation or the staircase effect. The surface roughness decreases
to some extent from a 30 to a 60° inclination because the
surface area (perpendicular to the build direction) generated
by the staircase effect decreases from a 30 to a 60° inclination,
which is illustrated by the base of the staircase (52 to 17 um) in
Fig. 12. Thus, the greater surface area that is in contact with the
surrounding powder bed yields a greater surface roughness as a
result of the greater intensity of the powder conglomeration.

The surface roughness is slightly increased at a 90° incli-
nation compared with 60° because a flat overlapping surface
can be more susceptible to heat accumulation than the stair-
case surface, leading to a slightly higher degree of powder
conglomeration.

3.3 Surface hardness

The hardness also depends on the microstructural morphology
inherited from the printing parameters and the printing incli-
nation. Figures 13 and 14 present the hardness values obtained
from print job 1 and print job 2 for the different printing
inclinations and plate regions with respect to the substrate.
The hardness obtained from the varied recoater angle in print
job 3 was identical to print job 2.

Print job 1 provided significantly higher and more consis-
tent hardness values than print jobs 2 and 3. This is because
the parameters of print job 1 were optimized to obtain distinct
material properties including a higher energy input, regardless
of fluctuation in the job duration and the amount of supports.
A higher energy input can yield more rapid solidification and
finer microstructural grains, leading to greater hardness.

In the case of print job 1, the collective hardness of the
plates decreases by a minor but noticeable amount from a 0
to a 90° inclination. This is due to an increase in distance on
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Fig. 11 The transition of the melt
pool stripe overlaps to layer
overlaps with printing
inclinations for print job 1

the z-axis between the measurement point regions from a 0 to
a 90° inclination.

For example, all three hardness measurement regions of the
plate inclined at 0° were measured on the very top surface,
which had a constant height from the substrate, whereas the
measurement regions of the plate inclined at 90° contained the
greatest distance on the z-axis between the measurement re-
gions, which were at increasing heights from the substrate.

The layers that are melted below additional layers can un-
dergo overaging as a result of the repeated heat cycles caused
by the melting of additional layers on top. In this case, the
overaging effect is not prevalent for each region, but their
collective effect can be observed. The minor fluctuations in
regional hardness for each inclination can be attributed to the
uncertainty in measurement. Though the parameters of print
job 1 are optimized to provide known properties, the resultant
hardness values can vary by approximately 9%.

The effect of overaging is further emphasized in the case
of print jobs 2 and 3 because of the higher substrate tem-
perature of 200 °C than the 35 °C in print job 1. The higher
substrate temperature causes stress relief and reduces the
solidification rate. The overaging effect is predominant in
the measurement regions. It increases from the upper to the
lower regions because the selectively melted layers above
the regions increase. Since the upper measurement region
contains the smallest number of melted layers above it, it
undergoes peak aging, which leads to greater hardness.
The greater hardness in the upper regions may be associ-
ated with a lack of silicon solubility compared with the
lower regions [37].

The regional hardness variation at a 0° inclination is minor
and possibly occurred as a result of the measurement uncer-
tainty. The decrease in the hardness of the measured regions
from a 30 to a 90° inclination is caused by an increase in the
plate height. The increased height intensifies overaging in the
measurement regions and reduces the hardness.

Fig. 12 Staircase effect

Built

direction

Though the hardness can increase along the z-axis of the
build as a result of peak aging, the intensity of the increase
depends on the substrate temperature.

The hardness can be within 9% from the maximum for the
parameters of print job 1 at different heights above the sub-
strate and printing inclinations. The hardness of the conven-
tionally manufactured Al 6082 was measured to be 124 on the
HV 10 scale, which was quite close to the average hardness of
127 for print job 1. However, designers should consider the
anisotropic behavior of surface hardness for the parameters of
print jobs 2 and 3 in their designs.

3.4 Pre-hole shrinkage

Shrinkage is detected in all the pre-holes evaluated in this
study. Partial melting of powder particles, which range from
20 to 80 um, to the surfaces can contribute to the shrinkage.
Thermal contraction caused by large thermal gradients can
also increase the risk of shrinkage. Furthermore, dross is
formed in all the pre-holes that were inclined from 30 to 90°.

