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Abstract

This paper focusses on topology optimization of support structures for metal-based additive manufacturing. Processes based on
powder bed fusion are subjected to deformations during manufacturing due to large thermal stresses. Controlling these defor-
mations by adding temporary support structures is essential in guaranteeing qualitative end products and improving print success
rates. This paper first describes an adapted stiffness tensor formulation for lattice type support structures based on a surrogate
model. Next, a general inherent strain method is presented to simulate the complex thermal behaviour of the printed part. These
ingredients are used in a topology optimization framework that is capable of automatically generating an optimized support
structure layout to limit the vertical displacements of each layer of the printed part to a specified maximum value. The proposed
framework is applied to a 2D and 3D benchmark problem to demonstrate that the vertical deformations induced during the
manufacturing process are successfully reduced.

Keywords Topology optimization - Additive manufacturing - Support structures - Thermal stresses - Inherent strains - Surrogate

models - Manufacturing constraints

1 Introduction

Additive manufacturing is a relatively new and rapidly
evolving technique that uses computer guided machines
to build components in a layer-by-layer fashion. The tech-
nique allows for a high degree of design freedom and is
capable of producing sophisticated geometries at only a
fraction of the costs for traditional manufacturing (Gibson
et al. 2015). Although additive manufacturing techniques
were initially only viable for rapid prototyping with poly-
mers, later improvements, especially in metal-based tech-
niques, extended their application to end-usable parts
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(Atzeni and Salmi 2012). In current practice, selective laser
melting (SLM) is most commonly used for manufacturing
complex metal components (Kruth et al. 2004). SLM is a
technique based on powder bed fusion via a micro-welding
process (Baufeld et al. 2009). The SLM process, illustrated
in Fig. 1, starts with a fully detailed CAD model of the
component which is sliced in a number of cross-sections
depending on the required accuracy of the finished part.
Inside the building chamber of the SLM printer, a re-
coater deposits a thin layer of metal powder on the build
platform. Next, a high-energy-density laser traces the first
cross-section of the part, fusing the powder together. Once
the first layer is completed, the build platform drops, the
re-coater applies a new layer of powder and the laser traces
the next cross-section onto the powder. This process is
repeated until the part is finished.

The SLM process subjects the component to violent
heating and cooling cycles which induce large thermal strains
and residual stresses in the final part (Van Belle et al. 2013;
Mercelis and Kruth 2006). These internal stresses cause un-
wanted deformations of the part during manufacturing which
may lead to inaccurate results or print failure. Print failure
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(d) (e)

Fig. 1 Schematic representation of the SLM printing process: a the re-
coater deposits a layer of material, b a laser fuses the powder together, ¢
the build platform drops, d the re-coater deposits a new layer of material
on top of the previous layer, and e a laser beam fuses the next layer of
material together

occurs when the upward displacement of the top layer is larger
than the layer thickness. In this case, the re-coater is not able to
deposit a new layer of metal powder as it will collide with the
printed part resulting in a crash, illustrated in Fig. 2.

This issue can be countered by adding temporary support
structures to the part (Hussein et al. 2013; Vandenbroucke and
Kruth 2007; Jarvinen et al. 2014). These additional supports
make sure that (1) horizontal and near-horizontal layers are
supported, (2) heat transfer to the build platform is improved
and (3) the vertical displacements of individual layers are re-
duced. By inhibiting critical displacements, the risk of print-
failure can be significantly reduced as illustrated in Fig. 3. In
current practice, these support structures are manually added
to the design, mainly based on engineering experience. Due to
the complex thermal behaviour of the part, the deformations
can not always be predicted accurately. This results in a time
consuming and relatively unreliable support generation pro-
cess. The excess of support structure generated in this manner
is material, time and energy consuming.

