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Abstract:

The direct metal laser sintering (DMLS) additive manufacturing process can quickly
produce complex parts with excellent mechanical properties. However, thermal stress accumulated
in the layer-by-layer build cycles of DMLS may induce part distortion and even cause the failure
of the whole build process. This paper is the second part of two companion papers that present a
part-scale model for fast prediction of temperature history and part distortion in DMLS. In this
paper, a quasi-static thermomechanical (QTM) model is built to estimate the thermal distortion of
entire parts in DMLS. Firstly, the thermal contraction in each build cycle is modeled as a quasi-
static loading process; the final thermal stress accumulated in the parts is the superposition of
thermal stress generated in each build cycle. Secondly, the stress relaxation process after the parts
are cut off from the substrate is modeled, and final distortion of the parts is predicted with thermal
stress calculated from the thermal contraction processes. In comparison to existing transient
thermomechanical models, the QTM can predict thermal distortion in DMLS with much faster
computational speed, and a comparison against experiment shows less than 10% error.

Keywords: additive manufacturing, DMLS, thermal distortion, thermal stress, part orientation,
support structure, quasi-static loading

1. Introduction

Since the introduction of laser-engineered net shaping (LENS) in 1998 and steel powder-
based selective laser-melting (SLM) system in 1999, metallic additive manufacturing (AM)
technology has become popular both in academia and industry [1]. As an important member of the
metallic AM family, the direct metal laser sintering (DMLS) process builds up parts layer by layer,
and the build process of each layer is defined as a build cycle. Figure 1 is an example of DMLS
system which consists of a powder platform and a build platform. At the beginning of each build
cycle, the recoater blade applies a thin layer of metal powders from the powder reservoir to the
build platform. Then the thin layer of metal powders are melted by a high-power laser beam which
can scan across the build platform under the control of an X-Y scanning mirror. The part is usually
built on a thick metal block termed with substrate hereafter. Support structures are generally used
under the overhang surfaces of the part, providing both mechanical support and thermal paths.
After the whole layer is built, the powder platform moves upward and the build platform moves
downward, and a new build cycle is ready to start. Because the DMLS can quickly build complex
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parts with relatively low cost in comparison to traditional manufacturing, it has been widely used
in aerospace, automotive and medical industries [2-6].
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Figure 1. An example of direct metal laser sintering (DMLS) system.

However, because the melting of metal powder by the laser beam is accompanied with high
thermal gradient and cooling rate, considerable amount of thermal stresses are accumulated in the
DMLS process, and these stresses usually induce large thermal distortion after the part is cut off
from the substrate. The thermal distortion may prevent the part from meeting specifications, and
sometimes even cause the failure of the whole DMLS process if the movement of the recoater
blade is blocked by the distorted part. The mechanism inducing thermal stresses in AM has been
investigated by Mercelis and Kruth [7], and preheating is widely used to reduce the thermal stresses
and thermal distortion [8]. The mechanism of preheating comes from two: first, the thermal
gradient and cooling rates decrease when the overall temperature difference is reduced; and second,
partial stress relaxation occurs in materials under elevated temperature [9]. The objective of this
paper is to develop a fast part-scale thermomechanical model which can be integrated into
optimization routines to minimize thermal distortion in DMLS.