Figure 15 shows the method used for the calculation of the
shrinkage and dross for each pre-hole. The shrinkage is cal-
culated by subtracting the measured diameter (¢;) from the
intended or nominal diameter. The dross is calculated through
subtraction of the measured diameter d, from d;.

The shrinkage of the nominal diameter of the 4.2-mm and
6.8-mm pre-holes is shown in Figs. 16 and 17 for each print
job.

The shrinkage increases from 0 to 90° inclinations for print
job 1 in the case of a pre-hole size of 4.2 mm (Fig. 16),
whereas it is somewhat more consistent for print jobs 2 and
3, which differ in the recoater angle. The increase in shrinkage
can be correlated with the morphology of the microstructural
grains resisting contraction as the measured diameter shifts
dependency from the melt pool stripe overlaps to layer over-
laps during the transition from 0 to 90°.
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Fig. 13 Hardness with regard to printing inclinations in three
measurement regions in print job 1

Further, the average shrinkage increases for the greater
nominal diameter of 6.8 mm for each print job.

The formation of dross in the nominal diameter of the 4.2-
mm pre-hole is shown in Fig. 18 for each print job. An iden-
tical trend was observed for the nominal diameter of the 6.8-
mm pre-hole.

A significant amount of dross was formed within the pre-
holes that were inclined from 30 to 90° for each print job. In
particular, it was formed in the down-skin surfaces as a result
of a lack of sufficient support structures for heat conductivity
and physical support. With inadequate solid material to con-
duct heat from the selectively melted down-skin, the powder
that acts as an insulator as a result of poor heat conductivity is
partially melted to form dross. Evidently, it can increase sig-
nificantly as a function of the printing inclination, which max-
imizes at 90°. This is because the need to support the
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Fig. 14 Hardness with regard to printing inclinations in three
measurement regions in print job 2
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overhanging down-skin against gravity increases and the solid
material to conduct heat away decreases from a 30 to a 90°
inclination.

Dross can be problematic if direct tapping of the pre-holes
is intended. Further, it may cause sagging of the selectively
melted down-skin and introduce porosity in the vicinity. It can
be eliminated through the drilling of the pre-holes.

The measured diameter (d;) for the nominal 4.2-mm and
6.8-mm pre-holes satisfies the medium (m) tolerance class of
the ISO 2768-1 standard [46] for every print job. No signifi-
cant changes in shrinkage and dross were observed when the
recoater angle was changed.

3.5 Surface porosity

Figure 19 shows a top view of two sectioned pre-holes, 6.8-
mm with 45° inclination for print jobs 1 (right) and 2 (left) at
x 2.5 magnification. The difference between both print jobs in
the semi-circled overlapping of the melt pools is clearly visi-
ble. Print job 1 contains surface overlaps with contours that
comprise surface pores with varying sizes and shapes. The
pores are also present in the bulk of the material. The spherical
pores are probably caused by the entrapment of argon in the
melt pool during the melting process or may be due to the
pores inside the feedstock powder [47, 48]. The non-
spherical and irregularly shaped pores can result from a lack
of adequate energy for complete melting or spatter ejection
during the melting process [47, 48]. Print jobs 2 and 3 were
free of surface pores at this magnification.

Figure 20 shows the impact of surface porosity observed on
the 4.2-mm and 6.8-mm sectioned pre-holes as a function of
the printing inclination for print job 1. The overall surface
porosity may be negligible (Max. 0.71%), depending on the
application. Though the surface porosity of the 6.8-mm sec-
tioned pre-hole is consistent to a certain degree (avg. 0.17%)
from a 0 to a 90° inclination, it increases from 0.05 to 0.71%
for the 4.2-mm sectioned pre-hole, excluding a 60° inclina-
tion. The decrease at a 60° inclination is probably due to the
excessive grinding of the sample surface, which partially re-
moved the surface porosity. The 6.8-mm sectioned pre-hole
has a diameter approximately 62% larger than the 4.2-mm
one, which increases the observed surface area in the porosity
analysis. Thus, the surface porosity of a 6.8-mm sectioned
pre-hole is observed over a larger area, which contributes to
the surface porosity with a lower degree than a 4.2-mm sec-
tioned pre-hole.

