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Highlights:
(1) Simulation at layer-track level SLM is enabled by GPU accelerated explicit FEA.

(2) Temperature field of each layer is simply referenced to top layer by node offsetting in a
swept mesh.

(3) Layer heating method provides reasonable prediction at significantly lower cost than
continuous heating.

(4) The modeling accuracy of residual elastic strain was validated by X-ray diffraction.
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Abstract

Thermal distortion and residual stresses are two important factors that affect the quality and
reliability of steel parts manufactured by laser powder bed fusion (LPBF) processes. A cost-
effective model for evaluation of those heat effects are needed to refine the manufacturing
process and provide insights into the product design and heat treatment. In this study, the layer
heating method and sophisticated track-layer scanning method were applied to simulate the
thermo-mechanical response of IN625 tube parts built by LPBF. Based on the similarity of
temperature field in each layer deposit, a swept mesh was constructed to perform the thermal
analysis for top layer, with the rest of layers referring to the temperature by node number
offsetting. A novel explicit finite element analysis (FEA) code accelerated by Graphics
Processing Unit (GPU) was used for the massive-element numerical analysis. The
computational accuracy and efficiency of the layer heating and track-layer scanning methods
were compared in detail. It is shown that layer heating method can efficiently capture the
pattern of stress distribution with reasonable accuracy in stress magnitude. The grouped track-
layer scanning method can predict the residual stress and strain more accurately at a higher cost
(5~10x%). The elastic strain distribution was compared with the measurement by X-ray

diffraction, confirming the accuracy of residual stress prediction.
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1. Introduction

Laser powder bed fusion (LPBF) or selective laser melting (SLM) has been increasingly
employed to manufacture complex-shaped metallic parts layer by layer. The products usually
exhibit reasonably good surface finish, mechanical properties, and design flexibility [1]. To
date, experimental studies have advanced the fundamental understanding of powder
interactions, fluid flow in the molten pool, and defects formation such as porosity and
spattering [2]-[5]. At part scale, transient distortion and thermal stresses can pose risks of build
failures due to buckling and cracking [6][7][8]. To extend service lives of the SLMed parts
especially those under harsh environment such as high thermal load and pressure, residual
stresses should be minimized by proactive processing and post-build heat or mechanical
treatment. On the other hand, the cost of LPBF for large-scale components can be very high at
early stage studies which may need trial-and-error procedures to figure out an optimum
manufacturing plan. To accelerate the development cycle, high-fidelity numerical modeling
along with state-of-art experiment characterization techniques can be utilized to predict the in-

situ part distortion and residual stresses as a cost-effective tool to assist process optimization.



Due to the nature of LPBF, coupled multi-physics such as laser/powder interaction, thermal
conduction, powder dynamics, heat and mass flow, and solidification need to be covered to
construct a comprehensive model as described by Wei et. al [9]. Nevertheless, such high-
resolution simulation of component-level LPBF is not realistic using the current computational
power of ordinary computers or workstations. The challenges are governed by the size of
powder and laser beam (tens of microns) and associated time scales (microseconds), in
comparison to the part scale at ten to hundred millimeters and printing time at minutes to hours.
Thus, millions of degrees of freedom and time steps are needed to define a complete thermo-
mechanical model. Most studies deal with heat flow and transient stress/distortion in miniature
coupons with a few laser scanning. Matsumoto et al. [10] analyzed the single layer SLM using
a 2D plane stress model considering temperature dependence of material properties. The
powder bed and the molten area were assumed to be continuous and both with very small
stiffness and strength. Ahmed Hussein et al. [11] took advantage of ANSYS software suite to
model the transient temperature and stress in strip coupon by single-layer laser scanning. It was
found that the length of molten pool increases with the laser scanning speed, while the width
and depth of the molten pool decreases. Promoppatum and Yao [12] studied the effect of
scanning length and energy input on residual stress in Ti-6Al-4V additive manufacturing. The
computational domain in 2.5 mm cube with 20 scanning tracks are explored. The solution
domain will be further limited if multi-physics such as powder dynamics and fluid flow are
calculated. Lee and Zhang [13] developed a hybrid powder packing and heat/fluid flow model
to solve transient temperature of two-track LPBF in a 1.0 mm % 0.4 mm region. Chen and Yan
[14] conducted thermo-fluid and mechanical analysis of 2-layer 2-track electron beam melting
process within a 2.14 x 0.575x 0.185 mm?® domain, which consumed over 1000 h for the
coupled analysis. Feng and Ma et al. [15] developed a hybrid Newton—Raphson method and
implicit method to reduce the computational time by more than 75% compared with
commercial software Abaqus.