Recent studies aim at eliminating the uncertainty in the
thermal behaviour by extending existing simulation methods,
initially developed for welding problems, for applications in
metal-based additive manufacturing (Frazier 2014;
Schoinochoritis et al. 2014; Cheng et al. 2016; Vastola et al.
2016; Heigel et al. 2014). A full thermal analysis of the addi-
tive manufacturing process to calculate the deformations is
very time consuming because it is a long time-scale problem

(a)

Fig. 2 Schematic representation of the SLM printing process of a part
undergoing critical thermal deformations: a a layer of powder is fused
together using a laser, b ahermal stresses cause deformations of the part,
and c¢ the re-coater collides with the already printed part, causing print
failure
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Fig. 3 Schematic representation of the SLM printing process of a part
where thermal deformations are restricted by means of a support
structure: a a layer of powder is fused together using a laser, b
deformations are restricted by an added support structure, and ¢ the re-
coater deposits a new layer of material without any crashes

which involves transient heat transfer, non-linear mechanical
deformation, phase changes in the material, and fluidum dy-
namics (Cheng et al. 2016; Vastola et al. 2016). The required
simulation time can span from a couple of days to entire
weeks, depending on the size of the problem.

The simulation time can significantly be reduced by
adopting the inherent strain method, originally developed for
fast estimation of part deformation in metal welding (Ueda
et al. 1979; Yuan and Ueda 1996; Hill and Nelson 1995).
The applied plastic strain method is another efficient model
inspired by the inherent strain theory (Michaleris et al. 2013;
Wang and Zhang 2008). However, due to the more complicat-
ed process of metal additive manufacturing compared to metal
welding, some accuracy of the simulation is sacrificed. Liang
et al. (2018) propose a modified inherent strain method to
improve the accuracy of the estimated thermal behaviour.

A recent study by Cheng et al. (2019) utilizes the modified
inherent strain method to optimize the layout of the support
structures in order to satisfy a predetermined stress constraint.
This method results in components that can be printed without
residual stress induced print failure, e.g. delamination.
However, it does not take into account possible re-coater col-
lisions due to thermal deformations.

Other studies aim at automatically generating support struc-
tures to solve critical overhang angles (Allaire and Bogosel 2019;
Strano et al. 2012; Calignano 2014; Vaidya and Anand 2016),
focus on improving the heat dissipation in the part during print-
ing (Liu and Zhou 2019), or optimize the build orientation to
minimize the required volume of support structure (Das et al.
2015, 2019). Allaire et al. (2018) proposed a method to take into
account the thermal stresses during the optimization process.
This results in a design for which the thermal stresses induced
during the manufacturing process are minimized.

Topology optimization can be used as a tool for the auto-
matic generation of material-efficient support structures.
Topology optimization is a numerical, iterative method for
finding the optimal distribution of material inside a specified
design domain (Rosen 2014; Bendsge 1989; Zhou and
Rozvany 1991). In the density based approach, the domain
is discretized using a density field which takes a value of
1 at elements where material is present, and O in the void
regions. Intermediate densities are also allowed to facilitate
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the use of a gradient-based optimization scheme. The design’s
geometry is usually controlled with the help of filters. Their
function is to avoid checkerboard patterns (Diaz and Sigmund
1995) and ensure mesh independent solutions (Jog and Haber
1996). Most filters consist of a spatial averaging operation
where the density of an element is replaced by the weighted
average of its neighboring elements (Bruns and Tortorelli
2001; Bourdin 2001).

In recent years, topology optimization has been con-
sidered in the context of additive manufacturing to de-
sign parts taking into account some manufacturing con-
straints related with this production process. One of
these constraints is the need for support structure in
order to keep the part stable during production.
Eliminating the need for this type of support structure
by imposing a maximum overhang angle to the optimi-
zation problem has been the focus of various recent
studies (Liu and Ma 2016; Brackett et al. 2011;
Gaynor and Guest 2014; Qian 2017; Langelaar 2016a;
2016b; Pellens et al. 2018). The bulk of these studies
can be divided into two categories. The first approach
focusses mainly on enforcing manufacturability by an
additional constraint which is formulated in terms of a
smoothened approximation of a min/max operator
(Gaynor and Guest 2014; Qian 2017), the second uses
a filtering scheme to ensure that a part is sufficiently
supported during manufacturing (Langelaar 2016a,
2016b; Pellens et al. 2018). Other studies focus on op-
timizing the support structure without changing the to-
pology of the part itself. A recent study by Cheng et al.
(2019) utilizes the modified inherent strain method to
optimize the layout of the support structures in order
to satisfy a predetermined stress constraint. This method
results in components that can be printed without resid-
ual stress induced print failure, e.g. delamination.
However, it does not take into account possible re-
coater collisions due to thermal deformations.

