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Abstract

Solid support structures in metal laser powder bed fusion have a significant influence on the economic
applicability, component quality and process stability and represent a central challenge for widespread
industrial use. As the connection of the components to the building platform by supports is essential,
the negative effects must be minimized at the same time as the supporting effect is optimized. Within the
scope of this study, a standardized method is developed that allows the investigation of several support
structures and parameters with regard to their influence on the target variables: component quality, process
efficiency and stability. In addition to the proof of general suitability, the applicability is investigated
using so-called standard elements. Based on the experimental results, design guidelines are derived, which
will serve as a basis for decision-making during the selection of support structure for an individual
application.

Introduction

In contrast to conventional, subtractive manufacturing processes, additive manufacturing
involves building up components element by element or layer by layer, without tools. [1]. The layer-by-
layer build up is based on the underlying three-dimensional CAD model, which is converted into a
sequence of two-dimensional layer models [2].

The simplification of the three-dimensional problem into many two-dimensional layers induces design
freedom. In this way, structures can be realized that would be difficult or impossible to produce
using conventional manufacturing processes [3]. In addition to complex external free-form surfaces,
internal structures such as cooling channels close to the contour, structure-optimizing grid fillings or
force-flow-optimized sandwich structures can also be utilized using additive manufacturing processes
[4]. The manufacturing of topology-optimized or bionic structures is also possible [5, 6]. These
advantages result in a large lightweight design potential and consequently a large potential for material-
efficient production as well as resource-saving operation of additively manufactured components. In
addition, function integration can reduce the number of components required to fulfill different functions
and reduce the assembly effort, which enables cost reduction and further weight reduction. [7, 8, 9, 10]. The
Metal Laser Powder Bed Fusion (LPBF) process, among others, is established for the additive manufacturing
of metallic components.

However, LPBF implicates process-specific restrictions and disadvantages. For example, the process
is characterized by a high proportion of manual, time-intensive work steps. In addition to the support
structure generation and data preparation, which take place before production, these also include downstream
processes such as cooling, separation from the building platform, powder removal and support structure
removal. The support structure-related steps are particularly inefficient, but unavoidable, because support
structures are needed in the LPBF process for a robust build process, to minimize warpage, to fix the
components during the process, and to dissipate the process-induced heat. After the build process, however,
these support structures are largely unwanted and must be removed at great expense. Since they also
increase material requirements and production times, they are considered as a necessary evil. Other post-
processing methods such as heat treatment, machining or surface finishing may also be necessary to
improve dimensional accuracies, surface qualities, porosity and mechanical properties inherent to the
process. Compared to conventional processes, the low production speed for large series is also a limiting
factor. In addition, the component size is limited by the available build chamber of the additive
manufacturing system [3; 11]. It is unknown, how long these
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disadvantages will remain. However, the highly dynamic market in the field of additive manufacturing and
extensive research projects give reason to hope for significant improvements [12, 13, 14, 15].

Motivation

In order to minimize or completely eliminate the inherent disadvantages of the LPBF process and
the support structures, profound fundamental knowledge is required. To this end, design guidelines for users
have been developed in recent years, which provide support for the production suitable design of
components for additive manufacturing [4, 12, 16, 17, 18] or assistance for the finishing suitable design of
additivecomponents [13, 15, 19]. Design guidelines with respect to optimized support structure
generation are also partially available [14, 20, 21, 22]. However, these often only deal with the variation of
a support structure parameters and its influence on the component properties or on the process.
This paper therefore focuses on the development of a standardized method for the quality assessment
of support structures with respect to different component and process properties under variation of
support structure parameters. The method should enable the user to determine the influence of different
support structure parameters, such as hatching, tooth geometry or fragmentation, on the component or the
process. As a result, it should be possible to derive design guidelines for successful support structure
design and to benchmark different support structures. These design guidelines with reference to support
structures are to be called production-suitable support structure design guidelines in the following.

