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ARTICLEINFO ABSTRACT

Keywords: Additive manufacturing (AM) offers a design freedom to fabricate high performance parts, such as a solid outer
Topology optimization zhell with a porous infill (coated structure), to enhance strength-to-weight ratio. The goal of this article is to
Homogeniztion deseribe and analyze how to develop a strength-based optimization to dezign the topology and infill micro-
m’m - P - . . - -

Liss ; . smuctures density by minimizing the failure load subjected to weight constraint. To establish the coated stroe-

ture, the material and coating indicators are obtained uzing double smoothing and projection of design variable.
Additionally, three characteristic parameters are utlized to represent the lattice geometry. Two lattces,
including octet-truss lattice and cubic lattice, are considered for the infill region. The strength-bazed optimization
iz developed based on Hill'z yield criterion, and the element failure indices are aggregated to a single function
uzing the p-mean approach. The proposed design methodology has been successfully applied to different nu-
merical test cases, which showed that performing strength-baszed optimization led to a smoother boundary at the
re-enirant commer and achieving a lower failure load. Numerical evaluation alzo demonstrated that, in contrast to
solely considering characteristic parameters to design lattice, considering additional material and coating in-
dicators during the design process resulted in optimized topology as well as infill microstructures material

Stress optimization

1. Introduction

The focus of this study iz on the design optimization of 3D coated
structures with lathiee infill to optimize strength/shffness subjected to a
volume constraint. In general, coated structures consist of a solid outer
ghell and a porous infill base structure. The infill pattern can be cate-
gorzed into uniform and non-uniform. Clausen, Aage, and Sigmund [1]
presented a density-based method to obtain a 2D shiffness optimazed
coated strocture with izotropic nfill. In their study, a eingle density per
element was utilized to optimize both coating and base material. The
density was filtered using the Helmholtz=-type filtering approach [2] to
obtain smooth density, and then it was projected using the smoothed
Heavizside projection [3] to represent the base material The projected
density was filtered again, and the gradient of filtered based material
represented the coating material. Later, the authors projected the 2D
infill homogenized density to a triangular lattics, and they extroded the
desizgn in an out-of-plane direction [4]. The buckling load for Solid
Izotropic Material Penalization (SIMP) and coated structures optimazed
designz were compared for the MBE beam. While the stffness of
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optimized coated structure deereased by about 25 %, the buckling load
was Increased by more than five times. The observation of the
out-of-plane buckling motivated the development of 3D chell etructures
with porous infill [5].

To generate a 3D non-uniform periodic latbiee mnfill pattern, Lu et al.
[6] employed a hollowing optimization algorithm by using the Voronod
partition of internal domain and ereating honeyecomb eells. The objee-
tive for opbmization in their work was maxmizing the
strength-to-weight ratio, and the dezign varables included the size and
material density of Voronol cells. Hoang et al. [7] developed a frame-
work based on adaptive grometric components to obtain 2D
stiffness-based optimized coated structures with nonpenodic infill po-
rogities. Two scte of bars were considered in the geometric compo-
nents—one for the macrostructure coating and another for the
micro-scale infill lathiese. Three density functions were used to design
the thickness of the coating and the density of the infill lattice. It was
shown that the coated structures with nonuniform ecating thickness and
nonuniform infill had lower complianes than the coated structures with
uniform coating and infill Purther, Wu et al. [2] presented a modified
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Flg. 1. Characterizing parameters for (a) cubic lattice and (b) octet-ouss lattice.

(a)

(b)
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Flg. 2. (a) Material indicator variable (¢); (b) coating thickmess (7); and (c) density distribution (s(g, 7).

SIMP approach with a p-mean aggregation of local volume fraction
constraints to obtain a 3D stiffneess optimized non-uniform infill pattern
They compared their results with the honeyeomb structure obtained
using the hollowing optimization algorithm [6], and showed that the
stiffnees of porous infill was 50% higher than the honeveomb structure.

