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Abstract

The right first time (RFT) in the laser-beam powder bed fusion of metal powder (PBF-LB/M) process refers to achieving
optimal part quality and minimal distortions in the first manufacturing attempt, which is critical for enhancing productivity
and sustainability. This is particularly challenging due to the internal stresses and thermal gradients inherent to the process,
which lead to significant distortions. This study addresses the challenge of predicting and mitigating these distortions for
Ti6Al4V parts in the PBF-LB/M process. Calibration tests and experimental validations using Amphyon software were
conducted, with the process involving software calibration, sensitivity analysis, and simulation validation through reverse
engineering tools. Additionally, a pre-compensation method was applied to monitor and reduce distortion. The results dem-
onstrated that Amphyon can predict distortions with a maximum deviation of up to 14% between simulated and experimental
results, while pre-compensation reduces deformation by up to 70%. Finally, the simulation approach was validated through
a real-world application, fabricating a cranial medical implant, showcasing its practical relevance. This work highlights
the potential of simulation tools for optimizing PBF-LB/M processes, improving accuracy, and reducing material waste in
industrial applications.

Keywords Laser-beam powder bed fusion of metal powder (PBF-LB/M) - Process simulation - Amphyon - 3D scanning -
Ti6Al4V - Right first time

1 Introduction

The American Society of Testing Materials (ASTM) clas-
sifies all additive manufacturing (AM) processes into seven
categories, based on the distinctive functional principles
[1]. One of the leading AM technologies for metals in the
industrial world is laser-beam powder bed fusion of metal
powder (PBF-LB/M) [2]. With more than 20 years of pro-
cess reliability, PBF-LB/M proved to be a versatile technique
for different application fields, including automotive [3, 4],
aerospace [5, 6], biomedical [7-9], and sport racing [10].
This process uses a high-power-density laser, whose source
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is usually an Ytterbium (Yb) fiber, to locally melt a metal
powder and realize near-net shape components [11]. Similar
to other AM processes, PBF-LB/M building process also
requires preparatory and post-processing steps to obtain the
final component [12]. The schematic representation in Fig. 1
outlines a general process with the sequence of its character-
istic steps, starting with model creation and process optimi-
zation, followed by the preparation of machine, and loading
of metal powder. Once the AM process is completed, post-
processing ensues, including stress relieving [13], supports
removal, de-powdering, and finishing of the component [14].

Some of the reasons for the great industrial success
of PBF-LB/M include its final mechanical performance,
which is equal or even higher than traditional manufac-
turing technologies, low surface roughness, high design
freedom, and wide range of processable materials [15].
On the other hand, PBF-LB/M is a quite sensitive process
and achieving the desired dimensional accuracy remains
a challenge. This is influenced by various process param-
eters and material properties, which must be accurately
controlled [16]. One of the most sensitive aspects of this
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Fig. 1 Representation of the whole workflow for the production of a metal component using PBF-LB/M

technique is related to the thermal gradients that develop
during the process, which can lead to deformation and
residual stress [17]. Specifically, the concentrated laser
action creates a heat-affected zone (HAZ) that expands
and pushes down the material inducing a compressive state
on the lower layers [18]. After cooling, HAZ shrinks and
causes high tensile stresses in the neighboring area, thus
inducing permanent deformation [19]. Figure 2 qualita-
tively describes the phenomenon described.

These induced deformations are important not only for
the final properties of the component but also for the sus-
tainability of the whole manufacturing process. Indeed, like
other metal AM technologies, PBF-LB/M involves rather
long production times and high material acquisition costs
[20]. Consequently, any deviation from the desired geometry
results in a significant waste of machine time, and resources
[21]. In this regard, previous studies evidenced that the sup-
port structures and the connections with the building plat-
form can help heat transfer, reducing thermal gradient and,
consequently, local deformations [22-24]. However, large
volumes of supports can increase the overall manufacturing
cycle cost and build time [25]. Additional post-processing
steps for support removal could generate more waste to be
disposed of. Therefore, the capability to manufacture a part
on the first attempt with the intended geometry is essential
for increasing production reliability, reducing costs, and

Heating

enhancing AM’s competitiveness [26]. This principle is
commonly referred to as “right first time” or RTF.