Support structure parameters
The most common support structure in use is the block support shown in Figure 1. It is a
support structure composed of narrow walls of wall thickness bw in a rectangular grid pattern. The block
support is used to support voluminous and massive components as well as for smaller components [14].
The center-to-center spacing ax of adjacent support walls in the rectangular grid is called the hatch distance.
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Figure 1: Relevant block support parameters. At the top the side view with perforated side of contour walls. At the
bottom the top view on the support structure fragmentation.
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The contact area to the component and the build platform is usually designed with so-called teeth. The
tooth geometry is described by the support structure parameters top length It and tooth height hz.
Fragmentation is another support structure parameter. It divides the lattice scheme in the xy-plane
into adaptable segments. Perforations, on the other hand, introduce interruptions in the support structure
walls in the z-direction. The objective in the support structure parameter selection is to design a support
structure that has sufficient resistance to residual stresses and process forces, while allowing better
peelability and powder removability. The parameters hatch distance an, wall thickness bw, top length It
and the tooth height hz mentioned here have the greatest influence on these properties and will be used for
the further investigations [8, 23].

Method to derive design guidelines for production-suitable support structures

The standardized procedure of the method to derive design guidelines for production-suitable support
structures is described in the following. Itis intended to enable a comparison of different variants of support
structures with regard to criteria of component quality, process efficiency and stability. In addition, the
usefulness in practical applications, such as inclined overhangs or internal contours, will be examined more in
detail. The method is divided into the five steps shown in Figure 2.

Steps of the method Result of each step

1 Identification of
support structure quality criteria
Development of test specimens for
2 investigation of the quality criteria unde 1. Test specimen for pre-probing
consideration of the test effort 2. Application-oriented test specimen

r i
3 Production _of_the test specimens 1. Test specimpehny?tljc;aplzre—probing
URHEryEnatan Efithe SUppart 2. Application-oriented test specimen

Support structure quality criteria

Digital:

Graphical evaluation of the test results
for different support structures and
quality criteria

Examination and evaluation
4 of the test specimens with regard to
the quality criteria

@ Derivation of design guidelines

Figure 2: Schematic structure of the method to derive design guidelines for production-suitable support structures.

Design guidelines for prodution suitable
support structures

The first step is to identify relevant quality criteria for support structures that influence component
quality, process efficiency and stability. These criteria must be determined for different support structures in
order to be able to perform a quality assessment. In a second step, test specimens will be developed which can
be supported by different support structures and allow the investigation of relevant quality criteria. In order to
keep the test effort low, small, material-saving test specimens were developed for pre-probing, which allow
an efficient investigation of a large number of different support structures in a few build jobs. In order to
evaluate geometries that are closer to the application, further test specimens were developed. These are based
on standard elements already used in ADAM [16]. These so-called application-oriented test specimens are
limited to support structures for whom a basic suitability could be demonstrated during the pre-probing. The
test specimens are dimensioned in such a way that they can be manufactured on common equipment with a
building platform size of at least 250 x 250 mm. Inthe third step, the two test specimen types are manufactured
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using the LPBF process. In the fourth step, the test specimens are examined with regard to the quality criteria
for support structures identified in step 1. The test results are entered in a clear graphical evaluation, which
shows the effect and interaction of different support structure parameters on the quality criteria. In the final
step, design guidelines are derived based on the results to provide designers with basial rules for application-
adapted support structure design. The method is structured to be able to integrate further boundary conditions
such as production systems, materials, production parameter sets or support structure parameters.

Step 1: Identification of support structure quality criteria

The quality criteria were selected on the basis of previous investigations and the
documented experience of the AM community in the form of scientific publications and field reports. They
are marked in a bold fontin this chapter.

As a basic quality criterion, a visual inspection of the imaging accuracy is first performed. The actual
geometry is compared with the target geometry. Any conspicuous features, such as fractures, powder deposits
or deformations, are recorded.

