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Laser powder bed fusion (L-PBF) has emerged as one of the mainstream additive manufacturing approaches for
fabricating metal parts with complex geometries and intricate internal structures. However, large deformation
associated with rapid heating and cooling can lead to build failure and requires post-processing which may
increase manufacturing cost and prolong the production period. In this work, an island scanning pattern design
method is proposed to optimize the scanning direction of each island in order to reduce part deformation after
cutting off the build platform. The objective of this optimization is to minimize the upward bending of the part
after sectioning, which allows the part deformation to satisfy the tolerance requirement or reduce the post heat
treatment time. Inherent strain method is employed in the sequential finite element analysis consisting of layer-
by-layer activations and sectioning for fast residual distortion prediction. Full sequential sensitivity analysis for
the formulated optimization is provided to update the island scanning directions. To show the feasibility and
effectiveness of the proposed method, the scanning patterns of a block structure and a connecting rod were
designed and parts were fabricated using an open architecture L-PBF machine. The fabrication experiments
demonstrated that the residual deformation of both parts fabricated by optimized scanning pattern can be
reduced by over 50% compared to the initial scanning patterns, which demonstrate the effectiveness of the
proposed method.

1. Introduction

Powder bed fusion (PBF) processes, including laser powder bed
fusion (L-PBF) and electron beam powder bed fusion (EB-PBF) are
commonly used metal additive manufacturing (AM) techniques for
fabricating near fully-dense metal components with complex geometry
and intricate internal structures. Metal parts are built in a layer-by-layer
fashion by laser or electron beam with diameter size of tens of microns,
which leads to high build accuracy and surface finish. Powder bed fusion
has been extensively used in industry to manufacture parts such as
turbine blades with internal cooling channels, combustion chamber
nozzles, and biomedical implants with intricate lattice structures.
However, manufacturing defects such as internal voids [1,2] and un-
desired grain structure [3] are still major issues in additive
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manufacturing. Besides these defects, residual stress induced by the high
temperature gradient near the laser beam and rapid heating and cooling
leads to manufacturability issues such as cracking, warpage, and
delamination during processing and may result in build failures [4-7] as
shown in Fig. 1. Parts can also exhibit large deformation after removal
from the building platform due to stress relief which is detrimental to
mechanical performance [8,9], dimensional accuracy [10], and fatigue
life [11-13]. In order to mitigate residual stress and deformation, post
heat treatment [14] is often required which takes several hours or even
days and increases the overall manufacturing costs [15].

Kruth et al. [17] found that shorter scan vectors could decrease re-
sidual stress in their experiment with Ti-6Al-4V selective laser melting
(SLM). Similarly, island scanning strategy, a patent held by Concept
Laser, divides each layer into islands forming a chessboard pattern,
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Fig. 1. Build failures of metal AM: (a) large residual deformation; (b) cracking due to residual stress [16].

where each island is raster scanned with shorter scan tracks. It has been
reported that island scanning strategy can effectively decrease residual
stress and cracks in EB-PBF [18]. Island scanning strategy has also been
employed by commercial metal AM systems such as Renishaw AM500,
Arcam Q20 and AconityOne, the last of which is used in this study. Kruth
et al. [19] conducted experiments to study the effect of island scanning
strategy on residual stress in SLM processed Ti-6Al-4V. It has been
confirmed that island scanning strategy could reduce residual stress and
the maximum reduction is achieved when rotating the island 45° with
respect to the island edge and each island is filled hatch lines parallel to
the island edge. It has also been reported that changing island size does
not give any further contributions. Lu et al. [20] studied the micro-
structure, mechanical properties, and residual stress of Inconel 718 parts
manufactured by SLM with different island size. It has been reported
that enlarging the island size leads to higher density while the smallest
island size leads to lowest residual stress, which is attributed to stress
release from cracking. Cheng et al. [21] compared the residual defor-
mation and stress of different scanning strategies and confirmed the
effect of island scanning strategy on residual deformation and stress
reduction. Thijs et al. [22] studied the influence of varying laser path,
unidirectional and bidirectional, and rotating scanning direction
layer-wise on microstructure and texture of parts fabricated by Concept
Laser M1. In above studies, the vectors in neighboring islands are set to
be perpendicular to each other in the build empirically. In this work, the
scan vector orientations will be optimized to further reduce residual
deformation.