As a leading method to predict welding distortion in large structures, inherent strain method
[16] and its variations (eigen strain, plasticity mapping, etc.) have been developed to reduce
computational cost of component-scale LPBF. Dunbar et al. [17] analyzed the mechanical
behavior of a cylindrical wall by LPBF using a code by Project Pan. The displacement profiles
along the wall height were measured and a reasonable agreement between simulations and
experimental measurements was obtained. Chen et al. [18] investigated the part distortion in
direct laser sintering by a multiscale approach combining a microscale model to predict
inherent strain and a macroscale model to predict distortion. However, residual stresses
prediction by inherent strain method may overestimate the local stress distribution since an
elastic analysis is used for part-scale computation. As a balance between time and accuracy,

lumped layers or peak temperature approach can be applied to save considerable computational



cost. Prabhakar et al. [19] applied stationary heat flux to specified layers over a time period in
the numerical model. Yang et al. [20] compared the line heating and layer heating model in
modeling of thermal distortion of LPBF parts. The layer heating method is found to be
promising in thermo-mechanical simulation. Xie et al. [21] and Ding et al. [22] aimed at the
steady-state temperature distribution to reduce the computational time in simulation of direct
energy deposition. The part distortions were predicted with high accuracy, but the residual
stresses could be overestimated in wire and arc AM. Further investigation on cost-effective

simulation approaches are needed.

In the framework of transient thermo-mechanical FEA, computational cost can be reduced by
adaptive mesh refinement [23][24] and iterative substructure method [25] without
compromising solution accuracy. For the first step of stress analysis, adaptive mesh and dual-
mesh methods [26] can be employed to get the temperature history. Luo and Zhao [27]
employed a mesh refining and coarsening scheme to accelerate the finite element analysis of
temperature field. By optimizing multi-processor parallelization, layer level powder bed
selective melting can be simulated 12~18 times faster than those by simulation without
adaptive remeshing methods. The authors [24] have developed a dynamic mesh refining
method to accelerate both the thermal and mechanical analyses. A speedup factor of 9 was
achieved in modeling of wire and arc additive manufacturing, compared with the commercial
software Abaqus. Recent developments have been made to use explicit FEM as the stress
analysis solver and accelerate the computation based on GPU techniques [28] [29] [30]. An in-
house explicit FEM code [31][32] based on GPU acceleration was employed to model the

residual stress and strain distribution in two thin-wall LPBF builds.

In the present study, the residual stress and strain in tubes fabricated by LPBF was investigated
by numerical modeling. The scanning pattern rotated every layer was considered, the grouping
of track and layer approach [31] was employed to accelerate the thermo-mechanical analysis.
A method of temperature mapping based on incremental node numbering through layers was
developed to greatly reduce the computational effort in thermal analysis. Two different
approaches namely layer heating method and track-layer continuous scanning method were
utilized to analyze the stress distribution induced by LPBF. The computational accuracy and
efficiency of the two approaches were compared and analyzed, providing useful guideline for
such computation-intensive numerical studies. The numerical model was validated by X-ray
diffraction measurement of residual elastic strain; therefore it will provide insight into residual

stress and plastic strain distribution in additive manufactured parts.

2. Experimental study
2.1 IN625 tube builds



The study is part of the competition program “Additive Manufacturing (AM) Modeling
Challenge Series: Macroscale Process-to-Structure” sponsored by Air Force Research
Laboratory (AFRL). The experiment procedure, measurement and description are briefed here,
more details can be found in the references [33] [34] [35]. For model validation, several IN625
tube builds with different inner diameters were fabricated by LPBF process using an EOS
M280 metal 3D printer. The material for the builds was gas atomized IN625 powder, with
particle size between 6~60 um in a bimodal distribution. A steel substrate (250 mm % 250 mm
x 30 mm) was employed, and the preheat temperature was around 80 °C. The nominal
processing parameters included laser spot diameter 0.1 mm, laser power 300 W, scanning speed
1230 mm/s, hatch spacing 100 um, and layer thickness 40 pm. The laser scanning followed the
rastering path with the stripe length of 10 mm. The scanning vector was rotated 67° after
completion of each layer. Two tube builds A67 and A68 were selected for numerical simulation
and compared with experimental measurements. The dimensions of the designed geometries
are illustrated in Fig. 1, the tubes both have an outer diameter of 20 mm and height of 25 mm.
The wall thickness of Build A67 is 1 mm and that of A68 is 3 mm. Actual build height was
24.9 mm and outer diameter was about 19.86 mm for both tubes. The yield strength and tensile
strength of the IN625 builds in different build orientations and temperature levels were tested
by General Electric (GE) Global Research Center sponsored by AFRL [36], and defined in the

thermo-mechanical analysis.

