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Abstract

A new one-way coupled thermal-mechanical finite element based model of direct metal
laser sintering (DMLYS) is developed to simulate the process, and predict distortion and cracking
failure location in the fabricated components. The model takes into account the layer-by-layer
additive manufacturing features, solidification and melting phenomena. The model is first
validated using experimental data, then model is applied to a DMLS fabricated component. The
study shows how the stress distribution at the support-solid interface is critical to contributing to
cracking and distortion. During the DMLS process, thermal stress at the support-solid interface
reaches its maximum during the printing process, particularly when the first solid layer is built
above the support layer. This result suggests that cracking at the interface may occur during the
printing process, which is consistent with experimental observation. Using a design parametric
study, a thick and low-density porous layer is found to reduce residual stress and distortion in the
built component. The developed finite element model can be used to future design and optimize

DMLS process.
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1. Introduction

Direct metal laser sintering (DMLS) is a popular additive manufacturing process that
fabricates metallic components with layer-by-layer addition of powders. DMLS is sometimes
also called metal based selective laser sintering (SLS). In this manufacturing process, the powder
bed is selectively melted or sintered by a laser source, and solidified to form a high density
component. The DMLS fabricated components usually have a relatively high density of ~95%
with good mechanical strength. High speed moving laser heating leads to a non-uniform
distributed temperature field. The non-uniform temperature field, along with hatch overlap, cause
a highly inhomogeneous thermal gradient and complicated non-uniform thermal expansion or
shrinkage. Therefore, undesired distortion and cracking are often observed on failed printed
products. In addition, support materials are needed in the DMLS process to stabilize the
structure during printing. The support materials need to be porous so that they are easy to be
removed in post processing. Cracks are often observed at the interface between the porous
support and solid printed material, due to residual stresses caused by differential coefficient of

thermal expansion.

Thermal stress and distortion during selective laser sintering process have been studied
previously. Peter et al. experimentally measured the residual stress distribution in a SLS
fabricated component and compared with the analytical and finite element solution [1]. Roberts

et al. employed the “element birth” method in finite element analysis to simulate the addition of



material in the SLS process [2]. They simulated the residual stress and distortion of a substrate
with simple two-layer structure, and the results were compared with experiment. Paul et al. used
the finite element model to predict the shrinkage and distortion of AM fabricated parts with
larger component sizes [3]. Heigel et al. developed a coupled thermal-mechanical finite element
model. The predicted temperature and deformation results were compared with in-situ
experimental measurements [4]. A geometric compensation method was proposed by
Senthilkumaran et al. [5]. A better geometric accuracy prediction was obtained when the input

geometry was compensated based on simulated thermal deformation and shrinkage results.

Although previous works report stress generation and deformation during DMLS
processes, the residual stress at the interface of printed porous support and solid metal part has
not been fully understood. Additionally, finite element modeling focusing on stress generation,
deformation, crack at the support-solid boundary is rarely reported. In fact, many DMLS
components failed due to support-solid interface cracking during the printing process, which
dramatically increased the DMLS production costs. Even though some geometry compensation
strategies were proposed to overcome the distortion, the cracking problem due to interface stress
still exists. The porous support structure has a different coefficient of thermal expansion, and
weaker mechanical strength than the solid print, which often lead to crack initiation and

propagation at the interface during the printing process even before warping effect occurs.

This paper will develop a new finite element based, thermal-mechanical model including
both porous support and solid printed metal components. The stress generation at the support-
solid interface will be focused. The model will be applied to a DMLS printed component, and the
predicted distortion and cracking will be validated by experiment. Further, from design

perspective, a parametric study with varying densities and thicknesses of the support layer will



be conducted. The effect of support layer density and thickness on the interface stress will be

discussed.

2. Numerical Method
2.1 Governing equations

One-way coupling of thermal-mechanical model includes both thermal and mechanical
components is used in this work. The temperature field is obtained from a transient heat transfer

model, and used as the boundary condition of a quasi-static solid mechanical model.

In the heat transfer model, the temperature field under selectively laser heating is

obtained from the transient heat conduction equation:

0H

p(5)=-v-a+Q 0

where p is the density of material, H is the enthalpy, t is time, Q is the heat generation rate, and
q is the heat flux, which is a function of temperature and thermal conductivity in the 3-

dimensional Fourier’s law:
q=—-kVT (2
where K is the temperature dependent thermal conductivity and T is temperature.