In the investigation of the attainable component quality, the measurement of the shape and dimensional
accuracy of the test specimen is carried out in all three spatial directions. For the dimensional stability in the
z-direction, the maximum distortion at the bottom of the test specimen is determined. If the deformation in the
positive z-direction in the area of the uppermost layer exceeds the value of the layer thickness during the
process, the process can be aborted due to the collision of the recoater with component areas [22]. Itis known
that the risk of collision of the recoater comes from the deformation at the current top of the component.
However, the strongest deformation in the z-direction is present at the bottom side of the components. If this
deformation is subcritical, the shape deviation is usually compensated by the further coating and exposure
process and thus no longer occurs on the top side of the finished component. For this reason, the measurement
of dimensional accuracy in the z-direction is limited to the bottom side of the test specimen. By determining
the dimensional accuracy in the z-direction, a possible sagging of the lowest test specimen layer in the
further course of the process is detected. Preliminary investigations have shown that successive shrinkage in
the z-direction can be observed in some support structures. This results in a positive dimensional deviationin
the z height of the component and a negative dimensional deviation at the support structures, as the contact
area between the support structure and the test specimen shifts in the negative z direction, while compensation
takes place on the upper side due to the continuous coating. Another reason for a dimensional deviation in the
z-direction can be a sinking of the melt into the powder bed or the undesired sintering of powder particles on
the underside of the component [8].

When measuring the shape and dimensional accuracy in the xy-plane, deviations in the test
specimen width and depth are to be investigated. As the layers cool, the material contracts, causing tensile
residual stresses in the top layer and induced compressive residual stresses in the layers below. This can induce
dimensional deviations of the component width and worsen or prevent the connection to the support structures.
Furthermore, the machining of the components to revise the dimensional deviations reduces the process
efficiency [22].

Inaddition to shape and dimensional accuracy, surface roughness influences component quality. The
measurement of surface roughness is limited to the underside of the test specimen, since this represents the
contact surface to the support structure. Negative effects on the surface quality are to be expected from
remaining support residues as well as from adhering and not completely melted powder particles [21]. In
additionto the negative influence on the component quality, a pronounced surface roughness often necessitates
further post processing, especially in the area of fits and functional surfaces, which reduces the process
efficiency [4, 8, 9].

When designing support structures, a compromise must be found between sufficient strength and the
removability of support structures [7]. For the industrial use of LPBF, the process efficiency must be
increased by reducing the manual post-processing effort. Inthis context, simplified removability of the support
structures is of particular importance [3, 23].

In the case of software-supported automatic support structure generation (e.g. via Materialise Magics),
in which adjustments of individual parameters may have to be made, the data preparation time varies

227



depending on the number of necessary settings. If the support structures are even created completely manually
or a unit cell is designed for cellular supports, a significantly greater time requirement can be assumed. In
addition to the data preparation time, the necessary data volume is also recorded. For example, a massive
increase in storage capacity can be expected for very complex, filigree support structures with large surfaces.
This poses challenges for the data infrastructure. In addition, delays in the process chain are to be expected
due to an increased time requirement for slicing the build job and loading it on the LPBF system.

Material consumption also determines the efficiency of the process. This is often opposed to the
requirement for sufficient mechanical resistance of the support structures [22]. Both the material consumption
of the support structures and the amount of powder which are enclosed by the support structures and cannot
be removed via spaces between the teeth, perforations or fragmentations must be taken into account. This
residual powder poses a risk of contamination and may not be reusable due to contamination or oxidation [5].

Step 2: Development of test specimens for the investigation of the gquality criteria under consideration
of the test effort

Two different test specimen geometries are used to pre-test a large number of different parameter
combinations for support structures. These are referred to as PK1.1 and PK1.2 in the following. The basic
support structure quality criteria defined in step 1 can be investigated with these. A small number of test
specimens with reduced material consumption is desirable without reducing the significance or reproducibility
of the results.