In this paper, a topology optimization framework is
presented to optimize the layout of the required support
structure for a given part taking into account a maxi-
mum allowable vertical displacement in each layer such
that print failure due to re-coater collisions is avoided.
The general inherent strain method is adopted to simu-
late the thermal behaviour of the component. This meth-
od is computationally less expensive than the modified
inherent strain but comes at the expense of sacrificing
some accuracy. The support structure used in SLM is
usually a lattice structure, which can be regarded as a
periodical distribution of unit cells. It is modeled as a
homogenized material based on the method proposed by
Watts et al. (2019).

This paper is organized as follows: First, a brief description
is provided of the homogenized support structure and the

general inherent strain method used to simulate the thermal
behaviour of a part during manufacturing (Section 2). Next, a
topology optimization problem is formulated to automatically
generate the layout of the required support structure
(Section 3). The proposed optimization scheme is thereafter
validated on a set of 2D bench-mark cases; (1) a simple can-
tilever and (2) a more complex cantilever problem. Following
the 2D validation of the method, a 3D problem is described
and validated (Section 4). Finally, conclusion are provided.

2 Simulation of the manufacturing process

In this section, the homogenization method proposed by Watts
et al. (2019) is briefly summarized. Next, the general inherent
strain method used to simulate the thermal behaviour of a part
during manufacturing is described and validated on a 2D can-
tilever example.

2.1 Homogenization

The support structure is assumed to be a lattice structure with
the isotruss architecture (Messner 2016). Figure 4 shows the
isotruss unit cell. Denoting the diameter of the axially-aligned
rods as d, the diagonal rods have a diameter %. This diameter

ratio results in isotropic macro-scale behaviour. Watts et al.
(2019) proposed a method to simulate the homogenized stiff-
ness of an isotropic lattice structure composed of isotruss cells
based on surrogate models. These surrogate models are as-
sembled by fitting a low-order polynomial to a set of
datapoints representing the homogenized stiffness
(Andreassen and Andreasen 2014) of the isotruss cell with a
variable rod diameter.

For each unit cell of the support structure, the independent
design variable is the relative density p, which defines the rod
diameter  and the homogenized elastic properties £ and /"
of the lattice. The polynomial expressions for the homoge-
nized properties of the isotruss lattice depend on the density
p, the Young’s modulus Eg and the Poisson’s ratio vg of the
constituent material (Watts et al. 2019):

Fig. 4 Unit cell of the isotruss lattice
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Eh
— = (0.20529-0.03303v5)p...

)
*(0.08121 + 0.27243v5) 2.
4(0.64974—0.24237v5) p°

V' = (0.24776 + 0.01698vs)...
~(0.15929-0.73860u5 ) ... (1)
—(0.18628 + 0.48323v5)p”...
+(0.09775 + 0.72660v5) p°

d = 0.02049 + 1.05076p...
—1.59468p% + 1.09799,°.

These expressions for the homogenized material properties
are used in this paper to compose the element stiffness matri-
ces of the support structure.

2.2 Inherent strain method

The inherent strain method was originally developed for esti-
mation of part deformation in metal welding. Although the
SLM process is more complex than metal welding, applying
the inherent strain method results in a sufficiently accurate
estimation of the thermal deformation (Cheng et al. 2016).

SLM builds a part by depositing a very high number of indi-
vidual layers. Simulation considering each individual layer is ex-
tremely time consuming and infeasible to adopt in an optimization
framework. Therefore, the part is divided into a limited number of
printing stages, where each printing stage consists of multiple
layers subdivided in a finite number of elements. Every printing
stage is described by an activated layer and bulk material, illustrat-
ed in Fig. 5. The activated layer is the stage that is being scanned,
the bulk material consists of the stages that have already been
printed.

The simulation using the general inherent strain method starts at
the build platform. The first couple of layers, representing the first
printing stage i = 1, are deposited. The inherent strains €™ are
applied to the elements of the activated layer of the first printing
stage 7 = 1. Using these strains, the displacements u; of the full
printing stage can be calculated using a finite element analysis.
Next, the second printing stage i =2 is deposited on top of the
first, the inherent strains are applied to the elements of the activated
layer and the displacements u, of the second printing stage are
calculated. The displacements of the previous printing stage u; are

{ Scan direction
| —

|
[

Activated layer

Buildplate ( a) ( b)

Fig. 5 Schematic representation of the inherent strain simulation process
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not considered in the calculation of u, as the re-coater compensates
for all previous displacements. This process is repeated until the
deformations u; of every printing stage are determined.