There are few works on scanning pattern and path design for metal
AM to reduce residual stress and distortion. For commercial powder bed
fusion systems, besides island scanning strategy, another commonly
used scan configuration is the stripe pattern (e.g., employed by EOS
M290 DMLS), which divides each layer into a few bands with overlap
between neighboring stripes. To the best of the authors’ knowledge, key
parameters including hatch spacing, rotating angle, stripe width and
stripe overlap in these scanning patterns are determined by trial and
error while scanning directions are rotated by a constant angle. Liang
et al. [23] compared the effect of different popular laser scanning stra-
tegies including parallel line scanning, rotating angles and island scan-
ning on residual deformation of the L-PBF metal parts. Chen et al. [24]
proposed a continuous scanning path optimization method based on
level-set to reduce the residual deformation and stress that can be used
in wire feed or directed energy deposition (DED) process. Ding et al. [25,
26] proposed a continuous path planning method based on medial axis
transformation algorithm to produce void- and gap-free part in wire +
arc additive manufacturing (WAAM). The main obstacles existing in
metal AM scanning pattern optimization are: (1) High computation cost
of full-scale process simulation; (2) Difficulty in quantifying the effect of
scanning vector on residual deformation and stress.

Even though scanning pattern optimization for metal AM is not well

developed, deposition path planning for polymer and fiber AM process
such as fused filament fabrication (FFF) has been extensively studied,
wherein the material properties are greatly affected by the build direc-
tion. Deposition path is taken as a scattered design variable [27-29] or
continuous level-set function [30-32] in the design. Hoglund [27] pro-
posed continuous fiber angle optimization approach for fiber-reinforced
polymer printing. Fiber angles are treated as discrete variables without
considering the overall path continuity in this work. Xia et al. [28]
improved the spatial continuity of fiber angle by Shepard interpolation
in composite structure optimization with scattered design variables.
Kiyono et al. [29] proposed a fiber path optimization method based on
normal distribution function and introduced filters with different radius
to control the fiber continuity. Other than these designs with scattered
variables, fiber deposition path can also be represented by level-set
functions, and the inherent feature of this method guarantees continu-
ity of the optimized paths all the time. In addition to fiber deposition and
polymer printing, the level set method has been applied to
contour-offset path generation for traditional machining [33,34] as well.
Among the aforementioned methods, the approaches developed with
scattered variables will be referred in this paper to define the scan track
orientation of islands as scattered design variables.

This paper proposes a method to optimize the scanning pattern for
the island scanning strategy of L-PBF for the purpose of reducing
deformation of fabricated parts after their removal from the build sub-
strate. The remaining content of this paper is organized as follows. In
Section 2, the framework of scanning pattern optimization for powder
bed fusion process is presented including the modified inherent strain
method, formulation of the optimization algorithm, and sensitivity
analysis for design variable update. In Section 3, we present the scanning
pattern design for a simple block structure and a complex connecting rod
with experimental validation. In Section 4, conclusions about the pro-
posed scanning pattern design are given.

2. Island pattern design method

The island scanning strategy employed in most real applications
usually uses hatch lines parallel to the island edge and keeps the scan-
ning vector in the neighboring island perpendicular to each other. This
strategy is not optimal according to the given geometry and may lead to
large residual deformation for some parts. In the proposed island scan-
ning pattern design method, the scanning direction of each island in a
given geometry is taken as a design variable. An optimal scanning di-
rection for each island is obtained from an iterative optimization algo-
rithm via finite element analysis. Through optimizing the laser scanning
direction in each island, the residual deformation of part after cutting off
from build platform can be reduced significantly.
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Fig. 2. Workflow of the modified inherent strain method [45].

