Journal of Materials Research and Technology 33 (2024) 994-1003

Contents lists available at ScienceDirect

JMR&T
JOURNAL OF MATERIALS

Journal of Materials Research and Technology

FI. SEVIER

journal homepage: www.elsevier.com/locate/jmrt

Check for

Influence of phase transformation coefficient on thermomechanical | el
modeling of laser powder bed fusion for maraging 300 steel

a,c
)

Bruno Caetano dos Santos Silva ™", Lucas de Figueiredo Soares *“, Rodrigo Santiago Coelho
Wojciech Sitek 4 Mariusz Krél9, Gilmar Ferreira Batalha”

@ SENAI CIMATEC, Institute SENAI of Innovation for Forming and Joining of Materials, Av. Orlando Gomes, 1845, Piata, 41650-010, Salvador, BA, Brazil

Y Department of Mechatronics and Mechanical Systems Engineering, Polytechnic School of Engineering, University of Sao Paulo, Av. Prof. Mello Moraes, 2231 Butanta,
Sao Paulo, 05508-030, SP, Brazil

¢ University Center SENAI CIMATEC, Post-Graduation Program MPDS/GETEC/MCTI, Av. Orlando Gomes, 1845, Piata, 41650-010, Salvador, BA, Brazil

9 Department of Engineering Materials and Biomaterials, Faculty of Mechanical Engineering, Silesian University of Technology, 18A Konarskiego St., 44-100, Gliwice,
Poland

ARTICLE INFO ABSTRACT

Handling Editor: L Murr Manufacturing maraging steel components using laser-based powder bed fusion (LPBF) presents an attractive
proposition for industries due to the material’s combination of mechanical properties such as hardness, wear
resistance, toughness and the capability to produce parts with complex geometries and high precision. Despite
these advantages, the LPBF process induces defects such as distortion and residual stress associated with the
complex thermal cycles, compromising final part quality. Numerical simulations have been developed to predict
these defects. However, LPBF simulations remain challenging due to the complexity of the process and the
substantial computational resources required. For maraging steel, for example, the occurrence of phase trans-
formation promotes compressive stress that interferes in results and makes simulations inaccurate. This research
aims to simulate a geometry with a circular inner channel and investigate distortion, volume fraction of
martensite and equivalent stress results. Modeling was performed by varying phase transformation rate pa-
rameters to assess the impact of transformations on simulation outcomes. Results showed minimal impact of
these parameters on distortions and equivalent stress. Equivalent stress results were compared with literature
findings, while distortion results were validated against experimental data to validate the accuracy of the model.
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1. Introduction the low carbon content, making maraging steel particularly well-suited

for additive manufacturing (AM) processes [5,8].

Maraging steel, characterized by its high nickel and low carbon
contents, possesses a unique combination of properties crucial for
various industrial applications. These properties include hardness, wear
resistance, weldability, creep resistance and toughness [1-3]. The
enhancement of maraging steel’s properties is primarily attributed to the
precipitation of intermetallic compounds [Ni3Ti, NisMo, and Nig(MoTi)]
within a martensitic microstructure. With a nickel content typically
around 18%, maraging steel exhibits favorable machinability in its
solution-annealed state and maintains dimensional stability during
aging treatment [4,5]. The presence of dispersed retained austenite after
quenching promotes the improvement of ductility and toughness [6,7].
All these characteristics combine with reduce thermal cracking due to

The laser-based powder bed fusion (LPBF) technique has been
employed in AM to produce parts made of maraging 300 steel (MS300)
[9]. This technique consists in melting the powder feedstock of a desired
region with a high-power and small spot-size laser, ensuring high reso-
lution. The melting process occurs layer by layer until the final geometry
is obtained [10]. LPBF provides various benefits to the industry, such as
enabling the fabrication of intricate geometries and expediting rapid
prototyping with high accuracy [11,12].