Existing numerical models for the powder bed fusion AM process can be classified into
two categories based on the scale of interest. The first category is “micron-scale model” and the
second category is “part-scale model”. The micron-scale model attempts to conduct a nonlinear
multi-physical simulation for the AM process [10-14]. However, due to the limit of computational
resources, the simulation domain of this type of model is also limited. For instance, Dai and Shaw
[10] simulate two build cycles of a plate with dimension 20 x 20 x 2 mm; Paul and et al. [13]
simulate a tiny “part” with dimension 5 x5 x 4 mm; and Hodge and et al. [11] simulate a domain
of 1x1x1mm. The part-scale model tries to simulate the thermal distortion of parts with relatively
large dimensions. For example, Denlinger and et al. [15] conducted a thermoelastoplastic analysis
for a large part by performing a transient thermal analysis and a quasi-static incremental analysis.
Although a three stage modeling approach is implemented to reduce the computational time, the
thermal model for the three stages still runs in 13.8, 16.9 and 12.7 hours, and the mechanical model
runs in 25.33, 32.2 and 13.2 hours, respectively.
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This paper presents a quasi-static thermomechanical model under the thermoelastic
framework with thermal stress relaxation in melted layers [9, 16]. The model is generic to parts
with arbitrary geometries by using STL files as model input. Part orientations and support
structures are also included in the model. The structure of the paper is as follows: Section 1
introduces the DMLS process, and existing experimental and modeling work on DMLS process;
Section 2 describes the quasi-static thermomechanical model in detail; Section 3 presents the
experiment setup; Section 4 discuss the results from both the experiment and numerical model;
and in Section 5, conclusions are given and future studies are discussed.

2. Model description
2.1. Model overview

Figure 2 shows an overview of the quasi-static thermomechanical model. The model can
be generally divided into two steps. In the first step, the thermal stresses generated in each build
cycle are predicted with the thermal contraction analysis. The temperature history obtained from
the thermal circuit network (TCN) model in the first part of the two companion papers is used as
input to predict thermal contraction in each build cycle. In the second step, the stresses
accumulated in thermal contraction are used as initial stresses in the stress relaxation analysis. The
final part distortion after the part is cut off from the substrate is predicted.
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Figure 2. An overview of the quasi-static thermomechanical model.

2.2. Mechanism and assumptions
The DMLS process can be divided into four stages as shown in Fig. 3(a).

e Stage 1: Metal powders are melted by the laser beam and form a melt pool. Because porous
metal powders are melted into full-density melt pool, shrinkage effect is significant in this
stage [13].

e Stage 2: The laser beam moves to other locations and the melt pool starts to cool down and
solidify. During this stage, the melt pool is still in liquid phase, and thermal stresses in the melt
pool is negligible.
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Stage 3 (thermal contraction): The melt pool is fully solidified, and thermal contraction
introduces significant thermal stresses. Because thermal contraction of the solidified melt pool
is faster than thermal contraction of the previous layers, the previous layers tend to resist the
thermal contraction of solidified melt pool by exerting tensile stresses on it. On the contrary,
compressive stresses are introduced in the previous layers [7].

Stage 4 (stress relaxation): After the DMLS build process, the part is cooled down to room
temperature and cut off from the substrate. Due to the release of constraint, the part goes
through a stress relaxation process and exhibits considerable amount of thermal distortion.

To predict thermal distortion in DMLS with high computational speed, a few assumptions

are made for the above four stages.

Assumption 1 (AS1): Stage 1 and stage 2 can be neglected for thermal stress modeling.
Justification for AS1: Thermal stresses during stage 1 and 2 are negligible because the
materials are either in powder form or in liquid phase.

Assumption 2 (AS2): A few adjacent real layers can be treated as one super layer, and multiple
melting and cooling processes of these adjacent real layers are represented by single melting
and cooling process of a super layer. Figure 3(b) shows the four stages of DMLS under the
assumption of super layer. Each super layer is assumed to be heated up and cooled down
simultaneously. Thus, the thermal contraction occurs throughout the super layer at the same
time.

Justification for AS2: Because the temperature history and thermal contraction rate of adjacent
real layers are similar to each other, these real layers can be lumped into one super layer for
thermal distortion analysis [14].
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Figure 3. Four stages of DMLS process: (a) without super layer assumption and (b) with super
layer assumptions (motivated by [7]).

Thermal contraction and quasi-static thermal loading

In DMLS process, because the temperature decay in the newly deposited layer is always
faster than the previous layers, the thermal contraction in the newly deposited layer is also faster.
Thus, each time when a new layer is built in a new build cycle, the new layer tends to apply a
compressive loading on the previous layers. Since the build process of DMLS is long (ranging
from a few hours to a few days), the thermal loading due to thermal contraction in each build cycle
is assumed to be quasi-static.