The increase in surface porosity for the 4.2-mm sectioned
pre-hole can be attributed to the dependency of the observed
surface from the melt pool stripe overlaps to layer overlaps,
coupled with a shift in the up-skin to down-skin exposure
parameters for the inner surface of the pre-hole.

Ata 0° inclination, the observed surface depends strictly on
the up-skin exposure parameters and the melt pool stripe
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Figure 15 A schematic of the
pre-hole diameter measurement

Printed

diameter

Nominal—

Diameter

overlap, in particular the surface overlaps with contour,
which are scanned at once. From 30 to 90°, the observed
surface, in particular the surface overlaps with contour,
consists of repeated melt pool layer overlaps (semi-
circled) coupled with a shift from up-skin to down-skin
exposure parameters for selectively melting the inner sur-
face of the pre-hole. The repeated initiation or ending
points of scans can be susceptible to surface porosity as a
result of partial melting or spatter ejection. Further, the
formation of dross also increases from a 0 to a 90° incli-
nation, which can aid surface porosity.

3.6 Thrust force measurement

Figure 21 shows the drilling thrust force as a function of the
pre-hole diameter for each printing inclination in print job 1.
Print jobs 2 and 3 provided similar results. No significant
difference in the drilling thrust force was observed when the
recoater angle was changed.
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Fig. 16 Shrinkage of 4.2-mm pre-holes

Difference to Nominal
Diameter (um)

The variation in the drilling thrust force from 0 to 90°
inclinations is minor and probably insignificant for most
applications.

The force decreases with a logarithmic reduction for the
4.2-mm and 6.8-mm drills as the pre-hole diameter is in-
creased. This is because the constant drill sizes, i.e., 4.2 mm
and 6.8 mm, remove a decreasing volume of material.

The 6.8-mm drill requires a greater amount of force in
contrast to the 4.2-mm drill because it is subjected to the
removal of a greater surface area and volume, comparatively.

The detectable level of the drilling thrust force can be re-
duced by 97% and 96% for 4.2-mm and 6.8-mm drills, re-
spectively. A reduced drilling force can mitigate machining-
induced stresses and can reduce tool wear. Though a larger
pre-hole can reduce the drilling thrust force, it may create
complications with regard to the spatial location of the actual
pre-hole and the intended hole in case they are not aligned,
resulting in a form error.

Figure 22 shows the average drilling thrust force for each
print job with no pre-hole and the conventionally
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Printjob1 OPrintjob2 @Printjob3

Fig. 17 Shrinkage of 6.8-mm pre-holes
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Fig. 18 Dross calculated for 4.2-mm pre-hole

manufactured Al-6082. Though the average drilling forces are
consistent to a certain extent, print jobs 2 and 3 can yield
drilling forces 17% and 12% higher than print job 1. The
increase in the drilling force can be associated with the re-
duced hardness of print jobs 2 and 3 evaluated in this study.
Though a less hardened (more ductile) material generally pro-
motes better machinability, resulting in greater surface rough-
ness, accuracy, and hardness than a more hardened (less duc-
tile) material, a less hardened material can produce greater
cutting forces owing to plastic deformation and the formation

Down-skin
surface

Surface
overlap with
outer contour

Fig. 19 A top view of the 6.8-mm sectioned pre-hole inclined at 45° in
print job 2 (left) and print job 1 (right)
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Fig. 20 Print job 1: surface porosity of the sectioned pre-holes

of continuous chips with built-up-edges [49, page 41], which
may stick to the material and increase the cutting and thrust
forces [50, 51], whereas a more hardened material (which is
more brittle) may lead to lower cutting forces as a result of the
lower fracture toughness and brittle removal of short intensi-
fied chips. Though the chip formation can be controlled
through the cutting parameters, the cutting parameters for all
the print jobs and Al-6082 were consistent in this study. The
drilling force of the conventionally manufactured Al-6082
was similar (up to 8%) to print job 1.