The intricate thermal dynamics inherent in LPBF processes, charac-
terized by multiple rapid heating and cooling cycles reaching rates
around 10° K/s, often lead to the formation of defects such as distortion
and residual stress [13,14]. Various process parameters, including laser
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power, hatch spacing, layer thickness, and scan speed, play pivotal roles
in defect formation [5]. To mitigate these challenges and minimize
waste while expediting prototyping, numerical simulation solutions
have been devised to predict these defects. However, simulating LPBF
processes presents several challenges due to the complexity of thermal
cycle models and the considerable computational resources required.

In response, ongoing research endeavors aim to address these chal-
lenges and advance the field of AM simulations. For instance, Baere et al.
[15] delved into the distortions, residual stress, and phase trans-
formation in MS300 cantilevers through numerical investigations. Their
study involved a comparison of two effective laser power conditions and
an analysis of their respective impacts on the outcomes. Similarly, Hanzl
et al. [16] employed different software platforms to simulate intricate
geometries using maraging steel and a nickel alloy, subsequently vali-
dating their results against experimental data. Papadakis et al. [17]
undertook the manufacturing of MS300 molds for injection of thermo-
plastics using a holistic design approach. They conducted thermo-
mechanical numerical simulations to predict distortion and compared
their results with experimental 3D parts to validate the simulation
outcomes. Additionally, studies focusing on 316 L stainless steel have
contributed to a deeper understanding of simulation methodologies.
Kascdk et al. [18] estimated the error of simulations through surface
deviation methods using Simufact Additive commercial software.
Similarly, Jin et al. [19] investigated simulations of annealing process-
ing using 316 L stainless steel samples to predict the evolution of de-
formations and residual stress during this post treatment. Li et al. [20]
developed a model to predict deformation and anticipate shape devia-
tion. By producing a circular channel with various processing parame-
ters, they identified the shape compensation that resulted in the most
reduced dimensional deviation.

Despite the recent development on AM simulations, there are vari-
ations in the simulation process that should be better understood to
obtain accurate results. Furthermore, as materials have different prop-
erties, they present different results, requiring specific studies. Simula-
tions using MS300, for example, have some particularities such as phase
transformation, which significantly influence the residual stress distri-
bution within the geometry [15]. However, the literature lacks
comprehensive studies elucidating the impact of phase transformation
on simulations. In this scenery, this work aims to investigate the
equivalent stress and distortion results in a geometry comprising cir-
cular channels simulated in MS300 through numerical modeling. The
geometry was designed with focus on emerging applications of this
material in the manufacturing of hot stamping tools with internal
cooling channels. The model was implemented by Simufact Additive
software varying a parameter that governs the phase transformation rate
and validated through experimental data. This parameter serves as an
estimate of the martensite and austenite transformation evolution [21].
In the simulation process, it is represented by a parameter referred to as
the KM parameter.

2. Materials and methods
2.1. Numerical approach

The Inherent Strain Method (ISM) via finite element techniques in
the commercial software Simufact Additive 2023 was employed to
predict distortion, phase transformation and residual stress. This method
is particularly advantageous for part-scale simulations, offering efficient
prediction capabilities while significantly reducing computational time
and costs. A thermomechanical analysis was carried out to assess both
thermal history and mechanical aspects. This analysis is suggested for
MS300 manufacturing, given the substantial impact of strain resulting
from phase transformation, which is predominant in this material [6].

2.1.1. Governing equations
The thermomechanical approach involves conducting thermal ana-
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lyses followed by mechanical analyses. Both analyses are independent
and governed by different equations. In thermal calculations of ISM,
thermal energy is applied to an entire layer, with heat conducted
through adjacent layers using a simplified 3D heat transfer model based
on the Fourier heat transfer equations and principles of energy conser-
vation, as described in Equation (1) [15,22,23].

oT 0 oT 0 oT
(k% )ty (K5 )+ (5 ) o
Where: T represents temperature, t represents time, Q is the heat source
and k stands for the thermal conductivity coefficient. Additionally, p and
Cp represent density and specific heat capacity, respectively.