2.1. Modified inherent strain method

Residual stress and deformation are among the most common issues
in metal AM which have been extensively studied. The underlying
mechanism is that powder particles are melted by the moving laser or
electron beam and the molten material tends to expand due to rapid
heating. This thermal expansion is restrained by neighboring solidified
material or substrate which in turn leads to accumulation of negative
plastic strain because both yield strength and Young’s modulus of the
solidified material are extremely low at elevated temperature. The ma-
terial then undergoes rapid cooling due to heat sink, convection and
radiation, and tends to contract. This contraction is also constrained by
surrounding depositions and substrate and gives rise to tensile strain. In
metal AM processes such as powder bed fusion, a part is built in a layer-
by-layer fashion, and the deposition layer would be remelted several
times due to subsequent layer deposition, where re-melting can partially
relieve the tensile strain. The shrinkage from subsequent layers could
even turn the stress in the middle of the building part into compressive.
Boundary conditions also play an important role in residual stress and
deformation. Building platform or substrate, which is much larger than
the fabricated part, can give strong constraint to prevent contraction of
bottom layers to acquire large tensile stress. The accumulation and
evolution of residual stress through the entire build process finally leads
to residual deformation.

Although thermomechanical models at different scale have been
established and calibrated for residual stress and distortion prediction in
metal AM [5,35-40], part-scale process simulation is still very compu-
tationally expensive and time-consuming. For gradient-based iterative
optimization, it is impractical to perform detailed thermomechanical
simulations iteratively, each of which may take a few hours even for a
simple geometry. As an alternative to detailed simulation at part-scale,
the so-called inherent strain method, which was originally proposed
for welding simulation [41-43], is adopted in this work to address the
high computational cost issue. The inherent strain method shortens
part-scale deformation simulation to a few minutes in each iteration
while having less than 10% prediction error. In particular, the key idea

behind the modified inherent strain method is to compute the inherent
strain vector from the elastic and plastic strain histories in a pre-run
detailed process simulation (based on moving point heat source
model) and then apply the inherent strain vector as thermal expansion
coefficients on the part in a series of layer-by-layer static equilibrium
analyses [44,45]. The shrinkage of the solidified material due to the
complex mechanics associated with rapid heating and cooling is intro-
duced by giving a unit temperature rise in the part-scale simulation. The
modified inherent strain method avoids the expensive detailed ther-
momechanical analysis with fine mesh resolution and lots of time steps
to yield a relatively accurate deformation profile (see Fig. 2).

The basic procedures of the modified inherent strain method
employed in this work to compute deformation profile are:

1) A detailed process simulation is performed on a micro-scale model to
obtain the inherent strain vector which considers the inherent
deformation introduced by laser melting and solidification.

2) The obtained inherent strain vector is then applied as coefficients of
thermal expansion (CTE) to part-scale model for residual deforma-
tion prediction.

Besides part-scale residual stress and distortion in metal AM, the
modified inherent strain method has been applied to the prediction of
cracking [46,47], design of support structures [16] build orientation
optimization [48] and continuous scanning path [24]. In these above
studies, inherent strain is applied to the part in “one shot”, which means
the inherent strain vectors are not applied layer by layer but to the entire
part at the same time. In this work, we propose a method to simulate the
layer-wise building process with inherent strain vector. Details
regarding the corresponding finite element method and sensitivity
analysis will be given in Sections 2.2 and 2.3, respectively. The material
of interest in the design and experimental validation is Ti6Al4V and the
basis inherent strain vector (i.e., scanning track is horizontal: 0° and
180°) used is: [—0.02, —0.01, 0.015] (exx, &y and &) which is
extracted from thermomechanical simulation for a single track, see
Ref. [45] for details. The transformation rule of scan orientation
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Fig. 3. Schematic of finite element analysis with layer-by-layer deposition and subsequent sectioning.

dependent inherent strain vector will be discussed in Section 2.2.
2.2. Reformulation of governing equations

In the optimization, elastic finite element analysis with multiple time
steps including the layer-wise deposition and cutting off in the last step
is conducted iteratively to compute the part deformation. The schematic
for the finite element analysis is shown in Fig. 3: (1) The part is sliced
into n layers and is activated layer-by-layer from the bottom to top layers
to model the material deposition; (2) One more time step, step n + 1,
corresponding to cutting off from the large build platform for stress
relief is carried out once the building simulation for the entire part is
done. In every iteration, the finite element analysis for deformation
prediction has n+1 time steps in total, and the equilibrium equations
corresponding to the activation from layer 1 to n can be expressed as:

