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Abstract

In this paper, a generalized formulation of defect-driven topology optimization (TO) for fatigue
design, named TopFat, is proposed, where the first principal stress, that causes the crack
propagation, is limited in accordance with the defect size distribution of the additive manufacturing
(AM) process. As the largest defect depends on the final volume of the component, which changes
according to the topology, an iterative procedure is adopted to avoid volume constraints in the
optimization problem. The procedure is applied to an actual aerospace bracket component and its
strength and limitations are discussed in comparison with the TO formulations presented in the
literature. Results show that considering the defect population significantly affects the final
topology, while leading to a feasible optimum. Further, even though the computational time
increases, an additional 15% of mass saving is achieved by adopting the proposed iterative
procedure with respect to a volume constraint-based formulation of TopFat.

Nomenclature

AM: Additive Manufacturing

TO: Topology Optimization

FE: Finite Element

C: Compliance of the component

p= {pl,pz, ...,pNe} : Relative density of the N, elements

V: Volume of the component

Vy: Initial volume of the component

Vopt: Optimal volume to obtain at the end of the TO

Seq: Equivalent stress computed through some proper criterion, e.g., the Von Mises Criterion.
Saam: Admissible stress, e.g. the yield limit of the material R, , or the ultimate strength R,
sy: First principal stress

Smax: Maximum allowable first principal stress

K: Stiffness matrix

u: Displacement vector

F: External force vector
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s;: Fatigue limit
HV: Vickers hardness
R: Stress ratio, i.e., the ratio between the minimum s,,;,, and the maximum s,,,,, stress in the load
cycle
C;: Constant coefficient depending on the defect location
a: Critical defect size
LEVD: Largest Extreme Value Distribution
\/Ec‘n: The largest critical defect expected in a volume V,, equalto V;, = n -V,
Vyer: Reference volume
I /g: Location parameter of the LEVD
0./ : Scale parameter of the LEVD distribution
F: Probability of the defect size of interest
Vgo: Volume above the 90% of the maximum applied stress
HIP: Hot isostatic pressure
E: Young’s modulus
v: Poisson ratio

1. Introduction

Thanks to the continuous improvements in additive manufacturing (AM), topology optimization
(TO) has become a feasible tool for the design of mechanical components in industrial applications.
Examples of topology-optimized and additively manufactured components are nowadays more and
more common in aerospace applications [1-3]. AM allows creating very complex and convoluted
shapes [4,5], as well as complex features such as lattice structures and metamaterial cells [6-8]. In
combination with TO algorithms, the best material distribution, i.e., the minimum mass for the
required mechanical performances, can be concretely achieved, leading to effectively improved
components [9-11]. However, it is well recognized that additively manufactured components are
characterized by a significant presence of defects which affect in turn their mechanical performance.
AM processes produce final parts affected by a non-negligible defect population, even if optimised
process parameters are set [12—-15]. According to [16], the AM defects can be generally classified
as: (i) pores and clusters of pores, (ii) lack of fusion, (iii) irregular surface or subsurface defects and
(iv) microstructural defects, i.e., microstructural discontinuities. These defects are almost always
present in AM final part, and, even if are characterized by different types and morphologies, they
all can be critical for the mechanical performance of the component [16]. The presence of such
defects affects both the static strength and the fatigue limit of the final component.

In particular, regarding the fatigue response, the experimental activity has shown that the fatigue
strength is inversely proportional to the size of the defect, which is the most influencing parameter
for the fatigue response, together with the location of the defect [12,17—-20]. On the contrary, the
differences in the morphology can be neglected since the shape of the defect usually rounds under
the first loading cycles [20].

In this framework, while a reduced strength can be considered in the design process for static
loading conditions, the design of AM parts through TO under fatigue loads is still addressed through
inefficient methodologies, as the stress limit mainly depends on the size and the location of the
defects.

In practical applications, the influence of the defects is generally considered after the component
has been manufactured [21,22]. Figure 1 shows a representative flowchart that is usually followed
for the design of AM components subjected to fatigue loads during their in-service life.
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Figure 1. Component design with topology optimization algorithm and defect assessment
with micro-CT inspection.

The topology optimization is carried out by minimizing the mass of the component while setting
the quasi-static material properties as the critical limits, e.g., the yield stress or the ultimate tensile
strength.