Phase change, including melting and solidification during the laser heating is considered
in the heat transfer model. The latent heat is represented in the temperature dependent enthalpy
by a sudden increase around the melting temperature. Heat convection is applied at the out

surface, according to the Newton’s law of cooling:
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where h is the convection coefficient, A is the surface area, T is the surface temperature and T,
is the ambient building chamber temperature. In the heat transfer model, for the locations where
laser heat source is applied, the radiation phenomenon is neglected [6, 7], due to its minor

contribution to overall heat transfer in the model.

In the quasi-static solid mechanical model, the 3-dimentional equation of motion is

described by Newton’s second law:

0=Vo+F, (4)
where o is the Cauchy stress tensor and F,, is the body force. The stress tensor o is calculated by
3-dimensional Hook’s law:

c=D"¢ (5)
with D, the stiffness matrix, and &, the total strain tensor, which is a combination of three terms
[8]:

E=Eg + Eje — & (6)

where &, is the elastic strain, and &;, is the inelastic strain calculated from temperature-
dependent stress deviation, strain hardening, and plastic yielding. &, is the strain due to thermal
expansion, which can be obtained by &,;, = aAT1 (where a denotes the temperature-dependent

coefficient of thermal expansion and 1 is the unit tensor).

An important feature of the model is the “element birth and death” which captures the

layer-by-layer melting and solidification sintering process. Numerically, in order to maintain a



constant number of equations of motion, deactivation of elements is realized by multiplying a
small factor (1 x 107°) to the stiffness of “dead” elements. Since powders are needed to be
added to the simulation domain, all elements except the substrate are “killed” or deactivated in
the beginning of simulation, and powders are not considered for mechanical computation (i.e.,
powders have almost zero stiffness). With the scanning of laser beam, elements with
temperatures higher than the melting point are “reborn” or activated and their material properties
are changed to the solid phase. Later during printing, depending on temperatures, the reborn
elements become solid or liquid phases. The shape change associated with melting process is not

considered in this work.

2.2 Model geometry and boundary conditions

The geometry of the DMLS components used in the validation experiment is shown in
Figure la. Since this method needs to capture the laser path at micro meter scale, the actual size
of this geometry is not able to be modeled due to the computational costs. Instead the FE model
is scaled down to 1/40 of the original size. Also, due to reduced-size model, a few geometric
details are omitted in the discretized model. As shown in Figure 1b, the dimension of each block
is 100 x 100 x 75 pm?®, where 100 pm is the effective laser spot size [9] and the 75 pum is layer
thickness. The porous support layer, solid print component, and printing plate are given in Figure
1b. Each powder layer is represented by two equal sized element layers with a thickness of 37.5

um.



(b)

Figure 1: (a) CAD geometry of the DMLS component (dimension LxWxH is ~20 cmx 2 cm x 4
cm); (b) the voxelized 1/40 scaled FE mesh used in the model. The purple elements represent
AISI stainless steel plate, dark blue elements show the 15-5 PH1 stainless steel support structure,

and the light blue elements represent 15-5 PH1 stainless steel solid part.



The boundary conditions of both thermal and mechanical models are summarized in
Figure 2. In the transient thermal model, laser heat flux with a Gaussian laser irradiance

distribution is applied to the surface of a small area (100 pm x 100 pum) [10]:

1 1 R 2P _5,2/p2
q=-JldA=a — [ e 2r°/R

R270 mR?

- 2mrdr (7)

where q is the laser heat flux, P is power, R is the laser spot radius and a is the material
absorptance. In this study the absorptance is taken from Bertolotti [11], which is 0.2 for solid

phase and 0.1 for liquid phase of materials.

In Eqg. 1, additional terms are included corresponding to preheat convection, T=T,, and
the surface convection, (—kVT) -n = h(T — T,), where h is the convection coefficient. The
printed component surface and the substrate top surface are free to convection with air. For each
layer of scanning, the “s” shape of laser scanning path is applied. Between each layer, free
convection of 8 s is simulated, corresponding to the recoating process. After all the layers are
built, the model cools down to room temperature. In the mechanical analysis model, one end of

the substrate is fixed to all degree of freedom, thus forming a cantilever support [2, 3, 12].
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Figure 2: Thermal and structural boundary conditions in the model (a) side view, (b) top view; it
also shows the “s” shape of laser scanning path.