Figure. 4 illustrates the quasi-static thermal loading in the DMLS process of three super
layers. Figure 4(a) shows the temperature history of the three super layers. When the temperature
drops below the solidus line, the super layer is fully solidified and further temperature drop induces
thermal stresses in the super layers. If time instants when the thermal decay curves pass across the
solidus line are denoted as t,, t, and t,, the first quasi-static thermal loading process is from

t, to t,, the second quasi-static loading process is from t, to t,, and the third quasi-static
loading process is from t, to the end, as shown in Fig. 4(a). Figure 4(b) shows the thermal

loading process corresponding to the temperature history. The number of super layers in each
thermal loading process increases from one to two to three. At each thermal loading process,
thermal stresses are accumulated in the part. The thermal loading is compared to mechanical
loading on a bar as shown in Fig. 4(c). Corresponding to each mechanical loading, there will be
accumulated displacement and stresses in the bar. Here, an important assumption is made to
estimate the final displacement and stresses of parts in the thermal contraction processes.

e Assumption 3 (AS3): All thermal loading processes are independent, or in other words,
deformation in the previous loading processes has little influence on the new thermal loading
process. Thus, displacement and stresses in each thermal loading process can be obtained
through parallel computation, and the final displacement and stresses are the superposition of
displacement and stresses in each thermal loading processes.

Justification for AS3: Before the part is cut off from the substrate, the deformation of the part
is negligibly small (see section 4). Thus, the influence of deformation on the thermal loading
process can be neglected.
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Figure 4. Quasi-static thermal loading process: (a) temperature history in each super layer, (b) three
quasi-static thermal loading processes, and (c) an analogy to quasi-static mechanical loading
processes.

Stress relaxation and thermal distortion

After the DMLS process, parts are usually cut off from the substrate with band saws. Due
to the release of constraint, the parts typically go through a stress relaxation process and significant
distortion can be observed. The displacement of the parts in the stress relaxation process is
generally much larger than the displacement during the thermal contraction process. Thus, the
stress relaxation process of the parts can be modeled as a simple structural mechanics problem
with zero initial displacement and pre-defined initial stresses. The pre-defined initial stresses are
thermal stresses accumulated in the thermal contraction processes. In a common structural
mechanics problem, displacement is specified as the initial condition and initial stresses are set to
zero by default. Section 2.2 discussed how to simulate parts with initial stresses using the extended
Hamilton’s principle [17].

2.2. Voxel-based finite element model
Part and support structures in hexahedral voxels

After the model imports a part, the part is rotated to a user-specified orientation and support
structures are generated under critical surfaces of the part. Critical surfaces are defined as
overhanging surfaces with inclination angles less than 35 degrees to horizontal [18]. The detailed
algorithm for support generation has been discussed in the first part of the two companion papers.
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Support structures are needed to successfully build a metallic part in DMLS so that the process
heat can be effectively dissipated into the substrate and thermal distortion of parts can be reduced
[18-23]. Therefore, it is important to include part orientation and support structures in the model.
To represent a part in arbitrary orientation and its support structures, hexahedral voxels are used
[24, 25], and each voxel is categorized as a part voxel or support voxel. Although voxels cannot
accurately represent parts with curved surfaces, the advantages of voxel representation are also
obvious: (1) the layer-by-layer DMLS build process can be easily simulated with a few layers of
voxels deposited in each build cycle; (2) support structures can be easily modeled as voxels with
effective physical properties; and (3) the voxels can be directly used as cubical elements for FEM
analysis. Figures 5(a) and (b) show a connecting rod orientated in horizontal and vertical with
support structures generated under the critical surfaces. Figures 5(c) and (d) are the corresponding
voxel representation of the parts and support structures.
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Figure 5. An example of voxel-based finite element model: (a) and (b) a connecting rod with
support structures in horizontal and vertical; (c) and (d) the connecting rod and support structures
with voxel representation.
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Pre-stressed thermal stress element
The thermal contraction and stress relaxation stages are modeled by pre-stressed thermal
stress elements. The displacement in the element is

u
=[N |{d} (1)
w
where u, v and w are displacement along x, y and z coordinates, and {d} is nodal displacement
vector. The total strain in the element is