KU =f, 1 -n
KU, =K,U+ (K, -K;)U, +f, a -2
KnUn = Kn—lUn—l + (Kn - Kn—])Un—l + fn (1 -Il)

where K;, U; and f; are the stiffness matrix, the displacement vector,
and the force vector associated with scanning orientation dependent
inherent strain vector for layer i. On the right-hand-side of Egs. (1-2 to
1-n), the first term is the force vector from the previous layer; the second
term is the load increment needed to keep the displacement unchanged
when activating the new layer; the third term, fy, is the force due to
deformation induced by deposition of layer k and can be expressed as a
function of the inherent strain vector:

fi= Y /Q [BZC8(€,-)d.Q 2

icele_acty

where BY is the strain-displacement matrix, C is the element elasticity
matrix, and €(6;) is the inherent strain vector as a function of the scan-
ning orientation. In this work, we assume only the strain components
within xy plane are dependent on the scanning orientation while the
strain vector along the building direction ¢, is constant. According to the
classic solid mechanics theory, the plane strain transformation with
respect to 6 is performed as following:

£ () = # + % c05(26) + &,,5in(26) 3 -1)
& + & & — & .
e,(0) = B i cos(20) — &,,sin(20) 3 -2)
&— &
£y(0) = — s5in(20) + e,,cos(20) 3 -3

The equilibrium equation at time step n+1 corresponding to the
cutting off at last time step is:

(K, —AK.)U, 1 =K, U, — > / B! Ce(6),)de2 Q)
Qi

icele_cut

where AK; is the assembled stiffness matrix corresponding to elements
which are removed in the last time step. It should be noted that on the
right-hand-side of Eq. (4), the thermal loading vector of these removed
elements is subtracted as well.

For the ease of sensitivity analysis in Section 2.4, the above gov-
erning equations in Egs. (1) and (4) are reformulated in a more generic
format:

AU +BAU,_, =f, i=12-n+1 5)
where AUi = Ui _Ui—l and U() = 0, Bl‘ = Ki and B,H] = Kn, Ai isin
the form of:

) MKy, i=n+1
Ai= { 0, otherwise } (6)

2.3. Problem formulation

After partially cutting the part off the build platform, a cantilever
beam forms and bends upward, resulting in its end tip point having the
largest deformation. The goal of scanning pattern design is to minimize
the upward bending after stress relief and thus the displacement along
the build direction (2) of the tip point is selected as the objective to be
minimized. Hence the optimization can be mathematically formulated
as:

min. U | ()
wrt 0

st. AU +BAU,_, =1, i= 1,2,.“7714’1 (8)
where U7, is the displacement along building direction of the selected
end point at the last time step n+1 and superscript m is the corre-
sponding degree of freedom (DOF) number. The design variable is the
orientation of the scanning path in each island. It is worth to emphasize
that in the optimization, it is the island scanning orientation to be
updated instead of the element. Each island usually has several elements
and the thermal loading applied to each island is identical. The
displacement vector must satisfy the equilibrium equations formulated
in Section 2.2 where the force vector is a function of the design variables.

2.4. Sequential sensitivity analysis

Sensitivity analysis is part of the topology optimization [49,50] to
update the design variables. The sequential sensitivity analysis per-
formed in Ref. 51 will be invoked in this section to obtain the sensitiv-
ities in order to update the design variables of our optimization problem.

The Lagrangian is obtained from Egs. (7) and (8) and defined as
follows:

n+tl
L= U:’H + AiT(A[U[ + B[AUi—l - fx) (9)

i=1
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Fig. 4. Flowchart of island scanning pattern design.

where the first term is the displacement along the build direction (z) of
the selected tip point; 4; is the adjoint variable vector for step i; the
second term of the Lagrangian is the summation of multiplication of
equilibrium equation and corresponding adjoint variable at each time
step.