PK1.1 is a simple cuboid basic geometry, which is shown in Figure 3. The simple test specimen
geometry is intended to minimize any influence of the test specimen geometry on the effects of the support
structures. Furthermore, the small test specimen dimensions are suitable for manufacturing as many test
specimens as possible in one build job. Thus, 81 parameter combinations can be investigated with one build
job on widely used machines with a minimum build platform size of 250 x 250 mm, which corresponds to a
full factorial test plan with four factors of three factor levels each. This experiment can be easily and
meaningfully extended. In addition, the expected distortion usually starts from the corners, since these are
particularly exposed areas, as the surrounding powder makes heat dissipation difficult [24]. Overall, despite
its small dimensions, the square base is a geometry that is particularly susceptible to distortion and on which
meaningful results can be expected for the various combinations of support structure parameters.

Below the test specimen, the examined support is inserted with a height of 4 mm, which corresponds
to a widely used minimum support structure height. For the measurements on the test specimens, a clamping
in form of an 8 mm x 8 mm cuboid was manufactured, the influence of this cuboid on the quality criteria can
be precluded because of its subsequent production during the build job.

After the production of PK1.1, a measurement of the shape and dimensional accuracy in the xy-plane
and the positional accuracy of the test specimen top in the z-direction on the building board is carried out. This
is followed by an assessment of the removability of the support structures. After the support structure has been
removed, the test specimens are examined for the dimensional accuracy of the bottom, since the highest
distortion can be assumed on there. In addition, the dimensional accuracy in z-direction can be determined.
Subsequently, the surface roughness of the bottom of the test specimen is measured in order to investigate the
influence of the support structure residues and the fracture surfaces. Furthermore, the time required for data
preparation and the resulting data volume can be determined for the test specimens PK1.1.

The PK2.1 test specimen, also shown in Figure 3, is used to investigate material consumption. Its basic
geometry was used by GRALOW ET AL. for corresponding tests and has proven to be suitable [20]. Due to its
tetrahedral base plate, PK2.1 has a predetermined breaking point in the contact area with the building platform.
This prevents a serious deviation of the total weight due to a varying test specimen volume after separation
from the building platform. On the square base plate with an edge length of 12 mm, supports are inserted
which allow a connection to the final cover plate. Support structures with different parameter combinations
are inserted in the area between the cover plate and the base plate. The cover plate thus simulates the
component to be supported and the base plate the building platform. The area filled with support structures
has a different removability of the residual powder depending on the used support structure parameters and is
thus suitable for determining the material consumption considering different tooth geometries, perforations or
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fragmentations. The test specimen can be built on different machines with a minimum build platform size of
250 x 250 mm in 81 parameter combinations to enable a low but meaningful and expandable test effort.

Test specimen PK1.1 Test specimen PK2.1
Side view Top view Side view Top view
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Figure 3: PK1.1 specimen for investigating dimensional deviations, imaging accuracy and surface quality (left) and
PK2.1 specimen for investigating material consumption.

The application-oriented test specimens (PK3.1 to PK3.7) described in the following are not
investigated using all 81 parameter combinations. Based on the results of the pre-probing tests on PK1.1 and
PK2.1, only the most promising support structure parameter combinations are used. So PK3.1to PK3.7 allow
an application-oriented validation of the most promising support structure parameter combinations with
reduced experimental effort. To assess the suitability of the most promising support structures, various test
specimens are developed, each representing a specific application situation. Standard elements are used, which
have already been established in other scientific work [13, 15, 16]. For this purpose, non-curved, single-curved
and double-curved standard elements with different attribute characteristics are investigated and the effect of
support on these widely used geometric elements is investigated (PK3.1 to 3.5). In addition, removability
under restricted accessibility is evaluated (PK3.7) and the change in the top length of the teeth as a function
of the downskin angle of the supported surface is examined more in detail (PK3.6).