{e}=[B{d} )
The mechanical strain in the element is

{e"}=[B]{d}+[B]({T}-{T.}) 3)
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A

where {T} is temperature vector and {T } is reference temperature vector. Matrices [N]
[B] and [é] are derived from the shape function. If the initial mechanical strain in the material

is {83” } the constitutive equation between stress and strain is denoted as

{op=[Z]({e" }+{&'}) (4)
where [Z ] is material property. To this point, the total strain, mechanical strain and stresses are
denoted with nodal displacement and temperature.

Applying the extended Hamilton’s principle [17] gives
—0K+d1-0W =0 (5)
where 6K, ot1 and SW,. are variance of dynamic energy, elastic energy and external non-
conservative work, which are defined as

- _[ {u,v,w}' p{u,v,w}dv (6)
o= | {5g)' {e}dv (7)
oW, = IV 5{u,v,w}T {f}dV + boundary work (8)

where the superscript T represents transpose of a vector, p is density, V is the volume of the
element and {f} is gravity force in the element. The gravity force term can be omitted because

gravity force is negligible compared to thermal stresses. Substituting Eq. (1) to Eq. (6) gives
K =~ {od}" [N] p[N]{d}av 9)
Substituting Egs. (2) and (4) to Eq. (7) gives
Ol = jv {sd} [BT [Z]([B]{d}+ [é]{T}— [é]{Tr}+ {sg” })dv (10)

Substituting Eq. (1) to Eqg. (8) gives

SW_ = IV {sd}’ [N ]T {f}dV + boundary work (11)
Substituting Egs. (9-11) back to Eq. (5) gives the governing equation of the pre-stressed thermal
stress element

[m.J{d}+[kJ{d} +[k (T} =R} +{Q) (12)

where {T } isthe obtained from the thermal circuit network (TCN) model in the first part of the
two companion paper, and the elemental matrices are

[m j[] p[ N ]dv (13)

=, [B] [z][B]av (14)
[k J=],[B] [2][B]av (15)
{Fe}=fv([N]T{f}+[B] ][ B]{T.}-[BT [Z]{SS”})dV (16)

{Q. } = boundary work (17)
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where the initial mechanical strain {83"} should be zero in the thermal contraction analysis, and

the initial mechanical strain in the stress relaxation stage is obtained from the thermal contraction
analysis.

Modeling thermal contraction and stress relaxation
The thermal contraction in the layer-by-layer build process is modeled in a similar way to
the element birth and death method [13]. In each build cycle, a finite element model is built for all
deposited super layers. The governing equation for all existing super layers can be written as
[KH{D}+[K: {T}={F} (18)

where {D} is the nodal displacement of deposited elements, and [K] is the global stiffness

matrix obtained by assembling elemental stiffness matrix [k,] of deposited elements. Similarly,
global matrix [K;] and force vector {F} are obtained by assembling elemental matrix [k, ]
and {F,} of deposited elements. Because gravity is negligible compared to thermal stresses and
each thermal loading process is assumed to start without initial stresses, the elemental force vector

can be simplified as
(Fy=1 (BT [Z) B JiT.})av (19)

Because the thermal loading in each build cycle is quasi-static, the inertia term is not present Eq.
(18). Besides, because no external forces are exerted on the part, the boundary work term is also
gone. With more and more super layers deposited and more elements added to the system, the
number of degree of freedom (DOF) associated with Eq. (18) keeps increasing until the last super
layer is deposited.

