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Abstract

The additive manufacturing (AM) process direct metal laser sintering (DMLS) can quickly
produce complex parts. However, thermal stress in DMLS may induce thermal distortion and cause
build failure. This manuscript presents an optimization algorithm for the build orientation in
DMLS to minimize thermal distortion. The algorithm is built on the foundation of two coupled
thermal and thermo-mechanical models developed in our previous work. The DIRECT search
method and a universal objective function for thermal distortion were used. Constraints were
included to rule out build orientations resulting in overheating or excessive oxidation. The
optimization algorithm was tested on a rectangular bar and a complex, contoured part. Both parts
were printed using an EOS M290 machine, and measured by a coordinate measuring machine. In
comparison to build orientations chosen by two novice operators, the optimized build orientations
gave significant reduction in the thermal distortion and number of print trials before print success.

Keywords: additive manufacturing, DMLS, optimization, build orientation, thermal distortion,
thermal stress, support structure

1. Introduction

This manuscript presented an optimization algorithm which minimizes thermal distortion in
the metal powder bed fusion (PBF) additive manufacturing (AM) tool Direct Metal Laser Sintering
(DMLS) [1] by using an optimal build orientation. DMLS, as schematically shown in Fig. 1, uses
a layer-by-layer build cycle to build three-dimensional (3D) parts. In each build cycle, (1) a
recoater blade spreads a layer of metal powders with thickness 20 — 50 um from the metal powder
reservoir to the build platform, (2) a laser beam controlled by an X-Y scanning mirror selectively
melts a two-dimensional (2-D) pattern at the xy plane, (3) the part and build platform move
downward to accommodate a new layer of material, and the powder platform moves upward to
supply a new layer of metal powders. DMLS is capable of building complex parts with relatively
low cost in a low-volume production setting (1 — 1,000 units [2]), and best fitted for the low-
volume, high value-added aerospace and medical industries [2-13].
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Figure 1. An example of direct metal laser sintering (DMLS) system.

Thermal distortion induced by the high thermal gradient in DMSL (~ 500°C/mm [14]) is a
major challenge in current DMLS processes [15-18]. Moreover, the thermal distortion may even
cause the failure of the entire process if the recoater blade crashes onto the distorted part [19]. The
thermal distortion can be reduced by proper selection of the part orientation and the sacrificial
support structures [20-26]. In this study, the support structures are dependent on the build
orientation. In other words, once the build orientation is chosen, block-type support structures [19]
are generated for overhanging surfaces with less than 35 degrees [27] to the substrate and for all
surfaces below 10% of the total part height. As such, optimization of both build orientation and
support structures boils down to only optimization of only build orientation in DMLS.

Optimization of build orientation for AM process has long been studied. Early studies were
focused on enhancing the part quality, and reducing build cost and build time by considering the
geometric influence of the build orientation, such as the part height, the volume of the support
structures, the contact areas between the support and the part, the surface roughness due the
staircase effect and the volumetric error [28-37]. Different from the previous approaches, Ulu and
et al. [38] optimized the build orientation with a new objective function — the stress-based factor
of safety. They calculated the stress tensor field by conducting a finite-element simulation with the
orthotropic material assumption and a fixed boundary/loading condition. To the best of the authors’
knowledge, however, no one has conducted optimization of build orientation to minimize the
thermal distortion in AM build process. This is probably due to lack of efficient part-scale AM
modeling tools which can predict thermal distortion.

In our previous studies, efficient part-scale thermal and thermo-mechanical models are
developed to predict part distortion in DMLS AM [39,40]. To expedite the simulation speed, the
thermal model took a novel paradigm different from existing finite element models. It breaks the
part and support structures into a network of thermal capacitance and resistance, and the layer-by-
layer build cycles of DMLS are modeled by adding new capacitance and resistance into the
network. With temperature history calculated from the thermal model, the thermo-mechanical
model predicted thermal contraction and thermal stresses accumulated in each build cycle. Each
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build cycle is treated as a quasi-static thermo-mechanical process where only stresses at the end of
each build cycle is calculated. Moreover, the thermo-mechanical model also simulated the support-
removal process and the off-substrate part distortion can be predicted. The thermal and thermo-
mechanical models can predict thermal distortion in the order of minutes, and can be integrated
into optimization algorithms to find the optimal build orientation with minimum thermal distortion.

