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Abstract: Laser Powder Bed Fusion (LPBF) is a prominent additive manufacturing process used for fabricating complex metallic structures,
but it often encounters challenges related to thermal distortions and residual stresses, particularly in thin-walled structures. These issues
compromise the integrity and dimensional accuracy of the parts. Finite Element Analysis (FEA) has been essential in simulating and
understanding the thermal and mechanical behaviors during the LPBF process. This study focuses on validating a refined FEA model
developed using ANSYS Additive Print (AAP) to predict the thermal distortions in CoCr thin-wall structures. The validation involves
comparing simulation results with experimental data to verify the model's effectiveness. The study demonstrates the integration of advanced
simulation techniques in predicting distortions and stresses, thereby enhancing the reliability and accuracy of the manufacturing process.
Keywords: LPBF, Additive Manufacturing, ANSYS, FEA Analysis, Structural analysis, Distortion

1. Introduction

Laser Powder Bed Fusion (LPBF) today is one of the most
employed and popular additive manufacturing processes, known for
its ability to fabricate complex metallic structures that are otherwise
almost impossible to manufacture. However, the process often
counters problems due to the thermal distortions and residual
stresses, particularly in thin-walled structures, which pose
challenges to the integrity and dimensional accuracy of the parts
produced. To combat these issues, Finite Element Analysis (FEA)
has been pivotal in simulating and understanding the thermal and
mechanical behaviors during the LPBF. Recent advances have seen
the development of sophisticated FEA models that incorporate
detailed layer-by-layer simulation and material solidification
dynamics, aiming to enhance the predictive accuracy of thermal
distortions [1, 2]. An analytical-numerical approach to distortion
analysis in thin-walled structures was previously analysed for
welded structures [3] and laminated composite structures [4]. The
validation of these models using experimental data is crucial not
only for verifying their effectiveness but also for refining the
simulation parameters used to predict distortions and optimize the
manufacturing process [5].

The exploration of ANSYS as a well known FEA solution, is
extensive especially in the context of 3D printing and additive
manufacturing. One study [6] emphasizes the integration of finite
element analysis (FEA) with ANSYS software to enhance the
design and functionality of 3D printing devices, highlighting a dual-
operation system for both milling and printing. Another critical
approach involves topology optimization within ANSYS to refine
the design of additively manufactured components, addressing
overhang structures that are challenging to produce [7]. There is
also innovative research on estimating the success probability of 3D
prints using a centralized computer system that analyzes model
features [8]. ANSYS Additive Print (AAP) is also used in
predicting thermal distortions in the additive manufacturing
processes. The literature highlights various approaches, such as the
development of thermal circuit network models specifically
designed to predict thermal distortions efficiently by estimating part
temperature history during the metal powder bed fusion process,
with significantly faster computational speeds than traditional
methods [9]. Another study demonstrates the simulation of thermal
stress using ANSYS on specific materials like 316L, focusing on
the thermal stress during welding processes which significantly
affect the distortion and thermal behavior of the material [10]. AAP
is reported to generate good results in simulating residual
deformations that is an outcome of these thermal changes [11].

This study elaborates on the methods and results of validating a
refined FEA model developed using ANSYS Additive Print that is
tailored to predict thermal distortions in thin-wall structures
produced by LPBF, setting the foundation for more reliable and
accurate manufacturing outcomes.

2. Method
2.1 Material

LPBF process for metals uses powders of numerous different
metals and alloys, Cobalt-Chromium (CoCr) being one of the most
common ones. CoCr powders are employed especially in
applications requiring high strength, wear resistance, and corrosion
resistance. CoCr alloys typically consist of cobalt as the base
element with chromium as a significant alloying element. Other
elements such as molybdenum, tungsten, and nickel can also be
present in smaller amounts to enhance specific properties. The high
chromium content provides excellent corrosion resistance, making
CoCr alloys suitable for applications in harsh environments,
including medical and dental implants. [12, 13]

The powder used in LPBF typically has a particle size
distribution optimized for the process, often in the range of 15-53
micrometers. The distribution affects powder flowability and
packing density, which in turn influences the quality of the printed
part. High purity of the powder is essential to ensure good
mechanical properties and avoid defects in the printed parts.
Impurities can cause porosity and other defects that compromise the
integrity of the final part. [13, 14]

The metallic CoCr powder manufactured by company Sentes-
Bir (Kemalpasa, 1zmir) has been used for producing the samples for
this research. This powder that is produced with gas atomisation,
has 18-47 um particle distribution and almost spherical shape.
Elemental spectroscopy analysis values for its elemental
combination are given in Table 1.