The stress relaxation process is a special structural mechanics problem with non-zero initial
stresses. The governing equation for the stress relaxation process is

[K]{D}={F} (20)
where {D} is the nodal displacement of all elements, and [K ]| is the global stiffness matrix
obtained by assembling elemental stiffness matrix [k, ] of all elements. The force vector {F}
is obtained by assembling elemental force vector {F,} of all elements. Because no additional
thermal stresses are introduced in the stress relaxation process, the elemental force vector can be

simplified as
{Fh=1, (-[BT [2){e}' })av (21)

M . . . . .
where {so } is the mechanical strain accumulated in thermal contraction processes.

3. Experiment description
3.1. Introduction of equipment

To validate the thermal distortion predicted by the model, various parts are built with one
EOS M290 at University of Pittsburgh and another three EOS M290 at Johnson and Johnson.
Three different kinds of metal powder feedstock are used including 316L stainless steel, AISi10Mg
and Ti6Al4V. Nitrogen is filled into the build chamber to protect the feedstock from oxidization.
The EOS M290 comes with a building volume of 250 x 250 x 325 mm and a 400W Y b-fiber laser.
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The scanning speed of the laser beam is up to 7.0m/s and the beam diameter is 100 microns. After
the parts are manufactured, they are characterized by a high-precision Renishaw coordinate
measuring machine (CMM) at University of Pittsburgh. The samples are firstly measured on the
substrate and then measured again after being cut off from the substrate.

3.2. Experiment setup

Considering the difficulties of quantifying thermal distortion of complex part, the
experiment begins with two simple geometries, a disk and rectangular bar. There are only two
variables associated with the disk, diameter and thickness, and three variables associated with the
bar, length, width and height. The thermal distortion of the disk and bar can be simply quantified
by the radius of curvature of the top surfaces of the geometry.

Figure 6 shows the experiment setup for the disks. Figure 6(a) shows a failed DMLS
process of a disk with diameter 75mm and thickness 5mm built from 316L stainless steel metal
powder feedstock. As the disk was built up layer by layer, thermal stresses continued increasing
between the substrate and the support structures, and the support structures finally peeled off from
the substrate. Without the constraint of the substrate, significant distortion occurs at the top surface
of the disk, which blocked the movement of the recoater blade and failed the DMLS process.
Figure 6(b) shows 15 disks of diameter 456mm and thickness 5mm built at the center and four
corners of the building volume from 316L stainless steel metal powder feedstock. The experiment
is set up to test the influence of build location on the thermal distortion of disks. Figures 6(c) and
(d) show disks with various diameter and thickness built from AlSi10Mg metal powder feedstock.
Figure 6(c) shows disks with diameter of 45mm and thickness of 10mm, 15mm, 20mm and 30mm,
and Fig. 6(d) shows disks with thickness of 5mm and diameter of 45mm, 55mm, 65mm, 70mm
and 75mm. For disks specimens, only the top surfaces are measured by CMM and the data from
measurement are fitted to a sphere.

i
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Figure 6. Experiment setup for disks built horizontally: (a) a failed DMLS process due to peeling-
off from the substrate, (b) coordinate measuring machine (CMM) working on 15 disks with 45mm
diameter and 5mm thickness built at different locations of the build volume from 316L stainless
steel powder feedstock, (c) disks with 45mm diameter and various thickness built from AlSi10Mg
metal powder feedstock, and (d) disks with 5mm thickness and various diameters built from
AlSi10Mg metal powder feedstock.