Thereafter the component is produced and finally a micro-CT analysis is carried out to assess the
defect population within the material volume. Given the defect population in terms of size,
morphology and location, the structural integrity of the component can be verified: for example,
given the largest defect or the location and the distribution of the defects within the component
volume, the limit stress can be computed, for example with the Murakami approach [23], and
compared with the stress assessed through Finite Element (FE) analysis. However, if the applied
stress at specific defect locations is larger than the limit stress, no further modifications are possible
and the component has to be redesigned and produced again, thus affecting the manufacturing
costs. This design approach allows to directly verify if the component can withstand the applied
fatigue loads and is, therefore, the safest, since not based on an assumed defect size distribution.
On the other hand, depending on the defect size distribution, the structural integrity of the
component can be verified only at the end of the design process.

Another approach that can be followed is shown in the flowchart in Figure 2.
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Figure 2. Component design with topology optimization algorithm and analysis of the
influence of defects after the topology optimization process.

This approach involves the design of the component through TO algorithms, followed by a FE
analysis on the optimized component. The dependency of the fatigue response on the defect size is
here accounted for the validation of the optimal topology. In particular, the defect size population
can be modeled through the extreme value distribution [24], which has been successfully applied
also to AM specimens [25]. Romano et al. [22] have recently compared the probability distribution
of defect size based on the u-CT data with that based on the optical microscopy data of AlSi10Mg
specimens manufactured through three different processes. Results have shown that both u-CT and
optical microscopy are able to predict the variation of defect size distribution between the three
processes. Tridello et al. [12] have used the Largest Extreme Value Distribution (LEVD) to investigate
the dependency of the VHCF response of AlSi10Mg specimens on the defect size.

The component structural integrity is thus verified by comparing the maximum first principal
stress within the optimized morphology with the allowable stress computed by considering the
defect size distribution. For example, according to the Murakami approach [20,23], once a proper
distribution for the defect size population is assumed and identified, the corresponding fatigue limit
can be calculated and adopted for the design verification. If the maximum stress is above the limit
value, the component must necessarily be redesigned with a second TO. In this case, the second
design can be carried out by reducing the limit stress in the TO, with a trial-and-error time-
consuming scheme. With this second approach, the influence of defects on the fatigue strength is
verified before the specimen is produced, but with a trial-and-error approach, the design process is
not efficient. A probabilistic approach can be also employed [26], providing important indications
on the reliability of the part, and further modifications can be made by the designer to limit the
stress in critical regions. However, these modifications depend on the designer’s choice. It must be
also noted that setting the free of defects fatigue limit as the allowable stress during the TO may
also be unsafe, since the defect-free fatigue limit represent an upper limit decreasing as the defect
size increases (according to the Kitagawa-Takahashi diagram).

In this paper, the design of topology-optimized parts subjected to both static and fatigue loads is
addressed. A generalized formulation of a recently proposed methodology, named TopFat, for the
design of AM parts through TO is proposed and applied to a real-world aerospace case. In particular,
the paper is organized as follows: in Section 2, the TopFat methodology is presented and its



implementation into the TO framework of the commercial software Hypermesh is described. In
Section 3, the methodology is shown on an aerospace bracket which connects the hatboxes to the
structural beams of the aircraft fuselage. The structural-mechanical problem is presented and
addressed with the TopFat scheme. In order to show the strength and the possible limitations of the
proposed methodology, the results of the TO are compared to those obtained with the approaches
presented in the literature and described above. In particular, the three optimizations are
performed in addition: in the first, the fatigue limit is not considered, i.e., the bracket is optimized
only with respect to the static conditions, as described in the flowchart of Figure 2; in the second, a
defect-free maximum allowable stress is considered for the fatigue limit; in the third, a TO with
volume constraint, as in the original formulation of the TopFat algorithm, is considered. Finally,
conclusions are given.

2. TopFat Methodology

In this Section, the methodology developed for generalizing the TopFat methodology is
described. In Section 2.1, the original formulation of the TopFat methodology is presented [27],
highlighting its strength and limitations. In Section 2.2 the general procedure developed for
implementing the TopFat methodology without volume constraints is reported in detail.

2.1 TopFat methodology with volume constraints

The so-called TopFat methodology has been originally proposed by the Authors in [27] to prevent
fatigue failures from manufacturing defects in components designed through TO algorithms.
Accordingly, this methodology is particularly appropriate for AM parts, that are generally designed
with TO algorithms and are prone to fatigue failures at stress smaller than that critical for
components produced with traditional processes, due to the presence of larger manufacturing
defects. Indeed, manufacturing defects are preferential sites for crack formation and propagation
up to the final failure. Therefore, a stress limit that models the influence of defects must be
considered when AM components are designed, in order to guarantee their structural integrity
during the in-service life.