Better control over the final geometry and dimensional
accuracy in AM cannot be reached using a single solu-
tion, but rather a combination of several strategies. These
strategies may include lattice structure optimization [27,
28], part topological redesigning [29], and optimization of
the process parameters such as laser power, scanning strat-
egy and speed, hatching distance, and layer thickness [30].
Furthermore, recent advancements in computerized meth-
odologies provided innovative solutions to this industrial
challenge. For instance, Wang et al. developed a knowledge
graph embedding learning system for defect diagnosis in
AM [31], while Safdar et al. identified the requirements
for implementing a machine learning operations platform
to support process-based machine learning models in
industrial metal AM [32]. Giinaydin et al. optimized build
orientation in PBF-LB/M using a non-dominated sorting
genetic algorithm-II to minimize support volume and build
time, thus influencing quality, waste, production time, and
cost [33]. In a subsequent study, the authors explored 13
different optimization algorithms to determine the opti-
mum build orientation, considering undercut area and build
height as objective functions [34]. Jabon et al. proposed a
novel integration approach of an Evolutive-Deformation
framework with finite element methods (FEM) to address

Fig.2 Representation of the heat-affected zone (HAZ) during heating and cooling steps of PBF-LB/M
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this issue effectively [35]. Numerical simulation software
became indispensable for optimizing AM processes by
providing insights into thermal history, melt pool dynam-
ics, and solidification behavior. As a result, the number
of commercial numerical codes that provide ready-to-use
solutions is also increasing. For example, Amphyon is a
commercial simulation software by Additive Works GmbH
developed for predicting outcomes in the PBF-LB/M pro-
cess. Its main aim is to support the process design within
a virtual environment, thus reducing the need for trial-
and-error iterations in selecting process parameters. By
simulating different process parameters, such as materials
absorption, heat transfer, molten fluid dynamic, and phase
transformation, it is possible to predict some interesting
final properties such as density, porosity, microstructure,
residual stress, and deformation of printed parts [36].
However, the complexity of the PBF-LB/M process which
cover several length and time scales is challenging to be
represented in a complete manner and in a single environ-
ment. Therefore, numerical models are usually developed
focusing on one or a few selected outcomes of the process,
introducing procedures for enhancing the fit between the
actual process and the simulated counterpart. Within this
environment, it is possible to study the effect of several
process conditions on the outcome, such as the presence
and quantity of support structures or the final part distor-
tion. Simulation results can also provide advice for improv-
ing the part quality. For instance, the software can compute
the compensation for the distortion through part design
modification. Each software possesses its own strengths
and weaknesses depending on the specific application. In
a prior study conducted by Peter et al., Amphyon 2018 and
ANSYS Additive Print 19.1 demonstrated proficiency in
predicting the recoater contact, whereas Autodesk Netfabb
Simulation 2019 stood out for its user-friendly interface
and quicker computation, particularly excelling in com-
pensating for distortions in thin walls. However, it could
be improved in the customization of laser exposure param-
eters. Sunata 2018 and Amphyon 2018 offered greater
customization options for supports, yet they could benefit
from enhanced control over support types [26]. Differences
have also been observed within the same code environ-
ment using two different packages. In this regard, Mayer
et al. observed how two ANSYS packages designed with
the same aim can have quite different levels of accessibil-
ity from user-friendly or advanced expert in FEM [37].
Despite the growing interest in simulation-based optimiza-
tion, research often presents simulation software as just one
aspect of the broader workflow in metal AM part produc-
tion [38, 39], without in-depth scrutiny. Consequently, the
validation and evaluation of simulation software against
experimental data remains crucial for widespread adoption
in industrial settings.