Level set optimization has aleo been used to obtain coated structures.
Dapogny et al. [9] performed 2D stiffness-based shape optimization of
coated structures with mfill material. Four nfill types were considerad
in thiz study: izotropic infill material, anieotropic infill pattern, infill
with offeet pattern, and customized or optimized infill pattern. The
performance of various infill types was compared with SIMP. [t was
shown that for the cases with varying principal stress directions in
different regions, the designs with an anisotropic mnfill pattern lowered

Motivated by the work of Pantz and Trabele: [10], Groen, Wu, and
Sigmund [1 1] developed a homogenization-based stiffness optimization
for 2D coated structures with lattice infill Four sets of design variables
were used to represent the coating and base materials, the geometry of
microstructures, and the orentation of unit-cell. The homogenized infill
was projected using a square cell with a rectangular hole. The projection
using the mapping functions based on optimized orientation resulted in
variation of lathee spacing in the design domain. Thus, the authors
implemented an adaptive penodicity echeme to obtain a more regular
infill pattern. Geoffroy-Donders et al  [12] utbhzed 2D
homogemzation-based level set optimization to obtain the outer chape
and pericdic mnfill lathiee pattern In contrast to the classical level set
optimization, where shape denvative 1= only present on the boundary,
due to the changes in the shape and internal material of the coated
structures, the shape derivatives were present both on the boundary and
inside the shape. This could result in a discontinuous velocity field ob-
tained from shape derivatives. Thus, the velocity field was obtained
from the regulanization of shape dervatives.

While the stiffness-based optimization of coated structures with pe-
riodie latties infill has received considerable attention, their strength-
based optimization has not been previously studied. In the related
context of lathee structures without coating, the stress-constrained
optimization has been performed bazed on two methods—the effective
allowable stresses and amplifying the homogenized stress. Donders [132]
utilized an amplification factor to scale the homogenized stress of lathice
structures. Cheng, Bal, and To [1 4] implemented effective yield strength
mn Hill's model to perform topology optimization of lathee structures
with stress constraints. Yu et al. [15] mvestigated the stress constrained
topology optimization of shell-lathee structures using von Mises and
Teai-Hill yield eriteria for the shell and infill lathee, respectively.

The goal of our current work 1= to obtain the coating thickness and
lattiee mifill distribution for optimized strength /stiffnese. We previously
investigated the compliance-based lathees structure topology and
morphology optimization [16-12]. We also included the stress
constramnt uesing the modified Hill'z yield enterion in the optimization
framework [19]. An ocbservation from our previous study of lathiee
structures was that while we didn't consider the outer surface coating,
the outer surface comverged to a solid, especially for the case of
motivated us to study the strength-based optimization of coated strue-
tures with lattice mfill.

In our current study, the infill region of coated stroctures consiste of
microscopic periodic lattice. The effective propertics are obtained using
numerical homogenization. Two latbees, including octet-truss lathiee
and cubic lattice, are considered for the infill region. To establish the
coated structure, the matenal and coating indicators were obtammed
using double emoothing and projection of design wariables. Addition-
ally, three characteristic parameters were utilized to represent the lat-
tice geometry. Two sets of problems were investigated for numerical
examples: (a) keeping the characterishic parameters constant and opti-
mizing the design variable to obtain the optimized topology of coated



I Wang and A ¥. Tamijani

KA
4

15 -

(a)

Materinls Todey Commmications 35 (2022} 1045850

(b)

Fig. 3. (a) Dimension of the L-bracket with holes; (b) the design domain (blue) with the extended region (gray).

