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Abstract

Efficient transfer of heat to the build plate is important for part printability in laser
powder bed fusion (LPBF). Support structures provide pathways for heat dissipation from
the melt pool to the build plate. Truss-type supports have been proposed for better thermal
management in LPBF since they are easy to analyze, optimize and post-process. In this
paper, we consider thermo-elastic LBPF simulations, where a part and corresponding truss-
type support are progressively coupled during the build process. Transient thermal FEA
is performed as each layer is built to obtain temperature profiles. Thermal and structural
equivalent static loads are obtained from the transient results, which are accumulated to
compute aggregate structural equivalent static loads (ASESL). Structural deformation of
coupled systems involving part and truss-type supports is also computed after each layer-
wise built. Finally, cross-sectional areas of truss-type supports are optimized using ASESL
to minimize structural deformation. Optimized supports show a significant reduction in
part deformation compared to un-optimized supports. Numerical results are presented to
demonstrate the merits of the proposed method.

Introduction

Powder-based metal additive manufacturing (AM) is one of the most advanced manu-
facturing processes today. The use of 15 to 45um metal powders and 50 to 100pum sized
laser beams makes them the preferred choice for parts with small features and high accuracy
requirements. With the advancements in material, part, and process designs, the technology
has enabled manufacturing of numerous functional components ranging in applications from
aerospace [1, 2], automobile [3], biomedical [4, 5] to electronics [6] and many more.

Laser powder bed fusion (LPBF) processes suffer from very high thermal stresses due
to expansion and contraction during rapid heating and cooling cycles [7, 8]. These stresses
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lead to part distortion [9] and can even damage the machine due to recoater collision. Part
distortion and residual stresses have been the major bottlenecks in the wider adoption of
LPBF technology. A better understanding of the mechanism for such failure and appropriate
solutions to address them are of greater need. Three major categories of parameters that
govern the success of part printing in LBPF are:

1. Material parameters: These are material-dependent parameters. They define the shape
and size of metal powder, thermal conductivity, density, absorptivity, reflectivity, sur-
face tension, wetting angle, melt viscosity, flowability, etc.

2. Process parameters: These are the parameters related to the printing process. These
include laser speed, laser size, laser power, layer thickness, platform temperature, scan
patterns, recoater travel speed, gas flow rate, etc.

3. Geometry parameters: These are the part geometry-related parameters such as thresh-
old overhang angle, minimum feature size, part aspect ratio, build orientation, mini-
mum build height, support structures, etc.

Material parameters and process parameters primarily dictate the micro-structural and
mechanical properties of the part being printed [8, 10, 11, 12, 13, 14]. Part geometries
also affect the thermal history of any part built and influence the microstructural properties,
but, the geometric parameters mostly act on determining dimensional accuracy, part printing
and post-processing time and costs. Numerous efforts have been carried out targeting the
minimization of build time and costs by identifying optimized build configurations [15, 16,
17, 18, 19]. Part-build configuration involves part placement above the build platform and
its orientation in the build chamber. Further, part printability based on feature sizes was
quantified by Bracken et al. [20] for powder bed fusion based AM.

Support structures for part printability remain an active area of research. Support struc-
tures are the sacrificial components in LPBF that are added between the build plate and
the part to prevent structural damage to the part during post-processing removal. Supports
in LPBF are primarily thermal supports, that act as pathways for rapid heat dissipation
from the melt pool to the build plate. Support structures are also known to influence the
microstructural properties within a part [21, 22, 23]. Well-designed supports have demon-
strated reduced build failures by minimizing part deformations [14, 24, 25].

This paper demonstrates the use of one type of supports in minimizing part deformations.
Specifically, truss-type supports are generated based on the threshold overhang angles and
ray tracing. Transient thermal analysis of coupled parts and supports is carried out to com-
pute temperature distribution within the part and support. The temperature solutions are
used to find thermal and structural equivalent static loads. Aggregated structural equivalent
static loads (ASESL) is then used to optimize the cross-section areas of truss-type supports.
Comparative results for the maximum deformation of part and support between unopti-
mized and optimized supports demonstrate the advantages of optimization in controlling
part deformation.
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Part Deformation in LPBF

As a high-power laser melts a small section of powder over a relatively colder build plate,
thermal gradients (20K/um) are induced in the part [26]. The heated section expands with
a convex upward profile, thereby protruding the central region out of the plane. Once the
deposited layer begins cooling with a very high cooling rate (10°K/s), a concave outward
profile is generated, bending the edges of the layer [9, 27]. The geometry and process
parameters are critical in controlling the out-of-tolerance deformation of layers due to cyclic
loading and unloading of the heat input. As the LPBF process shares a lot of commonality
with the welding process, out-of-plane part deformation can also be categorized as defined
for weldments by Masubuchi [28, 29].

e Longitudinal Bending: The uneven shrinkage of solidified layer causing it to bend out
of plane leads to longitudinal bending.

e Buckling: Buckling of thin solidified layer occurs when residual stress exceeds the
critical buckling strength.

e Angular deformation: Transverse shrinkage of layer relative to the laser traverse direc-
tion is defined as angular deformation.