2.3 Materials properties

The mechanical and thermal properties of the AISI stainless steel plate are adopted from
Ref.[12], since the same substrate material is used. We were not able to find the temperature-
dependent material properties of 15-5 PH1 stainless steel in this particular temperature range
from the literature, therefore some properties are assumed to be temperature-independent based

on Ref.[13], or using the properties of forged 15-5 steel [14]. For the support layer, since it is



porous and also made of 15-5 stainless steel, the properties, including density, Young’s modulus,
yield strength, tangent modulus, and coefficient of thermal expansion are scaled by a factor
based on relative density. In this work: relative density of 0.4, 0.6 and 0.8 are used in the design
parametric study in Section 3.4. Other properties are same as the 15-5 stainless steel solid
component. The material properties used the heat transfer simulation and solid mechanical

simulation are summarized in Table 1 and Table 2, respectively.

Table 1: Thermal properties for 15-5 stainless steel [13, 14], and AlSI stainless steel [12].

15-5 stainless steel AISI stainless steel
Temperature | Thermal Enthalpy | Thermal conductivity | Enthalpy
(°C) conductivity (k/kg) | (W/m/°C) (kJ/kg)
(W/m/°C)
25 12.9 0 51.9 0
400 22.5 172.5 49.9 225
800 22.6 356.5 29.3 490
1640 22.6 742.9 30 1340
1660 22.6 1032.1 |30 1355
2800 22.6 1556.5 |30 1710

Table 2: Mechanical properties of 15-5 [13, 14] and AISI stainless steels [12].

15-5 Temp. | Density | Young’s | Poisson’s | Coeff. of Yield Tangent
stainless | (°C) (kg/m®) | modulus | ratio thermal strength | modulus
steel (GPa) expansion (MPa) | (GPa)
(1x10°/°C)
25 4420 160 0.272 11.9 1062 120
200 4365 140 0.272 12.4 743 130
315 4310 131 0.272 12.8 670 160
540 4190 80 0.38 13.1 478 190
2800 | 3140 1 0.45 25 1 1
AlSI 25 7950 200 0.26 10.7 255 2
stainless | 200 7785 200 0.26 13.7 248 3
steel 315 7575 190 0.28 14.8 178 2

10



540 7260 147 0.38 16.2 112 1
2800 | 5630 1 0.45 25 1 1

2.4 Simulation analyses

The simulation is a one-way coupling the following two steps: (1) a transient thermal
laser heating analysis to calculate the layer-by-layer addition of powders, powder melting and
solidification, and temperature evolutions; and (2) a transient solid mechanical analysis, which
uses the temperature distribution data from step (1) as the input to calculate residual stress,
deformation and distortion. A user defined macro, including FE mesh, material properties, loads,
boundary conditions and solver configurations, is applied in the commercial finite element
software package ANSYS Mechanical APDL [15]. The flow chart of the whole FE model is

shown in Figure 3.

In the thermal analysis, the laser heat source is applied as a continuous moving inward
heat flux. The movement of laser heat flux is realized by changing the heat flux location in the
user defined macro. The laser heating path is defined by imposing heat flux to the finite elements
along the path. When the laser spot location changes from one element to the next, the thermal
analysis results (temperature and heat flux) from the previous location are applied as initial
conditions of the next step. The movement of the laser and the deposition of layer (“reborn” of

elements) are automatically controlled by the user defined macro.

During the thermal analysis, the temperature field results of each step are recorded. At the
completion of thermal analysis, all recorded temperature data are imported to the mechanical
model as the initial conditions. Same mesh and time control parameters in the thermal model are
applied to the mechanical model. Similar to the thermal analysis, the user macro controls how
the melted elements activate or reborn in a discrete way based on the temperature distribution

11



along the laser path. Then the thermal and mechanical loads are applied to the activated the

elements. The nodal displacement results after previous step are applied to the next step as the

initial condition.
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Figure 3: Flow chart of the one-way coupled thermal-mechanical finite element model

3. Results and discussion

3.1 Model validation

Method used in this work is first validated by using a TiAI6V4 block with the dimension

of 1 mm x 2 mm x 60 pum printed on a5 mm x 5 mm x 1 mm AISI 1015 stainless steel substrate

plate (Figure 4b). The simulated substrate deformation (Figure 4a) is compared with

experimental data in Ref.[12].
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Figure 4: (a) Simulated deformation in this work, and (b) topology experimental measurements
[12].