The TopFat methodology permits overcoming the weaknesses of the two main approaches
described above, thus integrating the design against fatigue failures from defects within the TO
framework [28]. The optimization problem is formulated in order to constrain the first principal
stress, which is responsible for the crack propagation from defects [26]. In particular, the first
principal stress is limited by taking into account the defect size directly during the TO process. In its
original formulation, the TopFat optimization problem has been written as [28]:

mﬁin Cc(p) (1)
such that -1<0

Vopt
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governedby K(p)u=F

where C(p) is the global compliance of the component, p = {pl,pz, ...,pNe} the vector of the
design variables, i.e., the relative densities of the N, elements, V the actual volume of the
component, V. the final volume to obtain, s, the equivalent stress at each element of the FE
analysis computed through some proper criterion, s, 4., the admissible stress, e.g. the yield stress,
sp is the first principal stress of each element and s,,,,, is the maximum allowable principal stress,
I?(ﬁ) the stiffness matrix which depends on the relative densities p (e.g., as in SIMP approach), u
the displacement vector and F the external force vector. In topology optimization algorithms, the
lower limit of the densities p;r is usually set in the range [0.0001,0.001] in order to avoid
numerical instabilities.

According to [23], the fatigue limit, i.e., the threshold for crack propagation, is

C, - (HV + 120) (1 _ R)0.226+HV-10—4

S = .
(\/ a)

where HV is the Vickers hardness, R the stress ratio, defined as the ratio between the minimum

Smin and the maximum s,,,,, stress in the load cycle, C; is a constant coefficient depending on the

(2)

defect location and \/a_c is the critical defect size. To model the probabilistic increment of the defect
size with the loaded volume, the defect size is assumed as a random variable following the LEVD. By
exploiting the properties of the LEVD, the largest critical defect \/Ec’n expected in a volume V}, equal
to 1, = n-V,.r, being V.. the so-called reference volume, can be computed as follows:

Vg, = iz + 0.5+ (= In(= In(F)) + In(n)) 3)

being w5, 0z the location and the scale parameter of the LEVD distribution and F the
probability of the defect size of interest. u , 0,77 can be estimated with different techniques (e.g.,
through defect sampling on polished sections) and V;.r commonly represents the volume
considered for the estimation.

Therefore, the maximum principal stress s,,,,, Of Equation 1 can be calculated from Equations 2
and 3 as [28]:

Sz = ek (@

where for the computation of \/Hc’n the final volume V,,,,; is considered, i.e., Vj; = V.

It must be noted that the limit stress can be also the fatigue strength at a given number of cycles
to failure, computed with models available in the literature (e.g, [29-31]), which describe the high
cycle fatigue regime, the very high cycle fatigue regime and the transition between the two. In this
perspective, the methodology can be adopted for a wide range of life cycles. However, the P-S-N
curves and their dependency on the defect size and on the tested volume must be experimentally
assessed and this requires a quite larger number of time-consuming and expensive experimental
tests. Moreover, it is also worth noting that, with the TopFat methodology, the information on the
defect location and distribution is lost, whereas it is instead available with a micro-CT scan of the
final components. Therefore, the main assumption is that each element contains the largest defect
computed with Equation 3 and expected in the component volume. This represents a conservative



assumption, but allows to simplify the TO process. Moreover, no distinction between surface and
internal defects is made with this approach. According to [20], the C; coefficient is equal to 1.41 in
case of surface defects and to 1.56 in case of internal defects. For this reason, the C; coefficient is
set to 1.41, i.e. by conservatively considering all the defects within the loaded volume as surface
defects. The smaller accuracy in mapping the defect location, which is the main strength of the
approach based on micro-CT inspections, is compensated by the advantage of taking into
consideration the influence of defects directly in the TO process.

Finally, according to Equation 3, the volume V,, must be necessarily known to estimate the \/Ecln
value. If a volume constraint is set during the TO, V, is known and corresponds to the volume of the
optimized component. On the other hand, if no volume constraints are set, e.g., if the mass
minimization is set as the objective of the optimization, the volume V,, to be considered in Equation
3 is not known before the optimization process and the TopFat methodology cannot be applied. In
the following Section, the procedure developed to apply the TopFat methodology even if volume
constraints are not set is described.