Fig. 1 Dimensions of two tubes built by laser powder bed fusion

2.2 Measured elastic strain map by X-ray diffraction

After LPBF, the tube parts along with the attached section of base plate (roughly 30mm x 30
mm) were cut out using electic discharge machining for residual stress measurement. No post

build heat treatment was applied to the builds after deposition. For direct validation of model



accuracy, residual elastic strains within the two IN625 tube builds were measured non-
destructively. The strain component in radial direction (e,,) and vertical strain (e,,) in the tubes
were measured by the Energy Dispersive Diffraction (EDD) technique using X-ray synchrotron
at the Advanced Photon Source of Argonne National Laboratory [34]. The synchrotron beam
used for diffraction was 0.05 mm in depth and 0.2 mm in height. The estimated full width at
half maximum values for interaction depth for strain measurements are 2.7 mm and 4.6 mm
for the radial component and vertical component, respectively. The horizontal diffraction angle
20, was 4.5-4.75°for all EDD measurements. A schematic of the measurement setup is shown
in Fig. 2. The incident beam was alligned with the hoop direction of the tube. The grains that
fulfill Bragg condition within the interaction volume were counted and the strain of the grain
set was averaged. The EDD measurement can provide strain resolution accuracy around 1e-4.
More details of the EDD experiements can be found on the website [35]. Figure 3 shows the
elastic strain distribution on a cross section of tube A67. It is noted that horiztonal coordinate

is scaled by 4 times for better result visulization.
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Fig. 2 Schematic drawing of EDD measurement setup

3. Finite element model
In a previous study [31], an efficient numerical model with a moving heat source continuously
heating on grouped tracks has been developed for thermo-mechanical analysis of LPBF.
Several adjacent tracks across different layers are grouped and heated together, so that mesh
size can be increased, and the total scanning time can be reduced. To further increase the
computational efficiency, the layer heating method is investigated in the present study, with
comparison to the track-layer continuous heating method. The two methods follow the same
sequentially coupled thermo-mechanical analysis which is widely adopted to model residual
stress and distortion in welding and additive manufacturing [22][37][38]. For the layer heating



method, three adjacent layers are simultaneously heated to melting temperature, and then

naturally cooled down to room temperature.
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Fig. 3 Elastic strain measurement by X-ray diffraction [34][35]: (a) elastic strain

component in verticle (axial) direction; (b) elastic strain component in radial direction.

3.1 Thermal conduction analysis
Transient thermal analysis requires updating free surface definition and element heat capacity
matrix as well as following laser scanning path of each layer, which can be time consuming.
Taking tube model A67 as an example, the element size near the outer surface is about 0.15
mm and the total number of elements is 462,924. The heat conduction analysis of a single layer
costs more than one hour using the implicit FEM with 8-core parallel computing. The estimated
computational time for all 167 grouped layers would take 7 days. The uniform cross-section
feature of the tubes and thermal field similarity in scanning pattern rotating can be taken
advantage to generate the temperature history. An implicit solver JWRIAN developed by the
Joining and Welding Research Institute [38] was used, which has high parallelizing
performance on multi-core CPU using sparse matrix solver PARDISO. The thermal-physical
properties of IN625 are shown in Fig. 4(a). Equivalent heat transfer is applied to all surfaces
of the build to simulate the thermal conductance of powder bed. In an early study [39], a meso-

scale model was developed to derive the equivalent conductivity as a function of particle



contact and temperature. Here, the equivalent heat transfer coefficient was further calibrated
from minimum contact (0.28%) of powder using a single-track model. The values of heat

transfer coefficient as function of temperature are listed in Table 1.
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Table 1 Equivalent heat transfer coefficient for IN625 LPBF build