The outcome of the equation, determined by the specific geometry
and boundary conditions, yields the temperature evolution of nodes and
the thermal load applied to the structural analysis. As these loads induce
stress, strains are determined through a mechanical analysis employing
static equilibrium as dictated by Equation (2) and considering Hooke’s
law and classical J2 flow theory. Thermal strains, on the other hand, are
derived using Equation (3) and then incorporated into the mechanical
analyses [15,22-24].

o

Sth =a. AT

dT o

= E ion 1
e dr _ ox quation

0 Equation 2

Equation 3

Where: o represents the stress acting in the x; direction on a plane
perpendicular to the x; direction, €, is the thermal strain, o represents
the temperature-dependent coefficient of thermal expansion, and AT
denotes the temperature change during the process.

The result of mechanical analyses can be expressed by the summa-
tion of total strain evolution from different contributions, as shown in
Equation (4) [25,26].
g0t —g° 4 &P 4 g 4 gphase Equation 4
where ¢! is the total strain, € is the elastic strain, P is the plastic strain,
€' is the thermal strain and &”"®¢ is the transformational strain.

Since transformational strains are typically regarded as infinitesimal,
their effects are often ignored by ISM. However, for MS300, such con-
siderations cannot be neglected, and transformational strains must be
accounted for and implemented accordingly [6]. These strains are
derived from the evolution of temperature and are calculated based on
the transformation of austenite in martensite, which promotes a volu-
metric expansion of 0.3% [15,27]. The prediction of transformational
strain is based on the Koistinen-Marburger model (equation (5)), which
requires information about the material such as martensite start tem-
perature, as well as the KM parameter, representing the transformation
rate [21,28,29].

fmartensite :fau.stenite [1 - CXP( - KM(MS - T))] Equation 5

Where: frartensite a0d faustenite denote the volume fractions of martensite
and austenite, respectively. M; represents the martensite start temper-
ature, and T is an arbitrary temperature.

2.1.2. Calibration steps

Thermomechanical analysis based on ISM requires a preliminary
calibration step to ensure accurate results within a simplified approach.
The calibration was conducted by measuring the experimental distortion
after cutting the supports of a standard geometry, referred to as a
cantilever, which is printed using the same process parameters as those
used in the simulation. The distortion utilized in the calibration process
involves the Z displacement that occurs after cutting the supports.
Alzyod et al. [30] provide a detailed description of this calibration step.

For this work, an orthotropic setup was selected, as advised by the
software developer. This approach distinguishes strains in the Y-
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Fig. 1. Geometry designs used in the simulation.

Table 1
Overview of different simulated parameters.

Sample Depth (mm) KM Parameter
A10.0039 10 0.0039
A20_0039 20 0.0039
A10.0033 10 0.0033
A20.0033 20 0.0033
A10.0011 10 0.0011
A20.0011 20 0.0011

direction from those in the X-direction, requiring cantilevers to be
printed in both directions. The outcome of the calibration step serves as
input for simulating the specified geometry in the manufacturing phase,
yielding distortion and residual stress results.

2.1.3. Geometry and mesh

The designed geometry for this study is depicted in Fig. 1. The
modeling involved simulating four geometries, each with dimensions of
10 mm and 20 mm in depth. Each geometry features a circular straight
channel with a nominal diameter of 8 mm, a height of 25 mm, and a
width of 28 mm. The channels were designed without internal support.

An adaptive mesh was created as a strategy to reduce computational
costs [31]. The geometry was divided into 29 element layers with a
height of 1.0 mm. This configuration resulted in 69,624 voxels and 91,
669 nodes for the four geometries.

2.1.4. Simulation parameters

Since the simulation involving MS300 requires incorporation of
phase transformation strain, three different KM parameters were uti-
lized to evaluate their impact on the simulation results: 0.039, 0.033,
and 0.011. This parameter governs the transformation rate of austenite
to martensite. The first value was obtained by Equation (6), using
martensite start and finish temperatures derived from experimental data
[32,33]. Values of 0.033 and 0.011 parameters were recommended by
the software database and drawn from previous works involving simu-
lations of the same material in similar conditions [15], respectively. An
overview of modeling parameters used in this study is provided in
Table 1.

KM =-In(0,01) / (M, — M¢) Equation 6
Where: Ms and Mf represent martensite start and finish temperatures,
respectively.