The rest of the manuscript is arranged as follows. Section 2 discussed the optimization
algorithm used in this study and the generic objective function of thermal distortion. Section 3
discussed the constraints applied to the optimization. Section 4 presented two cases studies on a
simple rectangle bar and an orthopedic handle part. Section 5 gave the conclusion and the potential
future research.

2. Optimization methodology

2.1.DIRECT method

Because thermal distortion in DMLS cannot be explicitly expressed as a function of build
orientation and calculating derivative numerically by evaluating the thermal/thermo-mechanical
models multiple times is time-consuming, derivative-free optimization algorithms are more
appropriate for optimizing build orientation in DMLS. Existing derivative-free optimization
methods used for build orientation optimization include genetic algorithm [31,35], multi-objective
genetic algorithm [34] and multi-criteria GA-based Pareto optimization [36].

DIRECT optimization algorithm is one type of derivative-free algorithm first introduced in
[41], which is capable of solving difficult global optimization problems with bound constraints
and real-valued objective function. The history and development of DIRECT method is discussed
in [42]. The name DIRECT is short for “DIlviding RECTangles” because the DIRECT algorithm
keeps dividing the current domain into new hyper-rectangles and identifying potentially optimal
hyper-rectangles from the new hyper-rectangles. Figure 2 shows the first three iterations of the
DIRECT algorithm [43]. At the beginning of the first iteration, or initialization of the algorithm
the search domain is divided along all dimensions. Note that the division starts with the dimension
with the best function value so that the best function value is left in the largest space. Then the
potentially optimal hyper-rectangles are found by applying the lemmas developed from the
Lipschitzian optimization [43]. Next, the potentially optimal hyper-rectangles are divided along
the longest dimension. If the lengths along all dimension are the same, the optimal hyper-
rectangles are divided along all dimensions, starting with the dimension with the best function
value, as what we did in the initialization. The optimization algorithm keeps finding new
potentially optimal hyper-rectangles and dividing those hyper-rectangles until the maximum
number of divisions is reached.
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Figure 2. The schematic of the initial three iterations of the DIRECT optimization algorithm
(adapted from [43]).

The DIRECT optimization algorithm was coupled with our DMLS thermal/thermo-
mechanical model to optimize build orientation as shown in Fig. 3. In each optimization iteration,
DIRECT passes a few potentially optimal build orientations to the DMLS models. The DMLS
models generate support structure and predict the thermal distortion for those build orientations.
Then values of the objective function are passed back to DIRECT. Based on the values of the
objective function, DIRECT finds new potentially optimal build orientations. In this study, the
build orientation is represented by part rotation about the x and y axes. It is assumed that the part
rotation about z axis has no influence on the thermal distortion because the detailed scanning
pattern of the laser beam is not considered in this study. For a generic part without symmetric
features, the bound of the rotation angle is from -180 to 180 degrees.

Build orientation
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Figure 3. DIRECT algorithm applied to optimization of build orientation in DMLS.

2.2.0Dbjective function
Displacement cannot be used as the generic objective function of thermal distortion in DMLS
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because displacement of parts in DMLS depends on the boundary conditions applied in the stress
relaxation period. Figures 4(a) and (b) show the displacement of a disk with diameter 45 mm and
thickness 5 mm, and with boundary condition (BC) applied to the center and the edge of the disk.
When BC is at the disk center, the edge of the disk bends upward and makes a “bowl!” shape, as
shown in Fig. 4(a); when BC is at the edge, the displacement near the BC is small and the
displacement increases in areas away from the BC. However, the thermal distortion in Figs. 4(a)
and (b) should be the same and with proper rotational and translational movement, the
displacement in Figs. 4(a) and (b) should also match.