Figure 7(a) shows the experiment setup for bars built horizontally from 316L stainless steel
metal powder feedstock. The cross-section of the bars are maintained to be a 10 x10mm square,
and the lengths of the bars are 25mm, 50mm, 75mm, 100mm, 125mm, 150mm and 175mm. For
bar specimens, both the top and bottom surfaces are measured by CMM and the data are fitted to
circle. Although the build processes of bars with various lengths are successful, the peeling-off of
the bars from the substrate can be observed as shown in Fig. 7(b).

i !! .’”imm
————— - ;

Figure 7. Experiment setup for bars built horizontally from 316L stainless steel metal powder
feedstock: (a) bars with 10mm by 10mm cross-section and length of 25mm, 50mm, 75mm,
100mm, 125mm, 150mm and 175mm, (b) support structures peeling off from the substrate.

4. Results and validation
A disk built horizontally

The thermal distortion of a disk built horizontally in DMLS is predicted with the quasi-
static thermal stress model. The temperature history in the disk is predicted by a thermal circuit
network (TCN) model proposed in the first part of the two companion paper. The geometry of the
disk and parameters of the DMLS model is shown in table 1.

Parameters Value
disk diameter 45mm
disk thickness 5mm
number of super layers 10
thickness of a super layer 0.5 mm
Inter-layer dwell time 10sec
substrate temperature 100°C
room temperature 20°C
material 316L Stainless Steel

Table 1. Geometry of the disk and parameters of the DMLS process
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Figures 8(a) and (b) show the axial-direction displacement and von Mises stresses of the
disk before being cut off from the substrate. The DMLS process of the disk is represented by ten
build cycles of ten super layers. Each super layer is modeled with 3 voxels along z direction, and
15 by 15 voxels along x and y direction. No support structures are needed in the build process.
Because the substrate is much larger and stiffer than the disk, the substrate is assumed to be

maintained at 100 °‘C during the build process and can be modeled as a rigid body. After the

DMLS process, the disk is cooled down to room temperature 20 °C . Figure 8(a) shows the
displacement of the disk along axial direction. Because the bottom of the disk is fixed on the
substrate, the displacement at the bottom of the disk is zero. The axial displacement is negative in
most region of the disk because super layers tend to shrink under the thermal contraction. The only
region showing positive axial displacement is located around the perimeter of the disk. This is
because the perimeter of the disk is subject to pulling force from the center. No significant thermal
distortion is observed before the disk is cut off from the substrate. The maximum axial
displacement is about 60 microns, only 1.2% of the disk thickness. Figure 8(b) shows the
corresponding von Mises stress in the disk. Because the bottom of the disk is fixed on the substrate,
significant stress concentration can be found around the edge of the disk bottom. Because the
model is based on elastic constitutive framework, the stresses are beyond the yield stress of 316L
stainless steel. The stress concentration may induce the peeling-off of the disk from the substrate
and cause the failure of the whole DMLS process as shown in Fig. 6(a).
( a) Diip]acement along disk axis in 10 layers (b) 5 Stress distribution in 10 layers
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Figure 8. A disk with diameter 45mm and thickness 5Smm: (a) axial displacement of the disk on
substrate, (b) von Mises stress of the disk on substrate, (c) axial displacement of the disk off
substrate, and (d) von Mises stress of the disk off substrate.
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Figures 8(c) and (d) show the axial displacement and von Mises stress in the disk after the
disk is cut off from the substrate. The edge of the disk bends upward and towards the center of the
disk, and significant distortion of the disk can be observed. The maximum axial displacement is
about 0.22mm, compared to 60 microns when the disk is on substrate. Both numerical and
experimental results show that the disk bends into a “bowl” shape with large displacement along
the edge and almost zero displacement at the center as shown in Fig. 9. The top surface of the disk
can be well fitted to a sphere and the radius of curvature (ROC) is used to quantify the bending of
the disk. The ROC from experiment is 1594mm and the ROC obtained from the model is 1721mm,
8% larger than the experimental result. The computational time of the thermal stress model is about
4 minutes, which is suitable for optimization analysis. Figure 8(d) shows that the maximum von
Mises stress in the disk is reduced with more than one order of magnitude, while the inter-layer
stress remains high and may induce the delamination.
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Figure 9. The distorted shape of the disk after being cut off from the substrate: (a) experiment and
(b) simulation.