2.2 General methodology for the TopFat methodology with no volume constraints

As highlighted in Section 2.1, the proper application of the TopFat methodology requires that the
volume of the component after the optimization (i.e., 1}, in Equation 3) is known, in order to
compute the limit stress for the first principal stress. This prevents the use of this methodology
when volume constraints are not set. In order to overcome this shortcoming, an iterative procedure
has been developed. The flowchart of the proposed methodology is shown in Figure 3. In the Figure,
Vo is the initial volume of the component, V;, the volume to consider in Equation 3 and V,,, is the
volume of the component after the topology optimization process.

Limit stress: yield stress)

Component design
with TO algorithms

Limit stress: fatigue limit
smax,0 with Vn = Vo

A
Computation of the
optimized volume Vopt

1
Limit stress: fatigue limit
smAX,i With Vn,i=Vopt

|SMAX-SMAX 1|
SMAX,i-1

|Component production|

Figure 3. Flow chart of the methodology developed for the implementation of the TopFat
methodology with no volume constraints.



According to Figure 3, the developed methodology involves repeated TOs, which are formulated
as:

mpin m(p) (5)
Seq
such that —-1<0
Sadm
s
L _1<0
Smax

where pipr < pe <1

governed by p = {pl,pz, ...,pNe}
K(pu=F

where the mass m is minimized and only the equivalent stress s,, and the maximum principal
stress s; of each element are constrained. The maximum allowable principal stress S, is
computed according to Equations 2, 3 and 4. As the volume of the component after the optimization
is not known, the volume of the initial component is at first assumed, i.e., V;, = V,, and the maximum
allowable principal stress s, ¢ accordingly calculated. Thereafter the topology optimization is run,
with the software providing in output a map of the element relative densities. According to [9], the
elements with relative density equal to 0 should be removed, since not necessary to withstand the
applied load. On the contrary, the elements with relative density equal to 1 should be kept since
fundamental to withstand the applied load. However, in order to assess the solution of the
optimization process, the relative density varies continuously between 0 and 1 (e.g., with the SIMP
method). This means that elements with intermediate densities are present in the final topology.
The designer must choose if the elements with intermediate densities are to be considered or are
to be excluded. In the developed procedure, the volume after the TO is computed as the volume of
the elements with relative density above a threshold of 0.4. This represents a reasonable choice in
practical applications, but the threshold level can be varied depending on the application. Further,
in the present study, at the end of the optimization process, once only the elements with a relative
density higher than 0.4 were kept, a FE analysis has been performed in order to verify the structural
safety of the final topology.

Moreover, only elements with a positive first principal stress have been considered for the
computation of the volume V,,,;. It is here assumed a loading condition with stress ratio equal to 0.
Once V,,; has been identified and following the scheme in Figure 3, an updated maximum first
principal stress $;,45; can be computed from Equations 2, 3 and 4 with V,,; = V,,,,;. If the difference
between the updated fatigue limit and that used in the TO is smaller than an ¢ value arbitrarily
chosen, the procedure is concluded and the topology of the component is found. Indeed, when the
convergence condition is met, the volume of the component in a subsequent TO would slightly
reduce, thus with limited variations of the fatigue limit and changes of the final topology. On the
contrary, if the convergence criterion is not satisfied, a second TO is run with the updated maximum
first principal stress s;,,4, ;. The procedure thus iteratively proceeds until the convergence criterion
is met.

The convergence criterion could be equivalently defined from the volumes obtained at the end
of an iteration and the preceding one. However, it must be noted that in this case the & value for
the convergence condition should be chosen depending on the material sensitivity to size-effect. If



the material shows a strong sensitivity to size-effect, the € value should be smaller than that for
materials for which the defect variation with the volume is limited. Rather, a convergence criterion
based on the maximum allowable first principal stress yet retains the material sensitivity to the size-
effect.

The proposed methodology can be applied when volume constraints are not set, thus when the
final volume of the components cannot be assumed before the optimization process. However, this
procedure can be employed also when volume constraints are set. For example, if the objective of
the topology optimization is the maximization of the stiffness with a volume constraint (e.g., the
30% of the total volume), the volume of the optimized component includes elements with both
positive and negative principal stresses. With the proposed general methodology, the real volume
subjected to tensile loads and therefore at risk of crack nucleation can be taken into account, rather
than the volume of the final component. Moreover, this procedure is also appropriate if the volume
that experiences a defined stress amplitude is considered in place of the volume of the optimized
component (e.g., the Vy, defined in [23], corresponding to the volume above the 90% of the
maximum applied stress). In this case, the volume V,,,; to be considered corresponds to the sum of
the elements with a relative density above the selected threshold, and with stress above the 90%
of the maximum applied stress.