The displacements u; of printing stage 7 are calculated as
follows:

Kl'lli = fl', (2)

where u; collects the displacements for all degrees of freedom
of printing stage 7, and f; represents the forces acting on the
nodes of the activated layer in printing stage i, derived from
the inherent strains €™ by the following expression:

¢ =

1

f, =

.[_Q[’ BeTDe einhdge
3 oy, e
e=1

where #n; is the number of elements in the activated layer of
printing stage i and where B, and D, are the strain-
displacement matrix derived from the shape functions and
the constitutive matrix of the considered element e, respective-
ly. The matrix C° is a binary location matrix mapping local
degrees of freedom to global degrees of freedom. The global
stiffness matrix K; of printing stage 7 is assembled as follows:

K =Y K = 3 CTkeCe, (4)
e=1 e=1
where K¢ is the contribution of element e to the global stiff-

ness matrix and k¢ is the element stiffness matrix which is
calculated as follows:

k° = [ B DBYAN® (5)
For the part, the constitutive matrix D[, assuming plane strain
is given by:
1 Vg 0
e Es Jvs 1 0
S v (6)
0 0 5

For the lattice structure, the constitutive matrix of the homog-
enized isotruss lattice Dy, ;.. assuming plane strain is assem-
bled using the expressions for the homogenized Young’s mod-

ulus £” and Poisson’s coefficient /' given in Section 2.1:

. V) 0
U 17275 N Y T B
lattice 1*Vh(pe)2 0 0 1*Vh (pe)

2

2.3 Application

The general inherent strain method is applied to a 2D cantile-
ver problem, presented in Fig. 6, to verify the simulated de-
formations. The design domain with a length L = 150 mm and
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N —

Fig. 6 Design of the 2D cantilever case

a height # =20 mm is discretized using n = 150 % 20 = 3000
square @, finite elements with a side length of 1 mm. In each
individual printing stage 7, with an activated layer height /; = 1
mm, a load derived from the general inherent strain method is
applied. The TiAl6V4 alloy used in this case has a Young’s
modulus of Eg =110 GPa and a Poisson’s ratio vg =0.3. The
strains corresponding with this alloy for an activated layer
with height #; =1 mm were experimentally determined by
Materialise and are given by:

€x —4.41500 x 107
=S —4.445698 x 1073
cinh _ | €| _ | 194260 x 1072 (8)
Yy 0
’sz 0
Yz 0

The homogenized properties are determined for a three-
dimensional isotruss lattice cell. The 2D examples are
therefore modelled as a 3D structure with a thickness of 1
element. The isotruss lattice structure has a cell dimension
of 2 x 2 x 2 mm and the rod diameters can take any value
between dyi, = 0.2 mm and d. = 1.2 mm. The lower
bound on the diameter d is determined by the minimal
printable feature size of the SLM printer and the upper
bound is needed to avoid trapping metal powder in the
structure. In order to ensure manufacturability of the can-
tilever, a uniformly distributed support structure with a
density p of 0.125 is added underneath the horizontal sec-
tions. All computations are performed on a MacBook pro
2015 with a 2.7 GHz Intel Core i5 processor.

The resulting displacements of the simulation are presented
in Fig. 7. The full displacement of the part up until a specific
printing stage i is determined as a sum of the displacements all
layers printed so far. Starting from the first printing stage, i =
1, up to stage i = 16, no significant deformations occur during
manufacturing. However, when the first cantilevering stage i
=17 is printed, a large vertical displacement can be observed
in the right corner of the cantilever. The printed part behaves
similarly in the following stages, but to a lesser extent as they
are better supported by the previous cantilevering stages.

In order to verify the inherent strain method, the same
cantilever case has been simulated in Materialise Magics,
which makes use of the Simufact Solver for SLM simulations.
The results for the displacement field are similar with a max-
imum overestimation of 10% for the values calculated via the
general inherent strain method.