Table 1

P—mean[zilm'ei.udurr,mﬂm,mmmmﬂ'SMMMMﬂacﬁmmmemmlm:mﬁmmmmm optimizations.
Optimized design P-mean faihare index 5, Compliance Maximum Hill's stres Volume fraction
Strength-based optimization with varied 0056 0.032 0099 0.3
Strength-hased optimization with Gxed &y 0.105 0.039 0.200 0.3
Compliance-based optimization with varied &y 0219 0.028 0500 0.3
Compliance-based optimization with fixed &y 0329 0.034 0760 0.3

structures with umiform material distribution in the infill region, and (b)
considering the characteriztic parameters az design variables to obtain
non-uniform lattice. The optimized designs for these two cases were
compared. The strength-based optimization was developed based on the
Hill's yield eriterion, and the element fatlure mdices were aggregated to
a gingle function using the p-mean approach. The results of strength-
based optimizations were compared with those obtained for
compliance-based optimization, and the reduction in failure load using
the former was validated. The result of strength-based optimization of
coated structures was also compared with lathes structures without
coating and the advantages of uzsing solid cuter shell are discussed.

2. Theoretical background

The infill region of coated structures consists of microscopic periodic
cells. The topelogy optimization framework iz based on the homoge-
nized properties of microlattices. The process of parameterization of
various cell types and lattices and the caleulation of homogemized
propertics have been discussed in our prior research studies [17-19].
The characterizing parameters (b, hz, hz) were selected to establish the
lattice prometry (Fiz. I}T‘h:hmngtmzadxhﬁnmhmw{f[h Jhahs))
and macroscopic effective yield stresses {FT[h1,h2, h3z)) were obtained
using numerical homogenization. The infill density funetion @by, hy,
hz} can be calculated analytically for cubic lattice (Flhy, ha, hy) = (1 —
hyhy — hyhy — hahy + 2hyhahs)) or numerically for octet-truse lathiee

[12]. These properties are implementsd in the optimization frameworl.
The stiffness tensor (C¥) and vield stressez (6Y) for zolid coating are
obtained based on the material properties.

In order to establizh the coated structures, we followed the procedure
presented mn [1,11]. A material indicator variable (@) was introduced to
represent the base structure (see Fiz. 2(a)). The matenial indicator var-
iable was obtained from double smoothing and projection (DSP) of
design variable u. The filter radive (R} and projection parameters §,
and x, are similar for both steps in DSP. Then, the coating thickness (1) is
obtained from the smoothing and projection of @ with filter radius (B3,

R; < R;) and projection parameters f, and n, (see Fiz. 2(b)). It was
shown in [1] that BE; ean be related to the reference coating thickness
(Ler) by Ry == 258y

The Helmholtz-type filtering [2] and smoothed Heavizide projection
[2] are uhlized for the smoothing and projection operations. The ho-
mogeneous Neumann boundary conditions in Helmholtz-type filtering
equation cause izsues close to the boundary. A padding appreoach is
proposed to resolve the boundary effect [11,20,21]. In this approach,
the boundary of the design domain iz extended (do;) except at the
support and load regions. The stiffness tensor in the extended region is
multiplied by a parameter g to ensure the optimized design remains in
the onginal desizn domain [11]. In the current study, g = 0.1 has shown
to work the best for the test cases.

The stiffness tensor and density are defined based on the coating and
infill [11]:

C, 7,hy, by, ) = 10-°C" + g(T(hy, by, by} — 10-°C” )" + g(C" — Ty, by, b ) " )2 (1
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Flg. 4. Hill'z strezz dismribution of the y-cross-section for the cubic lattice (a) fixed microstructure density compliance-bazed optimization; (b) varied microstructure
denzity compliance-based optimization; (¢) fixed microstructure density strength-bazsed optimization; (d) varied microstructure density strength-based optimization.

Pl by b} = by by, b 4 (1 — Py by, ba ) (=)
where p; and p; are the penalty parameters related to the material in-
dicator and coating thickness. The element fallure index vector (y,) 1=
defined based on the Hill's yield eriterion.