The deformation along the path “a” on top surface of substrate place in Figure 4a is used to
compare with the surface topology experimental measurement. As shown in Figure 5, reasonably
good agreement is obtained between the prediction (Figure 5a) and experimental measurement
(Figure 5b), where the dashed curves are fitted by measured data points. On both figures, the
left-end has zero displacement as a result of the fixed boundary condition. Due to the plastic
deformation caused by the thermal expansion, the right-side shows a permeant upward

displacement of about 1.3 pm.

13



1.6

16 7
14 4 R*=0.8928
1.2 1 "
12 1 ’J’
1.0 4 L
0.8 1 L
0.6 4 -

2 = A3
04 R*=04347
0.2 - LT I i

0.2 -
0.0 T T T T T

0 10'00 20'00 3600 40'00 50'00 0 1000 2000 3000 4000 5000
Y, um Yz (um)

1.4 A

0.8 1

Ah, pm
&0 (um )

0.6

0.4 A

(a) (b)

Figure 5: Surface deformation along path “a” in the validation model in Figure 4a. (a) prediction
in this work, (b) experimental measurements [12].

3.2 Thermal analysis results of the DMLS fabricated component

After model validation, the DMLS process of 15-5 stainless steel using the geometry
shown in Figure 1b is simulated. The scaled model has 9 scanning layers with a layer thickness
of 75 um. The porous support material is assigned to the first layer. A scaling factor of 0.6 of the
solid material, estimated from porosity of the porous support layer, is used for the mechanical
properties of the support layer. The simulation starts with a transient thermal analysis, and the

resulting temperature history is used for a mechanical structural analysis.

The temperature distribution evaluations within one scan layer can be illustrated in Figure
6. The rectangle black lines on the top surface show the DMLS 15-5 stainless steel component
foot print boundary on the AISI 1015 stainless steel substrate plate. Outside the boundary, the
15-5 stainless steel powders are presented. As shown in Figure 6, the laser movement paths can

be clearly illustrated from the temperature distributions with time. With a laser power of 195 W,
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and scan speed of 100 mm/s, the maximum temperature at the center of laser spot is in the range
of 1800-2050 °C. A concentrated high temperature spot with a “tail” is shown in each instant.
All the other scan layers show the similar temperature distribution patterns, since the scan
strategies are the same. After all layers are built, the entire model is subjected to free convection
for 600 s with a convection coefficient of 20 W/m?/°C. The simulation is ended with a uniformly
distributed ambient temperature of 40 °C. The resultant temperature history is imported to the

time-dependent quasi-static solid mechanical model for residual stress and distortion analyses.

0.0059 s

(a) (b)

0.0209 s

(c)
L D
40 477.281 914.562 1352 1789
258.641 695.922 1133 1570 2039

Figure 6: Temperature distribution (°C) of the first layer 15-5 stainless steel sintered on the top of
AISI 1015 stainless steel substrate plate at different time.

Although temperature distribution for each layer follows the similar pattern, the
magnitudes are different. Figure 7 shows how the temperature evolves during the building of

layers, and the average laser spot temperature during the scan of each layer is plotted. The
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temperature increases slightly with the addition of layers from 1975 °C at the first layer, to 2150
°C at the last layer. The increasing of laser spot temperature is due to insufficient heat dissipation.
For the first few layers, a large amount of heat is effectively conducted to the substrate by
substrate heat dissipation, therefore the temperature is relatively lower. However, the heat
conduction and convection for higher layers are not effective. Since the substrate and the
previous built layers have higher temperatures, the conduction path is impacted by the current
layer to dissipate heat to the substrate. Similar phenomenon has been reported from experimental
work by Peyre et al. [16], where the melt pool size slightly increases with increasing deposition

layer during direct laser metal deposition process.

