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Abstract: The reliability and performance qualification of additively manufactured metal parts is
critical for their successful and safe use in engineering applications. In current powder-bed fusion type
metal additive manufacturing processes, local thermal accumulations affect material microstructure
features, overall part quality and integrity, as well as bulk mechanical behavior. To address such
challenges, the investigation presented in this manuscript describes a novel digital design approach
combining topology optimization, process simulations, and lattice size optimization to address
local thermal effects caused during manufacturing. Specifically, lattices are introduced in regions
of topology optimized geometries where local thermal accumulations are predicted using the
process simulations with the overall goal to mitigate high thermal gradients. The results presented
demonstrate that the proposed digital design approach reduces local thermal accumulations while
achieving target mechanical performance metrics. A discussion on how post-manufacturing heat
treatment effects could be also considered, as well as comments on the computational implementation
of the proposed approach are provided.
Keywords: digital design; metal additive manufacturing; optimization; process simulation; thermal effects

1. Introduction
Metal additive manufacturing (AM) holds a great promise for engineering applications, e.g., in the
aerospace and biomedical industries. The ability of metal AM to produce complex material structures [1,2]
helps address issues of part consolidation and weight reduction, for example in the aerospace
industry [3,4]. In doing so, AM can positively disrupt current supply chain and sustainability models [5],
while also achieving improvements of mechanical performance. For the biomedical industry, AM further
allows for patient specific design of implants, incorporation of porosity to mitigate stress shielding [6]
and surface modification for better implant-tissue integration [7]. In the context of AM, 3D-architected
cellular materials such as lattices have become viable options for manufacturing. This new class of
manufactured materials enable control of material properties at several length scales, while achieving
target macroscale properties such as specific strength and stiffness that are not achievable with existing
metals, alloys, or composites. [8,9]. Lattices have also been found to have superior thermal and impact
dissipation properties compared to corresponding solid geometries, thus making them a great choice
for multifunctional applications [10,11].
There are several different techniques of producing metal parts using AM processes with the most
well-known being powder bed fusion (PBF) and direct energy deposition (DED) [12,13]. PBF methods
are the most widely adopted because of their capability to achieve tolerances in the micrometer
range and to produce complex geometries in near net shape [14]. The PBF methods are, however,
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limited by the range of materials that can be used for a single print, since the part and the supporting
structure around it are built from the same material. In comparison, DED parts are capable of
multi-metal fabrication using multiple nozzles delivering different metals that achieve an in-situ
alloyed material [15]. The part tolerances achieved with DED, however, are coarser and therefore this
method is preferred when fabricating bulk parts with relatively simple geometries. PBF methods,
however, have shown to produce metals with higher yield strength values compared to DED [16].
All these factors make PBF methods a preferred AM approach to creating functional parts with sizes
below 200 mm width or breadth and height below 300 mm.
The advantage of AM is best realized when coupled with design optimization techniques such as
topology optimization (TO) and shape optimization (SO) that allow for highly optimized geometries
for a given set of performance objectives, constraints, and boundary conditions. Currently significant
progress has been made to compute TO outcomes that are manufacturing-ready. Algorithms have
been developed to create self-supporting topology optimization outputs [17,18] or optimize the build
orientation [19], as removing support structures from intricate geometries is cumbersome and can
cause the final part to deviate from the optimal design. In this context, hybrid manufacturing schemes
have been developed to account for such post-processing requirements for selective laser melting (SLM)
printing [20,21]. In addition, lattice design has also been incorporated into topology optimization
schemes to reduce weight of bulky metallic parts while maintaining, e.g. their specific stiffness [22].
However, there are many instances reported where the printed part is considerably different than the
optimal solution as given by topology optimization. This is in part due to the thermal stresses that
build up during manufacturing and cause distortions of the produced part. In other cases, uncertainties
related to the feedstock material quality lead to unexpected print outcomes. In fact, AM lattices are
prone to contain defects such as dimensional inaccuracies and strut waviness [23]. Due to these reasons,
topology optimization that also addresses manufacturing uncertainties has been an area of active
research [24,25]. A detailed review of the optimization techniques for AM has been carried out by
Liu et al. [26].
In spite of the promise that metal AM methods hold, they also have some significant shortcomings
due to the high thermal gradients caused by the use of high energy sources during fabrication,
which result in distortions caused by accumulated residual stresses and nonhomogeneous material
characteristics (e.g., porosity, texture, grain size) created by local material evaporation [27,28].
These issues affect the overall performance of AM parts and create challenges in the process to
meet the appropriate product qualification criteria. Specifically, for PBF methods such as selective
laser melting (SLM), local thermal accumulations, also referred to as thermal hotspots, constitute an