7. = VO Ve

e () v () e ()

(@ - @))
(@) @) -@))
@@ -®)

For the coating region, the strees s = C¢ and the vield stress is 8

= 6" For the infill region, 6 = Ce (¢ is the macroscopic strain), and

the effective yield stress, @', is a function of characteristic parameters
(hy,ha,hs) [18]. The ¢ -relaxed approach [22] is adopted to address the
stress singulanties at low densities. The following strese interpolation

@ ® T
J'F"=Eii|—li=r]'+w-|r(1_€(1—|5=r}+-;v) fl—t}+7 )

where £ = 0.2 iz selected in this work. The relaxed fallure index 15 then

7o' =Nt (s}
The element failure indices are aggregated to a single function using
the p-mean funchion [23]:

(DL wrey

where L) 15 the volume of design domain, p is a tuning cocfficient, and

P = 10 iz selected for the test cases in this study.

Two optimization problems are considersed in thiz research: (1)
mimmizing the compliance (J=_rntr(u}ﬂ't[u}d'x} subjected to the
equilibrium equation and volume fraction constraint (g, and (2) mini-
mixingth:p—m.cmfaﬂmtfun:ﬁm“:rp}subj:cbndmih::quiﬁbﬁm
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(d)

Flg. 5. The coated structures with projected cobic lattice of compliance-bazed optimization with (a) fixed and (b) varied k), strength -bazed optimization with fixed

{a) fixed and (b) varied h;.

Table 2
P-mean failure index y,, compliance, maximum Hill's stress and volume fraction

P-mean .
. ; . Maximum Volume
Optimized design ﬁ.ilnn.- Compliance Hill's omess
index r,
Strength-bazed
optimization with 0.048 0.031 0,089 0.3
varied &y
Strength-based
optimization with 0.107 0.053 0210 0.3
fixed by
‘Compliance-bazed
optimization with 0.208 0.0Z7 0490 0.3
varied hy
‘Compliance-bazed
optimization with 0.355 0.043 0.530 0.3
fiwed iy

equation and volume fraction constraint. The optimization statement 1=
listed below:

minf{p, by, by, b, w)

‘[1 tT(uEt(r}d:::j; [ede

subjected to 1
§= (ﬁ)L Py, by, by )d2— V, < 0
design variables 0 < by and g = Ln=1,2.3 (7}

where Vg i the upper bound of the volume constraint, f iz tractions
on boundary [y, and v iz the virtual displacement field. An alternative

strength-based optimization problem could be formulated based on

m(%)‘[l g(p, by, by hy 40

subjected m{‘[l €' (w) Ce(r)dx = ‘Lfﬂﬁ}

g=y,—1=0

design varighles 0 <h, and g =< 1. n=1,23 (=)

Since the goal of the current study iz to compare the stiffness and
maximum Hill's stress for compliance and strength-based optimizations
using the same volume constraint, we focused on the optimization
statement (7). The sensitivity analyees for volume fraction constraint,
the compliance objective function, and the p-mean failure objective
function are required in the optimization process. The sensitivity of the
volume fraction 1s:

dg 1Y dp,
i~ (@) -

- (a) 3 ®

The adjoint method 1= uthzed to obtain the sensibvity of objective
functions. The compliance objective function i1z self-adjoint, thus

=~ [ g .
dl

o= L t"(u}%t(u} dq, (10)
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Flg. 6. Hill'z smress distribution of the y-cross-zection for the octet-truss lantice (a) fxed microstructure density compliance-bazed optimization; (b) varied micro-
structure density compliance-based optimization; () fixed micrrostructure density strength-bazed optimizadon; (d) varied microstructure density strength-baszed

optimization.
For the stress objective funchion, the Lagrangian iz constructed to
p-mean fallure objective function is:
L=y, + ‘/; e () Cev)dx — ‘/; Svdl’ (11
Then, the derivative of the Lagrangian with respect to g, is:
dl. 1 . 1 —
i~ () [ (Gen+ e VB
PR T T e
+‘/;-E (u}Ee(r}ﬂ,+‘/;e (o WCe(v)al +‘/;e () Cefv ol
—f_frvrtﬂ"
Ty
(12)