Table 1: Elemental Analysis of the CoCr powder used in validaion tests

Element (Wt%)
Cr 23,340,5
Si 0,89+0,01
Mn 0,220+0,002
Mo 5,47+0,02
W 5,33+0,07
Co Remaining

2.2 Test Machine for Producing the LPBF Validation Samples

A LPBF prototype machine that is developed by Laseral Ltd.
research department and Ege University research team has been
used in this work. The system has an open architecture software and
all process parameters can freely be changed for research purposes
(see Fig. 1.a). System has a 1064 nm 200 W CW fiber laser source
and @ 90 mm part processing area with 90 mm height. System can
also be operated with a @ 30 mm substrate in order to save powder
when manufacturing small samples (see Fig. 1.b). In order to create
measurable distortions and detect them easily, thin wall structures
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with varying thickness have been selected as an ideal geometry (see
Fig. 1.c).

Fig. 1 (a) LPBF prototype machine developed by Laseral Ltd.; (b)
Sample 3D geometry produced with this machine; (c) Sample thin wall
geometry produced for validation

2.3 FEA Simulation Model

Ansys Additive Print module of the Ansys Additive 2021R1 is
used to construct the simulation models in this research. ANSY'S
Additive Print (AAP) is a specialized software tool within the
ANSYS suite designed to simulate and optimize additive
manufacturing (AM) processes, specifically focusing on 3D printing
with metals. It aims to provide users with predictive insights into
the additive manufacturing process, enabling them to identify and
mitigate potential issues before physical printing. This helps in
improving the quality of printed parts, reducing material waste, and
minimizing the need for post-processing. [15, 16]

AAP simulates the thermal and structural behavior of parts
during the additive manufacturing process. This includes predicting
temperature distributions, residual stresses, and distortions that
occur due to the thermal cycles involved in metal 3D printing. The
software models the build process layer by layer, capturing the
effects of each layer’s deposition on the overall part. [17, 18]. It is
based on a limited number of material input parameters, namely
elastic modulus and Poisson ratio. Yield strength and bilinear
elastic-plastic deformation characteristics are required as well [19].

In AAP, the LPBF build process is simulated by layer-by-layer
activation of voxel elements that initially have the same inherent
strain. After each voxel layer is activated, the deformation at
mechanical equilibrium is calculated. At the beginning, the initial
inherent strain applied is assumed to be equal to the strain at the
yield stress, i.e., oy/E, and must be calibrated against actually
printed calibration geometries. This calibration inherently includes
information about the machine-specific AM process and the
material-specific response [11]. The software offers both purely
elastic and elastic-plastic simulation options. In this work, the J2
plasticity model was used to more accurately predict the residual
stress level and the resulting residual deformation. Additionally,
there are three different inherent strain modes that can be employed
in the simulation model, namely Assumed Strain, Scan Pattern and
Thermal Strain. TS (Thermal Strain) simulation type is employed
since the TS simulation type is the most accurate approach within
AAP. This is because thermal ratcheting effects (accumulation of
thermal strain due to local re-heating of already solidified layers)
and inhomogeneous cooling are taken into account in this
simulation type.

The key components of the ANSYS Additive Print simulation
include the AP Mechanics Solver and the Thermal Solver since it is
particularly focusing on thermal and mechanical effects. Governing
mathematical equations of these solvers and the inherent strain
modes are given in the related sections below.

2.3.1 AP Mechanics Solver

In the mechanics solver, mechanical and thermal strain are
calculated from:

1) e=¢,+&

where ¢ is the total strain, €, is the mechanical strain, € is the
thermal strain. Internal Force is calculated from:

(2) Fpe=B".0=0

where B is the strain-displacement matrix, ¢ is the stress sensor.
Equilibrium Equation is calculated from:

(3) K.u=F

where K is the global stiffness matrix, u is the global
displacement vector, F is the global Force vector. Plasticity Model
(Newton-Raphson Method) calculation is as follows:

4 f=0—-0,—H.g,

where f is the yield function, o, is the yield strength, H is the
hardening modulus, ¢, is the equivalent plastic strain. Residual and
convergence for the model is calculated by these equations:

(5) r=Ku-F
(6) Au= Klr
2.3.2 Thermal Solver

Thermal solver heat transfer equation is:
aT
™) pcpg =V (k.VT)+Q

where p is the density, ¢, is the specific heat, T is the
temperature, k is the thermal conductivity, Q is the internal heat
generation. For the moving beam, Gaussian Laser Model is:
2 2
8) @ =n.P.exp (— w—Z)

where 1 is the absorption coefficient, P is the laser power, r is
the radial distance from the center of the laser beam, w is the laser
beam radius. Boundary conditions are indicated with:

©) —k.VT.i=gq

where 1i is the unit normal vector on the boundary surface and q
is the heat flux on the boundary surface.