The PK3.1 test specimen shown in Figure 4 was developed to evaluate the support effect that can be
achieved on externally supported, non-curved base elements. It consists of differently inclined overhangs in
two different length and width steps. Non-curved overhangs are application-oriented geometries, which
simulate downskin surfaces having the same normal vector at every point. Thus, the influence of the downskin
angle on different quality criteria will be investigated.
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Figure 4: Test specimen PK3.1 - external non-curved

The angle of the overhangs referring to the building platform is 0°, 20° and 40° and thus covers the
range between a horizontal orientation of the downfacing surface of the component and the self-supporting
angle, above which the use of solid support structures is unnecessary. Different literature values exist for this
purpose. According to CALIGNANO, component surfaces must be supported below a relative angle of 30°,
GRALOWET AL. state a value of 40° and according to ADAM the limit value is 45°. For the following test
specimens, an angle of 40° is chosen as the maximum value of the orientation [16, 20, 23]. In addition to the
orientation of the overhangs, their width and length are varied. With increasing length, the path for dissipation
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of thermal energy increases [16]. Increased negative influences of gravity and residual stresses can be detected
at overhangs during the process [21]. With test specimen PK3.1, overhangs with a length of 10 mm and 30
mm projected onto the building platform are investigated. For the support of the overhangs, their width is also
decisive. This is varied between 5 mm and 20 mm. The solid center bar ensures robust fabrication and
subsequent clampability in the test fixture. After production, a measurement of the shape and dimensional
accuracy is carried out on the build platform. The scientific investigations are carried out using the Nikon
Altera® 8.7.6 coordinate measuring machine with the Renishaw® PH10M Plus rotary swivel head, the
Renishaw® SP25M probe holder and the Renishaw® SP25 L40_D2 probe. After removing the support
structures from the build platform, the measurement is repeated. In this way, any further distortion due to
residual stress can be determined. In addition, a Keyence VR3200® macroscope is used to check the shape
and dimensional accuracy of the cross-sectional profile of the overhanging beams and to examine the surface
roughness of the downskin surfaces in accordance with DIN EN 1SO 4288 and DIN EN 1SO 3274 [16, 26].

Internal non-curved contours are also investigated in order to simulate application cases such as
cavities or cooling channels [4]. For this reason, the influence of the support structures on differently inclined,
internal, non-curved base elements is investigated on the test specimens PK3.2.1, PK3.2.2 and PK3.2.3 shown
in Figure 5.
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Figure 5: Test specimen PK3.2.1 with 0° orientation, PK3.2.2 with 20° orientation and PK3.2.3 with 40° orientation

The considered orientations correspond to 0°, 20° and 40° for the non-curved standard elements on
external surfaces. The projected length of the surface to be supported is also identical at 10 mm and 30 mm,
respectively. Spacings of 10 mm and 20 mm between the vertical walls were selected for the internal support
structures. The wall thickness is 2 mm. The removability of the support structures from the internal, non-
curved contours is investigated on the test specimens. After the support structure has been removed, a
measurement of the cross-sectional profile is made and the surface roughness of the supported surfaces is
examined.

Inaddition to the non-curved standard elements, many components also show single-curved standard
elements in their geometry. Analogous to the test specimen PK3.1 for the examination of non-curved,
external standard elements and PK3.2 for the examination of non-curved internal standard elements,
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examinations of single-curved standard elements are carried out on the test specimens PK3.3 and PK3.4.1,
PK3.4.2 and PK3.4.3. Here, the same quality criteria are examined using the same measuring techniques.
The Specimens are shown in Figure 6.
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Figure 6: Test specimen PK3.3 - external single-curved (top) and test specimen PK3.4.1 to 3.4.3 - internal single-
curved (bottom).

Other widely used standard elements are double-curved standard elements. The PK3.5 specimen
shown in Figure 7 is used to investigate the support quality on convex and concave geometries. Both the
inward-curved (concave) and outward-curved (convex) double-curved standard elements are examined with
the three different diameter grades of 5 mm, 10 mm, and 20 mm. Height images are taken on the double-
curved standard elements placed on specimen PK3.5 for the qualitative evaluation of the shape and
dimensional accuracy as well as for the assessment of remaining support structure residues.
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Figure 7: Test specimen PK3.5- external and internal double curved.