important manufacturing concern. Such thermal hotspots affect the local material properties leading to
uncontrolled, spatially-gradient properties throughout the final part geometry [29]. Material regions
with such local heat accumulations further experience grain nucleation and growth for longer periods,
leading to different crystalline properties than the surrounding regions [30,31]. This also leads to residual
stresses that lead to part distortions and manufacturing-induced failure sites at the structural scale.
For a complex part the effect of local thermal accumulation may be more pronounced in the form of
distortion of fins and ribs connected to a solid body [32], deflection normal to height [33] that can
interfere with the powder recoater movement and in some cases, the part may crack or break on
removing the part from the build plate itself [34].
Thermal hotspots follow sites of heat accumulation which result in local temperatures exceeding
the evaporation temperature of the feedstock material. The most straightforward approach to
address such thermal accumulations would be to reduce the heat input induced by the laser power.
This approach, however, causes the detrimental effect of localized regions experiencing incomplete
powder fusion and result in lack of fusion pores [35]. Such a scenario occurs when the temperature in
a given additively manufactured region is below the solidus temperature of the alloy. Currently lack
of fusion pores are reduced by hot isostatic pressing (HIP), however Zhang et al. [36] reported
that this approach deforms the lack of fusion pores which form slit-shaped crevices in the order of
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hundreds of nanometers, and thus effectively become incubation sites for damage. An alternative
approach would be to use the support structures as a heat conduit, to direct part of the heat from
the part to the base plate [37]. However, this method is limited by the accessibility of the thermal
hotspot region with respect to the base plate. Another approach would be to include local thermal
accumulations as a constraint in the computational optimization design stage and execute a coupled
thermomechanical topology optimization as described by Ranjan et al. [38]. However, this method
has only been implemented for 2D scenarios and, therefore, scaling it up to complex 3D domains
will be computationally expensive. In this context, lattices have been shown to dissipate heat to the
surrounding environment by convection [39]. As a result, some optimization methods have been
developed to incorporate lattices in design optimization to produce multifunctional structures to
optimize heat dissipation while providing increased specific stiffness [40,41]. These methods, however,
leverage the multifunctionality offered by the lattice design only after the print process has been
completed and therefore limit their positive effects.
The objective of the investigation reported in this manuscript is to address local thermal
accumulations observed in metal AM by selectively introducing architected material regions and
specifically lattices exactly in areas predicted by thermomechanical process simulations to experience
such thermal effects. This approach is executed by using a combination of available design tools to
enable its practical use in metal AM. Hence, we propose a digital design methodology that combines
topology and lattice optimization approaches to produce material volumes that have a priori better
chances to not suffer from local thermal effects in metal AM. Finally, the investigation discusses the
manufacturing feasibility of such AM parts with optimized geometries and discusses computational,
analysis and fabrication challenges to achieve this goal.
2. Design Approach Overview
2.1. Digital Design Approach for Metal AM That Addresses Thermal Effects
To reduce thermal hotspots in metal AM parts produced using the SLM method, an iterative design
approach is proposed which is illustrated in Figure 1. A given initial geometry choice (step 1) is first
optimized by a density-based topology optimization process (step 2). To identify any potential issues
during the metal printing process, process simulations are run, while considering specific manufacturing
parameters and constraints (step 3). The geometry is then analyzed using manufacturing simulations for
local thermal accumulations that would occur during printing (step 4). If there are no thermal hotspots,
then this design phase is finalized (step 5). In the presence of thermal effects, lattices are introduced in
the computationally identified corresponding regions (step 6). These lattices are then further optimized
to meet the particular structural objective and constraints of the initial design (step 7). Thereafter,
the optimized lattice structure is subjected to further process simulations with the same thermal
boundary conditions to check whether the identified thermal accumulations could be successfully
alleviated due to the introduction of the lattices (back to step 3). If there are any additional regions of
high local thermal accumulation after the introduction of the lattices, the procedure is repeated until no
thermal accumulations above a user-specified limit are observed in the process simulations.
Additional details on the simulations involved in this novel design approach are provided next.
The topology optimization simulations were run on an in-house supercomputing cluster using 8 cores
and 32 GB of RAM. The process simulations and the lattice size optimizations were run locally on an
8-core 3 GHz CPU with 40 GB of RAM and supported by 6GB of GPU.
2.2. Design Optimization and Analysis Steps
To compare the output of the proposed design approach with benchmark solutions available in the
literature, a cantilever beam with a point load was chosen as illustrated in Figure 2. The cantilever dimensions
of 0.3 × 0.15 × 0.015 m (Figure 2) were determined based on the maximum length that can be accommodated
in the build volume of the PBF printer considered in this investigation (details provided next).