Temperature (°C) | 0 200 400 600 800 1000 1200
Heat transfer 50 100 200 300 1000 2000 6000
coeff. (W/°C/m?2)

In the simulation of layer heating, uniform heat flux is applied to a layer until the temperature
reaches the melting point. To mimic the similar cooling rate in single-layer heating, an
artificially increased heat transfer coefficient (three times larger) was employed. Figure 5
shows the temperature distribution before cooling, indicating large thermal gradient in the layer
thickness direction. In this finite element model, the nodes in the mesh are numbered linearly
increases with the layer. With reference to top layer, the temperature history of the rest layers
can be easily calculated by offsetting the node number in vertical direction. Since the whole
layer is heated at the same time, no scanning pattern need to be modeled. For this type of layer
heating method, only one analysis step is needed using the swept mesh and node numbering

technique.
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Fig. 5 Temperature distribution in tube A67 predicted by layer heating method and

node numbering pattern in thickness and hoop direction

In the case of thermal conduction analysis with a moving heating source, the detailed

processing condition (scanning speed, laser spot diameter, hatching spacing etc.) should be
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defined. The scanning path is rotated 67° around the axis of tube after depositing each layer.
By using the grouping technique, the equivalent hatch spacing becomes 0.3 mm. To reduce the
high computational cost for all layers, thermal analysis for the top layer with vertical scanning
paths is calculated and then temperature of each layer printing is mapped from the baseline
analysis by offsetting the node number in vertical direction and around the tube axis. For the
moving laser scanning, Goldak double ellipsoidal heat source [40] was employed for the
thermal conduction analysis. The heat flux g, and g, for the front and rear ellipsoid quadrants
are described in Eq. (1) and Eq. (2), respectively.

6v3FmQ
U = oy @ T e 300 b 3/ )
6+3F,nQ,
= ;/; mj/% e~ 3(—x0)*/a} o= 3(y—y0)*/b? g— 3(z—20)°/* ()

Where, O, denotes the total heat power, which is calculated from the grouped laser heat input
0,= £G1GQ. Q is the nominal power of single laser heat source. Grand G, are grouping factor
of track and layer respectively. In this study, the two factors are assigned as 3. & is the
interaction factor applied to total heat input combined from adjacent tracks and layers. A value
0.8 was assigned to &. 7 is the laser absorptivity which takes a value of 0.42 [31]. Fyand F, are
factors for heat distribution to front and rear ellipsoids, and F+F,=2 holds for conservation of
heat input. x, y, z are coordinates for a point where the heat flux is evaluated. x¢, o, zo are
coordinates of the heat source center at the current time. The parameters ay, a,, b, ¢ denote the
semi-axes of the front ellipsoid and rear ellipsoid in welding direction. b and ¢ are the semi-
axes of the two ellipsoids in transverse direction and layer thickness direction, respectively.

Here, aytakes a value of 0.5 mm and a, takes 0.8 mm, b and c both equal to 0.3 mm.

Figure 6 shows the temperature distribution during LPBF by the moving heat source. Due to
the grouping effect, the molten pool is obviously larger than single track-layer case which has
a molten pool length at about 0.73 mm [31]. The peak temperature is about 2800 °C, which is
below the boiling temperature. Such deviation from expectations proven experimentally can
be attributed to the enlarged heat source model and limited space resolution (mesh size 0.2
mm) of the solid model. From the mechanical perspective, the melt pool size is more critical
to the stress and strain development because the material properties such as Young’s modulus
and yield strength beyond the melting point is very small. The heating time for each layer is
approximately 0.437s, and cooling time is 2 mins since multiple samples were fabricated on
the powder bed at the same time.

10
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3.2 Mechanical analysis

The temperature history from thermal conduction analysis will be loaded on the mechanical
model, which has the same mesh except for element type and boundary condition. The bottom
of the tube is fixed at all three directions since the substrate plate is much stiffer due to large
thickness. Element birth technique was implemented to model the additive manufacturing
process, with elements activated if the average temperature from nodes is above 800 °C to
stabilize the element distortion near melt pool. Before the element is heated up, the mechanical
properties including Young’s modulus and yield strength is assumed to have very small value
(1% of original data). Due to the difference in mechanical properties in horizontal and vertical
direction, the orthotropic plasticity hardening model [37] was employed in the simulation of
transient stress behavior of tubes during LPBF. The same yield stresses are assumed in the
horizontal plane, and the stress ratio between vertical yield stress and horizontal yield stress is
0.868 based on mechanical test results [31]. Young’s modulus, thermal expansion coefficient
and mechanical strengths were defined as functions of temperature as shown in Fig. 4(b) [31]
[35].