A rectangular bar built horizontally

The quasi-static thermomechanical model is then applied to a rectangular bar. The
temperature history of the bar is predicted by the thermal circuit network (TCN) model proposed
in the first part of the two companion paper. The geometry of the bar and parameters of the DMLS
model is shown in Table 2. The bar is modeled by 10 super layers and each super layer is model
by 41 voxels along length direction, 5 voxels along width direction and 3 voxels along height
direction.

Parameters Value
cross-section 10x10mm
bar length 100mm
number of super layers 10
thickness of a super layer 1 mm
Inter-layer dwell time 20sec
substrate temperature 100°C
room temperature 20°C
material 316L stainless steel

Table 2. Geometry of the rectangular bar and parameters of the DMLS process
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Figure 10(a) and (b) show the z-direction displacement and von Mises stresses in the
rectangular bar. Due to thermal contraction, the bar tends to shrink and bend towards the center
region. Thus, z-direction displacement at the center region of the bar is negative, while the
surrounding materials are pulled upward and shows positive z-direction displacement. Because the
primary thermal contraction is along the length direction, the largest z-direction displacement is at
the two ends of the bar. The largest displacement is about 150 microns, 1.5% of the bar height.
Figure 10(b) shows the von Mises stresses accumulated in the rectangular bar. Significant stress
concentration can be observed at four bottom corners of the bar. The location of the stress
concentration matches the experimental results shown in Fig. 7(b). Figure 10(c) shows the z-
direction displacement of the bar off substrate. The largest displacement increases from 150
microns to about 0.45mm. The two ends of the bars bend towards the center region and the bending
changes little along the y direction. The tops surface of the bar is fitted by a circle in xz plane and
the radius of curvature (ROC) is 5588mm. The ROC obtained from the experiment is 2670mm.
There are two possible explanation for the mismatch. First, the model does not account for the
peeling-off from the substrate during the build process of the rectangular bars; second, plastic
deformation is not included in the model. Although the accuracy of the model needs to be improved,
the computational speed of the model is encouraging. It takes about 6 minutes to finish the
simulation and future work will focus on improving the model accuracy while keeping the
computational speed. Figure 10(d) shows the von Mises stress in the bar off substrate. Due to the
release of the constraint at the bottom, the stresses decrease almost by one order of magnitude in
comparison to stresses shown in Fig. 10(b). The inter-layer stresses are high and may induce
delamination.

Figure 10. A rectangular bar with 10mm by 10mm cross-section and 100mm length: (a) z-direction
displacement of the bar on substrate, (b) von Mises stress of the bar on substrate, (c) z-direction
displacement of the bar off substrate, and (d) von Mises stress of the bar off substrate.

5. Conclusion and future studies

In this paper, a quasi-static thermomechanical (QTM) model is built to estimate thermal
distortion of entire parts before and after the parts are cut off from the substrate. The QTM model
simulates thermal contraction in each building cycle as a quasi-static loading process. The final
thermal stress in the part is the superposition of thermal stresses in each build cycle. The model is
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generic to parts with arbitrary geometries by using STL files as model input. Part orientation and
support structures are also included in the model. The thermal distortion of a disk and a rectangular
bar built in DMLS is simulated and the distortion is quantified by the radius of curvature (ROC)
at the top surface of the disk and the bar. The simulation of the disk and bar takes about 4 minutes
and 6 minutes, respectively. The ROC of the disk from simulation is only 8% larger than the
experimental result and the ROC of the bar from simulation is about two times of the experimental
results. Possible explanations for the mismatch in the bar are: (1) the model does not account for
the peeling-off of the bar from the substrate; and (2) plastic deformation is not included in the
model. Future studies will focus on (1) improving model accuracy while maintaining the
computation speed; (2) analyzing part with different part orientation and support structures; and
(3) integrating the model into an optimization routine to optimize part orientation and support
structures for minimum thermal distortion.
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