Based on the chain rule, the derivative of the Lagrangian with respect
to any design variable ¢y is obtained:

oL _our, o
0= a0 T (

0AU;_, Ofi) 10

00, 00,

The first term on the right-hand-side of the above equation can be
rewritten as:
aUﬁ‘l

N e 01 0 - O
%0, [ ]

Uy, _ Uy,
96, o0,

(1)

where the H,,,1 is a sparse vector and only the m™ entry corresponding to
the selected DOF adopts a value of unity. For the term associated with
B0 in Eq. (10), recall that AU;=U;—U;q and Y1 Auy; =

Uns1Vni1 — WV1 — Y 1 qUi+1AV;, s0 we can expand all the terms as:

N+1
A
§ jz B U‘ T T
k k

N+1 al]
T
= (M B+ A AB)aH

i=1

(12)

According to Egs. (10-12) and collecting the terms containing gg‘, the
adjoint variable vectors A; can be obtained by solving the following

adjoint equations in a reverse direction from n+1 to 1:

H,.+ A'N+1T(AN+1 +By,) =0 13)

AT(Ai+B) =24 "By, i=N,N-1,-1 as

Finally, the sensitivity given by the derivative of the Lagrangian can
be obtained:

oL N+1 - of;
= IZ:A,- %, (15)

2.5. Implementation steps

The flowchart of the island scanning pattern design method proposed
in this study is summarized in Fig. 4. For any given geometry, the
original CAD file is imported and the scanning pattern will then be
designed in the following key steps:

e Voxelization: In Step 2, voxels are employed in this work to
compute part deformation for the sake of mesh generation and
computation efficiency. In voxelization, part of the local features of
the imported geometry is lost but will be compensated when
reconstructing the build path in Step 5.

Island discretization: In Step 3, the voxels generated in the last step
is sliced into layers by the building layer thickness; each layer is then
discretized into islands of 5 mm x 5 mm square. The inherent strain
vectors for elements in the same island are identical since the scan-
ning track orientations are the same.

Scanning path optimization: In Step 4, the design variable, scan-
ning orientation of each island is updated iteratively until conver-
gence. In every iteration, finite element analysis with multiple time
steps is conducted to compute part deformation first and then sen-
sitivities analysis derived in Section 2.4 is performed. All the element
sensitivities in the same island will be grouped together to update the
scanning orientation of each island.

Build path reconstruction: In Step 5, scanning tracks within each
island are determined by the optimized scanning orientation, hatch
spacing and the interaction between island and local features.
Although the resolution of the part used in finite element analysis is
partially lost due to voxelization in Step 2, the build path recon-
struction is based on the original geometry and the build file
generated for manufacturing reserves all the features and
resolutions.
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Table 1
Processing parameters of AconityOne L-PBF systems for part
fabrication.

Processing parameters Values (units)

Island size 5 mm
Stripe overlap 0 mm
Skywriting Yes

Power 250 W
Scan speed 1200 mm/s
Defocus -2 mm
Spot size 0.08 mm
Hatch spacing 0.1 mm

3. Numerical examples and experimental validation

In this section, the scanning patterns for a block structure and a
connecting rod are designed following the procedure for the proposed
method in Fig. 4. The effectiveness of this method on deformation
reduction will be experimentally validated. The scanning pattern design
including voxelization, finite element analysis, sensitivity analysis,
design variable update, build path reconstruction, and building file
generation are implemented using MATLAB R2019a. All the parts with
initial and designed scanning pattern are fabricated by an open-
architecture L-PBF machine (details to be given below). The material
used in the design and printing is Ti6Al4V, which has a Young’s modulus
of 104 GPa and Poisson’s ratio of 0.34.

