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1.1 Introduction

It has been almost twenty years since the first metal-based powder-bed system
was introduced to the world by EOS® in early 2000’s. Before the advent of these
systems, polymer-based sintering machines, also known as selective laser
sintering (SLS) machines, were the only powder-bed systems in existence. In a
way, SLS is the backbone of today’s selective laser melting (SLM) systems.
These SLM machines were part of the new generation of additive manufacturing
systems that were the result of more than ten years of experience in producing
polymer-based sintering machines [34]. Figure 0.1 illustrates the SLM process.
Although the details of the process can vary slightly, the governing principles of
the process remain the same, i.e. layer-wise melting of the powder bed by a laser
beam.

SLM opened a window to new possibilities in design and manufacturing of
metallic parts that we are still exploring. Ability to produce parts with high
complexity and precision, competitive mechanical properties, and a wide
selection of materials are the main advantages of this additive manufacturing
process. In SLS, polymer powder is sintered to create a solid object. Sintering is
the process of heating the powder to temperatures slightly below material’s
melting point to allow solid state diffusion and bonding of particles. On the other
hand, in SLM process, metal powder is melted to create the object. Melting is the
process of heating the powder to or above the material’s melting point to allow
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formation of melt pool and fusion of powder particles across grain or particle
boundaries. It is the formation of melt pool in SLM process that makes all the
difference. Complications in the design of support structures — the main topic of
this chapter — for SLM is mostly due to formation of this melt pool.

Unlike SLS where the loose powder provides sufficient support for the part,
SLM requires additional support structure to secure the part on the substrate,
support the weight, and reduce the temperature gradient of the part by
transferring the heat of the melt pool to the substrate. Any surface with a normal
angled at or greater than a specific range with respect to the build axis (Z axis in
Cartesian system is commonly assigned to the build direction) requires a support
structure. It should be noted that this overhang angle is material dependent. For
SS316L, a common material used in SLM, the overhang angle is around 45°.
Lighter metals with lower melting point in powder form will allow for slightly
larger overhang angles. For consistency, we choose SS316L as the material of
choice throughout this chapter. The need for support structure is arguably one of
the major drawbacks of SLM process. Considering the overhang angle, one can
see how addition of support structures brings about more complications to the
design process. Orientation of the part, and location of the support with respect to
the part become crucial factors when setting up a build [9]. More support
structure means more material and energy consumption. Moreover, unsuitable
support structure design can cause part failure, which in turn can lead to higher
cost per part. Therefore, an optimum support structure design is critical for the
SLM process.

An essential purpose of support structure in SLM process is transferring heat
from the part to the substrate, therefore reducing the temperature gradient of the
part during the manufacturing process. Smaller temperature gradient corresponds
to lower residual stresses in the part which are the primary cause of deformation
and warping. The secondary purpose of support structures is maintaining the
surface quality of the part by preventing undesirable physical phenomena such as
dross. Figure 0.2 shows an example of a typical support structure generated for
SLM process that meets these requirements. Based on the role that support
structures play in design process, it is evident that solely geometrical design
solutions will not adequately address the problem; a comprehensive
understanding of the physics of SLM process is required. Nevertheless, most of
the solutions provided for support structure design for SLM are based on
geometry and simplified physics [16, 22, 28]. The reason we tend to overlook the
influence of physics of melt-pool perhaps stems from our relatively good
knowledge of Fused Deposition Modeling (FDM) or desktop 3D printing
process. To design support structures for FDM, we do not need to consider the
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heat transfer in the part, as a result the problem simply becomes a geometrical-
structural design problem, and there are numerous solutions provided for design
of support structure for FDM process [17, 21, 31]. Consequently, we are biased
toward these designs that neglect the effects of heat transfer and melt pool
formation. Therefore, while these solutions look elegant on paper, they cannot be
regarded as designs that meet SLM requirements.
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Figure 1: Graphical representation of SLM process. Some systems allow for more than one laser or
reflective mirrors and some use blades instead of rollers to lay down a layer of powder [43].
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Figure 2: Stainless steel 316 object manufactured using SLM process. All overhanging surfaces
are supported by a common support structure called block support (adopted from [18]).
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Conceptually, support structure design for SLM lies at the intersection of
three independent requirements, see Figure 0.3. First, we must understand the
limits of manufacturing with SLM process. For example, what is the smallest
achievable thickness or diameter? In other words, we must verify if our support
structure design is manufacturable. Second, we must choose a support geometry
that possesses enough structural integrity to be able to support the overhanging
surfaces while being efficient in terms of build time and material consumption.
Finally, and most importantly, the support structure should maximize the rate of
heat transfer from melt pool to the substrate. Any support structure design that
does not adequately address these three requirements, is not a suitable design for
the SLM process.