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Figure 1. Proposed digital design approach for metal additive manufacturing to address thermal
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TFor the current study, a 3D density-based topology optimization formulation, native to the TOSCA
module, was used. This gradient-based formulation uses analytic sensitivity approaches similar to most
TO methods for computing the derivatives of the objective and constraints. A mesh independent filter
is used for filtering the output [44]. For the current study, the objective for the topology optimization
problem was to minimize the compliance of the domain. A constraint was applied to limit the volume
to 50% of the original. The optimized output was then thresholded to retain only those elements that
had a volume fraction of 70% or more. This process was included to reduce any partial density elements
and increase the overall solidity of the structure. The thresholding process can lead to jagged surfaces
which were smoothed out in this investigation by simplifying the optimized domain. To accomplish
this goal, the thresholded domain was exported from Tosca in a compatible mesh format and the
optimized domain was recreated using splines in a CAD environment.
2.3. Process Simulation Step
The simplified optimized geometry produced as described in Section 2.1 was saved as a
stereolithography (*.stl) file and was imported into the Netfabb Local Simulation utility, which is a
commercial FEA solver (Autodesk) capable to simulate the metal AM process using a multiscale approach.
Netfabb allows for a range of commercial PBF machines as a user input. This allows for the direct
import of the printer build volume to set up the part, determine the print orientation based on the
amount of material and print time required, as well as to specify the powder and print parameters such
as laser power, laser speed, and hatching size. The metal printer considered for the simulation is EOS
M290 that has a build volume of 250 × 250 × 325 mm. A native support structure script was used to
generate the support for the part based on the minimum overhang angle preset for EOS M290. Based on
the support structure type as well as powder and print process parameters, a microscale sequential
thermomechanical simulation was run to generate a high-fidelity simulation of the AM process on a
representative volume element (RVE) of 5 mm by 1 mm. A line scanning approach was adopted for the
laser with a 67◦ interlayer rotation angle as this angle has shown to have the most uniform directional
stress and minimum deformation [45]. The output of the microscale simulation includes thermal
and mechanical histories of the displacement, strain and stress experienced by the RVE. This output
is used to set the boundary conditions for the macroscale simulation of the optimized geometry.
The formulation of the multiscale model is discussed in Dunbar et al. [46] and Denlinger et al. [47]
and the references within it. The solutions provided by the Netfabb code have been experimentally
validated in Dunbar et al. [46] and Gouge et al. [33].
A typical Ti-6Al-4V powder for SLM is composed of 89–90% of Ti, 6% of Al and 4% V by weight.
The remaining weight is made up of trace amounts of Fe and gases such as C, O, N and H. The solidus
temperature of Ti-6Al-4V alloy is approximately 1615 ◦ C [48]. Powder particles not attaining this
temperature do not melt and consequently form lack of fusion pores and defects. Hence this temperature
is used as the reference for lack of fusion zones. Among all the major metals in Ti-6Al-4V, aluminum
has the lowest temperature of evaporation of 2740 ◦ C [49] followed by titanium and vanadium with
boiling point at 3280 and 3400 ◦ C, respectively [50,51]. The laser melting process for Ti-6Al-4V attains
temperatures of above 3700 ◦ C (>4000 K) with a cooling rate of 40 ◦ C/µs and using process parameters
of 170 W pulsed power output and 65 µm of hatch spacing [52]. Sustained localized temperatures
above 2740 ◦ C can lead to vaporization loss of aluminum being greater than the vaporization loss
of titanium or vanadium, drastically affecting the material composition [50]. Thus, the evaporation
temperature of aluminum is used for identifying the local thermal accumulation zones.
2.4. Lattice Introduction Step
To introduce lattices within the design domain, thermal accumulation regions were first identified
using the hotspot results from the process simulation described in Section 2.2. Support structures are
known to direct thermal energy from the print to the powder bed, which acts as a heat sink. However,
as the purpose of this investigation is to demonstrate the effectiveness of lattice structures to reduce
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3. Results
3.1. Topology Optimization
The topology optimization output for the setup described above is shown in Figure 4. The output
includes a topology comparable to the results obtained in the benchmark problem by Najafi et al. [43].
The design evolution from iterations 0 to 38 is shown in Figure 4a. The objective and design constraints
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3.2. Process Simulations
For the AM printer considered in this investigation the laser parameters used are listed in Table 1.
A Ti-6Al-4V powder consisting of 40 microns sized particles was considered to expedite the print
process while ensuring a homogeneous print. The CAD geometry shown in Figure 5a was imported to
the process simulation environment, in which a layer-based FEA was run to reduce the computational
expense while running thermomechanical simulations. For such process simulations, a voxelated
mesh was generated. The voxelated mesh does not capture the edges of the geometry and instead
generates a cubical element which encompasses the edge itself. To achieve high accuracy using
this discretization, a finer mesh is required which approximately captures the important features
of the geometry. A layer-based approach is adopted for the meshing where each element contains
20 layers. Dynamic mesh adaptivity is also employed to reduce the computational expense.
Table 1. Process simulation parameters.
Parameters