2.3.3 Inherent Strain Modes

Calculation of the Assumed Strain (isotropic) is from the below
equation:

Ty
(10) Eassumed — SSF?)

where SSF is the strain scaling factor, oy is the yield strength
and E is the elastic modulus.

Scan Pattern based anisotropic strain equation is:

(11) SSCGH =

where ginnerent IS the inherent strain, ASF is the anisotropic strain
coefficient.

Einherent- ASF

Finally the employed strain mode, Thermal Strain is equal to the
Thermal Ratcheting Algorithm output. Thermal Ratcheting
Algorithm that is employed in the Thermal Strain simulation has the
equation:

(12) & = X(Agy)

Here, Asg; is the incremental thermal strain and strain
accumulation occurs each time the temperature exceeds 40% of the
material's absolute melting temperature. It has the equation:

(13) bey = a. (T —Ty)
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where a is the coefficient of thermal expansion and T, is the
initial temperature of the part.

2.3.4 Wall geometries produced in FEA model

Two different wall thicknesses were created for testing the
model, 0.5 mm and 1.0 mm. 20 mm X 20 mm wall shapes were
formed in the model with 0.5 mm voxel size, a voxel sampling rate
of 5 and a mesh resolution factor of 5. On-plate displacement
graphs have been obtained and the distortions along the horizontal
cross section of sample geometries have been noted (see Fig. 2) in
order to compare with the experimental LPBF sintered samples.

Fig. 2 On-plate displacement graph of thin wall geometry, inspected
along a horizontal cross section

2.4 3D Measurements

All 3D measurements have been made by using a Zeiss Comet
5M 3D scanner. A point cloud is obtained using this device and
taken into the computer in the form of an .STL file. STL file was
processed using MeshLab software to form a part surface and
filtering certain outliers by using a cleaning/repairing filter (see Fig.
3). The resulting data has been transferred to spreadsheet format in
the form of X, Y and Z coordinates.

Fig. 3 Surface obtained from the point cloud using MeshLab and the
slice of data that is picked from the middle of the wall shaped part

3. Results and Discussion

3.1 Model Validation

The results generated by the Ansys Additive Print simulation
software has been compared to those obtained using the 3D
measurements. The experimental data has a natural variation so a
second order polynomial has been fitted along the 20 mm wall
width as a trendline to observe the variation path. As this trendline
is compared to predicted simulation data, it is seen that the model
was able to predict distortions with a good approximation in both
trials (see Fig 4).

Comparisen of EXP and ANSYS Values Across Wall Segments with 2nd Degree Polynomial Fit
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Fig. 4 Comparison of experimental and predicted values for varying
wall thicknesses (a) 0.5 mm, (b) 1.0 mm

3.2 Analysis for Varying Wall Thickness

Following the validation process, a second analysis has been
performed, this time to see the effect of increasing wall thickness on
the distortion level. Thickness of the wall has been increased
multiple times sequentially as 0.5 mm, 1.0 mm, 2.0 mm and 4.0
mm. and displacement graphs have been obtained accordingly (see
Fig. 5)

Fig. 5 Predicted distortions for varying wall thicknesses (a) 0.5 mm, (b)
1.0 mm, (c) 2.0 mm, (d) 4.0 mm

Maximum recorded distortion on each part has been recorded
and put on a chart to see the relation in between (see Fig 6). It is
seen that there is a very linear, defined relation between increasing
wall thickness and the distortion amount. More total distortion on
the corners of the part can be expected as more heat will be
accumulated with increasing wall thickness. The function
connecting distortion level ‘D’ to part thickness ‘W' can be
approximated with the equation D = 0.00381* W + 0.12561
according to this analysis. This implies that as we increase the
thickness of a sintered part feature manufactured with LPBF using
the given parameter set in this work, we can roughly expect a
distortion of around % 0.4 of the thickness of this feature on the
corners of the wall structure.

4. Conclusion

The validation of the refined FEA model using ANSYS
Additive Print has shown promising results in adequately predicting
thermal distortions in CoCr thin-wall structures produced by LPBF.
The comparison between the simulated data and experimental
measurements indicates a good level of precision in the model’s
predictions. The study reveals a linear relationship between wall
thickness and distortion levels, providing a functional
approximation that can be used to anticipate deviations in
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manufactured parts. By incorporating machine-specific and
material-specific responses, the model offers a robust tool for
optimizing LPBF processes. Future work will focus on further
refining the model parameters and exploring its application to other
materials and geometries to broaden its usability in additive
manufacturing.
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Fig. 6 Linear relation between wall thickness and maximum distortion
of a thin wall shaped part
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