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Metal additive manufacturing provides an efficient way of processing metallic cellular structures. This relatively
novel way of production is based on a powder bed which is melted using a powerful laser. Despite the advantages
of this production technology, differences in geometry are observed between the CAD model and the manufactured
structures. With this in mind, a series of thin struts were made and their geometry analysed using optical-scanning
microscopy. Various building directions and strut diameters are studied. The effective stiffness of struts are mea-
sured and verified by tensile tests. The results point to higher strength of inclined struts than perpendicular spe-

cimens.
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1 Introduction

Cellular lattice structures are an effective means for
improving the balance between weight and stiffness.
Their main applications are currently in aerospace, but
their scope will be extended to other industries. These
lightweight design elements provide a breakthrough in
component design. The lattice structures can be adapted
well for multifunctional requirements, especially where
space needs to be filled. [6][7] This space can be filled
functionally depending on the loading conditions by
changing the cell topology and its orientation. The last el-
ement which influences the final properties is the material
which the structure is made from.

In general, Metal Additive Manufacturing is able to
produce complex shapes. However, if the deployment of
support structures is limited, such as the production of lat-
tice structures, it is necessary to fulfil the basic assump-
tion of production without support structures. The build-
ing orientation must ensure self-support. This means that
the angle between the surface of the part and the plane of
the building platform should be higher than the critical
angle. This should ensure reliable production without de-
fects. Practice shows that there is not strictly one critical
angle value. Rather, there is a range of angles over which
the quality of the printed surfaces is gradually improved.

The Body Centred Cube (BCC) topology is a good ex-
ample. The struts are at 35° to the ground plane, which is
usually identical to the plane of the building platform.
This orientation is most advantageous for MAM and is
very often applied in conjunction with MAM. However,
it does not meet the most basic rule for MAM, a self-sup-
porting angle. A self-supporting angle is generally con-
sidered to be greater than 40°.

A modified BCC geometry with a 38° building direc-
tion was used for a lightweight milling cutter in papers
[4][5] by Hanzl et al. and the present work consists of
manufacturing a cellular structure using DMLS and fo-
cusing on the structural characterisation at the scale of a
single strut. The aim is to establish the real stiffness of the
modified BCC topology taking into account the observed
defects at this scale.

This issue is researched in connection with Suard [1],

who deals with similar tasks in Electron Beam Melting
(EBM) technology. Struts with different diameters and
orientations relative to the building platform are included.
The distribution of mass throughout the struts is investi-
gated using optical-scanning microscope Alicona IFM
G4. The struts undergo tensile testing and their measured
strength is compared with the value predicted by the CAD
model. [1] The results from the measurements and tensile
tests can refine the predictions of Finite Element Anal-
yses (FEA), which is very helpful when designing ma-
chine components. [8]

2 Methods and experiment

The struts are manufactured layer by layer using Di-
rect Metal Laser Sintering (DMLS). The device used for
producing the specimens is an EOS M 290. The maxi-
mum laser power is 400 W. The material is EOS Marag-
ingSteel MS1, which is classified such as 1.2709 accord-
ing to European classification. The powder was produced
by standard gas atomization. Figure 1 shows the particle
size distribution of the powder. The particles are rela-
tively circular. Ten percent of the particles have a diame-
ter less than 10 microns and the maximum measured di-
ameter is less than 150 microns. [2] The process parame-
ters used for melting are the standard ones developed by
the EOS manufacturer for 40 um thin layers. The base
parameters for melting the core are: laser power 285 W
and scanning speed 960 m/s.
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Fig. 1 The particle size distribution of the metal powder
according to the Weibull function [2]
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Fig. 2 Modification of basic BCC cell

The surface analyses were carried out on various sam-
ples. The differences between the initial CAD model and
the geometry of the real struts are highlighted. This iden-
tifies the mass distribution throughout the struts. The min-
imum stiffness is restricted by narrowed cross-section of
struts. The deviation from effective volume is described
in relation to DMLS technology. The build direction of
the struts is designed to predict the real stiffness of the
modified BCC topology for a rotating part, a milling cut-
ter. More about this modification is given in [4].