To model the heat source, various parameters are required to
calculate its magnitude, including scanning pattern, laser beam pa-
rameters, laser power, and absorption coefficient. These parameters are
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Table 2
LPBF process parameters used for MS300.
Parameter Value
Laser power (W) 200
Laser power scanning speed (mm/s) 350
Laser spot diameter (pm) 70
Hatch spacing (pm) 120
Layer thickness (pm) 30
Back
P el
~
_Mid-Depth
Front
F

Fig. 2. Graphical representation of simulation validation measurements.

modeled through an effective laser power. For this simulation, an
effective laser power value of 25% was used, based on results from
previous literature that investigated the influence of this parameter
[15].

2.2. Experimental methods

The powder material utilized in this study was a gas-atomized 18Ni-
300 maraging alloy (1.2709) provided by BOHLER (Kapfenberg,
Austria), with particle size ranging from 15 to 45 pm and spherical
morphology. Further details regarding the material, including its
chemical composition, are provided elsewhere [10].

The four geometries used in this study were fabricated using the
AM125 system from RENISHAW (New Mills, UK), equipped with an
Ytterbium (Yb) fiber laser with maximum laser power of 200 W, and
wavelength of 1074 nm. Processing parameters used were those defined
as optimal to maximize the density of MS300 parts processed by LPBF
using the same feedstock in previous research [10]. These parameters
are listed in Table 2.

2.3. Validation of simulation

Validation of the thermomechanical modeling was done by
comparative analyses between simulated and experimental geometries.
Given the critical importance of the channel within the part for the
proposed application, its diameter was utilized as reference for valida-
tion. Printed parts were cut from the build plate and 3D-scanned with an
ATOS Q system from Carl Zeiss GOM Metrology. The resulting diameter
was calculated as an average of maximum circumscribed circles on front
and back faces of the channel and at its mid-depth position as shown in
Fig. 2, using the GOM Inspect Optical 3D software. The simulated
dimension was obtained by plotting the maximum circumscribed
diameter on the same positions of the channel using SolidWorks
software.

An additional validation was conducted using a built-in geometry
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a)

Fig. 3. Simulated displacement results using KM values of 0.039 (a), 0.033 (b), and 0.011 (c), with geometries of 20 mm and 10 mm depth on the left and right side,

respectively.

inspection tool of Simufact Additive software. This tool functions by
overlaying the scanned file with the simulated file, generating a surface
deviation analysis to compare the similarity levels of both geometries.

3. Results and discussion
3.1. Numerical modeling

3.1.1. Distortion results

The distortion analysis of the channel’s diameter was conducted and
compared across different KM values, as illustrated in Fig. 3. The ex-
amination focused on the overall distortion behavior, illustrated by the
color gradient, as well as the variation of the channel diameter in the X
and Z directions.

Results revealed a consistent distortion pattern across the three
models, characterized by higher levels of distortion at the top of the
channel and a reduced horizontal diameter compared to the nominal
measurement. The region corresponding to the X direction exhibited a
consistent behavior with no significant gradient of distortion. However,
despite its regular shape, the printed diameter in the horizontal direction
was smaller than the designed form. This discrepancy is attributed to the
accumulation of thermal stress on the channel surface, leading to
distortion [34].

A red color gradient was observed at the top of the channel, indi-
cating a higher level of distortion. This distortion can be attributed to the
deflection mechanism, which promotes vertical diameter deformation
(Z direction) [34]. During the layer deposition process, variations in
heating and cooling rates lead to residual stress accumulation. These
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stresses cause the layers to warp upward, resulting in a deflection
movement [35].

3.1.2. Phase distribution

Volumetric phase fraction results of the simulated geometries using
different KM parameters are depicted in Fig. 4. Given that the KM
parameter governs the phase transformation rate, a comparison was
made between the volume fractions of martensite for each model. These
findings are essential for MS300 due to its metastable microstructure,
which induces phase transformation from martensite to austenite, with a
consequent increment in strain and modification of the stress magnitude
[28].