The stress analysis is carried out by a novel GPU-based explicit finite element code [24][30]
[32] to save computational time. The code has proven high computing performance over
commercial code such Abaqus by a factor more than 70 times in terms of wire and arc based
additive manufacturing. The GPU can efficiently accelerate the computation of a numerical
model which has tremendous number of elements such as in the case of LPBF. The

computation platform is equipped with an Intel Xeon Silver 4110 Processor (8 Core, 2.1Ghz,
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11M Cache) and a NVIDIA Tesla P100 (16GB, HBM2). Compared with conventional implicit
FEM, the analysis by explicit FEM can achieve better parallelizing performance and consume
much less system memory, which is beneficial for very large-scale models such as multi-layer

additive manufacturing.
4. Results and discussion

4.1 Residual stress and elastic strain in thin-wall tube

Figure 7 shows the residual stresses calculated by the layer heating method and track-layer
continuous heating method for tube A67. The axial (vertical) stress exhibits high tensile stress
up to 850 MPa near the outer surface and relatively lower compressive stress (-500 MPa) near
the inner surface because of stress balance. The two stress contours are overall similar, except
that vertical stress at the bottom part of tube is higher in the case of layer heating model than
that in track-layer model, which is probably caused by the simultaneous heating and cooling
on a fixed plate. The stress contour is basically axisymmetric about the central line due to the
cylindrical shape of build and rotating laser scanning pattern. It is also noted that, relatively
high tensile stress (400~600 MPa) shows up near inner surface of top part of the tube. The
radial stress (stress component along radial direction) as well as the hoop stress are much lower
(<400 MPa) for this thin-walled tube, which will be discussed in comparison with those of
larger tube A68.
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Figure 8 shows the elastic strain results after the fabrication of A67 build, featuring significant
variations through thickness for all strain components. Similar to axial stress distribution, the
vertical strain e,, (axial direction strain) shows a compressive-tensile pattern through wall
thickness, indicating the vertical strain has a dominating effect on the stress distribution. The
maximum strain near outer surface of thin wall is about 0.5% which grossly exceeds the elastic
limit of IN625, hence high residual stresses is produced after LPBF. On the other hand, the
peak values of radial elastic strain (e,,) and hoop elastic strain (egy) as shown in Fig. 8 (b)~(c)
are much lower than the vertical strain. Therefore, strain in vertical direction is critical to the
principle stress which is responsible for the failure of materials during build and service. This
prediction result is also consistent with the experimental observation that the lower strength

properties are obtained when the specimen is built along vertical direction (Z direction) [35].
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Figure 8 also compares the residual elastic strain predicted by the numerical model and those
measured by X-ray synchrotron. Overall, the strain maps have a close correlation among each
other in terms of distribution zone of tensile and compressive strains. The track-layer model
has a better accuracy in capturing the strain magnitude on the inner wall which is a little
overestimated by the layer heating method. This can be understood from the constraint
viewpoint that materials in the whole layer are activated in the layer heating model, which
causes a stiffer constraint for the strain development. Whereas, materials in layer and track
model are progressively activated, better representing the constraint evolution during additive
manufacturing process. Similarly, the model by layer heating predicted a wider region of tensile
hoop strain on the top layer and compressive hoop strain near the bottom layer. For this tube

geometry, no experiment measurement on hoop strain was available for comparison with model.