=1

Fig. 7 Deformation of the 2D cantilever case

In order to check the convergence of the results in
terms of the mesh resolution, the inherent strain method
is applied to a model with a higher resolution of n =300
x 40 = 12000 elements. The experimentally determined
inherent strains €™ of the TiAl6V4 alloy are only valid
for an activated layer with a thickness of 1 mm.
Therefore, the simulation is performed using a height 4;
=1 mm, where 1 printing stage consists of 2 finite ele-
ment layers. The result is presented in Fig. 8. It shows a
similar displacement pattern with a maximum value of
0.073 mm compared to 0.072 mm for the original model.

3 Automatic support generation

This section describes a topology optimization frame-
work to automatically generate the required support
structure layout based on the thermal deformations cal-
culated by the general inherent strain method described
in Section 2.

Fig. 8 Displacement plot of the cantilever example with a mesh
resolution of n =300 x 40 = 12000 elements

@ Springer
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3.1 Formulation of the optimization problem

In topology optimization, the structure is subdivided in a finite
number of elements. In this paper, the structure is composed of
a solid part with a fixed topology and a support structure
which forms the design domain in the optimization. Each
element e in the design domain is assigned a density p, (zero
density for void, unit density for solid elements) to determine
the amount of material. Afterwards, the densities p, are trans-
lated to rod diameters following (1). The optimization prob-
lem is formulated as a minimum volume problem with a set of
displacement constraints and is given by:

min :V _ _ 7
p _Ze‘,vepe_vp (9)

. _ T . .
st o uj ;= L W Sttmax Vi, j
pminSpeSpmax,

where the displacements u; are obtained as the solution of the
following system of equations:

K; (Eh(P): Vh(P))“i =f; (10)

In (9), the design variables p, are collected in a vector
p. Likewise, the volumes v, of the elements are collected
in a vector v. The inner product of these vectors is the
volume V of material used for the support structure. The
objective of the optimization is to minimize this volume.
Constraints are imposed on the vertical displacements of
the top nodes in every printing stage i. In order to limit
the number of constraints and control the computation
time, only a subset of the top nodes is considered in
the optimization. The vertical displacement of the ;™
node considered in printing stage i is denoted as u; ;.
This value is obtained from the full displacement vector
u; in stage i by means of a selection vector L;;. The
maximum allowable value wup,x is chosen equal to the
layer thickness of the print. Theoretically, this wil make
sure that re-coater collisions are avoided. However, due
to the accuracy of the thermal simulation, real displace-
ments may vary from the simulated displacements.
Therefore, in practical applications, a safety factor on
the maximum allowable displacement u,,x may be con-
sidered. After the optimization, the vertical displacements
of all top nodes in every printing stage are checked in
order to verify wether they remain limited to the maxi-
mum allowable value ..

In order to guarantee manufacturability, abrupt rod diame-
ter variations between neighboring cells are avoided by apply-
ing a density filter to the optimization problem (Bruns and
Tortorelli 2001; Bourdin 2001). This spatial filter replaces
the density of an element p, by the weighted average p~, of
its neighboring elements, and is defined as:

@ Springer

R
~ _ Ljentep;

e R
ZA]‘ENE hej

(11)

where N, is the neighborhood set and hfj is the filter kernel
with radius R defined as:

hS; = max (R—||x.~x;],0). (12)
where ||x. —x;|| is the center-to-center distance from element e
to j. In (11) N, is the neighborhood set, or the set of all
elements j for which the distance ||x, — x;|| is smaller than or
equal to the filter radius R. The density filter in (11) is a linear
operator that can be expressed as:

~ R
p=HDp, (13)

where the coefficient matrix H? consists of elements
R_ M

Hij T Y

The sensitivity Z_Z of the objective function V (p) with re-
spect to the design variables p is computed by applying the
chain rule:
ov. oV op
o or (14)
op Opop
The sensitivity g—% of the objective function V (p) with respect
to the filtered variables p'is given by the following:

v,
_ = 1
=" (15)

The sensitivity g—g of the filtered variables p with respect to the
design variables p is:

op
9p(x)

= H~X (16)

~

g;f of the constraint function L; ;U; <ttpa on

The sensitivity

print stage i with respect to the design variables p is computed
by applying the chain rule:

Ou; j _ 6u,~, 6_5 (17)
op op Op
The sensitivity ag[")i of the constraint function u; with respect to

the filtered variables p'is computed using the adjoint variable
method:
6pe ' apeUia

(18)

where the adjoint variable ], is obtained by solving K;:A; =L;;
and the sensitivity % of the global stiffness matrix K; with

respect to the filtered variables p'is given by:
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oK 0K; OE,, OK; v, (19)
op, OEh, op,  ovh, op,

Arh I/h .
where f—g'e and aag‘“ can be derived from (1).