Strut behaviour depends on build orientation and
loading direction. [1] Two basic samples have different

Z

L.

build orientations. The first is for reference and its orien-
tation is most suitable for MAM and has the least impact
on manufacturing accuracy. The direction is 90 degrees.
The second set was inclined to 38 degrees. This inclina-
tion was chosen because the results are related to the mod-
ified topology of the BCC lattice structure. This orienta-
tion is the same as the struts in the modified BCC topol-
ogy for the lightweight milling cutter.

For the credibility of the results, each set had 3 series
with 5 different diameters. The diameters in each series
were 0.86 mm, 1 mm, 1.19 mm, 1.5 mm and 1.8 mm. The
strut diameter 1.19 mm is the reference because it was
used for the lightweight milling cutter. The strut tensile
specimens were designed in accordance with the standard
CSN EN ISO 6892-1. The work length of the specimen
(Lo) is 100 mm and the shortest overall length allowed is
120 mm. The ratio of diameter to length 1:10 is high and
very problematic for production by MAM. Therefore, a
special envelope is created around the thin struts. The en-
velope fixes the struts in position and is essential for pro-
ducing long specimens. This solution is shown in Figure

The selected struts were scanned by IFM G4 5x. The
deviation of measurement with this lens is 0.005 pum
which was confirmed during calibration tests. Allowed
tolerance is 0.015 pm with this zoom. The scanning is
done using IF Laboratory Measurement Module software
and the scans are evaluated using MeasureSuite.

DETAIL

Fig. 3 Build task with the envelope and struts showing the solution for producing long, thin strut specimens.

3 Results and discussion

The 3D scans allow the outer characterisation of the
struts and determine the minimum cross-section in the
monitored area of the struts. Porosity could fluctuate de-
pending on the orientation and process parameters, but it
remains lower than 1% [3]. This means that the struts can
be considered as almost fully dense.

As Figure 5c shows, the surface quality at the bottom
of the 38° inclined struts is very impaired and the metal
substrate is missing. This phenomenon is caused by in-
sufficient support of the lower layers and partly due to the
unmelted powders that stick to the melt pool at the bottom
of the struts. Suard et al. [1] reached a similar conclusion.
In addition, they also observed that the roughness on the
top of the struts comes from the borders between the
melted layers. The corrugation of the roughness is ori-
ented vertical to the build direction with a period of about

40 um, which is the thickness of the layers.

This is the main reason why a limited stiffness of a
real strut is expected, because a part of the material does
not contribute to the stiffness. The struts without inclina-
tion (90° build direction) exhibit only banding caused by
production in layers.

The minimum possible stiffness is suggested based on
the restricted cross-section according to the diagrams in
Fig. 4 and Fig. 5. The software algorithms evaluate the
strut diameter and create its axis from a 3 mm long scan.
The cross-section is examined from the scan. The mini-
mum and maximum peaks are recorded in the diagram
(see Fig. 4a and Fig. 5a). The scanned part of the strut in
the middle of the strut specimens can be declared as rep-
resentative for the whole strut specimen.

The ratio of the effective volume is given by the ratio
of the content of the inscribed circle to the CAD circle
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content of the strut, see Formula 1. A similar procedure
was used by Suard et al. [1] to predict the minimum stiff-
ness. The maximum tensile stress should be less by this
ratio than the theoretical CAD model. The properties of
the metal material produced by DMLS are as follows:
Maximum stress 1170 MPa and yield strength 1060 MPa.
These values are taken from Zetkova [2]. The tensile
specimens in her work were produced under the same
conditions as our struts. Tensile samples were in accord-
ance with the standard CSN EN ISO 6892-1 and their di-
ameter was D4. The real limit of stress into the strut is
given by Formula 2.

Ainscribed circle
(p = TR o] (1)
RmEffective = @ - Rmgyp [MPa] 2

3.1 Impact of Strut orientation

Surface quality, including the shape of parts printed
by DMLS depends on orientation. The same trend can be
observed for lattice structures. Scans of specimens under

Deviation
Subrange
Tn

38° inclination and 90° are shown in figures 4 and 5. Both
specimens have the same CAD diameter of 1.19 mm. The
ratio of effective volume to CAD volume is 90% for the
38° specimen, whereas the 90° specimen has 92%. Higher
accuracy is achieved with a vertical specimen than with
an inclined or horizontal strut specimen. This was also
confirmed by Suard et al. [1]. The surface roughness on
the top of the inclined strut was Ra 7.7 um, Rq 9.4 um
and Rz 45.0 pm. The values for the vertical specimen
were Ra 4.7 um, Rq 5.9 pm and Rz 31.0 um. These pa-
rameters also confirm the differences between the speci-
mens.