In this study a generic objective function is proposed by fitting the distorted part to the original
part shape with nonlinear regression. Assume the nodal coordinates of the original and distorted
part mesh are

R

Xl yl Zl )~(l yl Zl
X z s | X Y, Z

x=|"7 % Zlaax=| 2 72| )
Xm ym ZITI im ym zm

where m is the total number of nodes in the part mesh. Now rotate the distorted part mesh about x,
y and z with angle a, f and y, and move the distorted part mesh along vector (Xo, Yo, Zo). After the
rotational and translational movement, the coordinates of the distorted part mesh are
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This is a nonlinear regression problem and p is refined iteratively with
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The minimum residual Smin is used as the generic objective function in DIRECT, and Smin
represents the average thermal distortion in the part. Figure 4(c) shows the history of the residual
and the z-displacement after the nonlinear regression. It is worth noting that the two BCs shown in
Figs. 4(a) and (b) give the same minimum residual Smin.
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Figure 4. Simulated off-substrate z-displacement of a disk with diameter 45 mm and thickness 5
mm built with DMLS with boundary condition applied to (a) the center and (b) the edge. (c)
Generic objective function of thermal distortion and z-displacement after the nonlinear regression.

2.3.Constraints
2.3.1. Temperature constraint

To avoid overheating of the sintering plane, a temperature constraint must be applied. Figure
5 shows the simulated temperature history of a rectangular bar built vertically in DMLS. As more
materials are deposited onto the part during the build, the thermal resistance and thermal mass
increase and the temperature decay rates decrease. Without proper thermal management, the top
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sintering plane will remain in liquid phase when the next build cycle starts. The temperature
constraint is implemented in DIRECT algorithm as follows. At the end of each build cycle, if the
average temperature of the top superlayer is higher than the solidus temperature, a feasible flag
will be set to 1 (default value 0) and returned to the DIRECT algorithm. As such, DIRECT will
not choose the current build orientation as the potentially optimal orientation even if the thermal
distortion is small.
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Figure 5. (a) Simulated temperature history of each superlayer of a rectangular bar built
vertically in DMLS. (b) The rectangular bar sliced into superlayers for thermal analysis.

2.3.2. Oxidation constraint

Another constraint is applied to the oxidation in DMLS. Due to high build temperature,
oxidation is not avoidable in DMLS. However, by controlling the build temperature, the oxidation
film thickness can be controlled in an acceptable level. The parabolic law of oxidation is widely
used to predict the accumulation of oxidation film on metal alloys [44-46]. The law was also
applied to study the oxidation in LENS additive manufacturing process [47]. The parabolic law is
expressed as

X =k t, (10)

0
where x is the layer thickness, t is time and kp is the oxidation rate constant. The oxidation rate
constant can be expressed in Arrhenius form as

E
k, =k, exp(—ﬁ), (11)

where E is activation energy, T is temperature in Kelvin and R is gas constant. The oxidation rate
constant for stainless steel is [45]

12
T (12)
It is customary to give kp in the form of weight increase and in Eq. (12) the unit of kp is g?m“s*
with the assumption that the oxide density is 5x10%gm=. The oxidation rate constant is very
sensitive to temperature change. When temperature is below 700 °C, the oxidation rate constant is

3
k, =1.02x10° exp(—wj.
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near zero while the oxidation rate increases exponentially as temperature increases above 1000 °C.

With the temperature history predicted by our thermal model, the evolution of oxidation rate
constants at each superlayer are available with Eq. (12). By integrating the parabolic law of
oxidation over the history of DMLS build process, the final oxidation film thicknesses at each
superlayer can be obtained. However, because our thermal model assumed that laser heat fluxes
are applied to the entire thick superlayer (large thermal mass), the top superlayer in the simulation
stay at high temperature longer than the top layer in the experiment. As such, the oxidation level
predicted by our thermal model is higher than the real oxidation, and needs to be calibrated against
experiment data.