The sensitivity g—g of the filtered variables p with respect to the

design variables p is obtained in a similar way as described
above.

4 2D example

In this section, the method for automated support layout genera-
tion described in Section 3 is demonstrated for a set of 2D
examples.

The first benchmark case, presented in Fig. 6, is the 2D
cantilever problem described in Section 2.3. The maximum
allowable vertical displacement u,y is set to a layer thickness
0f 0.015 mm. The box constraints on the design variables p,
are set to pp, = 0.094 and p,,, = 1, corresponding to an
axially-aligned rod diameter of dyi, = 0.2 mm and dp,x = 0
.6 mm. In order to keep the calculation time limited, the set of
constraints is limited to 50 nodes with the largest vertical
displacements for every print stage i when a uniformly distrib-
uted support structure is used, resulting in 50 x 20 = 1000
constraints. A density filter with a radius R =3 mm is applied
to smooth the transition between rod diameters. The optimi-
zation is performed in MATLAB using the built-in interior-
point optimizer with default settings.

The results of the optimization are presented in Fig. 10. The
final volume fraction of the support structure is 16.62% of the
total supporting volume and every vertical displacement satisfies
the maximum allowable value. The convergence plot, presented
in Fig. 9, shows that the interior-point optimizer converges after
220 iterations. The total computation time is 3h 36min 3sec
Fig. 10.

1

0.9 b

o o o
o ~ [e]
—
Ly

Volume fraction [%)]
o o
S (6]
T
L

o
w
T
I

o
N
T
I

o
T
I

0 I I I I
0 50 100 150 200 250

Iteration
Fig. 9 Convergence plot of the 2D cantilever case. The x-axis represents
the number of iterations needed; The y-axis represents the volume
fraction of the support structure expressed using the filtered variables p~

150 mm

Fig. 10 Optimized support structure layout of the 2D cantilever case

(b)

Fig. 11 Detailed view of the displacements on the right hand side of the
cantilever example: a with a diagonal truss and b without a diagonal truss

The displacement plots, presented in Fig. ¢, show the effect of
the optimized support layout on the deformation of the part. On
the far right end of the cantilever, the optimization scheme intro-
duced a stiff vertical strut. This strut reduces the vertical displace-
ment of the first cantilevering layer, in printing stage i =17, in
order to limit it to the maximum allowable value u,. By
restricting the upward displacement of the first cantilevering lay-
er, the vertical displacement of the following layers is reduced as
well. Additionally, a diagonal structure can be observed in the

1=1
I —

1=20

Fig. 12 Deformation of the 2D cantilever case

@ Springer



2298

J. Pellens et al.

1 T T T T T T T
09t
08}
07}
0.6
05F ‘ 1

0.4}

Volume fraction [-]

03+
02+

0.1+

0 \ ' L . .
0 50 100 150 200 250 300 350 400
Iteration

Fig. 13 Convergence plot of the high resolution 2D cantilever case. The
x-axis represents the number of iterations needed; The y-axis represents
the volume fraction of the support structure expressed using the filtered
variables p~

optimized results. In order to explain the role of this diagonal
structure, a comparison is made of the thermal deformations with
and without this structure in Fig. 11. In both cases, it can be
observed that the vertical strut is subjected to bending caused
by shrinkage of the cantilever. As a consequence, the right hand
side of the strut elongates, resulting in an upward displacement of
the first layer of the cantilever. The diagonal structure reduces this
bending effect and the resulting upward displacement, such that it
remains below the maximum allowable value Fig. 12.