In this chapter we aim to provide an overall view of support structure design
for SLM. We start by defining the vocabulary that will be used to describe
different aspects of a support structure. Then, we explore the metrics that should
be considered when designing support structures. These metrics will provide a
base line for comparing the effectiveness of different type of designs.
Furthermore, we investigate conventional and novel designs. We explore the
advantages and disadvantages of each design and provide examples. Finally, we
discuss the possible directions where support structure design can take in the
future.
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Figure 3: Support structure design for SLM cannot be addressed without considering three main
requirements that govern the design process.
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1.1.1 Support Structure Nomenclature

Before we delve into support structure design, we need to establish
terminology that defines different features of a support structure. These are
features that are common among most types of support designs. Features that are
specific to a particular type of support structure will be defined in the designated
section for that support type.

As mentioned in the introduction section, surfaces with normals that are
oriented at or greater than a specific angle with respect to the build axis are called
overhang surfaces and the specific angle is called the overhang angle. The
overhang angle is material dependent and is determined experimentally. It is
worth mentioning that in SLM process, parts are typically placed a few
millimeters above the substrate which means that parts will be printed on a
support structure and not directly on the substrate. This makes removing the part
from the substrate more convenient, because a support structure is not nearly as
dense as a solid part. However, there are exceptions where placing the part
directly on the substrate proves to be advantageous. These scenarios are mostly
dictated by the geometry of the part.

The subset of the support close to the part is of special interest. It determines
the main functionalities of the support structure and it typically has a more
complicated design compared to rest of the support structure. Therefore, we
propose the body and comb concepts to better understand and distinguish
between these two regions. Figure 0.4 shows a part together with a typical
support structure. The support structure consists of two segments which serve
different purposes. Support body refers to the larger segment of support structure
which usually starts from the substrate and ends close to the overhang surface of
the part. In addition to supporting the weight of the part, support body is
responsible for transferring the heat from the part to the substrate, ensuring
reduced temperature gradient within the part. Support comb refers to the upper
segment of support structure where support and part meet. Support comb design
plays a crucial role in the surface roughness of the part, ease of support removal,
heat transfer, and overall success of the design. In scenarios where the part
contains surfaces overhanging itself, support structure can contain two support
comb segments and a connecting support body. This special case is depicted in
the upper section of Figure 0.4.

From a CAD perspective, support structures can be represented as solids or
surfaces. Solid supports are designs that contain a volume, while surface
supports are designs with zero volume. Figure 0.5 shows two examples of solid
and surface designs. In the cone design (left), each support occupies a volume
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(solid design). On the other hand, in the web design (right), the support is
represented as a surface (the thickness will be implicitly assigned through
process parameters). We will take advantage of this distinction later in the
chapter where we introduce support structure metrics.

Finally, some designs are open structures, i.e. there is no border wall
surrounding the structure. The cone design in Figure 0.5 is an example of an open
structure. On the other hand, closed structures are structures with a surrounding
wall, such as the web design in Figure 0.5. Open structures allow for the un-
melted powder to escape while closed structures trap the un-melted powder
inside. The trapped powder can only be removed after the part is separated from
the substrate. We will revisit the concept of open and closed structures when we
introduce the metrics in support structure design.

1.2 Support Structure Metrics in SLM

Before we can discuss metrics to gauge support structure performance, we
briefly review the governing physics of the problem that is dictated by the melt
pool. There are various characteristics associated with melt pool in SLM, among
them, temperature and size are the most influential in support structure design.
The two most important parameters affecting the temperature and size of the melt
pool
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Figure 4: Support structure segments. The design strategy and requirements for each segment is
unique to the type of support structure.
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Figure 5: Cone design (left) is an example of solid support design, and web design (right) is an
example of surface support design.

are laser speed and power. Often, these are combined into a single parameter:
linear energy density (LED) defined as [36]:

E = L (0.1)
v
where E, is linear energy density in J/mm, P is laser power in ¥ and vis laser
speed in mm/sec. In practice, surface oxide, reflectivity, plasma, vaporization,
etc., all affect the effectiveness of the linear energy density.