Longitudinal deformation are a major concern. Buckling and angular deformation are less
evident in LPBF, due to relatively thicker build plates [29]. There are multiple different
strategies aimed at minimizing part deformation.

1. Geometry Compensation: Possible part are obtained through physical and numerical
experiments and geometric compensations are added into the part design itself to ob-
tain higher geometric accuracy. Biegler et al. [30] used transient simulations to predict
part deformations in directed energy deposition (DED), which were then inverted to
modify the part geometry for minimizing deformations. Structural FE predicted defor-
mations were compensated in initial geometry by inverting the displacement of nodal
coordinates by Afazov et al. [31, 32]. They also proposed the use of optical 3D scans to
construct a distorted CAD model of a printed part and then calculate the deformations
of parts to incorporate in the initial model. Zhang et al. [33] modified the initial CAD
geometry to include geometric compensation obtained from thermal deformation of a
part modeled using NURBS.

2. Configure Geometric Features and Part Orientations: LPBF processes are widely used
for their capabilities to print complex geometric features with greater accuracy, how-
ever, machine precision puts limits on the level of complexities in any part. Geometric
features such as very high aspect ratio, small round holes, sharp edges, bridge gaps,
etc, are important in part printing. Guidelines for part orientation and feature sizes
have been proposed through multiple physical experiments to obtain better geomet-
ric accuracy. Adam and Zimmer [34] proposed geometry based design rules for laser
sintering, laser melting and fused deposition modeling. Bracken et al. [20] designed a
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worksheet to compute ratings of parts based on their geometric features that indicate
the suitability of metal powder bed fusion process for the part.

3. Modify process parameters: Printing process parameters play a vital role in print
success. A combination of scan powder, scan speed, and spot sizes was obtained by
Huo et al. [35] for minimal part deformation. Mukherjee et al. [36] investigated the
effect of laser power, scanning speed, layer height in thermal deformation of part. Re-
ducing inter-layer dwell times minimized the accumulations of layer-wise deformation
during part printing for titanium and nickel alloys [9]. Change in laser scan patterns
also mitigates part deformation [7, 37]. Denlinger [29] proposed different methods in-
volving additional material deposition to minimize part deformation in electron beam
deposition by balancing the bending moment. Preheating the build plate to a higher
temperature has also been conducive to reducing deformation [38].

4. Support structures: Support structures are added for efficient transfer of heat from
the downward-facing overhang surfaces to the nearest build surfaces. Xie et al. [39]
showed that part deformations are heavily influenced by the structural stiffness of
support structures, as deformations for parts with support of higher shear stiffness had
minimal deformations. Mishurova et al. [24] have shown that parts built on a solid bulk
substrate have lower deformation compared to that over a support structure. However,
use of such a bulk substrate adds more time, material, and costs to the printing process.
Thus, there is a need for better support structure design that can potentially minimize
part deformations and material usage.

This paper puts forward the idea of minimizing part deformation using support struc-
tures. The next section presents the support structure generation, analysis, and optimization
strategies.

Truss-type support structures

Truss-type supports [40] are generated for downward-facing overhang surfaces. These
are open structured designs that do not entrap any metal powders and are much easier to
remove during post-processing. The algorithm proposed here improves upon the truss-type
support structures by the authors [40]. Specifically, the algorithm proposed in [40] could
only handle part-to-build support. Here, it is extended to handle part-to-part support as
well by relying on ray-tracing [41].

Design

The 2D version of the algorithm is illustrated in Figure 1. A vertex of a triangle from an
overhang surface is offset along the negative build direction to generate a projected point.
Lines connecting the projected point with the rest of the overhang vertices that satisfy the
self-support constraint are retained as truss members. The process repeats until all of the
overhang vertices are supported by projected points. The projected points are then marked
as overhang vertices. Ray-tracing is carried out from these overhang vertices to find the
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nearest build surface. The next set of projected points are then generated. If the nearest
build surface is closer than the distance to the next virtual layer, the projected point is
moved to the build surface and marked as supported. The process of ray tracing, generating
projected points, edge creation, and retention is repeated until all points are supported. This
algorithm generates truss support for both part-to-part and part-to-build.