Phase transformation in MS300 is a complex process affected by
various factors, including the heterogeneous concentration of elements
like nickel, which promotes the austenite transformation, and temper-
ature cycles resulting from manufacturing processes or heat treatment
[28]. In this study, the modeling approach is solely dependent on tem-
perature, with the formation of martensite purely based on cooling rates
and martensitic start and finish temperatures. This approach could lead
to overestimated results of volume fraction of martensite [15,36].

Volume fraction results in all cases show a predominantly martens-
itic microstructure with occasional regions containing austenite. These
findings are consistent with previous investigations of phase trans-
formations in MS300 manufactured by LPBF [37]. In their study, Conde
et al. [37] reported an average austenite volume fraction of approxi-
mately 3% in as-built samples. Additionally, Kempen et al. [8] obtained
a martensite fraction of 94.2% using a similar manufacturing process.

The comparative analysis of results for each model can contribute to
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Fig. 4. Simulated martensite distributions using KM values of 0.039 (a), 0.033 (b), and 0.011(c), with geometries of 20 mm and 10 mm depth on the left and right

side, respectively.

understanding the impact of this parameter on the precision of
modeling. When comparing results using KM values of 0.039 and 0.033,
a slight reduction in the martensite phase fraction was observed, from
99.01% to 97.97%, respectively, at the bottom of the channel. This
variation implies that a smaller KM value results in greater difficulty in
martensite formation. However, results obtained with a KM value of
0.011 did not show significant variation with respect to KM = 0.033,
indicating the nonlinear influence of this parameter. It is important to
note that these results may be overestimated because they are solely
temperature-dependent, whereas in experimental processes, re-
austenization depends on cooling rate and time [15].

Another significant aspect concerning the simulation outcomes of
phase transformation pertains to the location of austenite formation. As
previously noted, these calculations depend on simulated temperatures,
with results derived from the temperature history generated during the
thermal step. The occurrence of reverse austenite formation is typically
associated with slower cooling rates, primarily occurring in reheated
layers [15,37,38]. In LPBF process, the cooling rates of are too high and
forms martensite even in the reheated layers. Chae et al. [39] identified
the austenite formation in martensitic stainless steel just in the fourth
heating cycle. However, in the edges of the geometry can cool down
faster beyond the temperature range of the martensite transformation,
forming austenite. In addition, the bottom of the channel and the top of
the part were not submitted to a reheat process once there is no up layer,
which could lead to austenite formation. This mechanism was also re-
ported in previous literature [15].

3.1.3. Equivalent stress
The equivalent stress results using three different KM parameters are
illustrated in Fig. 5.
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The stress is essentially tensile along components. This stress
behavior is formed due to the expansion of the melted layer that is
restricted by the underlying solid substrate [40,41]. In particular, the
inner surface of the channel shows significantly higher equivalent stress
compared to adjacent areas. This increased stress is due to variations in
heat dissipation mechanisms, which lead to differing cooling processes
at the boundaries. In the boundary regions, thermal conduction is
restricted to one side of the voxel, whereas in adjacent regions, con-
duction occurs from both sides. This difference results in distinct ther-
mal cycles and stress distributions.

The equivalent stress on the inner surface of the channel was
analyzed more carefully, as this region is critical to the study due to its
heterogeneous behavior. Based on the simulation results, the equivalent
stress at the bottom ranged between 160 and 205 MPa, while at the top
of the channel, it was estimated to be about 470-620 MPa. The greater
magnitude of stress at the top can be attributed to the restriction of
distortion in this region. In a half channel, the distortion is expected to
propagate upwards, but in the full channel this movement is restricted
[34].

Experimental results of MS300 samples produced using LPBF have
shown similar stress behavior. Mugwagwa et al. [42] reported tensile
stresses ranging from 187 to 322 MPa, aligning with the peak observed
in Fig. 5. Their study demonstrated that the magnitude of stress depends
on the process parameters. Similarly, Santos et al. [43] found a tensile
stress of 290 MPa on the surface of MS300 samples manufactured using
comparable methods.