Temperature of the melt pool increases significantly by increasing the laser
power or decreasing the laser speed. Melt pool temperature is in the order of
thousands of degrees Celsius and it depends on the material’s melting point in
powder form and powder particle shape and size distribution. Dimensions of the
melt pool are also a function of laser power and speed and they are in the order of
hundreds of micrometers. Figure 0.6 shows a simplified drawing of melt pool
dimensions in SLM process. Length, width, and depth of the melt pool increase
with an increase in LED or laser power. However, an increase in laser speed
alone will reduce the width while elongating the melt pool [29, 37].

Next, we consider the relationship between these two melt pool characteristics
and design of support structure features. We discuss the defects that a proper
support structure can help prevent and establish the metrics that are common
between all support structure types.
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Figure 6: Simplified schematic of melt pool dimensions and shape in SLM.

1.2.1 Part Quality

The first metric in support structure evaluation is part quality. This metric
measures the quality of the manufactured part after the removal of support
structure. There are certain defects that can affect the quality of the part that an
effective support structure can prevent.

Residual stress induced defects

Residual stresses are stresses that remain within the part after the
manufacturing process is completed and the part is in equilibrium with its
environment. It is an inherent consequence of SLM process. These stresses can
cause warping, delamination, distortion, and cracking [7].

(1) Warping is defined as plastic deformation due to thermal stresses caused by
rapid solidification of the part [32]. This plastic deformation occurs when
the thermal stresses exceed the yield strength of the material. Therefore, it is
more likely to happen in regions with thin features or overhangs, where each
layer is slightly shifted forward, resulting in a small thin surface (Figure
0.7). Moreover, the staircase effect of SLM process exacerbates the warping
issue. As shown in Figure 0.7.a, deflection of each layer accumulates as
consecutive layers solidify, causing the last layer to protrude the powder
bed. If this protrusion exceeds the layer thickness, it collides with the
recoater blade when a new layer is being deposited, causing the entire build
to fail. The reason the thermal stresses exceed the yield strength of the
material in overhang surfaces is that heat from the melt pool does not
transfer to the substrate which acts as a heat sink. It is expected that thermal
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conductivity of a metal in powder form is approximately 100 times lower
than its solid form [24], as a result, the absence of support structure, means
that the generated heat stays in the part to cause high thermal stresses.

(2) Delamination and cracking is defined as separation of two consecutive
layers due to residual stresses. Similar to warping, delamination occurs due
to high stresses at the layer interface [23]. Figure 0.8 shows examples of
defects caused by residual stresses.

Physical phenomena responsible for the origin of residual stresses are still
being investigated. High temperature gradient within the part due to traveling
melt pool, thermal expansion/contraction and non-uniform plastic deformation
are the main factors in accumulation of residual stress in the part [7, 29]. In
addition, an inadequate support structure can aggravate this intrinsic consequence
of SLM process.

It should be noted that utilizing support structure is not the sole remedy for
the above-mentioned defects, nor will it fully prevent the occurrence of these
defects. There are other contributing factors, such as change in process
parameters that can help with residual stress induced defects. Some examples of
other remedial approaches include: (1) reducing layer height to minimize the
staircase effect which can lead to reduction in warping, (2) increasing the
substrate preheat temperature to reduce the temperature gradient in the part
which can lead to lower

SUPPORT
STRUCTURE
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Figure 7: (a) Warping in an unsupported overhang surface. (b) An effective support structure can
prevent warp from happening.
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Figure 8: (a) Delamination at layer interface during cooling [14]. (b) crack formation in heat
affected zone [40].

thermal stresses, and (3) controlling the process parameters of SLM; for example,
shorter laser scanning vectors or island scanning patterns, increase in scanning
speed, and increase in powder bed temperature have shown to reduce distortion
and residual stresses in the part [2, 26].

Dross

This defect is defined as unintentional partial or complete melting of powder
particles below the current layer. As explained earlier, during melting an
overhang surface with no support structure, the heat conduction rate is very slow.
Therefore, the absorbed energy of powder bed will be much higher resulting in
much larger and heavier melt pool. Rayleigh-Taylor instability in the gravity
field along with capillary forces will cause the melt pool to sink into the powder
bed. Dross will form when the heat from the sunk melt pool causes unintentional
melting of surrounding powder particles [3, 6, 8]. As shown in Figure 0.9, dross
can affect the top surface of the overhanging layer as well. Severe dross will
cause high surface roughness on top of the overhanging layer which in turn can
lead to build failure if the recoater collides with the uneven surface.