Designers should consider additively manufacturing a
small pre-hole for the intended hole to avoid large thrust
forces. The pre-hole can significantly reduce the drilling thrust
force compared with direct drilling, which may be critical for
the structural integrity of delicate features such as thin walls.
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Fig. 21 Dirilling thrust force with regard to printing inclination and pre-
hole diameters of print job 1
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3.7 Thread-stripping forces

Figure 25 shows the thread-stripping forces mapped into a
color code with respect to the pre-hole diameter on the vertical
axis and the printing inclination on the horizontal axis includ-
ing both the M5 and M8 internal threads for each print job.
Figure 24 shows the average thread-stripping force for every
print job and the conventionally manufactured Al-6082.

Print job 1 contained a greater thread-stripping force of up
to around 15% and 13% on average compared to print jobs 2
and 3, respectively. The increase in the thread-stripping force
is due to the greater hardness (13%) obtained from print job 1,
comparatively.

The MS thread required a greater force for stripping
than the M5 thread because it provided a greater surface
area and volume that was in direct contact with the bolt
for resistance.

The thread-stripping force comprises a deviation from the
maximum of 20% for M5 and 29% for M8 for print job 1. The
stripping force increases from a 0 to a 90° inclination until a
certain pre-hole diameter for print job 1, whereas it is some-
what consistent with a deviation of 16% and 15% from the
maximum for print jobs 2 and 3, respectively.

For print job 1, the increase in the thread-stripping force is
caused by the morphology of the microstructural grains as the
force shifts dependency from the melt pool stripe overlaps to
layer overlaps during the transition from 0 to 90°.

Figure 23 clarifies the built direction and the thread-
stripping force direction with regard to the morphology of
the melt pool stripe overlaps and melt pool layer overlaps in
a three-dimensional space.

The XY-plane contains overlaps of the laser scanning strat-
egy which depicts the flat melt pool stripe overlaps that are
rotated through 67° between consecutive layers. At a 90° in-
clination, the thread-stripping force tends to act on the melt

pool stripes, particularly the ones that are parallel or close to
parallel to its direction. Though the fracture may initiate at
random defect locations in the melt pool stripes, it can prop-
agate parallel to the tensile load direction and can completely
or partially separate from the melt pool stripes [52].

The XZ- and YZ-planes contain layer overlapping which is
shown by semicircle-shaped melt pools. At a 0° inclination,
the thread-stripping force tends to act on the melt pool layer
boundaries which are perpendicular to its direction (Fig. 23).
In this case, the failure can initiate at the melt pool layer
boundaries and can propagate perpendicular to the applied
tensile load direction, which can lead to an inter-layer failure
caused by the detachment of the melt pools from their bound-
aries [31]. According to the surface porosity observed in this
study, overlapping boundaries of the melt pool layer are more
susceptible to the formation of defects such as spherical or
irregular pores. Thus, the build-up of a greater stress concen-
tration perpendicular to the applied load can accelerate failure.

The transition of the melt pool stripe overlaps to layer over-
laps is shown in Fig. 11.

The anisotropy observed in print job 1 is predominant
until a certain pre-hole diameter, for example a 3.8-mm
pre-hole for M5, after which the thread-stripping force de-
creases. The decrease in the force can be correlated to the
presence of the surface overlapping contours and the sur-
face porosity observed in its vicinity, which can accelerate
failure. The width of the observed contours is approximate-
ly 200 um, which results in a drill size of 4.2 mm when
added to the pre-hole diameter (3.8 +2 x 0.2 =4.2 mm).
Thus, the pre-hole diameters larger than 3.8 mm contain
partial or complete surface overlapping contours as a result
of a lack of sufficient drilling. In Fig. 25, the pre-hole
diameters larger than 3.8 mm mainly contain yellow-and
green-coded regions depicting reduced thread-stripping
forces for almost all inclinations.

This effect also occurs for M8, where certain inclinations
experience premature failure coded by blue, green, and yellow
regions that are inconsistent with the absence of the surface
overlapping contour. However, it is not as dominant compared
to M5 because the surface porosity observed for M8 was low-
er. The stripping force can decrease by around 7% and 4% for
MS5 and M8 as a result of premature failure.