Value

SLM Printer model
Laser Power (Watts)
Heat source absorption efficiency (%)
Laser beam diameter (mm)
Travel speed (mm/s)
Layer thickness (mm)
Hatch spacing (mm)
Interlayer rotation angle

EOS M 290
250
40
0.15
1000
0.04
0.15
67◦

The process simulations yield the temperature history, residual stress, distortion and local thermal
accumulation (thermal hotspots) and lack of fusion regions of the part. The regions of local thermal
accumulations are identified in the process simulations by using iso-contours of the hotspot volume
percentage. These contour are plotted as a percentage of the total volume of the finite element model that
is experiencing temperatures over 2740 ◦ C. From the thermal hotspot contour plot, shown in Figure 6,
it can be seen that the maximum thermal accumulation occurs near the thin members that formed
near the fixed ends of the cantilever. This is expected as thermal accumulation tends to occur near
geometries with overhanging sections and sharp contours. Some heat accumulation is also observed
near the loading end of the cantilever, again due to the presence of overhanging sections. It can also be
observed that the thermal profile is relatively smooth near the regions with structural supports as they
tend to channelDesigns
the 2020,
heat4, xeither
to the baseplate.
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The volume of the region was 44,141 mm3 and the mass being replaced was 0.19 kg which gave an
effective density of the lattice region to be around 0.0041 g/mm3 . The angle of the struts is critical for
accurate and supportless manufacturing. Lattice-types considered for this purpose are the ‘X’, ‘W’ and
‘star’ (Table 2) as these lattice unit cells within the Netfabb suite can be modified to be manufactured
without any supports.
Table 2. Lattice optimization parameters with respect to the unit cell used.
Lattice Parameters