Presence of support structure underneath the overhanging layer prevents melt
pool enlargement and sink into the powder bed. Further, it is important to note
that the gap between each tooth of support comb is directly related to the melt
pool size. If this gap is too large, the melt pool will have enough space to grow
and form dross. This is one of the main reasons why an effective support comb
design is crucial in preventing dross.
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Figure 9: (a) Dross formation in the absence of support structure. (b) Sever dross can cause high
surface roughness on top of the overhanging layer causing failure of the entire build.

1.2.2 Support Material Volume

Another important metric in assessing support structures is its volume.
Between two different support structures with identical performance, the one
with lower volume is preferable. There are however two important observations
to make.

First, recall that a support structure can be represented as a solid, or a surface
with process-dependent thickness. Figure 0.10 shows the two different support
structure representations. In the former, the volume is easily computable from the
CAD geometry. In the latter, the thickness is determined by laser power and
speed that can be combined into a single parameter: planar energy density (PED)
defined as:

E,~— 0.2)

where E, is planar energy density in J/mm’, P is laser power in W, vis laser
speed in mm/sec, and ¢ is layer thickness in mm. Higher PED’s will result in
slightly thicker supports. For example, for SS316L, PED of 0.15 J/mm will result
in wall thickness of ~0.12 mm while PED of 0.19 J/mm will result in wall
thickness of ~0.15 mm.

The second observation is that for a given volume of support, the material
consumed (i.e., the weight of the support) is once again process dependent. If the
laser power per unit volume is low, then there will be incomplete melting of
powder particles, leaving pores inside the material. This leads to lower density of
the support structure and reduced material consumption [27]. A typical process
parameter used to evaluate full/incomplete melting is the volumetric energy
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density (VED), defined as the average applied energy per volume of material
during the scanning of one layer [27, 30]:

Figure 10: (a) Block support structure. (b) Web support structure. Given the same process
parameters, the web design has 42% less volume.

P
E, ~— 0.3
¥ ©03)
where E,is volumetric energy density in J/mm’, P is laser power in W, vis
laser speed in mm/sec, h is hatch distance in mm, and ¢ is the layer thickness in
mm. Choosing different laser power, laser speed, layer thickness or hatch
distance can result in different density or fill-ratio.

1.2.3 Support Manufacturability

This brings us to our next metric in support structure design,
manufacturability of the support structure. The first rule ironically states that the
supporting structure should be self-supporting, both in terms of overhanging
surfaces and its susceptibility to defects. We know that defects such as distortion
due to residual stresses can be caused by excessive absorption of energy by the
powder bed. Therefore, support structure immunity to defects is tightly tied to
process parameters, especially VED and PED. To understand how these two
parameters can affect the manufacturability, we need to revisit the representation
of support structures, namely, solids and surfaces. Most common designs fall in
the surface category, such as the designs shown in Figure 0.10. In these designs,
every feature of the model is a surface, therefore there is no infill scan strategy,
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there is only single scan vectors. For this group of support structures, PED is the
important process parameter. On the other hand, designs such as the cone (Figure
0.11), contain solid features that require infill scan strategies. In other words, we
should consider hatch distance, hence the VED becomes the important process
parameter for this group of supports. Now, we can apply the same concepts that
we introduced before regarding melt pool, residual stress and defects, to support
structure manufacturing.

Consider the scan strategies for solids and surfaces. Figure 0.12 shows a cross
sectional view of tree and block support structure designs. Movement of a laser
beam is depicted by an arrow which we call a scan vector. These vectors inform
us of direction and orientation of laser beam’s movement. In the surface
representation, there is a single laser beam pass, i.e., a single scan vector, for
each wall segment, whereas for a cone design, multiple passes of laser beam are
needed to create a solid geometry.

Figure 0.13 shows a failed lattice support structure as an example that
highlights the importance of manufacturability metric. In this design, lattice strut
diameter was set to 0.1 mm. Coincidentally, the machine that manufactured the
part had a minimum feature size of 0.1 mm. Therefore, although the support
structure in this example is represented as a solid, there is no room for any infill
scan strategies. In scenarios such as this, using VED will apply excessive energy
to the powder bed which can cause lattice strut deformation. In Figure 0.13
deformed struts protruded the powder bed and collided with the recoater.
Accumulated deformation finally destroyed the entire support structure leaving
the overhang surface of the part unsupported. Finally, severe dross and instability
led to failure of the entire part. To avoid failures such as this, one can treat a solid
representation as a surface representation, and use appropriate process parameters
such as PED.

Figure 11: Cone (left) and tree (right) support structure design. Both designs are examples of 3D
solid designs.
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Figure 12: Cross sectional view of a block design and its scanning vectors (left), and a single cone
of a cone design and its scanning vectors (right).