All this suggests that specimens under 38° will exhibit
worse mechanical properties than samples with vertical
struts because a large amount of metal mass is missing on
the bottoms of all the inclined specimens. Consequently,
there is a smaller effective cross-section and higher po-
rosity in these struts. Tensile tests were carried out on a
Zwick/Roell Z005 to verify this assumption.

Fig. 4 Analysis of inclined strut with reference diameter 1.19 mm;
a) Diagram of deviation from 1.080 mm diameter, b) Scan of top side, c) Scan of bottom side

Fig. 5 Analysis of strut with reference diameter 1.19 mm;
a) Diagram of deviation from 1.098 mm diameter, b) Scan of top side, c) Scan of bottom side
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The tensile tests showed variations between the spec- shown in Figure 6. However, these values do not corre-
imens. The perpendicular specimens achieved 929 MPa spond with the calculated limit stress (Rmgfrective), Which
(79% efficiency). The inclined specimens had greater are 1076 MPa for the perpendicular sample and 1053
shape deviation from the CAD model, but higher strength MPa for the inclined sample.
of 996 MPa (85% efficient). The stress-strain diagram is
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Fig. 6 Stress-Strain diagram of specimens with diameter 1.19 mm

Here is the split between the expected result and the Moreover, its cross-section is not much weakened com-
measured values. In fact, the inclined sample has more pared to the 90° specimen. The orientation of the layers
deteriorated bottom surface quality, but the orientation of in the struts are shown in Figure 7.

its layers to the load axis provides a higher load capacity.
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Fig. 7 Orientation of layers in struts; a) 90° specimens; b) 38° specimens
3.2 Impact of Strut diameter tensile tests are shown in Figure 8. Printed specimens

The significance of the diameter is determined by ten-
sile tests. The measured efficiency with the results of the
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ficiency. Full 100% efficiency is 1170 MPa.

90
85
X —#—90° specimens
& —m=-38° specimens
80 §
S
=
L
75

Fig. 8 Strength and efficiency of struts with diameter variation for 38° and 90° specimens
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The influence of orientation on the strength of the
printed material was confirmed again. The influence of
building direction on strength was consistent across the
range of testing. Despite higher geometric deviations of
the inclined specimens, these specimens had a load ca-
pacity on average 5% higher than the 90° specimens. This
means that the influence of the layer orientation is more
significant than the qualitative parameters at the bottom
surface of the inclined struts. Further, it was observed that
the strength increases with greater diameter. The maxi-
mum difference between the smallest and the largest di-
ameter was approximately 125 MPa.

4 Conclusion

The aim of this paper was to evaluate the influence of
using DMLS technology on the stiffness of the basic ele-
ments of lattice structures. The laser beam melting pro-
cess creates a deviation in geometry between the desired
and real struts. Significant changes were observed in the
shape of the inclined specimens, which were built at a
smaller angle to the building platform of the DMLS de-
vice.

However, these inclined specimens of the struts
showed higher load capacity than the perpendicular struts
(with 90° building direction). This was confirmed across
all the tensile tests of the different strut diameters. The
layer orientation seems to be the main cause (see Fig.7).
Inclined struts have more preferably oriented layers with
respect to the tensile load axis. This orientation has a
greater influence on the load capacity than larger varia-
tions in the strut geometry.

Following these observations, the conclusions and
methods of Suard et al. [1] may be incomplete, because
they evaluated the stiffness of the lattice struts only on the
basis of geometry and porosity. They did not include the
microstructural properties of the melted material which is
produced layer by layer in the stiffness prediction.

The main output of this paper is the real efficient
strength of struts with different diameters and inclina-
tions. For example, the strut with 1.19 mm and building
direction 38° reaches 996 MPa compared to the standard
1170 MPa for melted material from the same steel. This
can be used to increase the accuracy of prediction by
FEA, which is easy to use for topologically optimized
printed parts with lattice structures.
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