Laser spot temperature (°C)
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o
o
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Figure 7: Laser spot temperature evolution with addition of layers.
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3.3 Residual stress and distortion analyses results of the DMLS component

In the solid mechanical model, one end of substrate is fixed and the temperature history is
used as thermal boundary condition. Since the surrounding powders have negligible effects on
the deformation, the powder elements are omitted in the calculations. The stress, strain, and
displacement results are calculated. The von Mises stress of the model after 600 s cooling
process is shown in Figure 8. The top surface shows a high stress due to the discontinuity of
voxelized geometry. From this figure, several stress concentration features can be observed: (1)
since the substrate is fixed at left end with a cantilever boundary condition, the stress
concentration is found at the fixed left surface of substrate; (2) stress concentrations are also
found for each printed solid layers, which is a result of high temperature gradient between each
layer of elements in the vertical printing direction; and (3) the interface between the porous
support layer (1% layer) and the solid component layers (2" layer and above), which is a

combining effect of high temperature gradient and difference of coefficient of thermal expansion.
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Figure 8: von Mises stress (Pa) distribution of the DMLS 15-5 stainless steel component after
cooling.

In order to quantitatively analyze the stress distribution along vertical direction, the
residual von Mises stress along path “a” shown in Figure 8 is extracted and presented in Figure 9.
In Figure 9, the vertical dash line (height = 75 um) shows the interface between the porous
support layer and the solid component material, and the thin gray vertical lines show the
boundary of each layer in the solid part. The stress distribution in solid-solid interface is quite
different from the support-solid interface. Between the solid layers, stress continuously increases
with the increasing layer height. This is mainly due to the non-uniform thermal gradient induced
deformation. The addition of a new layer is actually based on a deformed previous layer,
therefore the stress increases. The state of stress of solid layers increases smoothly, and the
maximum stress may not able to cause significant failure or damage, since the solid part has high
stiffness and yield strength. However, for the porous support layer, due to the thermal expansion

difference, a larger stress gradient is observed. As shown in Figure 9, the stress suddenly
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increases from 150 MPa to about 250 MPa at 75 pum height, the interface between the support
and solid part. Due to its porous structure, the crack resistance (stiffness, yield strength and
ultimate strength) of the support material is much lower than the solid part. At the support-solid
interface, the locally high stress due to thermal expansion mismatch and temperature gradient
can easily reach the yield strength of the porous support material, which could cause failure or
crack. Therefore, failure or crack is expected to occur in the support layer close to the support-

solid interface, which is consistent with experimental observations.
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Figure 9: von Mises residual stress along interface between layers (vertical path “a” in Figure 8).

Figure 10 shows the residual stress distribution as the layers are built up. This is done by
comparing the von Mises stress distributions along the horizontal path “b” in Figure 8 at
different printing time periods without implementing the final stage of cooling by convection.
The legend for each curve shows the printing time corresponding to the number of printed layers.

In our study, the maximum von Mises stress keeps increasing during the scan of each layer, and
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then it decreases as the recoating process starts. Therefore, the von Mises stresses at the end of
each layer are considered as the maximum. As shown in Figure 10, after layer 1 (the support
layer) is printed, the interface shows small stresses with a nearly uniform distribution. With the
addition of layer 2, thermal stress suddenly increases and reaches to 224 MPa. With further
addition of layer 3, the stress at interface reduces to about 170 MPa. Therefore, the thermally
induced residual stress at the support-solid interface reaches to its maximum value when the first
solid layer above the support material, layer 2, is printed. This result suggests that cracking at the
interface occurs during the printing process, and it is consistent with the observation from

experiment shown in Figure 11a.
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Figure 10: Maximum von Mises stress evolution at the support-solid interface, along the
horizontal path “b” defined in Figure 8.

The predicted distortion in printed component is shown in Figure 11a, compared against

experiment in Figure 11b. The overall shape distortion comparison shows a good agreement. As
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shown in Figure 11, the distortion is measured at the bottom right of the support material. The
predicted distortion from the model is 559 mm, which is in good agreement with the
experimental measurement of 5.22 mm. The difference between the prediction and experiment
can be attributed to model simplification, including deformation relaxation in the experiment.
Although the damage criteria are not explicitly considered in this model, the crack location can
be estimated by using the maximum von Mises stress. Since von Mises stress is used in yield
criteria for metals, and large plastic deformation leads crack initiation in ductile materials. In this
work, the cracking location corresponds to a failure ~250 MPa (von Mises) is in the middle of
support-solid interface, which is consistent with the previous stress analyses as discussed in