10 mm

Figure 13: Using improper process parameters caused the lattice support structure to fail which led
to the failure of the entire build. This example highlights the importance of manufacturability
metric in support structure design.

1.2.4 Post processing and removal

The final metric in support structure design is the ease of removal, and
required post processing steps. Removing support structure is a tedious task, and
it is usually done manually. A support structure design that expedites removal is
greatly beneficial. But support removal is not the only post-processing concern.
During the manufacturing process, unused powder can get trapped inside the
support structure. Further, since the structure is usually enclosed by the substrate
at the bottom, and the part at the top, this trapped powder cannot be released
unless the part and its support structure is removed from the substrate. Since
removal is typically done by means of electric discharge machining (EDM), or
use of power saws, the released trapped powder becomes contaminated and not
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reusable. For large parts and high production rates, loss of trapped powder can
harm the economics of SLM process.

To reduce support removal time, effective support comb designs are required.
Figure 0.14.a shows an example of a lattice support structure with an effective
comb design that can be easily removed using simple hand tools while Figure
0.14.b shows an example of a support structure that is impossible to remove
without the use of power tools due to lack of support comb structure.

Few attempts have been made by researchers to automate or expedite the
removal process. In one study, Lefky et al.[18] attempted to automate the support
removal process by using self-terminating electrochemical etching. They
incorporated a sensitizing agent during the heat treatment process to chemically
destabilize 100-200 um of the part’s surface. The part is then etched with a high
selectivity toward the sensitized surface over the substrate. The etching process
self-terminates when the sensitized layers are removed. This approached proved
to be effective for 17-4 PH stainless steel and SS316L. Figure 0.15 shows the
proposed removal process applied to a SS316L part with a complex geometry. It
should be noted that during this process 120 pm of the part were removed along
with the support structure.

In another study, Wei et al. [33] demonstrated an easy-to-remove support
structure for SS316L made with SiC-SS316L composite. The composite material
with 40% volume fraction and 320 grit SiC produced enough mechanical defects
during the SLLM process that the transition zone between part and support was
easily broken by applying a low external force. Addressing cross-contamination
and high surface roughness proved to be challenging in the proposed method.
Figure 0.16 shows a simple overhanging surface that is supported by SiC-
SS316L composite support structure.

Figure 14: (a) An example of a lattice support structure with effective comb design. Removal of
this support structure is relatively simple [41]. (b) An example of support structure with no comb
design. It is impossible to remove this support structure without extra machining [4].
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Figure 15: Support structure removal using electrochemical etching applied to SS316L. The
geometry of the part is mostly preserved after 33 hours of etching and support material removal
[18].

Figure 16: (a) A bridge structure using SiC-316L as the support material at the aperture position,
(b) the support structure removed, (c) cross section of the bridge structure, and (d) the SEM image
of the top surface of the laser sintered SiC-316L support structure [33].
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Although these efforts show great promise, they remain highly material
dependent and cannot be widely applied. Today, most support removal is still
done manually, therefore there is no proper way of quantifying this metric.
Support removal will remain a qualitative metric for assessing different type of
support structures.

On the other hand, trapped powder is quantifiable. Consider the closed
support structures in Figure 0.10. The actual support volume is the volume of the
support structure plus the volume of the trapped powder, whereas in an open
support structure (see Figure 0.11), the actual support volume is the same as the
volume of the support structure. To mitigate the trapped powder problem, use of
open structures is recommended. Further, there are some approaches that will
allow closed structures to release the entrapped powder. We will discuss this
feature in the next section.

1.3 Support Structure Design and Manufacturability

In the previous section, we introduced certain metrics for evaluating support
structure designs. In our view, any design that is part of this landscape is an
acceptable design. Some might be more effective, robust, or efficient than others.
This section is dedicated to introducing existing support structure designs. We
will start by discussing conventional designs that are industry standards. Later we
introduce novel designs, and discuss their advantages and disadvantages.

1.3.1 Conventional Support Designs

Conventional support structure designs are the most robust and widely
utilized designs in the industry today. They are not optimal structures in terms of
material consumption or build time, but they are the most reliable. Unfortunately,
there is no universal terminology to compare these designs and define their
features. Therefore, we adopt the terminology from Materialise® Magics®, an
industry leading data and build preparation suite for AM [42]. Based on this
terminology, the conventional support designs include: block, web, contour, line,
gusset, and point. We introduce the block design and its features below. The
remaining, are variations of the block design, created to accommodate certain
geometrical scenarios. We will briefly discuss these scenarios, but readers are
referred to commercial support generation packages for further details.