Variations in the KM parameter led to alterations in the equivalent
stress behavior, especially when using KM = 0.011. In this case, the
equivalent stress was notably higher. This result was expected, as the
lower phase transformation parameter tends to promote the formation
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Fig. 5. Simulated equivalent stress results for KM values of 0.039 (a), 0.033 (b), and 0.011(c), with geometries of 20 mm and 10 mm depth on the left and right side,

respectively.
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Fig. 6. Simulated and experimental distortions of the circumscribed circle on both faces and at the mid-depth position for depths of 10 mm (a) and 20 mm (b).

of more austenite, consequently inducing higher tensile stress. This
finding contrasts the volume fraction results in section 3.1.2, which
indicated similar volume fractions for models using KM = 0.011 and
0.033, leading to the expectation of similar equivalent stress in these two
models. However, the volume fraction analysis was conducted at a
single point, while equivalent stress can be influenced by the volume
fraction across the adjacent regions. Mugwagwa et al. [42] and Baere
et al. [15] reported these changes in the stresses of samples
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manufactured by LPBF influenced by the phase transformation.
Another observation from the equivalent stress analysis is the simi-
larity in stress magnitude between the 10 mm and 20 mm geometries
using the same KM parameter. Comparative analysis of localized
equivalent stress in similar regions showed minimal variation, implying
that the length of layers and the scale of the simulation have minimal
impact on results. Therefore, multi-scale simulation could be a viable
strategy for reducing computational costs to simulate larger geometries.
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Table 3

Average of the three diameters of the channels.

Sample Distortion Average
A10.0039 0,026 + 0,011
A20.0039 0,024 + 0,011
A10_.0033 0,022 + 0,006
A20_0033 0,025 + 0,014
A10.0011 0,024 + 0,009
A20_0011 0,027 + 0,013

The efficacy of such a multi-scale strategy has been assessed in other
studies [44,45]. Nonetheless, it is advisable to conduct further analysis
using various scales to validate this approach.

3.2. Comparison between simulated and measured geometries and model
validation

3.2.1. Influence of the KM parameter

Numerical simulation results varying the KM parameter were
analyzed by comparing the distortion of the circumscribed circle at the
three aforementioned positions, in parts with depths of 10 mm and 20
mm, as illustrated in Fig. 6(a) and (b), respectively. The distortion in the
figure indicates the variation between the nominal and measured di-
ameters. These values inferred a reduction of diameter in the simulated
and printed geometry, once the dimensions were smaller than the
nominal.

Simulated results indicate that the KM parameter exerts minimal
influence on overall distortion. Distortions in each position presented
similar values in both geometries for the three KM values evaluated. This
observation can be ascribed to the limited impact of transformation
strain on distortion, since the volume fraction of austenite phase is
around 3%, and the volumetric transformation strain is limited to 0,003
[27,37]. Average distortions of the geometries are presented in Table 3.
These results suggest a similar medium diameter for the three models,
which indicates that the models exhibited similar distortion by standard
deviation analysis. This result agrees with the previous analyses of the
3.1 section.

Similar distortion results were expected on front and back faces since
they undergo similar thermal cycles, and the approach considers the
deposition of an entire layer. However, variations in distortions were
identified between these faces, which could be attributed to variations in
the temperature gradient. This result is more noticeable in sample with
depths of 20 mm. The mid-depth position displayed higher distortion
when compared with the external faces, which can be attributed to
differences in heating and cooling cycles in this region. The dissipation
of heat is influenced by adjacent voxels, contributing to the observed
variation. As the front and back faces are situated at the boundaries of

0.24 4 a) x
0224 [—=—KM_0039 a
e KM_0033
g€ 0.20 | —A—KM_0011|
6 0.18
g y
> \
§ e ) \
[0}
(%] _ /,
gom \»
® 0.12 4 t
0.10 4 ’
0.08 T T T
Front Mid-depth Back

Fig. 7. Surface deviation of the circumscribed circle on both faces and at the mid-depth position for depths of 10 mm (a) and 20 mm (b).
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the geometry, they present a distinct thermal conductivity mechanism
influenced by the powder bed. This observation is corroborated by the
experimental curve, which demonstrates a similar behavior.