Imposing the equilibrium equation, amd collecting the terms
including o' results n adjoint equation:

1 1 . .
(ﬁ)‘/-ﬂr},“’{ﬂ}’_]q,;ﬂ‘r\ffa{u )2+ ‘/;Er[u JCe(v)d =0 (13)

After finding the adjoint variable v from the equation above, the
sensitivity of the p-mean failure objective function iz obtained:

YAl (VN[ e " () 4
e (ﬂ)j;f, Gy Gy da + [ @G e)in,
(14)
The sensitivity of the p-mean failure objective function with respect
to hne 1= obtained by following the same procedure:

= (ﬂ#) [ ) e (ﬂr\-'%a{r} s af%.,) @,
+ ‘L H[u}'%a{r}ﬂ‘ (1s)

The optimization problems are solved using the method of moving
azymptotes [24]. The analyziz and optimization frameworks are devel-
oped using the open-source PDE solver FreeFem+ + [25]. The dis-
placements and adjoint vanables are dizeretized using P -functions. All
other vanables, such as characteristic parameters, material indicator,
and coating thickness are diseretized using Py-functions.

3. Numerical examples

A 3D L-bracket with holes to apply loading and boundary conditions
1z used as a benchmarked problem. The dimension 1= chown in Fig. 3(a).
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(c)

(d)

Flg. 7. The coated structures with projected octet-truzs lattice of compliance-based optimization with (a) fixed and (b) varied h;, strength -based optimization with

fixed (a) fixed and (b) varied ;.

(a)

The bracket contains three holes, and they have a radius of 0.4. A
downward 0.15 pressure was applied on the surface of the bottom hole,
while two holes at the top were clamped. The volume fraction is set as 30
%. This domain was covered by an extended region (see Fiz. 2(b])). The
tetrahedral elements. The material around the holes with 0.8 radius
extension was fixed as solid during the optimization (see the black re-
glon in Fig. 3(b)).

The Young's modulus of the material used for the L-bracket iz 1288.3
and the Poisson ratio is 0.375. The yield strength ¥ iz 18.3, and the P-
mean parameter 1= p = 10,

Two setz of strength-based optimizations with fixed and wared

(b)

Filg. B. The projected designs without side coating for (a) cubic lattice with the perodicity of 1 and (b) the octet-truss lattice with the periodicicy of 0.5

microstructure density were performed for cubie and octet-truss lathces.
The compliance designe were alzo obtained to demonstrate the
improvement of Hill's strees distribution by performing the strength-
based optimization. The maximum number of iterations iz 1000. The
optimized designs were obtained by uzing the HB120rs v2 virtual ma-
chine of Microsoft Azure. It features 120 AMD EPYC 7002-series CPU
cores, 480 GB of RAM and 480 MB of L3 cache The strength-based
ieved by using the virtual machine in 48 h and 32 h, respectively.

For the cubic lattice, the first filtering radius R, 1= 1.25, the second
filtering radius R: iz 0.5 and the reference coating thickness () iz 0.2
The thicknese of the extended region is dpy = R;. The low and up limite
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(b)

Flg. 9. (a) Dimenzion of the L-bracket (mm) [14]; (b) the design domain (blue) with the extended region (gray).
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for the varied microstructure density are eet at [0.216, 0.896]. Thus, the
range of characteristic parameters (&;) iz [0.2, 0.7]. For the case with
fixed microstrueture density, h; = 0.5.