3. Engineering example — Aerospace bracket component

In this Section, the proposed methodology is applied to design an actual aerospace bracket. In
[28], the TopFat procedure has been extended to Hypermesh commercial software, enabling its use
by industrial designers for real-world applications. In Section 3.1, the model is described, while in
Section 3.2 the structural-mechanical problems are presented. In particular, the TO design is
performed with four different formulations: in the first formulation, the TO is performed without
assuming a fatigue constraint, as shown in Figure 2; in the second formulation, a defect-free
maximum allowable stress is considered; in the third, a TO with volume constraint, as in the original
formulation of the TopFat algorithm (see Equation 1), is considered. Finally, the generalized TopFat
procedure without volume constraints is adopted. In Section 3.3, the results of the four TO designs
of the aerospace bracket are compared and discussed, highlighting the strength and limitations of
the proposed methodology.

3.1 Mechanical model

Figure 4a shows the bracket, originally designed by Leonardo Spa within the Research Project
AMICO for connecting the hatboxes in the cabin to the structural beams of an aircraft fuselage,
while Figure 4b shows the division in non-design domain (NDD) in red and design domain (DD) in
grey of the bracket for the TO process.
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Figure 4. Aerospace bracket: (a) original geometry and applied loads; (b) design and non-
design domain zones

The hatboxes are mounted on the bracket through two pins, one in correspondence of the Clevis
bushing and one in correspondence of the 9gLug bushing. The bracket is fixed to the fuselage
through 12 rivets, in correspondence of the fixed holes in Fig. 4a. As it can be noticed in Figure 4b,
both the bushings, Clevis and 9glLug, are set as NDD to ensure the connectivity with the pins. With
similar considerations, an offset circular non-domain zone is set around the fixed holes. The DD is
set equal to the remaining part of the bracket where the lightening features from the traditional
manufacturing are removed. In particular, the full thickness of the rib is included and handles around
the fixed holes are removed.

For the linear static FE analysis, the bracket has been discretized in 449444 first-order R-tetra
elements, with maximum element size equal to 1 mm. The connection between the NDD and the
DD is ensured using contact elements.

Regarding the boundary conditions, the rivets connections are simulated locking all the degrees
of freedom of the internal hole surfaces whereas the pins are substituted by rigid elements (RBE2
in Hypermesh) to transfer the single point loads presented in Figure 4a to the internal surfaces of
the bushings. In particular, the most severe conditions for the bracket are encountered during the
acceleration manoeuvres with the hatboxes fulfilled with passengers goods. Under these most
severe conditions, it is possible to evaluate the pin loads transferred to the bracket with respect to
the reference system called u-v-w reported in Fig. 4a. For the fatigue regime, the nominal load
conditions are calculated by dividing the maximum ones by a factor equal to 1.5. As the loads refer
to the acceleration phase, it seems reasonable to assume that the loading case is a case R = 0.
However, it is worth noticing that the proposed methodology is not limited to the case R=0 and that,
according to Equation 4, the lower R, the lower the maximum allowable principal stress s,,,4,- Table
1 reports the maximum and the nominal conditions which the brackets undergo during its life, as
calculated by Leonardo Spa from a full aircraft model analysis.

Worst Nominal
condition condition

EStevis [N] 10432 6955

Load




FuClevis [N] 12 8
Eftevis [N] 1121 747
E)9"YC [N -6861 -4574
FJ9"6 [N 21830 14553
F)9"U¢ [N 1372 915

Table 1. Applied loads in worst and nominal conditions

Hypermesh allows accounting for both the loading conditions by defining two different Load Step
identities. As the load amplitudes of the static and fatigue conditions are different, at each iteration
of the optimization process, two linear static analyses are performed, one with the maximum
loading conditions, i.e., those for the static verification, and one with the nominal loading
conditions, which are instead assumed for the fatigue regime.

No safety factor has been retained for both the static and fatigue loading conditions.
Nevertheless, the discussion on the proposed methodology is still valid, as the adoption of a safety
factor would equally decrease the maximum allowable first principal stress for all the retained
optimization formulations.