The blue-coded region observed in M8 for a 30° inclination
without the surface overlapping contour was most probably
caused by misalignment error in drilling and/or tapping lead-
ing to premature failure caused by a non-uniformly-used
thread-stripping force.

The fairly consistent thread-stripping forces in print jobs
2 and 3 are inherited from the printing parameters, in par-
ticular, the absence of an overlapping contour and the in-
creased substrate temperature of 200 °C, which enable en-
hanced buildability and reduced internal stresses as a result
of stress relieving. No significant change was observed in
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Fig. 23 Thread-stripping force
shifting dependency from melt
pool layer overlaps (0°) to stripe
overlap (90°)

0° Inclination

the thread-stripping forces when the recoater angle was
altered.

The conventionally manufactured Al-6082 yielded lower
thread-stripping forces for M5 and M8 threads compared with
all print jobs. The strength of the additively manufactured
AlSi10Mg thread can be 24% higher for M5 and 49% higher
for M8 than the Al-6082 thread.

If a pre-hole is desirable to avoid large thrust forces that
may be critical to the structural integrity of a component,
designers should consider introducing a machining allowance
of 0.3 mm, to ensure the removal of surface overlapping con-
tours containing surface and/or sub-surface porosity.

35
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Average thread-stripping force [kN]

PrintJob 1 Print Job 2 Print Job 3 Al-6082

O M5 internal thread  OMS8 internal thread

Fig. 24 Average thread-stripping force of all printing inclinations and
pre-hole diameters of additively manufactured and wrought aluminum
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4 Conclusions

This study designed and investigated an innovative procedure
for evaluating the anisotropy in parts additively manufactured
from AlSi10Mg aluminum alloy, particularly for flatness, sur-
face roughness, surface hardness, surface porosity, pre-hole
shrinkage, drilling thrust force, and thread-stripping force. The
custom-designed test plates were additively manufactured using
two commercial EOS parameter sets, i.e., AISil0Mg
FlexM291.2.01 and AlSi1l0Mg 200C M291 1.11. The effect
of the printing parameters was analyzed for the printing orienta-
tions at five inclinations and at two recoater angles and five
printing inclinations. On the basis of the findings, we draw the
following conclusions:

1. The AlSil0Mg_200C parameter set provided significant-
ly lower and consistent flatness error at different inclina-
tions as a result of the increased substrate temperature and
decreased thermal gradients and energy input compared
with the AlSi10Mg_Flex. In the case of AlSil0Mg_Flex,
the printing inclinations in the order of decreasing flatness
error are 30°, 45°, 60°, 0°, and 90° owing to the thermal
gradients, and the availability of supports required to an-
chor the part to the substrate. No significant fluctuation in
the flatness error was observed when the recoater angle
was changed.

2. The AlSi10Mg_Flex parameter set produced significantly

lower surface roughness at different inclinations owing to
the presence of surface overlapping contours compared
with the AISilOMg 200C. In the case of AlISilOMg
Flex, it decreased by 62% from a 0 to a 90° inclination
because the morphology of the microstructure of the
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measured surface changed from melt pool stripe overlaps
to contour overlaps. In the case of the AlSi10Mg_200C,
the trend changed owing to a lack of surface overlapping
contour, the increased substrate temperature causing con-
glomeration of powder particles to the skin, and the stair-
case effect. No significant difference in the surface rough-
ness was observed when the recoater angle was changed.
The AISil0Mg Flex parameter set yielded significantly
greater and more consistent hardness at different inclina-
tions owing to a higher energy input than the
AlSi10Mg _200C. In the case of the AISi10Mg_Flex, the
decrease in the hardness from a 30 to a 90° inclination is

caused by an increase in plate height which intensifies
overaging. The effect of overaging is further emphasized
in the case of the AlSi10Mg_200C as a result of the in-
creased substrate temperature causing stress relieving. No
significant fluctuation in the hardness was observed when
the recoater angle was changed.