Block design

Arguably the most widely used, and reliable support structure design, is the

block design. It consists of zero-thickness walls that are arranged to form a grid,
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and it is suitable for large overhang surface areas; see Figure 0.10.a. Main
advantages of block design are good manufacturability and high heat transfer
rate. Its shortcomings are high volume, and difficulty in removal. Figure 0.17
shows a schematic of the block design grid. Critical dimensions of the grid are
defined in Table 0.1. These values are material dependent and are determined
experimentally.

Hatch distances are critical in preventing dross, and they depend on the melt
pool characteristics. Moreover, they correlate to the relative density of the
structure which in turn determines the heat transfer rate of the support structure.
If the hatch distances are too large, dross will form within each block of the grid,
and residual stresses will increase due to low heat transfer rates. On the other
hand, small hatch distances will unnecessarily increase the support volume and
hinder support removal. The separation width is another critical dimension that
helps ease support removal by fragmenting the grid.

The next feature within the support body is perforation, see Figure 0.18 and
Table 0.2. Perforation allows trapped powder retrieval. Perforations are usually
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Figure 17: Grid schematic of the block support structure design and its critical dimensions.

diamond or rectangle shaped. Although they turn the block design into an open
structure, some trapped powder will still remain inside the support structure.
Making the perforations larger can cause build failure [3].
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Table 1: Critical dimensions and their description for a grid in block design.

Dimensions Description
hy Hatch distance in x direction.
hy, Hatch distance in y direction.
x interval Number of squares in x direction for each block.
y interval Number of squares in y direction for each block.
W Separation width which determines the fragmentation distance.
PART
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Figure 18: Schematic of perforations and critical dimensions in block support structure design.

Table 2: Critical dimensions and their description for perforations in block design.

Dimensions Description

A Solid height, distance between the last perforation and support comb or first
perforation and substrate.

h Height of the diamond perforation.

b

s

Angle of the diamond perforation.

Distance between each perforation, known as beam.
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Figure 0.19 shows the support comb for the block design. Critical dimensions
are defined in Table 0.3. This comb design facilitates the removal of support
structure. Moreover, it ensures that the surface quality of the part is within
acceptable range. Perhaps the most critical dimension in support comb is Zyger,
the amount of support penetration into the part. A common rule states that Zyge
cannot be smaller than the thickness of two layers. This ensures adequate
support-part fusion.

Figure 0.20 shows different views of block support structure, manufactured
using SS316. Figure 0.20.a reveals perforations on the border wall of the support
structure. Figure 0.20.b gives a clear view of hatch intervals and fragmentation of
the blocks, and Figure 0.20.c illustrates the support comb. Observe that the
manufactured comb bears little resemblance to the design in figure 0.16. The
reason is that critical dimensions of support comb are in the order of hundreds of
microns which is in the same order as powder particle size. At this scale, model’s
geometry cannot be fully preserved during manufacturing, but the resulting
structure can still alleviate support removal.

Recommended values for critical dimensions of the block design are provided
in Table 0.4. These are conservative values to ensure a successful build. Different
values for most cases are permissible but it requires experimental validation. It is
important to note that these numbers are validated for a particular SLM machine
and a particular metal powder vendor. Observe the subtle differences in critical
dimensions for each material. These differences are driven by machine’s laser
and optics and melt pool characteristics.

Other conventional designs

Other conventional designs are similar in concept to the block design. Support
body and support comb serve the same purpose as in block design. Perforations
and fragmentation can be implemented in support body while the same comb
design can be used for every design. Instead of grids, surfaces are arranged to
form different patterns to better accommodate different geometries.
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Figure 19: Support comb and its critical dimensions for block design.

Table 3: Critical dimensions and their description for support comb in block design.

Dimensions Description

he Comb height.

Wy Comb width at top of the comb structure.

Wp Comb width at base of the comb structure.

b Base interval.

Zoffser Penetration distance of support comb into the part.

Figure 20: Three different views of block support structure, emphasizing on different features of
the design.

For example, the web design is recommended for circular surfaces, due to its
circular pattern. Users can change the number of ribs and circles based on the
material (Figure 0.21.a).

Contour design is created by offsetting a pattern, repeated to cover the entire
overhang surface (Figure 0.21.b). This pattern depends on the geometry of the
overhang surface. Since there are no orthogonal surfaces intersecting the pattern
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to buttress the structure, this design is susceptible to build failures. On the other
hand, it is easy to remove.