Figure 9 and Figure 10.
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Figure 11: Comparison of simulation predicted distortion with experimental result. Top shows a
contour plot of vertical displacement with true scale in meter, and bottom shows the distortion of
the DMLS component. The crack and distortion of the component are also marked.
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In addition to final distortion, the evolution of the distortion during the DMLS process is
simulated, as shown in Figure 12. Two simulation stages, laser scanning and cooling process, are
plotted over time. During the laser scanning stage, the distortion oscillates frequently with time.
When the laser heats the top surface of each layer, the top surface has higher temperature than
the bottom, so that it expands more and bends the component downward, therefore, a small
negative distortion at the free end is shown at the beginning of the scanning (right after 0.001 s).
After the heat is conducted through the substrate, the previous high-temperature regions cool
down, the distortion of the component partially reduces back. However, since the plastic
deformation remains, resulting in a positive permanent distortion. Therefore, during the laser
scanning stage, the distortion follows a similar oscillating pattern, where a decrease of distortion
is due to non-uniform thermal expansion, followed by an increase of accumulated distortion due
to plastic deformation. During the cooling stage, or after the DMLS process, no laser heat source
is applied, so the distortion changes smoothly. As the cooling begins, the heat conducts from the
laser heat region to its surrounding environment, so that the component remains a high
temperature that can induce plastic deformation, therefore the distortion keeps increasing (0.2-10
s). When the time is long enough, heat is eventually conducted away, and the temperature drops
down. Only shrinkage contributes to the deformation, therefore the distortion decreases after 10 s
until it reaches to a constant value at the ambient temperature. Similar pattern of distortion
evolution, i.e., oscillation during the printing and short increase during the cooling, is observed

in experiment reported by Denlinger et al. [17].
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Figure 12: Distortion changes with respect to time. The left side of dashed line shows the laser
scanning stage, and the right side shows the cooling stage after DMLS process.

3.4 Design parametric study results

From the design point of view, the distortion and cracking in DMLS components should
be minimized. In this parametric study, both thickness and density of the support layer are
considered. Thicknesses of 75 um and 150 pm are chosen with the relative densities of 0.4, 0.6

and 0.8. Therefore, total six simulations cases are conducted.

The resulting maximum von Mises stresses during the printing process with varying
parameters are summarized in Figure 13. As shown in the figure, a large support thickness
decreases the maximum thermal stress, and the maximum stress increases linearly with relative

density.
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Figure 13: Maximum von Mises stress during the printing as a function of support thickness and
relative density.

The distortion results are shown in Figure 14. Distortion decreases with the increasing
support layer thickness due to its smaller bending moment. The distortion increases with
increasing support relative density, which can also be explained from the stress trends. In
summary, a thick and low-density porous layer will reduce the residual stress and distortion in

the built component.
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Figure 14: Distortions as a function of support thickness and relative density.

4. Conclusions

A new one-way coupled thermal-mechanical finite element model is developed to
simulate the DMLS process and predict the distortion and cracking in the fabricated DMLS
components. The stress distribution at the support-solid interface and corresponding distortion of

DMLS fabricated component are investigated. The main results are summarized as follows:

1.  During DMLS process, thermal stress at the support-solid interface reaches its maximum
during the printing process, particularly when the first solid layer is built above the
support layer. The interface stress drops to a stable value when additional layers are built.
This result indicates that cracking may occur at the interface during the printing process,
which is consistent with experimental observation. The model successfully predicts the
cracking location.
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2. The predicted distortion of the DMLS printed component is in good agreement with
experiment.

3. A design parametric study considering the effect of support layer thickness and porosity
on the stress and distortion is conducted. The results show that a thick and low-density

porous layer will minimize the residual stress and distortion in the built component.

Although the success of current model which is capable to predict the distortion and
cracking of DMLS components, it is worthy to note a few limitations in the current model
which can serve as the topics of future studies: (1) This work is based on the assumption that
there is no relaxation during AM process. If it is considered, the predicted distortion will be
slightly less than currently presented. The modeling of deformation relaxation can be included
in future models. (2) Due to coupling and layer-by-layer nature of the DMLS process, in order
to reduce the computational cost, a dynamic mesh method could be applied. A globally coarse
mesh can be assigned, and the mesh is locally refined near the moving laser spot region within

each step.
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