Value

Unit cell
Unit cell dimension (mm)
Min. beam radius (mm)
Max. beam radius (mm)

X/W/Star
15 × 10 × 10
1
4

3.4. Lattice Optimization
After the introduction of the lattice, the domain was set up for a lattice optimization investigation.
The objective of this optimization process is to minimize the domain volume. The maximum von Mises
stress in the lattice struts and skin membranes were constrained to 583 MPa, providing in this way a

Max. beam radius (mm)

4
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A comparison was additionally made of the different build parameters for the optimized domain
and the lattice introduced domains. The lattice domains in general required lower material due to the
reduced volume of the domain as well as the reduced print time, as seen in Table 3. The introduction
of lattices achieved an additional 10% reduction in the volume and decreasing the print time by 8%.
This change in the print time may vary depending on the type of lattice chosen and the dimensions of
the lattices. However, even a marginal increase in print time may be offset by the increased reliability
in the final print.
Table 3. Build parameters comparison for different lattice structures.
Parameters
Part Volume (cm3 )
Support Volume
(cm3 )
Build time
(hhh:mm:ss)

Topology
Optimized Beam

TO Beam with X
Lattice

TO Beam with
W Lattice

TO Beam with
Star Lattice

307.75

267.73

272.21

269.85

8.16

8.95

8.94

8.96

84:21:59

76:30:55

77:24:51

77:47:56

4. Discussion
4.1. Topology Optimization and CAD Generation
The topology optimization solution showed a smooth convergence to the minimum for the objective
function. The converged solutions for the topology optimization problem were found to be similar to
the benchmark problem solutions available in the literature for different initial density values tested for
this geometry. The initial volume of the geometry is 6.75 × 105 mm3 according to the given dimensions.
The optimization reduces the volume to 49.9% of the original, resulting to a volume of 3.37 × 105 mm3 .
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Thresholding of the optimized geometry further reduces the optimum value of the volume. However,
this step is required to reduce the size of the domain and to accurately define a CAD model.
For this geometry, it was found that the thresholding value of 0.7 allows for a close approximation of
the optimized domain. Another approach to simplify the optimized geometry would have been to use
a shape optimization procedure, however, the large number of design variables would lead to a very
large computational time in the Tosca environment hence a manual simplification was opted for.
4.2. Lattice Optimization
As elaborated in the introduction, lattice optimization has been considered till now for
multifunctional purposes using various techniques. For example, Cheng et al. [53] developed a
lattice optimization strategy to optimize the heat conduction of the domain with a constraint on
the volume. Here the design is optimized for the performance of the printed part. Our approach,
therefore, proposes the use of lattices for improving the heat dissipation during the print process
itself and achieve an additional reduction of mass while satisfying the overall structural requirements.
The minimum thickness of the lattices was considered to be the smallest that could be manufactured
using the SLM process. The gradient-based lattice optimization procedure was expected to find the
maximum size of the lattice struts within the bounds mentioned in Table 2. The maximum increase
in lattice strut size was observed to be in the central part of the latticed region. This is expected as
the central lattice region stabilizes the structure to minimize the overall displacement of the latticed
optimized structure. This approach ensured an additional volume reduction on top of the reduction
achieved due to topology optimization. The strategy was repeated with different initial sizes of the
lattice struts. It was found that the lattice struts consistently increased in size at the central part of the
latticed region with reduction observed in lattice sizes in the other parts.
4.3. Process Simulations
Several different parameter selections were simulated to study the effect of these print parameters
on the manufacturing outcome. The convergence and accuracy of the process simulations were
ensured by following the steps discussed in Dunbar et al. [46] and Denlinger et al. [47]. The local
thermal accumulation was also addressed by modifying the print process parameters such as the
laser power or the print speed. The lattices reduced the local thermal accumulation in the regions