The AISil0Mg Flex parameter set yielded significantly
greater and more inconsistent pre-hole shrinkage at differ-
ent inclinations as a result of a higher energy input and a
lower substrate temperature producing a higher rate of
solidification and a larger thermal gradient than the
AlSi10Mg 200C. In the case of the AlSi10Mg_Flex, the
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shrinkage increased from a 0 to a 90° inclination as a
result of the staircase effect, resulting in the microstruc-
tural morphology resisting contractions as the measured
diameter shifts dependency from the melt pool stripe
overlaps to layer overlaps during the transition from 0 to
90°. Dross was formed in all the pre-holes for both pa-
rameter sets and increased from a 0 to a 90° inclination.
No significant difference in the pre-hole shrinkage and
dross was observed when the recoater angle was changed.

5. Inthe AISi10Mg Flex parameter set, the presence of sur-
face overlaps with contours contained surface pores with
varying sizes and shapes. Though the surface porosity of
the 6.8-mm sectioned pre-hole was consistent to a certain
degree (Avg. 0.17%) from a 0 to a 90° inclination, it
generally increased from 0.05 to 0.71% for the 4.2-mm
sectioned pre-hole owing to the dependency of the ob-
served surface on melt pool stripe overlaps to layer over-
laps coupled with a shift in the up-skin to down-skin ex-
posure parameters. No significant difference was ob-
served in surface porosity when the recoater angle was
changed with the AlSi10Mg 200C parameter set.

6. Both the AlSi10Mg Flex and AlISil0Mg 200C parame-
ter sets enabled an identical trend of drilling thrust forces
that decreased with increasing pre-hole diameters. A mi-
nor variation in the drilling thrust force was observed from
a 0 to a 90° inclination that is probably insignificant for
most applications. The AlSilOMg_ 200C parameter set
can yield an average drilling thrust force that is up to
17% higher than the AlISil0Mg Flex owing to reduced
hardness causing plastic deformation and the formation of
continuous chips with built-up edges. No significant dif-
ference in the drilling thrust force was observed when the
recoater angle was changed. The drilling thrust force of
the conventionally manufactured Al-6082 was similar
(within 8%) to that of the AlSi10Mg_Flex parameter set.

7. The AlSi10Mg Flex parameter set allowed for a thread-
stripping force up to around 15% higher because of its
greater hardness (13%) compared with the
AlSi10Mg 200C. In the case of the AISilOMg Flex pa-
rameter set, the thread-stripping force increased by up to
9.4% from a 0 to a 90° inclination owing to the shift in
dependency from the melt pool stripe overlaps to layer
overlaps that trigger different failure mechanisms. The
anisotropic increase in the thread-stripping force was pre-
dominant until the surface overlapping contour and the
surface porosity located in its vicinity were not complete-
ly removed through drilling, resulting in a decreased
thread-stripping force as a result of the premature failure.
The premature failure reduced the thread-stripping force
by approximately 7% for M5 and 4% for M8. During the
same transition, it was consistent with a variation of 16%
in the case of the AISi10Mg 200C parameter set as a
result of there being no overlapping contours and of the
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increased substrate temperature. The strength of the addi-
tively manufactured AlSil0Mg thread can be 24% higher
for M5 and 49% higher for M8 than the conventionally
manufactured Al-6082 thread. No significant difference
in the thread-stripping force was observed when the
recoater angle was changed.

Though the 90° inclination can yield favorable results, for
example in the case of flatness, surface roughness, and thread-
stripping force, the subsequent duration and the cost of the
print job would be maximum compared with the 0° inclination
with the plate-type parts that were tested. Thus, designers
should consider the trade-offs between the desired properties
and the duration and cost of the print job.

Additionally, since no significant difference was ob-
served when the recoater angle was changed, the
recoater angle should be selected in a manner that min-
imizes the initial contact of the part edges with the
recoater and allows possible expansion of the part to-
wards the recoating direction to increase the probability
of a successful print job.

Lastly, if a pre-hole is desirable to avoid large dril-
ling thrust forces that may hinder the structural integrity
of a component, designers should consider introducing a
machining allowance of 0.3 mm for the critical surfaces,
to ensure the removal of the surface overlapping con-
tours containing surface and/or sub-surface porosity for
the AlISil0Mg Flex parameter set.
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