The investigation of the test specimen PK3.6 shown in Figure 8 is an extension of the investigations
on test specimen PK3.1. The contact situation between the component and the support structure is usually
described by the component geometry. This changes the angle of intersection with the support structures and
causes a change in tooth geometry. For this purpose, the PK3.6 specimen has a downskin surface with four
subdivisions, which have a downskin angle of 10°, 20°, 30° and 40°. The width of the specimen is 5 mm.
Here, after separation from the build platform, an optical examination of the top length for the different
downskin angles can be carried out with the aid of a macroscope.
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Figure 8: Test specimen PK3.6 — downskin angle.

The PK3.7 specimen shown in Figure 9 is used to investigate the support removability with one-sided
and two-sided accessibility. It is divided into two sections. On the left side, there is accessibility to the internal
support structure on two sides, while on the right side the support is surrounded by solid walls on five sides.
The test specimen is first removed from the building platform and then examined regarding removability. For
this purpose, the time required to remove the support structure with a least possible residue is determined. As
qualitative evaluation criteria, the necessary use of tools is determined, and the remaining support and powder
residues are examined.
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Figure 9: Test specimen PK 3.7- support removability.

Step 3: Production of the test specimens under variation of the support

PK1.1and PK1.2 are manufactured with 81 different parameter combinations of the support structures.
A separate build job is provided for each of the test specimens PK1.1 and PK2.1. The positioning of the test
specimens with the different parameter level combinations for build job 1 is shown in Figure 10 on the left.
The orientation of the test specimens is parallel to the recoater lip. This orientation is indispensable for the
subsequent metrological examination on a coordinate measuring machine and is justifiable in terms of
production technology due to the small component dimensions. Inaddition, the orientation ensures maximum
loading of the test specimens by the recoater, thus putting the durability of the support structures against
process forces to the test [4]. The distance between the test specimens is 10 mm to facilitate measurement and
detachment and to avoid mutual interferences between the support structures and test specimens due to the
arrangement. The build jobs can be manufactured on machines with a build platform size of 250 x 250 mm or
larger. A reference block is inserted for measurement by means of a coordinate measuring machine. The build
jobs are produced in multiple realizations, considering randomization and block formation to eliminate global
changes in boundary conditions during production, such as ambient temperature or powder charge, as well as
local thermal differences across the build platform from the results. Figure 10 on the right shows the position
names on the build platform. Between several realizations, the assignment of the different parameter level
combinations to the position names has to be randomized. The fabrication was carried out on a SLM Solutions
SLM 250HL system using the material 316L (1.4404) and the parameter set 316L_SLM_MBP3.0_
50_CE2_400W_Stripes_V2.0.
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Figure 10: Realized arrangement of the test specimens parameter for build job 1(left) and general positionames
(right).

PK3.1 to PK3.6 are also manufactured under the described boundary conditions. However, not all 81
paremeter combinations of the support structures are considered here. This would increase the test effort and
the costs of the test specimen production too much. Instead, the best parameter combination from the pre-
probing at PK1.1 and PK2.1 are selected and used to support PK3.1to0 3.7. In this context, PK3 represents test
specimen geometries close to the application, which allow validation of the results from the pre-probing and
were developed based on established standard elements [16]. The arrangement of PK 3.1 to PK3.7 is shown
in Figure 11. In addition, a problem-specific adaptation of the build job can be performed by removing test
specimens not related to the application to reduce the experimental effort. Further on, an area for freely
selectable test specimens is provided. This allows to place test specimens for the calibration and verification
of a numerical simulation or tensile tests.
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Figure 11: Arrangement of the test specimens PK3.
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Step 4: Examination and evaluation of the test specimens with regard to the quality criteria

As an example, the examination of shape and dimensional accuracy in the xy -plane is listed below
and the graphical evaluation is described. The investigations for the other quality criteria were evaluated
analogously, so that diagrams as shown in Figure 12 exist for each quality criterion.
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Figure 12: Overall result plot of shape and dimensional accuracy in the xy plane (maximum dimension below
deviation).