Line design is created for thin surfaces or edges, as shown in Figure 0.21.c. A
single wall follows the path of the overhang surface and provide adequate
support. Ribs can be added to the wall to provide reinforcement and decrease
failure probability. One of the main disadvantages of this design is the likelihood
of residual stress induced defects. This design is recommended for delicate parts
such as small surgical instruments, where support removal can irreversibly
damage the surface of the part.

If there is a small overhang surface far from the substrate in the build
direction, gusset design (Figure 0.21.d) can be used to save time and material.
The advantage of this design is its minimal volume and ease of removal. Gusset
design takes advantage of the fact that the body of the part itself can be used as a

Table 4: Recommended values of block support design for popular materials. Adjusted for 400W
YD (Ytterbium) fiber laser [42].

Dimension Recommended Value [mm)]
SS316L AlSil0Mg Ti64 Inconel718
Grid

hy 0.8 0.7 0.7 0.8

hy, 0.8 0.7 0.7 0.8

W 0.8 0.7 0.7 0.8

Perforation

hs 0.5 0.254 0.254 0

h 2 1 1 0.6

a 60 60 60 25

b 0.6 1.2 1.2 0.4
Comb

Zoffset 0.04 0.03 0.03 0.12

Wy 0.2 0.2 0.2 0.2

he 0.6 1 1 0.8

Wp 0.7 0.6 0.6 0.6

b 0.1 0.1 0.1 0.1

heat sink. A compromise must be made between saving time/material and
altering the thermal history of the part.

Finally, point design is meant for singular, small, and down-facing overhang
surfaces as illustrated in Figure 0.21.e. Situations where a point design is
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required seldom occurs but when they do, using a point design help save time
and material.

Currently, there are no tools available to automate the generation of different
types of support designs based on the overhang geometry. Hence, choosing the
appropriate support design and its critical dimensions rests on user experience.

1.3.2 Novel Support Designs

Besides conventional designs, researchers have also experimented with novel
designs to improve on some of the metrics introduced earlier. In this section we
will review some of the proposed designs.

Tree structures

Gan and Wang [8] proposed three different designs, shown in Figure 0.22.
They concluded that an effective support structure should promote uniform heat
dissipation and have a maximum for support comb spacing. Design (b) has more
connection points compared to design (a) but the part experienced warping
nonetheless. They hypothesized that the inclined connection points are the cause
of warpage. Design (c) consists of an array of pin supports. Among the three
proposed designs, design (c) yielded the poorest surface finish. A closer look at
the manufactured examples in Figure 0.22 reveals the dross formation in all three
designs. It is fair to say that although these designs performed well on support
removal, manufacturability, and volume metrics, they performed poorly on part
quality metric.

In another study, Zhang et al. [39] proposed a tree structure design (Figure
0.23) with the ability to change the branch diameter, angle, and number. They
showed that their design can support large overhanging planes. Moreover,
compared to conventional support structures, the proposed tree structure can save
23% on material and about 30% on scanning time. Although this design showed
good performance on support volume, and manufacturability metrics, it did not
perform well on post processing metric. Lack of support comb in this design
compels the user to use excessive machining for support removal.

Lattice structures

From an engineering point of view, a lattice is defined as a pattern, known as a
unit cell, which is repeated regularly in all directions. These light-weight
structures have large surface area to volume ratio which provide them with good
thermal dissipation property. These properties make lattice structures a potent
candidate for support structures.
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B

(a) (b)

Figure 21: Conventional support structure designs and their corresponding cross sectional view as
fabricated by SLM [13]. (a) web, (b) contour, (c) line, (d) gusset, and (e) point.
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(a) (b) (c)

Figure 22: (a) Inverse Y design, (b) Y design, and (c) pin design. Proposed by Gan and Wang [8] as
practical support structure designs.

Cloots et al. [20] studied a variation of BCC lattice structure with an emphasis
on SLM process parameters. They were able to successfully implement their
design and manufacture an overhang surface (Figure 0.24). High heat transfer
rate of the structure helped prevent any residual stress induced defects. However,
there was dross formation on the overhang surface. The advantages of this design
are acceptable part quality, low volume, and ease of removal. Its drawback is in
manufacturability. Authors reported that to successfully build the overhang on
top of their support structure, they had to change the PED during the process
resulting in part densities between 89.4% and 98.4%.