Table | shows the optimized P-mean failure mdex - complianee,
maximum Hill's stress, and volume fraction for the cubic lattice for the
strength and compliance-based optimizations. The Hill's stress distn-
bution of the ¥ cross-section for each optimization problem iz shown in
Fiz. 4. For both strength-based and compliance-based designs, the vanesd
density resulte in lower compliance and Hill's stress. As can be seen in
Fiz. 4, the stress concentration in the optimized compliance designe 1=
removed In the strength-based designe, and thus a lower maximum Hill's
stress 1z obtained. Fiz. 5 showe the projected cubic lathees for the
compliance-based amd strength-based designs with a periodicity
parameter of 0.5. The details of the projection steps are discussed in our
prior publication [12]. A post-processing procedure 1= required to ensure
the manufacturability of the projected lattice. The post-processing pro-
cedure iz performed in multiple stepe based on the minimum manufae-
turable feature size. First, a lathece 18 created bazed on manufacturable
thickness, and then regions are created from the complement of the
union between this lattiee and the projected shape. Then, the regions
with inseribed cirele diameters (a measurement of porosity) less than
manufacturable thickness are filled. The details of the post-processing
procedure are reported in our prior publication [17].

For the octet-truss latties, the range of k; for the varied microstrue-
ture density problem is set as [0.15,0.65]. For the fixed microstructure
density problem, b; iz set at 0.33 to achieve the same density as the cubie
lattice. From the previous study of Young's modulus effective surfaces
for various onientations [12], we know that the octet-truss lattiee

properties are closer to a sphere for intermediate densities than those of
the cubic lattice. Therefore, the first filtering R, for the octet-truss fixed
microstructure density iz slightly inereased (R;=1.5) to prevent the
design from converging mio a SIMP solid-void design. Table 2 shows the
optimized P-mean failure index y,, compliance, maximum Hill's stress
and volume fraction of the octet-truss lathee for both strength and
comphance-based designs. This table demonstrates the same trend that
wae seen in cubic lathice cases.

The Hill's stress distributions of the y crosz-section for each octet-
truss case are shown In Fiz. 6, and the corresponding projected lat-
tices with the periodicity of 0.8 are shown in Fiz. 7. Sinee the octet-truss
lattice provides weaker orthotropic properties compared to cubic lattice,
the strength-based optimized infill density distribution (Fig. 7(d)} 1=
more like a SIMP design. Due to the orthotropic propertics of cubic
lattice at intermediate density, it is sensitive to the cnentation. Since the
orientation is fived in this study, the failure index y, maximum Hill's
stress, and compliance are lower for the octet-truss lathiee. The fixed
microstructure density case of the octet-truss wields shightly higher
optimized results than the cubic lathice due to utilizing a larger filtering
parameter. One issue with the 3D solid ceating is the powder trapping
for the laser powder bed fuzion additive manufacturing (L-PBF-AM).
One approach to address this issue i1z to remove the extended region on
the two sides in the x-y plan (see Fig. 3). The octet-truss and cubic lattice
designs without the side coating are demonstrated in Fiz. 2. It should be
noted that the optimized design presented in Fiz. 2 has lower out-of-
plane bending stiffness compared to the ophimized designs iIn Fig. 5
and Fiz. 7. If out-of-plan stiffness 1= crtical to the system requirement,
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(b)

(f)

Fig. 11. (a) The density distribution; (b) the density distribution of the y-cross-zection; () the Hill's stress dismibution; (d) the Hill'z stress distributon of the y-cross-
zection on the original mesh; (e) the coated structure with lattice infill; (f) the projected lattice infill.

then holes can be inserted in the coating to remove the powder.

Another L-bracket was optimized with the cubic lathes to compare
the results with those reported by Cheng, Bai, and Te [14]. Cheng, Bai,
and Te minimized the volume fraction subject to failure index constraint
for lattice structures. In our current study, the objective funchion is the
P-mean failure index y;, subject to volume constraint for coated struc-
tures with lathice infill. Thue, in thie study, we Investigated how these
differences influence the optimized design and ite corresponding failure
index. The Young's modulus is given az 1745 MPa, Polsson ratio 1s 0.3
and the yield strength o' iz 65 MPa. The dimension of the baseline
design iz given in Fiz. O(a). Ithasa 15% 15mm* cross-section, and its
gide length is given az 45 mm. A 130 N downward load was distributed at
the top surface of the black region with an area of 2% 15 mm®. The top
surface iz clamped. During the optimization, the black region of Fig. 9(a)
iz fixed as solid with a volume of 2 % 15 1 mm®. Cheng, Bai, and To
[14] utlized a mesh with 16,875 sight-node hexahedron elements and
reported an optimized volume fraction of 0.56 and maximum Hill" stress
of 0.989.