where they were introduced. The ‘Star’ lattice showed the most reduction in thermal accumulations.
This can be attributed to the central Z-strut in the star lattice configuration as can be seen in Figure 3.
Though reducing the laser power has a direct correlation with the reduction in hotspots, this leads
to a lack of melting and fusion of the metal powder. The laser print speed can be also reduced
in conjunction with the laser power maintaining the overall energy density [23]. This could allow
enough time for the heat to dissipate. However, the build time for the optimized structure is increased
drastically and may exceed the build times of the latticed optimized structures without the additional
benefit of mass reduction gained using the proposed approach. It is possible to further reduce the
effect of hotspots by developing hatching patterns and spacing for a specific area size and shape that
optimizes the overall heat accumulation. However, as far as the authors know, such a manufacturing
procedure has not been developed so far. Heat treatment methods and HIP are also useful to address
the issue of porosity and internal voids, while annealing can be used to reduce the residual stresses.
However, these post-processing treatments do not address the issue of material vaporization and
consequent crystallization of the molten pool [19] which can affect the overall integrity of the structure.
As discussed previously, HIP can lead to crevices that become damage incubation sites.
4.4. Advantages and Limitations of Proposed Methodology
Given the cantilever example, it is clear the methodology can be easily applied on any
planar structures. The major advantage of this method is that it addresses the issue of local thermal
accumulations and aids in additional weight reduction while maintaining or increasing specific
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stiffness. The resulting uniform thermal profile of the structure is expected to reduce residual stresses
in the part and consequently reduce part distortion after removal from the build plate. The method,
however, is limited by the complexity of the lattice structures that can be manufactured. In fact,
the manufacturing uncertainties involved in the lattice manufacturing process, discussed in Section 1,
may lead to major defects in the printed lattices even for simple lattice designs. However, this problem
could be addressed in the near future as the PBF printing technology advances. For now, this effect
adds a lower limit on the minimum size of lattice struts that can be used in the proposed approach.
There is, however, no upper limit on the size of the parts that can be manufactured uleveraging the
digital design approach introduced in this manuscript given a suitable print bed size. Given the
two-scale process simulations employed in this approach, the results for large complex parts should be
available within hours on a machine similar to the one considered in this study.
5. Conclusions
This work presents a novel digital design methodology using a critical combination of available
design optimization and process simulation tools to optimize additively manufactured metal parts for
structural performance while at the same time addressing practical manufacturing issues which have
been known to lead to disparity in material properties within the print volume. The use of commercially
available tools in this investigation was preferred to enable easier adoption of simulation tools for
addressing additive manufacturing issues in an industrial setting. Based on the results presented in
this manuscript, it could be argued that lattices present a feasible solution in addressing local thermal
accumulations in the print volume without compromising the structural integrity of the additively
manufactured parts. By addressing the issue of local thermal accumulation, more uniform thermal
distributions can be achieved during printing. This has been found to result in reduced porosity and
ensures material homogeneity, as discussed in Section 1. Since lattices themselves would require
support structures, further research is recommended in developing self-supporting lattices which
could further reduce the print time and material use, while preserving the quality of the lattice surface
due to the removal of the support structure. Currently preexisting lattice unit cells are used to address
the issue of thermal accumulations. However, it is also possible to implement a multiscale structural
optimization approach where a lower scale topology optimization algorithm is used to determine the
best lattice structure given the thermal and mechanical boundary conditions.
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