In order to check the effect of the mesh resolution on the final
result, the optimization is performed again using a mesh size of n
=300 x 40 = 12000 elements. The resulting design is presented
in Fig. 14. the final volume fraction of the supporting volume is
20.8% and all vertical displacements are below the maximum
allowable value. Compared to the result in Fig. 10 the volume of
support structure needed is higher, this is due to the slightly
different displacements obtained by the simulation of the higher
resolution model. The convergence plot, presented in Fig. 13,
shows that the interior-point optimizer converges after 377 itera-
tions. The higher mesh resolution leads to a computation time of
11h 05min 53sec Fig. 14.

To demonstrate the ability of the optimization framework
to handle more complex geometries, the support layout of two
additional 2D bench-mark cases is optimized. In the first case,
presented in Fig. 15, three notches are added to the previously
presented cantilever example. All material properties and op-
timization parameters are kept the same.

The resulting support layout after optimization is presented
in Fig. 17, the final volume fraction of the supporting volume
is 11.88% and all vertical displacements are below the

Fig. 14 Optimized support structure layout of the 2D cantilever case with
a mesh resolution of n =300 x 40 = 12000
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Fig. 15 Design of the 2D cantilever case with notches

o o o
> (2} o]
‘ :
‘ ‘

Volume fraction [%]

o
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0 50 100 150 200 250

Iteration

Fig. 16 Convergence plot of the 2D cantilever case with notches. The x-
axis represents the number of iterations needed; The y-axis represents the
volume fraction of the support structure expressed using the filtered
variables p~

150 mm

20 mm

Fig. 17 Optimized support structure layout of the 2D cantilever case with
notches

maximum allowable value. The convergence plot, presented
in Fig. 16, show that the optimizer converges in 250 iterations.
The total computation time is 3h 12min 36sec Fig. 17.

The displacement plots, presented in Fig. 19, show the
deformation of the part with optimized support layout during

(b)

Fig. 18 Detailed view of the displacements on the right hand side of the
cantilever example with notches: a with stiffer support at the notches and
b without stiffer support at the notches
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manufacturing. It can be noticed that a similar vertical strut as
in the previous example is added to the far right corner of the
cantilever. Its purpose is again to prevent a large vertical dis-
placement of the first cantilevering layer in printing stage i =
17, and therefore reduce the displacement of the following
layers. Starting from print stage i =9, the notches are being
formed. The support structure introduced by the optimizer
shows a difference in layout for each of the three notches.

i=1
=9
i =10
=11
i=15 R .
1 =15
i=16 N . e

1 =20

1

Fig. 19 Deformation of the 2D cantilever case with notches

Fig. 20 Design of the 2D cantilever case with a sine shaped cantilever

The further a notch is removed from the base of the cantilever
(left side of the domain), the stiffer the support structure needs
to be. Each of the notches needs support structure in order to
avoid large vertical displacements of their first layer, demon-
strated in Fig. 18. Additionally, the extra support added to the
rightmost notch helps in reducing the bending in the vertical
strut, and therefore reduces the vertical displacement of the
full cantilever introduced in layer i = 17 Fig. 19.

In the second more complex benchmark case, presented in
Fig. 20, a sine shaped cantilever is considered.

The resulting support layout after optimization is presented
in Fig. 22, the final volume fraction of the supporting volume
is 13.07% and all vertical displacements are below the maxi-
mum allowable value. The convergence plot, presented in
Fig. 21, shows that the optimizer converges in 250 iterations.
The total computation time is 3h 4min 48sec Fig. 22.

The displacement plots, presented in Fig. 23, show the
deformation of the part with optimized support layout dur-
ing manufacturing. It can be noticed that a similar vertical
strut as in the previous example is added to the far right
corner of the cantilever. Its purpose is again to prevent a
large vertical displacement of the first cantilevering layer
in printing stage i = 17, and therefore reduce the displace-
ment of the following layers. Starting from printing stage i
=13, a stiffer support is introduced in between the waves
of the sine shape, which can be observed in Fig. 22. This
support structure is required to reduce the vertical displace-
ments of ’floating’ solid layers which exceed a critical
length.