——Qverhang vertex
=Ty Virtual layer

o e Projected point

-

Offset overhang vertices to virtual layer, Retain self-supporting edges Repeat 7
create truss edges t v
Part-to-part
4
7 support Build Plate
Repeat I
Ray tracing from offset point to
nearest build surface and locating
next projected point
Part-to-build

support

Build Plate Build Plate

Figure 1: Truss-type support generation using ray tracing

Analysis

The analysis is performed on a coupled part-and-truss system. A part is first meshed
using uniform hexahedral elements.These type of elements make it easier to simulate layer-
wise part built as they resemble thick powder layers. The height of these elements is set
to 25 times the powder layer height used in LPBF. Mesh convergence studies using similar
mesh sizes have shown to have minor effects in the maximum temperature variations [42].
Use of finer mesh elements would generate results with higher accuracy but at significant
computational costs. Thus, 25 physical layers are combined to form a mesh layer for a
balance of accuracy and efficiency.

Each of the exposed truss nodes is coupled to hexagonal elements based on their proximity
as illustrated in Figure 2. Active coupled systems are constructed by trimming the truss-
type support and the hex-meshed part based on layer height. The active systems evolve as
the part build height increases based on the mesh layer being built. Examples in Figure 3
illustrate the idea of evolving coupled systems or active systems. Active system 1, shown in
Figure 3a, is constructed by trimming the hex-meshed part and the truss-type support with
the layer height being 1 hex-mesh element size. Other active systems are also constructed
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in a similar way.

Hex-meshed Part

Truss-type Support

Figure 2: Truss node to hex-element coupling.
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(a) Active system 1 (b) Active system 25 (c) Active system 57

Figure 3: Active systems based on the hex-mesh layers.

Transient thermal finite element analysis is performed over the active coupled systems,
simulating the layer-wise build process. For carrying out the FE analysis, coupled systems
are assembled as in Equation 1, where K., and K;.,ss are the thermal stiffness matrices
for active hex elements and the truss-type supports. My, and M;,,ss are the thermal mass
matrices for active hex elements and truss-type supports. C7 is a constraint matrix whose
components are derived from the tri-linear shape functions of the hexagonal elements (see
Figure 2).

Kheac 0 Mhex 0
Kcoupled = 0 Ktruss CT s Mcoupled = 0 Mtruss CT (1)
C 0 C 0

During the transient thermal analysis, the chamber temperature is assigned as the initial
temperature to all the truss and hex-meshed parts. A dirichlet boundary condition with
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fixed temperature of 80°C is assigned to the nodes in contact with the build plate. Heat flux
(F,) is applied to all the nodes on the current top-most layer of the part. The heat flux is
computed using the number of elements, laser parameters and absorptivity of the material
powder [43, 44] as follows:

VED — 2
@ ohih, 2)
VED
F o=
“ T TNt, Vi (3)

where, V ED is volumetric energy density, « is the laser absorptivity, P is the laser power,
v is the laser scan speed, h; is the powder layer height, and h, is the hatch spacing. V7 is
the volume of material, N is the number of nodes on the top-most layer of active coupled
system. t4 is the time required to scan the topmost layer of the active system computed
using laser speed, hatch spacing and layer surface area.

Time stepping for transient thermal analysis is carried out using the Newmark-Beta
scheme [45, 46]:

KT} = {Fesstnm (4)

where, K ¢y and F,s¢ are the effective global stiffness matrix and force vectors given by

1

[Keff] = E[Mcoupled] + [Kcoupled] (5)

[Mcou led]
{Feff}n+1 = A—:{Tn} + {F}n+l (6)

and,
Thex

T = Ttruss (7)

A

where \'s are the Lagrange multipliers.

Two stages of finite element analyses are carried out. The first FE analysis is performed
at the end of time At = t, with F' = F,. Temperature values obtained from the first FE
are used as initial values for the second FE analysis carried out with time At = t,. and
F = 0, where t, is the recoater travel time to lay a new layer of powder. The second
round of FE incorporates the time-dependent heat dissipation of the active systems during
recoater travel when the laser is turned off. Results from the second FE analysis are used as
initial temperatures for the next layer build, and the process continues until the part build
simulation is complete. Thermal equivalent static loads (ESL) is computed using results of
each of the transient finite element analyses. ESL is defined as the static thermal load that
would generate the same temperature solutions as that by the transient thermal analysis [42]
carried out here, and is computed as follows:

{fE'SL} = [Ktruss]{ﬂruss} (8)
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Then, the structural equivalent static load (SESL) is denoted by H and can be computed
from ESL based on the formulation proposed by Deng and Suresh [47].