For more quantitative comparison, the strain profile along two lines (0.2 mm offset) near inner
and outer surfaces are plotted in Fig. 9. In general, the two modeling approaches predict the
pattern and magnitude of elastic strain with good confidence considering the complexity of the
LPBF process and material property anisotropy. The radial strain (e,,) is smaller than vertical
strain (e,,) especially on the outer surface, which is mainly controlled by the free stress
condition on the tube surfaces. The radial strain is in a range between -0.15% and 0.15%
through the thickness of tube build. Compared with experimental data, both models have a
deviation of £0.12% in predicting the vertical elastic strain. From results along line 1, the
averaged vertical strain by experiment is about -0.15%, while those predicted by layer heating
model are nearly -0.3%. For vertical strain along line 2, the averaged value by experiment is
about 0.35%, with reference to those (~0.42%) by modeling with layer heating method. The
experimental measurement is based on the interaction volume with a depth of several
millimeter in hoop direction, whereas the modeling results are extracted from the cut plane
through the tube axis. A single EDD measurement may cover grains with both tensile and
compressive strain that can cause lower strain value compared with modeling result. It is noted
that the interaction depth in radial strain measurement is 2.7 mm which is about half of that
(4.6 mm) in vertical strain measurement. Thus, the comparison of radial strain between model
and experiment is more trustworthy in validating the accuracy of the model. Overall, the
discrepancy of radial strain measured by experiment and that predicted by model is small on
both inner and outer surfaces of the A67 tube. On the other hand, the track-layer grouping can
lead to lower resolution of residual stress and strain at regions where strain gradient is large in
actual build. A higher prediction accuracy may be achieved by finer modeling of track and
layer continuous heating at the cost of longer computational time, which is currently not
suitable for component scale LPBF.
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4.2 Residual stresses in thicker tube build

The two builds A67 and A68 with different inner diameters were simulated by the layer heating

method as well as the track-layer continuous scanning method. The simulation results are

16



compared with the available X-ray synchrotron measurement data to investigate the effect of
part dimension on residual stress distribution. The tube A68 has a larger wall thickness (3 mm)
than tube A67 (1 mm), resulting in a larger constraint which is prone to generate higher residual
stresses. The understanding of stress pattern is also helpful in guiding subsequent heat

treatment and fatigue analysis for builds with different geometries and dimensions.
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The residual elastic strain of A68 tube is compared between model prediction and experiment
measurement as shown in Fig. 10. Note that, the simulation results by layer heating was plotted
here, the computational performance of the two simulation methods will be compared later.
For this tube with larger wall thickness, the radial strains predicted by model and measured by
X-ray both feature compressive strain on outer surface (right side of the strain map) and tensile
strain on inner surface (left side of strain map) of the build, as shown in subfigure (a). Peak
radial strain seems to appear in the region about 0.7 mm from inner surface, with a value about
0.15% close to that in thinner tube A67. The strain concentration on the top layer was also
captured by the model. As shown in Fig. 10(b), the vertical elastic strain again has a high tensile
strain distribution near outer surface, which is on the opposite of that in radial strain. Limited
by the free surface condition, the vertical strain near the top layer is basically uniform, with a
compressive strain of only about -0.1%. Overall, the layer heating model well resembles the
residual elastic strain distribution in experimental specimens, which provides indirect

validation to the residual stress predictions.
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Fig. 11 Comparison of residual stress distribution on tube cross-section

The residual stresses predicted by the numerical model are plotted in Fig. 11 for the two printed
tubes with different wall thicknesses. The vertical stress (or axial stress) shows compressive
stress near inner surface while tensile stress near outer surface. The size of high stress region
is wider in tube A68 which has a wall thickness three times larger than that of tube A67. The
peak stress is almost 850 MPa which is slightly lower than the tensile strength 920 MPa at
room temperature. Based on the stress distribution, heat treatment with non-uniform
temperature can be applied to reduce the stress magnitude. In addition, shot peening or laser

peening can also be employed to alter the stress distribution by introducing compressive stress
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on the outer surface. In terms of hoop stress, stress concentration was only observed near the
top and bottom layer, and the thicker tube exhibits much higher stress magnitude. After
experiencing rapid heating and cooling, the material of top layer tends to shrink under restraint
by existing build beneath the layer.

4.3 Computational cost by the two approaches

For A67 and A68 simulation models, the computational time is summarized in Table 1. In the
case of layer heating method, both thermal analysis and mechanical simulation took less than
three hours for the two models, which is affordable for product design. The primary reason for
the short time is that significantly fewer number of time steps are involved in thermo-
mechanical analysis. In the case of A67 simulation, the time steps for thermal analysis is 192,
and the thermal analysis is only needed for top layer owing to the bottom-up mesh pattern and
incremental node mapping. Accordingly, the time steps for mechanical analysis was
167x192=32,064 which is a large number for conventional implicit FEM. With the GPU
accelerated explicit FEM, the computational time for each time step can be greatly reduced.
The time step in modeling of LPBF is usually very small (~0.1 ms) which is suitable for explicit
FEM. One more advantage of explicit FEM over implicit FEM is that, the computational cost

almost linearly increases with the number of elements other than in a quadratic way.