An extended region covering the surrounding of the design domain 1=
considered in our study (zee Fiz. 9(b)). The thicknese of the extended
region 18 dpy = Ry. The first and second filtering parameters are R,
= 6.37 mm and R; = 4.25 mm, and the coating thickness iz 1.7 mm. The

range of hj 1= set as [0.1,0.6] due to the high volume fraction of 0.56. The
strength-based dezign i obtained in 800 iterations. The design domain
and extended region are discretized by 3.50 million tetrahedral ele-
ments. The conversence history of the P-mean failure index, maximum
Hill's stress, and volume fraction are illustrated mn Fig. 10. Az can be
seen, the P-mean fallure index y,  is reduced from 1.52 for the baseline
dezign to 0.19 for optimized design, while the maximum Hill's stress is
reduced from 3.86 to 0.3]1. The initial volume fraction iz given as 0.82
and the volume fraction constraint of 0.56 1= satizfied for the converged
design.

In Cheng, Bai, and To's study [14], the high density in the left region
iz only obeerved in the z-y vertical surfaces. In our current study, due to
using coating solid in the outer shell, the higher infill density 1= obtained
in both z-y and x-v planes (see Fiz. 11 (a)). The Hill's stress shows a
similar distribution trend as found by Cheng, Bai, and To [14] (eee
Fiz. 11 (e)). Howewer, due to the advantage of using extended region and
coated structure in the current study, the boundary curve 1s smoother at
the re-entrant commner, see Fiz. 11 (€], to avoid stress concentration (zee
Fiz. 11 (d}). The chape 15 not optimized mn [14] due to not allowing the
charactenization parameters to approach zero. In the current study, the
material indicator iz utilized, which allows the optimization of chape.
The maximum Hill's stress 12 0.31 which 15 significantly lower than the
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0.989 reported in [14]. This substantial improvement can be due to (a)
the advantage of using extended region and coated structure; (b) a finer
mesh utilized in the current study; (c) the difference of the objective and
constraints considered during the optimization; and (d) the optimized
shape from using the material indicator. Fig. 11 (f) shows the final
projected results of the strength-based optimization by using the peri-
odicity of 5 mm.

4. Conclusion

A homogenization-based topology optimization to design coated
structures with lattice infill is presented in this article. The strength-
based and compliance-based optimization for two lattices, i.e. cubic
lattice and octet-truss lattice, with fixed and varied microstructure
densities are presented. The strength-based optimization is developed
based on the Hill’s yield criterion and the element failure indices are
aggregated to a single function using the P-mean approach. Two case
studies based on the L-shape bracket are presented. It was shown that
preformatting strength-based optimization led to a smoother boundary
at the re-entrant corner, and as a result, achieved lower maximum Hill’s
stress. It was also demonstrated that in contrast to solely considering
characteristic parameters to design lattice structures, considering addi-
tional material and coating indicators during optimization resulted in
optimized shape as well as the infill microstructures material distribu-
tion. This resulted in additional improvement for the strength-based
optimized designs.

An issue that could be challenging for L-PBF-AM is the powder
trapping for the 3D coated structures. While this issue was addressed for
thin structures under 2D loading by removing the side coating, this so-
lution is not suitable for thick part with 3D loading conditions. A po-
tential solution could be considering the location and shape of the holes
to remove the powder as design variables in the optimization process. As
for performance requirements, only stiffness and strength were studied
in this article. Buckling and fracture are important considerations,
especially for lattice infill, that are subjects for future studies.
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