[H{AT} = {fpse} (9)
where,
[H] = ; ( /Q E B'D,a®" dQ) (10

{AT} - 71truss - Tchambe’r

where, B, is the element strain-displacement matrix, D, is the element elasticity matrix, «
is the coefficient of thermal expansion, ® is [1 1 1 0 0 0 | vector in 3D, Num is the number
of elements in an active system and T, sumper is the build chamber temperature.

The structural equivalent static load H, is used to obtain the structural deformation of
both the part and supports at the end of each layer-wise build simulation using Equation 9,
and 10. A static structural FEA engine is used to compute the structural deformation of
parts using SESL. The truss nodes connected to build surfaces are assigned a fixed boundary
condition while SESL is applied at each of the other nodes. The truss members are assigned
a surface-based 4-finned shape [40, 42], along with a uniform area in the cross-section.

Aggregate structural equivalent static load (ASESL) on the truss-type support is com-
puted using the individual equivalent static structural load vectors as is computed for ag-
gregate equivalent static loads by the authors [42]. ASESL takes the maximum values of
SESL at each of the truss nodes obtained from the results of all active system FE analyses.
This provides the maximum structural load each truss node has to bear during the entire
part-built process. ASESL is defined as:

{Hapsr} = maz({Hjsps}) (11)

where, a varies from 1 to the total number of layers.
Optimization

The aggregate structural equivalent static load (ASESL) computed from the layer-wise
build simulations is now used to optimize the cross-section area of the truss-type supports.
ASESL and structural deformation solutions corresponding to the truss-type support are
extracted as Hagsy and dy... respectively. The optimization formulation involves mini-
mization of structural compliance subjected to a volume constraint and is stated as shown
in Equation 12.
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min J = {HEZSESL}{dtmss}

{ai}
s.t. [Ktruss]{dtruss} = {HAESL}
LAl
po N~ Ade (12)
2ol

AZ’LZn S Ae S Az’bax

where, J is the structural compliance, A, and [. are the area and lengths of truss elements.
V* is the limit of support volume, whereas A™" and A" are the limits on individual truss

areas based on their manufacturability. The d;,...s vector contains the nodal deformations
obtained from FEA.

The truss area optimization is carried out using GCMMA [48]. The optimizer requires
objective value, constraint value and their sensitivities towards the areas. The sensitivity of
the objective (structural compliance) is computed using the following formulation,

J = HATxSESL {dtruss }

8J 8{dt7"uss}

6Ae = ([Ktruss]{dtruss})a—‘Ae (13)

Differentiating the state equation, [Kipuss|{diuss} = {Hagsr}, with respect to the cross-
section area, we have,

a[Ktruss] a{dtruss} .
a—AAE{dtruss} + [Ktruss]a—/le - O
a{dtruss} . a[Ktruss] (14)
[Ktruss] 8Ae - aAe {dtruss}
From Equation 13 and 14, we get,
aJ a[Ktruss]
= _{dﬁuss}—{dtruss}
0A., 0A, (15)

aJ s[1 —1],E
aAe__de|: 1 1:|dez

where, d, are the nodal displacements of the two nodes of each of the truss elements and F
is the young’s modulus of elasticity for the material in use.

Similarly, the sensitivity of the constraint (volume) is given by,

oh le
DA,  Vx (16)
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The objective, constraint, and their corresponding sensitivities against the cross-section areas
are appropriately scaled to avoid numerical issues. The truss area optimization results in
the optimal distribution of material on the truss members for better structural strength
management within the support domain. The optimized area values are assigned to the truss
members and the layer-wise build is simulated again to compute ESL, SESL. A comparative
analysis of relative deformations of parts from every layer-wise built simulation indicates a
reduction in deformation for a part built over optimized truss-type support.

Numerical Experiment

A specimen with different types of overhang surfaces is chosen for numerical experiments.
The specimen has one downward facing overhang surface inclined at 55°with the build direc-
tion and the other is flat. Two different views of Part 1 are shown in Figures 4a respectively.

(a) Part 1 specimen: Top and Front Views (b) Hex-meshed Part 1 with trusstype support

Figure 4: Specimens details with corresponding truss-type supports.

Truss-type supports are generated as discussed earlier for both the overhang surfaces.
The minimum support height is taken to be bmm about the build plate for ease of analysis
and post-processing removal. The part is hex meshed and coupled with its corresponding
truss-type support based on node-to-element proximity as seen in Figure 4b. Active coupled
systems are created by trimming the truss-type support and hex-meshed part. Heat flux
computed using Equation 3 is applied on the nodes of the topmost layer of the active system.
Temperature solutions from transient thermal FEA are used to obtain ESL and SESL for
the part and the truss.