To investigate the shape and dimensional deviation in the xy plane, eight measuring points were probed
on the PK1.1 specimen with the Nikon Altera® 8.7.6 coordinate measuring machine, two on each of the four
side faces with an offset of 1 mm in the z direction from the top and bottom edges of the specimen. For
evaluation, the maximum dimensions below the nominal dimension was calculated. Figure 12 shows the
maximum dimension below for all investigated parameter level combinations. Here, the abscissa shows the
hatch distance of the support structures in three parameter levels and the ordinate shows the wall thickness of
the support structures. Each smaller, colored square in the coordinate system represents a separate additional
diagram in which the tooth geometry was varied on the basis of tooth height and top length. In this overall
result display, all possible combinations of hatch distance, wall thickness, top length and tooth height can be
quickly compared with each other. The quality criterion maximum dimension below deviation in the xy-
direction is quantified by the color scheme. The dark green areas thus represent parameter level combinations
that exhibit a particularly low dimensional deviation. Reddish shades represent a greater dimensional
deviation. Detailed values can be found in the legend.

The overall result plot in Figure 12 shows a clear correlation between the wall thickness parameter and
the maximum dimension below of the specimen width in the xy plane. Whereas with a wall thickness of 0.25
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mm or 0.4 mm the dimension below does not exceed a value of -0.160 mm, a wall thickness of 0.2 mm
(depending on the choice of the other parameters) shows a deviation of up to -0.424 mm. This variant of the
block support at this location has a hatching of 2 mm, atop length of 0.4 mm and a tooth height of 0.7 mm.
Overall, there is an increased dimension below with reduction in wall thickness. This can be explained by a
decrease in deformation resistance, which cannot prevent contraction of the solidifying and cooling material.

When comparing the measurement results in the bottom row of the overall results plot, an increase in
the dimension below with an increase in the size of the hatching also becomes apparent. This can be seen in
the comparison of the three support variants, which have a wall thickness of 0.2 mm, a top length of 0.4 mm
and a tooth height of 1.3 mm. No comparable influence can be seen with a wall thickness of 0.25 mm or
0.4 mm. Obviously, the deformation resistance of the single support wall at corresponding wall thicknesses is
sufficient to compensate the lower number of support walls when the hatch distance is increased. Based on the
bottom row, the influence of the top length can also be observed. It can be clearly seen that with an increase
in the contact length of the teeth to the supported surface, a reduction in the maximum dimension below can
be achieved. This effect can also be attributed to an increase in deformation resistance due to the larger total
contactarea. No comparably clear correlation is shown for the tooth height. While an increase in the dimension
below with an increase in the tooth height can be observed for a wall thickness of 0.2 mm and a hatching of 2
mm (right field of the bottom row), this influence cannot be seen for a center distance of 1 mm or 1.5 mm.
With a greater wall thickness of 0.25 mm or 0.4 mm, there is also no influence of this parameter. An increase
in tooth height appears to have a negative effect only with a simultaneous weakening of the support structure
due to a reduced wall thickness and an increased hatch distance. The effects and interactions of the individual
support structure parameters on the quality criterion can be seen in the effect diagram in Figure 13.
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Figure 13: Effect diagram for different parameters for dimensional accuracy in the xy plane (maximum dimension
below deviation).

A comparison of the four investigated support structure parameters shows that wall thickness (B) has
most significant influence on the quality criterion dimensional accuracy in the xy-plane. If the wall thickness
is reduced from the medium level of 0.25 mm to the minimum possible value of 0.2 mm, the maximum
dimensional deviation increases by -0.157 mm on average. If, in the opposite direction, the parameter is
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increased to a value of 0.4 mm, there is adecrease in the dimensional undershoot of 0.022 mm. The influence
of the hatching (A) and the tooth height (D) is comparatively small in the considered value ranges of the
parameters with 0.038 mm and 0.012 mm, respectively. In both cases, an increase in the dimension below can
be observed when the parameter is increased. The top length (C) of the teeth shows a more significant
influence. Increasing this parameter from 0.4 mm initially to 1 mm reduces the dimension below in the xy
plane by 0.080 mm on average. However, comparing all parameters, increasing the wall thickness can be
recommended as the most effective measure to reduce the dimension below. The dominance of effect B by
adjusting the wall thickness can also be seen from the 2-factor interactions. The course of the 2-factor
interaction AB, BC and BD corresponds approximately to that of effect B.