Due to the interference of light waves, oxidation films with different layer thickness exhibit
different colors. Thus, the oxidation film thickness can be estimated from the interface color of the
oxidation film. Figure 6 shows the interface color of stainless steel oxidation film changes from
brown to green as the oxidation film thickness increases from ~80 nm to ~450 nm [44]. Based on
Fig. 6, we estimate that in our experiment the oxidation film is negligibly small when the
rectangular bar is built horizontally, and the oxidation film thickness is ~80 nm when built with 45
degrees to the substrate. To match the oxidation level predicted by the simulation to the oxidation
level in the experiment, a calibration factor of 50 is chosen. After dividing the oxidation film
thickness from the parabolic law of oxidation in Eq. (10) by the calibration factor, the predicted
oxidation film thickness is 9 nm for the bar built horizontally and 94 nm for the bar built with 45
degree, consistent with the experimental observation.

The oxidation constraint is implemented in DIRECT algorithm as follows. After the
temperature history in DMLS is predicted by our thermal model, the maximum oxidation film
thickness in the part obtained. If the maximum oxidation film thickness is higher than a user-
defined threshold value, the feasible flag will be set to 1 (default value 0) and returned to the
DIRECT algorithm. As such, DIRECT will not choose the current build orientation as the
potentially optimal orientation even if the thermal distortion is small.
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Figure 6. Interface color of stainless steel oxidation film with various film thickness.

3. Case studies
3.1.Rectangular bar
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First, the build orientation of the 316L stainless bar (10x10x150 mm) is optimized for
minimum thermal distortion. Two different threshold values of the maximum oxidation film
thickness, 120 nm and 20 nm, are tested. Figure 7(a) shows the history of the potentially optimal
(blue curve) and optimal (red curve) values of the objective function when the threshold value of
the maximum oxidation film thickness is 120 nm. The maximum number of build orientations to
be evaluated is set to be 100. Nevertheless, the DIRECT algorithm typically evaluates more build
orientations than the specified number. Figure 7(b) shows the optimal build orientation of the
rectangular bar. The build orientation is achieved by rotating a horizontal bar about y axis with -
80 degrees and then about x axis with -35.6 degrees. The objective function at this optimal build
orientation is 9.5x101°m? and the maximum oxidation thickness is 94 nm. It takes about 13 hours
to finish the optimization. Figure 7(c) shows the experimental results. The build is successful at
the first trial. By referring to the interface color shown in Fig. 6, it can be estimated that the
thickness of the oxidation layer is about 100 nm, consistent with our simulation results.

Figure 8 shows the optimization results when the threshold value of the maximum oxidation
layer thickness is set to 20 nm. It takes about 8 hours to finish the optimization. Figure 8(a) shows
the history of the potentially optimal and optimal values of the objective function. Because the
threshold value of the maximum oxidation layer thickness is pretty low, most of the build
orientations give a much higher oxidation layer thickness. Under those circumstances, the DIRECT
assigns a high value (typically 1x10°) to the objective function, regardless of the real objective
function value at the build orientation. As such, the build orientations not satisfying the oxidation
constraint can be ruled out. Out of the ~100 build orientations, only a few build orientations satisfy
the oxidation constraint, as shown by Fig. 8(a). Figure 8(b) shows the optimal build orientation,
which is achieved by rotating the horizontal bar about x axis with 80 degrees. The optimal build
orientation is close to the horizontal build such that heat can be dissipated quickly to decrease the
oxidation level. The maximum oxidation film thickness under this build orientation is 16 nm from
the simulation.
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Figure 7. Optimization of a rectangular bar (10x10x150 mm) with maximum oxidation film
thickness threshold of 120 nm. (a) History of potentially optimal value of the objective function
(blue curve) and optimal value of the objective function (red curve). (b) Optimal build orientation.
(c) The rectangular bar build with the optimal build orientation.
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Figure 8. Optimization of a rectangular bar (10x10x150 mm) with maximum oxidation film