Finally, simulated results lie closer to the experimental ones in the
geometry with depth of 20 mm, while they deviate significantly from
physical measurements for the 10 mm depth. Such difference should be
the object of further investigation.

3.2.2. Surface deviation

The effect of the KM value on model accuracy was validated by
comparing experimental and simulated geometries in terms of the cir-
cumscribed circle diameter of channels and surface deviation.

The comparison between printed and simulated circumscribed circle
measurements is presented in Fig. 7. Deviations between simulated and
printed diameters showed similar trends when comparing geometries
with same dimensions. Notably, the 20 mm geometries exhibited lower
deviations, suggesting that the models were more accurate for larger
geometries. This result is clearly noted in the surface deviation scale,
which is considerably lower in the 20 mm depth geometries.

The second step to validate the models was through surface devia-
tion, as shown in Fig. 8. Qualitatively, results for models using different
KM values look similar, based on color distribution. The color gradient
of the 20 mm geometry presented a more regular behavior, presenting
basically only one color and indicating the simulated models fit better to
this geometry, corroborating previous results that reported more accu-
rate results for the larger geometry.

Quantitatively, the surface deviation scale of the 20 mm geometry is
more accurate, with an error predominately varying between —0.1 and
0.0 mm, while in the 10 mm geometry, the error varied between —0.1
and 0.1 mm in the surface and the channel of geometry. Despite this
variation in both geometries, the deviation agrees with results presented
in Table 3. The additional deviation indicated in the scale is attributed to
dross formation at the top of the channel, which will be explained in the
next paragraph, and the area where the geometry is cut from the base
plate.

A deeper analysis of surface deviation at the top of the channel is
presented in Fig. 9. This region is considered critical due to the presence
of a surface irregularity known as dross formation observed in the
printed specimens. The figure depicts the presence of this irregularity
which reduces the vertical diameter. The color gradient is more pro-
nounced, indicating that simulation did not predict this type of forma-
tion, regardless of the KM value used. Dahmen et al. manufactured
similar geometries using LPBF in different positions and reported dross
formation in this region. This formation, also known as an overhang
structure in this type of geometry, was associated with the agglomera-
tion of partially sintered or melted metal powder particles attached to
channel walls [46,47].
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Fig. 8. Surface deviation results between simulated and printed geometries using KM values of 0.039 (a), 0.033 (b), and 0.011 (c) are shown, with geometries of 20
mm and 10 mm depth on the left and right side, respectively.

Fig. 9. Surface deviation analysis of the inner region of the channel using KM = 0.039 for the 20 mm (a) and 10 mm (b) geometries.

4. Conclusion equivalent stress, and phase transformations in parts manufactured by
LPBF, employing the inherent strain approach via a thermomechanical
A finite element simulation was conducted to assess distortions, solution. The study focused on a geometry featuring an inner circular
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channel made of MS300, a material undergoing extensive phase trans-
formation during processing. Three models with varying phase trans-
formation rate parameters (KM) were compared, alongside simulations
of parts with different dimensions to evaluate model scalability.

The simulations revealed that the distorted geometries exhibited a
reduced diameter compared to the nominal measurement, attributed to
thermal stress-induced distortion primarily in the bordering regions
during the LPBF process. The comparison of the three models with
different KM parameters showed minimal variation, indicating that
these parameters had no significant impact on overall deformation.

The prediction of martensite volume fraction indicated that lowers
KM parameters resulted in a higher presence of austenite, due to the
increased difficulty in martensite formation. This outcome exhibited a
non-linear relationship, highlighting the complex interaction between
KM parameters and phase formation. Equivalent stress analysis revealed
a predominance of tensile stress within the geometry, with higher con-
centrations at the channel boundaries. Notably, the equivalent stress
was greater at the top of the channel, likely due to restricted deforma-
tion in this region.

Model validation was performed by comparing simulated distortions
with experimental data in two steps: first, by comparing specific mea-
surements at three different points, and second, by assessing surface
deviation between the simulated and experimental geometries. The
models demonstrated high accuracy, with larger geometries yielding
better results.
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