3.1. Experimental setup

The part manufacturing is performed on an AconityONE L-PBF sys-
tem (Aconity3D, Aachen, Germany) equipped with a 1 kW Yb fiber laser
(IPG Photonics, Oxford, MA, USA) and galvanometer scanning via 3D
scanning optics (Raylase AxialScan-30, Wessling, Germany). The laser
power is 250 W and the scan speed is 1200 mm/s with hatch spacing of
100 um. The layer thickness used in the build process is 30 um, while in
the design, 50 physical layers are merged as one layer. The focused spot
size, d4c is 59 um + 5 ym measured with a Beam Watch AM (Ophir-
Spricon, LLC, North Logan, UT, USA). The 3D scanning optics allows for
programmable beam defocus to alter the spot size at the build plate. The
feature is set to 2 mm defocus for production of the plates resulting in
d4c ~ 80 um. The oxygen is continuously monitored during processing
and maintained below 500 ppm. Chamber pressure is maintained at

Additive Manufacturing 46 (2021) 102116

45 mbar, and an inert gas consumption is < 2.5 L/min during the build.

The layer thickness is 30 um with a dosing factor of 1.8 which means
the supply platform moves upward by 54 um each layer. Powder
spreading is performed with dual carbon fiber brushes attached to arigid
carrier with a 200 mm/s deposition velocity. All builds are performed
with parts scanned from near exhaust towards the gas cross flow nozzle
to minimize scanning of splatter. The processing parameters for the
building of block structure and connecting rod are summarized in
Table 1.

3.2. Block structure example

The first case is a rectangle block structure and the dimension of the
block is 100 x 50 x 15 mm®. In the scan pattern optimization, 50
physical layers are merged to save computation cost and the element
size used in this case is 5 x 5 x 1.5 mm?. In this case, the element size is
identical to the island. The finite element of the block is shown in Fig. 5
(a) which has 2000 elements and 2541 nodes. For each layer, the initial
scan pattern is the same and as shown Fig. 5(b). Each island is filled with
bi-directional hatch lines (0° and 180°) along the block long edge. After
optimizing the scan pattern of each island, i.e., the hatch line direction,
the maximum bending is expected to reduce after partially cutting off at
the tip point as indicated in Fig. 5(a).

The optimization results are presented in Fig. 6 including the
deformation profile after cutting off before and after scan pattern opti-
mization. The figure also illustrates the optimized layer-wise scan
pattern and the convergence history of the object function. As shown in
Fig. 6(a), the upward bending after partially cutting off from the first
layer is reduced significantly by optimizing the scan pattern for the
block. The upward deformation along the center line after cutting off is
plotted in Fig. 6(b). The deformation of the selected tip point on the top
surface along the centerline is 8.4 mm before optimization and is
reduced to 5.6 mm after optimization. The layer-wise scan pattern is
presented in Fig. 6(c). It can be found that the global trend of optimized
scan pattern direction is vertical, i.e., along the short edge of the block
except the first layer. Since the block is partially cut from the substrate
and only four islands along the long edge are kept, those islands cut off
(indicated in the blue dashed line box in Fig. 6(c)) have two different
parts in sensitivity analysis to update the island scan direction. For the
sensitivities of these islands, the first contribution is from the first step to
build the first layer, and the second part is from the last time step for
cutting off, as shown in Eq. (15). The explanation for the optimized scan
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Fig. 5. (a) Finite element model of the block structure; (b) Initial scan pattern for each layer.
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Fig. 6. Optimized results for the block structure: (a) Deformation profile after cutting off; (b) Displacement along the center line on the top surface; (c) Layer-wise
optimized scan pattern; (d) Convergence history. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 7. As-built block (a) before and (b) after stress relief; (c) Faro Laser ScanArm V3 for distortion measurement.
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Fig. 9. (a) Imported connecting rod CAD model; (b) Voxelized finite element model; (c) Generated islands of each layer. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

pattern from layer 2 to layer 10 is as follows: The deformation is caused
by the anisotropic shrinkage of material which shrinks more along the
beam scanning direction and less along the transverse direction. With
the initial scan pattern, the inherent strain vector applied is (—0.02,
—0.01, 0.015) and the principal shrinkage direction is along the long
edge direction which leads to large upward bending. After optimization,
the global scan direction is almost vertical and makes the shrinkage
along the long edge smaller.