thickness threshold of 20 nm.
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Figure 9 shows the off-substrate distortion at the top surface of the rectangular bar measured
by the coordinate measuring machine (CMM). Figure 9(a) shows the distortion for the horizontal
build orientation chosen by an invoice operator and Fig. 9(b) shows the distortion at the optimal
build orientation indicated by Fig. 7(b). When built horizontally, the rectangular bent upward and
the highest and lowest locations are marked by red points (see Fig 9(a)). The vertical distance
between the two red points, termed with flatness, is 447 pm. Similarly, when built with the optimal
orientation, the bar shows insignificant distortion. The vertical distance between the highest and
lowest points is 109 um, a reduction of 75.6% in comparison to the horizontal build orientation.
Moreover, the surface roughness is the main reason for the flatness of 109 um, as shown by Fig.

9(b).
IZOD Oum

Flatness: 109 pm

1
Figure 9. Off-substrate distortion at the top surface of the rectangular bar built with (a) horizontal
build orientation chosen by the novice operator and (b) the optimal build orientation as shown in
Fig. 7.

3.2.Handle for orthopedic application

Hereafter, the DIRECT optimization algorithm is applied to a generic orthopedic handle. The
maximum number of build orientations to be evaluated is 100 and the threshold value of the
maximum oxidation film thickness is set to 120 nm. It takes about 22 hours to finish the
optimization. Figure 10(a) shows the history of the potentially optimal (blue curve) and optimal
(red curve) values of the objective function, and Fig. 10(b) shows the optimal build orientation.
The larger end of the handle is oriented to the bottom side and in contact with support structures
so that heat can be dissipated efficiently. The remaining part is built with no support, resembling
the optimal build orientation of the rectangular bar shown in Fig. 7(b). The maximum oxidation
film thickness is 49 nm with the optimal build orientation. Figure 10(c) shows the build of the
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handle in the EOS M290 machine. The build is successful at the first trial.
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Figure 10. Optimization of an orthopedic handle with maximum oxidation film thickness threshold
of 120 nm. (a) History of potentially optimal value of the objective function (blue curve) and
optimal value of the objective function (red curve). (b) Optimal build orientation. (c) The
orthopedic handle build with the optimal build orientation.

Figure 11 shows the off-substrate distortion at the top surface of the handle built with
horizontal build orientation chosen by the novice operator and the optimal build orientation
indicated by Fig. 10. The off-substrate distortion of the horizontally built handle was measured by
fixing the origin as shown by the axes. The maximum displacement at the tip of the handle is as
high as 3.5 mm. However, the distortion is significant reduced under the optimal build orientation
as shown by Fig. 10(b).
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Figure 11. Off-substrate distortion at the top surface of the orthopedic handle built with (a)
horizontal build orientation chosen by the novice operator and (b) the optimal build orientation as
shown in Fig. 10.

4. Conclusion and future research

On the foundation of the coupled thermal and thermo-mechanical models developed in our
previous work, this manuscript presents an optimization algorithm for minimum thermal distortion
in the DMLS AM process. The DIRECT search method is used with a universal objective function
for thermal distortion. Both a thermal and an oxidation constraints are applied to rule out build
orientations resulting in overheating or too much oxidation. The optimization algorithm was first
applied to a simple rectangular bar and then to a generic orthopedic handle. On average it takes
about 15 hours to finish each optimization. The rectangular bar and the handle with the optimal
build orientations were built in an EOS M290 machine and the distortion of the parts was measured
by a coordinate measuring machine. In comparison to intuitive build orientations chosen by our
two novice operators, the optimized build orientations gave about 70% reduction on the thermal
distortion. The future work will focus on coupled optimization of build orientation and support
structure design for minimum thermal distortion. The heuristics for support structure generation in
this study will not be used any longer. As such, the support structures will become independent of
build orientations and need to be optimized independently. Topology optimization is a tentative
approach for support optimization. Parameters of support structure such as teeth length, hatch
distance and fragmentation should also be included into the optimization algorithm.
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