Table 2 Computational cost (in hours) of thermo-mechanical simulation of SLM

Analysis Thermal Mechanical Thermal Mechanical
Tube A67 1.2 1.6 11.8 5.5
Tube A68 2.8 3.0 67.2 39.1

If track-layer continuous scanning is modeled, much longer time (5~10x%) will be required due
to grossly increased number of time steps. In the case of A67 model, the thermal analysis to
simulate continuous scanning of each layer requires about 2400 time steps, more than ten times
of that in layer heating model. The increase of time steps in large model A68 is even more
significant (~7500 time steps). The mechanical analyses by developed in-house explicit FEM
code are completed within a shorter time frame compared with thermal analysis. It is also found

that, the variation of simulation cost by layer heating method is much less sensitive to the model
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scale, while that by track-layer method dramatically increases by about 6 times when the model
is about 3 times larger in wall thickness. Due to multi-million degrees of freedom (DOF) and
thousands of time steps involved LPBF model, the thermo-mechanical simulation by
conventional FEM would require weeks to months of computational time. This is even more
challenging when models at different scales (fluid flow, heat transfer, mechanical models) are
linked to provide high-fidelity prediction of microstructure, porosity, and residual stresses.
Further reduction of computational time can be achieved with incorporation of adaptive mesh
method as well as more advanced high-throughput GPU. Such efficient modeling tool will
provide insight into process development and heat treatment plan to control the residual stresses

in additively manufactured parts.

5. Concluding remarks

Thermo-mechanical finite element analysis was employed to predict the residual stresses of
tubes fabricated by selective laser melting. Two simulation approaches including the layer
heating method and the track-layer continuous heating method were examined and compared
with experimental measurements. The solution accuracy and the computational time were
summarized to provide guidance for cost-effective analysis. The following conclusions can
be drawn:

(1) For tubes fabricated by selective laser melting, high tensile stress in axial direction will be
produced on the outer surface while compressive stress will exist on the inner surface as
a balance. Hoop stress and radial stress in overall region except for top and bottom part
are much lower than axial stress.

(2) With the increase of tube thickness, the size of region with high axial (vertical) stress
increases proportionally. The magnitude of the radial stress and particularly the hoop
stress on top and bottom layer also increases due to the larger constraint.

(3) Simulation by layer heating method predict residual stress with a reasonable accuracy at
much lower cost than that by track-layer continuous heating method. The advantage is
even more remarkable if the part scale is larger because the time step is nearly constant
for each layer.

(4) The computational time of the simulation by the layer heating method is quite affordable
for both thermal and mechanical analysis. In the framework of the track-layer model with
a moving heat source, the thermal analysis appears to take considerable time, whereas
mechanical analysis can be completed in a reasonable timeframe by GPU accelerated code.

(5) The computational accuracies of the two solution techniques are validated by experimental
characterization. The maps of elastic strain have a good correlation between the model
prediction and the X-ray measurements, which confirms the validity of model in residual

stress simulation.
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Figure caption list

Fig. 1 Dimensions of two tubes built by laser powder bed fusion
Fig. 2 Schematic drawing of EDD measurement setup

Fig. 3 Elastic strain measurement by X-ray diffraction [34][35]: (a) elastic strain component

in verticle (axial) direction; (b) elastic strain component in radial direction

Fig. 4 Temperature dependent material properties of IN625 material: (a) Thermal properties
(b) Mechanical properties

Fig. 5 Temperature distribution in tube A67 predicted by layer heating method and node

numbering

Fig. 6 Temperature distribution predicted by track-layer method and schematic of laser

scanning path

Fig. 7 Vertical residual stress in 1-mm thick thin-wall tube A67 by layer heating method and

track-layer scanning method

Fig. 8 Elastic strain maps of printed tube (Model-A67): (a) vertical strain component; (b) X-

ray diffraction (c) hoop strain component (horizontal dimension scaled by 4 times)

Fig. 9 Comparison of strain profile between models and experimental measurements: (a)

results along a line on the inner surface; (b) results along a line on the outer surface

Fig. 10 Elastic strain maps of tube build A68: (a) radial strain component; (b) vertical elastic

strain

Fig. 11 Comparison of residual stress distribution on tube cross-section
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Table caption list

Table 1 Equivalent heat transfer coefficient for IN625 LPBF build

Table 2 Computational cost (in hours) of thermo-mechanical simulation of SLM
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