The original component was made of Aluminium T7075 and manufactured by milling a
semifinished product. The original weight of the component was 160 g. According to the
specifications of Leonardo Spa, the new bracket is to be manufactured by Electron Beam Melting
(EBM) additive process with Ti6Al4V powder by Arcam company. The material data of the EBM
Ti6Al4V are reported in Table 2 together with the data related to the defect distribution required by
Equation 3.

Parameter Value
EBM Ti6Al4V Young modulus E [ GPa] 119
EBM Ti6Al4V Poisson ratio v 0.3
EBM Ti6Al4V density p [g/mm3] 442-1073
EBM Ti6AI4V Yield limit Ryq,[ MPa] 866
EBM Ti6Al4V Ultimate strength R,,,[ MPa] 930
EBM Ti6Al4V Vickers hardness HV 350
Superficial defect location parameters C; 1.41
LEVD location parameter p /z [um] 60.78
LEVD scale location parameter a\/a[,um] 60.15
Reference volume Vy[mm3] 5000

Table 2. Material data and defect population parameters

The defect population data, i 7 and o, are representative and close to those extrapolated in
[32] where Arcam EBM Ti6Al4V samples have been tested. It can be assumed that the analysed
component will be produced with similar process parameters. Therefore, the retained LEVD
parameters, u; and gz, can be assumed to be fairly close to those characterizing the final
component. If very different process parameters or post-production treatments, such as the hot
isostatic pressure (HIP), were employed, a novel defect analysis would be necessary to estimate the
LEVD parameters as indicated by [23]. Generally speaking, the LEVD parameters can be determined



through a micro-CT of the specimens or through metallography analysis of the fracture surface
[12,22].

3.2 Structural-mechanical problem

According to the generalized TopFat procedure described in Section 2.2, the goal of the TO
process is to minimize the mass of the component while guaranteeing the structural safety against
both static and fatigue loads. The optimization problem is thus formulated as

while |Smax,i - Smax,i—ll <«
Smax,i—l

mﬁin m(p) (6)

S
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Sadm
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Smax,i—l

where Pinf < pe < 1

governed by p = {pl,pz, ...,pNe}
K(pu=F

where the equivalent stress s,, is calculated for each element according to the Von Mises
criterion, the maximum allowable stress 5,4, is set equal to the Yield limit of the material, i.e., 866
MPa, and maximum first principal stress s,,,, ;1 is evaluated according to the procedure described
in Section 2.2. At the beginning of the TO, the initial volume of the component V; is 74700 mm?3,
which corresponds to a maximum allowable first principal stress s,,,, o of 440 MPa. According to
the iterative procedure of Section 2.2, the s,,4,;—1 Vvalue is updated in accordance with the
optimized volume until the convergence criterion is met. Here, the £ value has been set equal to
1%, i.e., the iterative procedure stops when the discrepancy between the maximum allowable
stresses calculated in two consecutive iterations is smaller than 1%.

In order to investigate strength and limitations, results of the proposed methodology are
compared to those obtained with TO formulations proposed in the literature. In particular, following
the scheme of Figure 2, a first TO is performed without imposing a fatigue constraint. The
formulation of this TO problem can be written as

mﬁin m(p) (7)

S
such that 4 _1<0

Sadm
Pinf < Pe =1
where p = {pl,pz, ...,pNe}
governedby K(p)u=F

where the maximum allowable stress s, 4., is set equal to the yield limit of the material reported
in Table 2. Accordingly, only the static loading conditions are considered in Hypermesh.

The second formulation accounts for a fatigue strength that is independent from the defect size.
The TO formulation is the same reported in Equation 6, where the mass is minimized, and the



constraints are imposed for both the static and fatigue conditions. In particular, the maximum first
principal stress S,,4x is assumed as 1.6 - HV, that is 560 MPa and is the ideal fatigue strength
according to [23].

Finally, the bracket is optimized by minimizing its compliance and assuming a volume reduction
constraint also used to calculate the maximum allowable first principal stress. In particular, the
optimization problem is formulated as

mﬁin c(p) (8)
such that -1<0

Vopt
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where p = {pl,pz, ...,pNe}
governedby K(p)u =F

where the final volume V,,,; is set equal to 50000 mm?3, which corresponds to a reduction of one
third with respect to the initial volume V;, and to a maximum allowable first principal stress s, 4, of
450 MPa.

In all the described optimizations, a symmetry constraint has been adopted, which guarantees
the symmetry of the component with respect to the middle plane defined by the directions u-w of
Figure 4.