To evaluate the performance of the optimized scan pattern, the same
block structures were built on the same build platform by the initial scan
pattern as indicated in Fig. 5(b) and optimized scan pattern in Fig. 6(c)
for deformation measurement and comparison. As shown in Fig. 7, the
as-built parts were partially cut from the platform (20 mm along the
long edge is kept) by the electrical discharge machining (EDM), at a
height of 1.5 mm, which equals to the element height. After stress relief,
the deformation profile of two parts was measured by a Faro Laser
ScanArm made by Faro Technologies. Further comparison between the
original CAD file and measured deformation after cutting off was made
by Geomagic Control X (3DSystems).

Fig. 8(a) presents the experimental measurement results for the
blocks built by the initial and optimized scan pattern after cutting off,
respectively. It can be found that both parts exhibit upward bending and
have larger deformation near the left short top edge. The block with
optimized scan pattern has smaller deformation than the block with
initial scan pattern. Fig. 8(b) presents comparison of vertical displace-
ment along the center line of the top surface, as indicated by the black
dashed line in Fig. 8(a). The maximum deformation at the tip point is
3.2 mm for the block with initial scan pattern and 2.4 mm with the
optimized scan pattern. This demonstrates the proposed scan pattern
design method can significantly reduce the residual deformation, e.g.,
23.41% in this case. It should be emphasized here that the experimen-
tally measured residual deformation value is smaller than the predicted
value in optimization. This deformation overestimation is attributed to
the elastic finite element analysis performed in the optimization which
neglects the plastic behavior. Despite not considering plasticity in the

optimization model, the optimized scan pattern still performs well.

3.3. Connecting rod example

The second case is a connecting rod and the dimension is
95 x 35 x 18 mm?, as shown in Fig. 9(a). In this case, 60 physical layers
are merged as one layer and the part is voxelized with element size of
1.25 x 1.25 x 1.8 mm®. The finite element model of this connecting rod
employed in scan pattern optimization is shown in Fig. 9(b), which has
21,280 elements and 24,563 nodes. The island size is 5 x 5 mm? in the
build design. Each island is divided into 16 elements as shown in Fig. 9
(o).

The initial scan pattern is the same as the block structure case in
Section 3.1. Each island is filled with bi-directional horizontal scan lines
as shown in Fig. 10. Build path reconstruction is employed for each is-
land depending on the intersection between island and geometry as
shown in Fig. 10(b). The reconstructed build paths of initial scan pattern
are used to build the connecting rod.

The optimized results for the connecting rod case are presented in
Fig. 11 including the deformation profile after cutting off with initial
and optimized scan pattern, layer-wised optimized scan pattern and
reconstructed building path, and the convergence history. As shown in
Fig. 11(a), the upward bending after partially cutting off the first layer is
reduced significantly with optimized scan pattern compared to the
deformation with initial scan pattern. The deformation of the selected
tip point on the top surface along the center line, as indicated by the red
dot in Fig. 9(a), is 0.83 mm before optimization and is reduced to
0.45 mm after optimization. The layer-wise scan pattern and recon-
structed build path of layer 1, 3, 7 and 9 are presented in Fig. 11(b). The
convergence history is presented in Fig. 11(c). The optimization con-
verges with 80 iterations and takes 2.3 h to with Intel Xeon Gold 6136
3.0 GHz CPU (two processors) and 256GB RAM.

Different from the optimized scanning pattern of the block structure,
which mainly consists of vertical scanning tracks, the optimized scan-
ning pattern for connecting rod has islands with horizontal scanning
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Fig. 10. (a) Initial scan pattern, (b) Build path reconstruction.

orientation near the small end and crank pin end (i.e. the large end)
while the scanning orientation of the thin beams is vertical. Another
feature of the optimized scanning pattern is that the island scanning
orientation tends to fit the local geometry. For example, the scanning
orientations of both large and small end varies along the tangential
direction.

In Fig. 12, connecting rods with the initial parallel scanning pattern
as indicated in Fig. 10 and optimized scanning pattern in Fig. 11(b) are
built by the AconityOne system under the same process conditions as the
block structure in Section 3.2. The as-built connecting rods were
partially cut off from the tip by EDM at the height of 1.8 mm, which
equals to one element height, and with 20 mm not cut off, which equals
to the length of four islands.