Results and Discussion

Active systems for the specimen are solved using transient thermal FEA engines. Results
for transient temperatures at different instances are shown in Figure 5. Maximum temper-
ature values in these active systems are extracted after each round of FEA. The variations
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in maximum temperatures during layer-wise built simulations for hex-meshed Part 1 and
corresponding truss-type supports are shown in Figures 6 and 7 respectively.

WY WV

|
(a) Temperature distribution (b) Temperature distribution (c) Temperature distribution
after layer 1 after layer 25 after layer 57

Figure 5: Temperature distributions in active systems.
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Figure 7: Maximum temperature variation in hex-meshed part for Partl specimen

The temperature variations show a serrated pattern for the two FEA runs carried out at
each layer. The peaks indicate the results from the first transient thermal FEA where the
laser is turned on for the duration of laser scan time(t;), whereas the dip in temperature
values indicates the point where the laser is turned off and heat is being rapidly dissipated
to the build plate. The maximum temperature values on the truss-type supports gradually
decline towards the middle of the plot as seen in Figure 6. As the supports are not directly
loaded until the inclined surface built simulation begins, the maximum temperature in the
truss keeps decreasing. Also much of the heat is accumulated in the hex-meshed part as
the truss members are assumed to have very small area values, and do not store any energy.
The rise in the maximum temperature values towards the middle of the plot for the support
(see Figure 7) indicates the results from simulation of layers with inclined surfaces on Part
1, where the truss members are not in contact with the inclined overhang surface. For the
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hex-meshed part, the maximum temperature values do not follow a similar trend as the
nodes on the part are always applied a heat flux load, as seen in Figure 7.

The temperature values do not indicate the actual temperature for the part built as
several assumptions and simplifications have been made for the analysis. The truss elements
are assumed to only have longitudinal heat conduction as lateral heat dissipation has been
neglected. Multiple physical layers have been combined to create a single mesh layer for
faster and easier computation. Material properties have been assumed to be constant and
have been referred to at room temperature. The objective of the paper is to show the change
in relative part deformation by using optimized support structures, the relative distribution
of thermal load is more of our interest than the exact values.

ASESL computed using Equation 11 is used to optimize the support structures. The
support volumes of 21.15% has been used for the truss-type support as referred from Ma-
terialize Magics@®). Once the support is optimized for minimum structural compliance, it
is used for layer-wise build simulation again. A reduction of 40% structural compliance is
obtained for the truss-type support after optimization. Equivalent static structural load is
computed at the end of each transient thermal FEA and static structural FEA is carried
out to compute deformation of the coupled system involving the hex-meshed part and the
truss-type support.

Using the results of structural deformation computed from SESL, maximum values at
each layer-wise simulation are obtained for cases with unoptimized and optimized truss-type
supports. The values are normalized against the maximum deformation values and plotted
against the simulation times. Comparative results for normalized deformation of part and
supports for Part 1 is shown in Figure 8.

Results for the Part 1 specimen indicate a reduction in part and truss-type support de-
formation between unoptimized and optimized supports. The reduction is greater for the
supports compared to the parts when optimized supports are used. Though the structural
deformation values do not differ significantly between unoptimized and optimized supports,
it is still important to minimize part deformation, and support structure optimization can be
one of the ways to do so. The minimal change is likely due to very small area values assigned
to the truss-type support members. The thicknesses are close to the minimum manufac-
turable area for the given set of material and processing parameters. Also, as demonstrated
earlier by the authors [40], truss-type supports use less than 20% material compared to the
commonly used block-type supports, making a huge amount of material saving. Assigning
more material to the truss-type supports will result in larger areas of the truss members that
could yield better reduction in part and support deformations.

Conclusion

Part deformation is one of the biggest challenges in the LPBF process. This paper
attempts at identifying the types of part deformations and the reasons behind them. Finally,
one of the ways to control part deformations was presented in the paper. Numerical results
indicated a reduction in maximum part deformation per layer when optimized supports were
used. Part deformation can be minimized by providing optimal material distribution leading
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Figure 8: Normalized deformations for Part 1 specimen.

to better load management within the supports. Numerous simplifications were made in the
analysis and optimization of the supports, thus errors are inevitable. Linearity of material
and the process are major sources of error. However, these simplifications led to faster and
easier analysis of parts built with truss-type supports. The numerical results need to be
validated through physical printing and measurement of parts, which will be carried out and
presented in subsequent publications.
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