3.3 Results

The TOs are performed within the Hypermesh environment, which adopts an algorithm based on
the dual method [33]. In all the cases, the TO process reaches a feasible solution with respect to the
imposed constraints. Table 3 summarizes the obtained results for each formulation.

Number
Mass
. S 1,max of S eq,max
F lati reduction I t Iterati
ormulation m [g] 160 — m (Smax) e€lements (Saam) erations
- [MPa] fors; > [MPa]
160 400 MPa
TopFat 0 489.7 780.6
erative 133.4 16.6% (490) 136 (866) 75+62+94
TopFat with
Volume 157.0 1.9% 1(1;1130? 16 ?85655 74
Constraint
Free-defect
559.9 857.8
1 0,
fatigue _ 123.7 22.7% (492) 337 (866) 101
constraint
No fatigue 119.3 25 4% 1499.6 5273 865.2 89

constraint (494) (866)




Table 3. Results of the TO with the retained formulations

As shown in Table 3, with all the formulations, consistent mass saving can be achieved with
respect to the original component made in Aluminium. The TopFat procedure is able to achieve the
real optimum of the structure which guarantees the structural safety of the component with respect
to both the static and fatigue loading conditions, as can be appreciated by comparing the maximum
stress calculated in the component and the corresponding limit value reported in brackets. In
particular, the limit value s,,,, has been calculated by considering the defect population data in
Table 2 and the resulting volume. Regarding the optimization with only the yield stress constraint,
in accordance with the flowchart of Figure 2, a FE analysis of the obtained topology has been
performed with the nominal loading conditions. The first principal stress is almost equal to 1000
MPa in the most loaded elements which is far beyond the limit of fatigue for the resulting volume
(10345 mm3), that is 494 MPa, and also beyond the fatigue limit in case of a defect-free material,
that is 560 MPa. In the case of the defect-free constraint optimization, the limit of fatigue for the
resulting volume (11727 mm?3) is equal to 492 MPa, which is consistently lower than the maximum
first principal stress experienced by the component (559 MPa). Therefore, from a structural point
of view, these solutions are not feasible.

Further, the use of a volume constraint limits the achievable reduction of mass. Instead, in the
proposed approach, the topology is iteratively refined, thus maximizing the mass reduction. In
particular, in the present case, three iterations were necessary to satisfy the convergence criterion
of Equation 6, with the maximum allowable first principal stress being equal to 490 MPa in the last
iteration. The number of iterations depends on the material sensitivity to the defect size. In the
present study, at the end of the first iteration, the final volume was 13865 mm? and the updated
fatigue limit was 483 MPa. At the end of the second iteration the final volume was 11797 mm?3,
which led to a fatigue limit of 490 MPa. As the convergence criterion was not yet satisfied, a third
iteration was necessary. This led to a final volume of 11568 mm?3, for which the fatigue limit was
490.4 MPa. Being the difference between this fatigue limit and the one of the previous iteration
smaller than 1% (0.08%), the convergence criterion is met. It can be indeed expected that a further
optimization with the updated value of 490.4 MPa would have led to almost the same topology.

Regarding the computational time, all the formulations achieved the optimal results in about 100
iterations, taking almost 200s per iteration on a Desktop Server Machine with Intel Xeon E5-2640
and 64 GB of RAM. Due to the iterative procedure, the proposed methodology thus requires a higher
computational effort, almost tripling the time with respect to the volume-constraint approach.
Instead, when the fatigue constraint is not imposed or is assumed independent from the defect size,
the structural safety is not guaranteed and a time-consuming trial-and-error approach might be
necessary to achieve a feasible solution. As such, the effective computational effort of a fatigue-
unconstrained TO or of a defect size independent formulation can be consistently high. The
computational time of the proposed methodology could be consistently reduced by imposing that
the maximum first principal stress varies at each iteration of the optimization process in accordance
with the actual volume. In this case, the optimal topology would be found through one single
optimization process, i.e., without the iterative procedure described in Section 2.2. However, the
use of variable constraints within an optimization problem can be self-defeating [34].

Regarding the mass of the component, it can be noticed that the mass reduction obtained with
the defect-free fatigue constraint is only 6% higher than that obtained with the proposed iterative
methodology. However, with the proposed formulation, the feasibility of the optimal results is yet



guaranteed and does not require further verifications on the largest defect location. The major mass
reduction of the defect-free constraint formulation is mainly due to the final topologies which are
reported in Figure 5, with the first principal stress contour plots as resulting from a FE reanalysis.
The contour plots are limited between 0 and 400 MPa in accordance with Table 3.