Step 5: Derivation of design quidelines

Design guidelines can be derived on the basis of the results determined in step 4. In the following the
design guidelines for the quality criterion of dimensional accuracy in the xy-plane are exemplarily presented
in Table 1. Design guidelines for other quality criteria were derived analogously. For this purpose, the results
of the effect calculations for the individual support structure parameters are summarized in written form and
visualized with the aid of a drawing “suitable for production” and one “not suitable for production”. To
determine the listed limit values anmax, bwmin, ITmin @and hzmax, use the overall result representation in Figure 12.
It should be noted that the limit values are dependent on the other three parameters and therefore no globally
valid values can be given. The limit values are therefore dependent on the selected support structures and on
the boundary conditions such as machine, material and production parameters.

Table 1: Design guidelines for production-suitable support structures with regard to the quality criteria shape and
dimensional accuracy in the xy plane (maximum dimension below deviation).

Hatch distance of support structures (Effect A)

Description:  The hatch Suitable design Unsuitable design
distance an of adjacent = - -
retaining walls should be ﬁ% |
chosen as small as possible I
to minimize the dimension ﬁ% |

l

below in the xy-plane.

aHsaHma" a >a

Wall thinkness of support structures (Effect B)

Description:  The  wall Suitable design Unsuitable design

thickness bw of support 7 ik T vl b )
walls should be chosen as i ﬁﬁ_‘l : %%—]
large as possible to

L. ) . | | | |
minimize the dimension
low in the xy-pl ! ! - !
below in the xy-plane. . s LLE Y S LT
., Z0umn M
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Top length of support teeth (Effect C)

Description: The top Suitable design Unsuitable design
length I+ of the
support teeth should
be chosen as large as
possible to minimize
the dimension below
in the xy plane

Height of support teeth (Effect D)

Description: The Suitable design Unsuitable design
height hz of the
support teeth should
be chosen as low as
possible to minimize
the dimension below
in the xy plane

Additional influences through effect interactions

The wall thickness (parameter effect B) dominates over the other parameter effects
—->The increase of the wall thickness represents the most efficientmeasure to reduce the
dimensional undershootin the xy-plane

Conclusion and outlook

One of the hurdles to more widespread industrial use of the LPBF process is the unavoidable use of
solid support structures. Their utilization, caused by a variety of tasks they fulfil, affects part quality and
process efficiency. To counteract the disadvantages and to gain a comprehensive process understanding with
regard to support structures, this publication deals with the development of a method to derive production-
oriented design guidelines for support structures. Based on application-relevant quality criteria such as shape-
and dimensional accuracy, surface roughness, removability, data preparation time, data volume and material
consumption, test specimens were developed and manufactured. To examine the test specimens, a standardized
procedure was developed to show the influence of various support structure parameters on the quality criteria.
As aresult, the designer receives a graphical representation of the influence that each parameter has onto the
quality criteria. This graphical representation can be used as a well-founded basis for the selection of an
application-specific suitable support structure as well as for the deriving of design guidelines.

To extend the results, it is possible to investigate further support structures or to vary further boundary
conditions such as the manufacturing equipment, the material or the manufacturing parameters. Due to the
modular structure of the method, this is feasible in an easy way. For example, the procedure can be used to
build up a database for support structures. The integration and evaluation of the results in a neural network for
the prediction of the influence of further support structure parameters on the quality criteria also seems to be
auspiciously.
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