Volume fraction [%]
o o © o o o o
w S o o ~N o] © -
T T T T
L L L L

e
[N}

o
T
I

0 I I I I
0 50 100 150 200 250

Iteration

Fig. 21 Convergence plot of the 2D cantilever case with a sine shaped
cantilever. The x-axis represents the number of iterations needed; The y-
axis represents the volume fraction of the support structure expressed
using the filtered variables p~
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Fig. 22 Optimized support structure layout of the 2D cantilever case with
a sine shaped cantilever
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Fig. 23 Deformation of the 2D cantilever case with a sine shaped
cantilever
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The examples presented in this section show that the proposed
optimization framework is able to reduce the vertical displace-
ments of individual layers by stiffening the support structure in
specific areas. Each of the top nodes of the activated layers has a
vertical displacement that is smaller than the layer thickness 2y,x
making sure that the risk of re-coater collisions is significantly
reduced compared to the example with a uniformly distributed
support structure, presented in Section 2.3.

5 3D example

This section considers the optimization of the support struc-
ture layout of a 3D cantilever beam problem, presented in
Fig. 24. The design domain with a length Z =150 mm and a
height 4 =20 mm is discretized in n = 150 x 20 x 20 = 60000
cubic @, elements. A Young’s modulus Eg =110 GPa and
Poisson’s ratio vg = 0.3, corresponding with the TiAl6V4 al-
loy, is used. For this case, the maximum vertical displacement
is set to uyax = 0.03 mm which corresponds to a realistic layer
thickness of an SLM printer. The set of constraints is limited to
50 vertical displacements per print stage resulting in 50 x 20 =
1000 displacement constraints. A cell size of 1 x 1 x 1 mm is
chosen and the box constraints on the designs variables p, are
setto pmin = 0.094 and p,,;, = 1, corresponding to an axially-
aligned rod diameter of di, = 0.2 mm and dp, = 1.2 mm.
In order to ensure smooth transitions of rod diameters between
neighboring cells, a density filter with filter radius Ry, = 3
mm is applied to the optimization.

The resulting support structure layout, presented in Fig. 26,
satisfies all vertical displacement constraints. The convergence
plot, presented in Fig. 25, shows that the optimizer converges to a
volume fraction of 16.7% after 200 iterations. The computation
time is 3h 58min 12sec. The optimized support layout shows a
lot of similarities with the 2D cantilever example presented in
Section 4. A stiff vertical feature is formed on the far right end of
the cantilever. This is again to reduce the vertical displacement of
the most critical point in the cantilever. Additionally, the diagonal
structure reduces the upward displacement in a similar fashion as
the 2D example Fig. 26.

Next, a comparison is made with a uniform support
structure where the density is determined by means of a
bisection algorithm such that the displacement con-
straints are satisfied. This approach does not rely on
topology optimization and can therefore be regarded
representative for the current state of the art in practice.
The resulting support structure layout is presented in
Fig. 27. The volume of support structure needed in this
approach is 64.3% of the total volume of material re-
quired to manufacture the component. In the design
with an optimized support structure layout, the volume
of support structure is reduced to 11.6% of the total
volume needed. It can be concluded that topology
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Fig. 24 3D cantilever beam problem: printed part (red) and support
structure (blue)
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Fig. 25 Convergence plot of the 3D cantilever case. The x-axis represents
the number of iterations needed; The y-axis represents the volume
fraction of the support structure expressed using the filtered variables p~

Fig. 26 Optimized support structure layout of the 3D cantilever beam

Fig.27 3D cantilever beam with a uniformly distributed support structure
designed by a bisection algorithm

optimization allows for considerable material savings as
well as shorter production times.

6 Conclusion

This paper describes a topology optimization framework for au-
tomating the design of support structure in metal-based additive
manufacturing considering thermal deformations. The SLM pro-
cess used for metal-based additive manufacturing results in de-
formations of the part due to thermal stresses induced during the
printing process. These deformations are restricted by adding
support structure to the design. Manually adding this support
structure proves to be time consuming and unreliable due to
the complex thermal behaviour of the part. The inherent strain
method is used to simulate the thermal behaviour by applying an
experimentally determined initial strain to the part. This simula-
tion strategy is then used in a topology optimization framework
in order to determine an optimized layout for the support struc-
ture while taking into account a maximum vertical displacement
constraint on each individual layer. Application to two 2D bench-
mark problems and a more realistic 3D example demonstrates
that the achieved support structure layout successfully reduces
the vertical deformation to satisfy the required maximum value.
The 3D example demonstrates that the ratio of support structure
volume to the total volume of material needed is significantly
reduced compared to a simple uniformly distributed support
structure.
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