In another study, Hussein et al. [12] investigated two types of lattice support
structures, Schwartz diamond and Schoen gyroid shown in Figure 0.25. They
focused on openness of lattice structures and trapped powder retrieval along with
build time for each design. They concluded that smaller cell sizes will result in
longer print times and more material consumption. They achieved excellent part
quality and support volume, but support removal was not considered in their
study. Compared to other unit cells, diamond and gyroid created larger contact
areas with the part. That means breaking the support structure from the part
would be difficult.
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Figure 23: Tree (branch) support structure design proposed by Zhang et al. [39]. Manufactured by
SLM from SS316.

Figure 24: Lattice support structure made with SLM. (a) PED = 0.85 J/mm? and density of 89.4%,
and (b) PED = 2.35 J/mm? and density of 98.4% [20].
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Schoen gyroid
(a) (b)

Figure 25: (a) CAD models of diamond and gyroid structures. (b) Manufactured cantilever parts
and their lattice support structures [12].

1.3.3 Customized, Simulation Based Support Design

Both the conventional and novel support structure designs discussed above
require the user to make critical decisions. Poor decisions can lead to build
failure, or, at best, an inefficient design. With increased computational power and
fundamental understanding of SLM physics, we foresee an increase in use of
simulation tools to create customized and optimized support structures.

Numerous efforts have been made to simulate the SLM process at a micro
scale, where laser interaction with powder, powder melting, and evolution of
melt is considered [10, 35, 37, 38]. Other approaches are in the macro scale
where laser heating and melting is treated as a thermal source, part shape, and
laser scan strategies are taken into account, and residual stresses and local
effective material properties can be calculated [1, 11, 19, 25]. The above-
mentioned approaches are computationally expensive and they are not applied to
the support structure. Only recently researchers tried to implement simulation
based support structure design. For example, Cheng et al. [4] investigated the
feasibility of using topology optimization in support structure design to mitigate
residual stress induced defects. They used the inherent strain method for residual
stress calculations during the SLM process to significantly reduce the
computational cost of their approach. Variable density lattice structures were
used due to their open design with the objective to minimize the mass of the
support structure under stress constraints. Figure 0.26 shows the resulting design.
They were able to reduce the weight of the support structure by 60% while
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mitigating cracking and warping induced by SLM process. Design shown in
Figure 0.26 proved to satisfy all the metrics introduced in this chapter, except for
ease of removal. The lattice structure lacks support comb to alleviate the removal
process.

In another similar study [5], a voxel-based fictitious domain method is used to
calculate residual stresses in the design domain which includes the support
structure. This approach reduced the computation time and allowed for residual
stress minimization through part orientation optimization based on process
modeling. Moreover, the yield strength is computed using a multi-scaled model.
Finally, a multi-objective optimization is carried out to minimize both residual
stresses and support volume. Figure 0.27 shows the proposed method and support
structure design. Similar to previous work, the proposed design performed well
on all metrics except the ease of removal.

Figure 26: (a) Optimization results of normalized residual stress distribution in the model [4]. (b)
Reconstruction of the optimal support structure design using variable-density lattice structure [4].
(c) Manufactured designs using SLM process and Ti6Al4V [4].

Based on the metrics introduced in this chapter, a simulation tool suitable for
support structure design requires a multiscale modelling approach, wherein melt
pool dimensions and temperature, and residual stress development in the part are
both implemented [15], and coupled with support structure build simulation.
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Results of such simulations should drive design of support structure and the
choice of critical dimensions.

1.4 Summary and Conclusion

Support structure for SLM process is an enabler and a challenge at the same
time. They allow for manufacturing of complex designs, but if used
inappropriately, they may cause defects in the part, or inefficiencies in the
process. By introducing support structure metrics, we proposed a systematic way
to evaluate the performance of a support structure. The metrics show that the
performance of a support structure is tightly tied to the physics of the SLM
process, and designs that ignore this link are often ineffective. Conventional
designs provide solutions for most common scenarios, but there is no automated
tool for choosing/generating these designs. Therefore, most support structure
implementations rely on user experience. Some designs consume less material
but are cumbersome to remove, while other designs are the exact opposite.
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Figure 27: (a) Orientation optimization of maximum residual stress minimization for diagonal
lattice structure support [5]. (b) Design reconstruction. (¢) Manufactured part and support with
different lattice support structures [5]. (d) Different views of the final design [5].
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Compromise should be made in utilizing any support structure design based on
the metric most relevant to the user.

Future efforts on support structure design for SLM should focus on
performance optimization and simulation based, automatic generation. These
efforts will eliminate guesswork and inefficiencies. In summary, critical
advances in support structure design are needed today to drive the growth and
adoption of SLM technology.
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