Figure 5. First principal stress contour plots of the optimal topologies according to the
different formulations: (a) TopFat without volume constraints; (b) TopFat with volume
constraints; (c) defect-free fatigue constraint; (d) no fatigue constraint

As shown in the Figure, the topologies are rather different from the others. In particular, when
the fatigue constraint is not imposed or when the defect-free fatigue limit is assumed, the two
bushings are separated, which explains the higher mass obtained with the TopFat procedure. With
the TopFat methodology a mono-component is obtained, since the connecting tiny bars allow
unloading the regions in correspondence of the bottom rivets of the upper part (Cf. Figure 5a and
Figure 5c). Further, if the bracket has to be a mono-component, for example for mounting
requirements, a further constraint must be retained in the topology optimization. For example, a
non-design domain region can be locally defined. Accordingly, the discrepancy with respect to the
mass obtained with the TopFat procedure would be smaller.

It is also worth highlighting that the proposed methodology assumes that the largest defect is
equivalently present in each element of the FE model. This represents a conservative assumption,
which allows simplifying the topology optimization process. Accordingly, the information on the
defect location and distribution is lost, which is instead known with a micro-CT of the final
component. In this regard, it is expected that further minimization of the component mass can be
achieved. However, it is worth noticing that, for the studied component, the number of elements
that experiences a first principal stress above 400 MPa (red elements in Figure 5) is rather limited,
as shown in Figure 5 and reported in Table 3. As a consequence, the assumption for which the largest
defect is present in correspondence of these highly stressed elements does not significantly affect
the achievable mass reduction. On the contrary, the number of elements with a first principal stress
above 400 MPa is consistently higher in the topologies obtained with the fatigue-unconstrained
formulation and with the defect-free constraint formulation. As such, further doubts arise on the
structural feasibility of these topologies.

4. Conclusions

In the present paper, a generalized formulation of the defect-driven topology optimization (TO)
methodology for fatigue design, named TopFat, is presented. The methodology allows guaranteeing
the structural safety against both static and fatigue loading conditions of additively manufactured
(AM) components, while minimizing the mass. Defects resulting from AM processes, which are
prone to nucleate cracks and affect the static and fatigue strength, are accounted for within the
optimization formulation. In particular, the defect size distribution, modelled as a Largest Extreme
Value Distribution (LEVD), is considered within the optimization problem, by imposing a constraint
on the first principal stress, that causes the crack propagation. The methodology assumes that the
largest defect is equivalently present in each element of the Finite Element (FE) model. This
represents a conservative assumption, which allows simplifying the TO process, while the
information on the defect location is lost. As the largest defect of the LEVD depends on the final
volume of the component, which changes according to the topology, an iterative procedure is here
proposed where the optimization problem is formulated without imposing volume constraints. The
procedure is implemented in Hypermesh commercial software.

The application to an actual aerospace bracket component, originally designed by Leonardo Spa
for the Research Project AMICO, has shown that considering the defect population induced by the
Electron Beam Melting (EBM) additive process consistently affects the final topology and leads to a



feasible optimum. In comparison with other formulations, such as the fatigue-unconstrained
optimization, the proposed methodology guarantees the structural safety of the component with
respect to both the static and fatigue conditions. Further, even though the methodology
conservatively assumes that the largest defect is equivalently present in each element, the mass
reduction is very close to that achieved with a formulation with defect-free fatigue constraint.
Therefore, the influence of the conservative assumption on the mass reduction is not significant for
the considered component. Finally, results show that, with respect to a volume constraint
formulation of TopFat, an additional 15% of mass saving can be achieved by adopting the proposed
iterative procedure, in exchange for a tripled computational time. In this regard, it is worth noticing
that, following the standard fatigue-unconstrained approaches, the computational effort required
to obtain a feasible solution can be consistently high, as a time-consuming trial-and-error approach
might be necessary.

In order to achieve further mass reduction, future work will address the conservative assumption
that the largest defect is equivalently present in each element. For instance, as the fatigue strength
has different values according to the location of the defect (mainly internal and external), the design
domain can be divided in two parts, one retaining the external elements and one retaining the
internal elements, while adopting different fatigue limits for the two.

Overall, the presented procedure can be employed for almost all industrial AM re-designs. It
exploits the power and accessibility of commercial software to set up the optimisation, FE
discretisation and analysis whereas no coding is needed to formulate the defect-driven TO for
fatigue design.
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