The measured deformation profiles on the top surface of connecting
rod with initial and optimized scanning pattern are presented in Fig. 13.

10

It can be found that the upward bending deformation after cutting off
with initial scanning pattern is around two times larger than the
deformation with optimized scanning pattern near the tip point. The
deformation values of three picked points as indicated by the black dot
near the small end are reduced by 55%, 52% and 53% from left to right
after scanning pattern optimization. The effectiveness of the proposed
scanning pattern optimization method on connecting rod structure is
demonstrated through this comparison.

Besides the initial bi-directional horizontal scanning pattern in
Fig. 10, and optimized scanning pattern in Fig. 11, the deformation
profiles of the other two commonly used scanning pattern as indicated in
Fig. 13 are computed for comparison. The first one is layer-wise rotation
by 90°, and in the second one, the scanning directions in neighboring
islands are orthogonal to each other while rotated by 90° layer-wise as
shown in (Fig. 14).
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The deformation profiles of the connecting rods with these two
scanning patterns after cutting off are presented in Fig. 15. The defor-
mation at the tip point with the layer-wise 90° rotation is much larger
than that with scanning direction orthogonal to neighboring island
scanning pattern. The comparison of deformation at the tip point be-
tween initial setup, these two commonly used scanning pattern and the
optimized scanning pattern are listed in Table 2. It could be found that
by rotating the scanning direction 90° layer-wise while keeping the
scanning directions in neighboring islands could significantly reduce the
residual deformation. Among all of these scanning patterns, the opti-
mized one still has the best performance.

12

4. Conclusion

This work proposes a scan pattern design method for island scanning
strategy to reduce part deformation encountered in powder bed fusion
processing. Inherent strain depending on laser or electron beam scan
orientation is employed to efficiently predict the deformation caused by
powder particle melting and solidification. Part deformation is obtained
from a multi-step static equilibrium analysis including layer-by-layer
activation and cutting off at last step. Since post removal after build-
ing is considered in both finite element and sensitivity analysis, defor-
mation of the as-built part after cutting off the build platform is
minimized directly in the optimization. Important details of this
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proposed design method including voxelization, island discretization,
optimization, and subsequent build path reconstruction are given in this
paper. Two numerical examples are investigated to examine the per-
formance of the proposed method. Experimental validations for the
designed patterns are conducted on an open-architecture machine. In
the first example, the scan pattern of a simple block structure is
designed. After measuring and comparing deformation of a block
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fabricated by initial and optimized scan pattern, it is found that the
maximum upward bending after cutting off is reduced by 23% for the
block structure after scan pattern optimization (i.e. reduced from
3.2 mm to 2.4 mm). This simple block structure shows the feasibility of
scan pattern optimization to reduce residual deformation. The second
example is a connecting rod with complex geometry. Similar to the first
case, scan pattern of each island is optimized after voxelization. Build
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Table 2
Deformation of connecting rod at tip point with different scanning pattern.
Initial setup Layer-wise rotation (90°) Neighboring island orthogonal & layer-wise rotation (90°) Optimized
U, (mm) 0.83 0.83 0.53 0.45

path reconstruction is performed after optimization to compensate for
the resolution lost (i.e. local geometric feature) in voxelization. The
deformation of connecting rods built by the initial and optimized scan
pattern is measured. The deformation comparison shows that the up-
ward residual deformation near the tip region can be significantly
reduced by ~50% after scanning pattern optimization.

For future work, high performance computing techniques such as
GPU-based finite element analysis [52] could be employed to optimize
the scan pattern of physical layers, instead of merged layers, for further
residual deformation minimization. Layer-wise rotation or shift is usu-
ally employed in the real building process with island scanning strategy
and has been reported to be effective in residual stress reduction.
Layer-wise rotation angle and shifting distance can be another design
variable to optimize as part of the future work. Although deformation
comparison shows the effectiveness of this method, the accuracy of finite
element analysis can still be improved by taking plasticity into consid-
eration, which will make the sensitivity analysis much more challenging
as well. In addition to residual deformation, the influence of optimized
scanning patterns on microstructures, defects and build efficiency is also
worth to investigate.
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