This manuscript presents a comprehensive evaluation of
Amphyon software for predicting the dimensional accuracy
in PBF-LB/M of Ti6Al4V parts. The study aims to assess
the software’s accuracy in predicting the induced distortions
and identify potential areas for improvement. Ti6Al4V was
selected because it undergoes significant thermal stresses
during the PBF-LB/M process, making it a suitable mate-
rial for evaluating the accuracy and reliability of simulation
software designed to predict process-induced distortions. To
achieve this scope, an experimental campaign was used to
calibrate the software for the application to Ti6Al4V. Also,
the experimental data were used to evaluate the sensitiv-
ity of the numerical model. The validation of the results
involved comparing the numerically predicted deformed
shape with the actual part using reverse engineering (RE)
tools, structured-light 3D scanning, and X-ray computer
tomography scanning (X-CT scan). In addition, simula-
tions were used to generate compensations aimed at cor-
recting the resulting distortions. The modified STL output
file, named pre-compensated geometry, served as input for
manufacturing in PBF-LB system. This pre-compensated
geometry embodies modifications to the original CAD
model, enabling automatic recovery of component distor-
tions during the process and facilitating the attainment of
a final geometry more faithful to the original CAD model.
Finally, the entire tested procedure was applied to a complex
structure, a skull medical implant, to assess the feasibility of
the investigated approach in real AM production.

2 Materials and methods
2.1 Materials and equipment

The material selected for the analysis was virgin Ti6Al4V
powder by EOS (EOS GmbH, Krailling, Germany), pro-
cessed on an EOSINT M270 Dual Mode machine (EOS
GmbH, Krailling, Germany). This machine features a
working chamber of 250 x 250 x 215 mm?, operating in
a controlled Argon (Ar) atmosphere that limits the oxy-
gen content to 0.1%, reducing the reactivity of the tita-
nium powder. It is equipped with a 200 W Ytterbium (Yb)
fiber laser with a focal spot size of 100 um. To enhance
mechanical properties and dimensional accuracy, the print-
ing parameters can be adjusted based on the building zone.
Three distinct zones are identified: contour, core, and skin.
The contour defines the outermost boundary of the part,
the core forms its innermost volume, whereas the skin
constitutes the outer core of the part, significantly influ-
encing surface finish [40]. The process parameter values
of the core, skin, and contour for Ti6Al4V are presented
in Table 1.
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Table 1 EOSINT M270 Dual Mode process parameters for Ti6Al4V

Table2 Amphyon process and material parameters

Laser Laser spot  Scan Hatching distance (um)
power size (um)  speed
(W) (mm/s)

Core 170 100 1250 100

Skin 150 100 1000 100

Contour 120 100 1250 Not applicable

2.2 Simulation software

The Amphyon software (Oqton GmbH, Bremen, Germany)
was used to carry out the PBF-LB/M manufacturing process
simulation. It comprises five different modules designed to
guide the user throughout the AM workflow. The first mod-
ule analyzes the CAD model and evaluates the part orien-
tation, while the second module generates and optimizes
support structures. These are followed by two modules that
predict mechanical and thermal properties, respectively,
considering process and simulation parameters as well as
stress-relieving treatments to estimate final deformation. The
last module serves as a “pre-deformation” tool, compensat-
ing for deformation deviations from the nominal geometry.
It generates a pre-compensated model, adapting support
structures accordingly. The final output is a modified STL
file that, after manufacturing, achieves the intended shape
while accounting for deformation.

2.3 Process simulation

Amphyon only allows the use of a single set of process
parameters for the entire simulation, without distinguish-
ing between core, skin, or contour regions. Given this con-
straint, the core parameters listed in Table 1 were selected
as representative of the overall process, as the core consti-
tutes the predominant volume fraction of the component.
This choice ensures that the simulation reproduces the real
process as accurately as possible. While this approach does
not capture localized parameter variations, it provides a rea-
sonable approximation of the process within the limitations
of the software. Table 2 shows the process parameters and
Ti6Al4V properties, as declared by the producer’s datasheet,
used in Amphyon for conducting the simulation. All simula-
tions and data analyses were run on a workstation equipped
with an Intel®Core i7 - 8700 K and 3.70 GHz, 32 GB RAM,
NVIDIA Quadro P620, an HDD storage and Windows 10
64-bit as operating system.

The mesh resolution is a critical parameter in balanc-
ing simulation accuracy and computational efficiency. In
Amphyon software, this parameter can be varied from 0
(coarse) to 10 (fine). For all simulations, an adaptive mesh
with a constant value of 0.6 was chosen. This choice ensured

@ Springer

Process parameters Value
Laser power (W) 170
Scan speed (mm/s) 1250
Hatching distance (um) 100
Layer thickness (um) 30
Build plate temperature (°C) 100
Material parameters Value
Young modulus (GPa) 110
Yield stress (GPa) 1.06
Poisson coefficient 0.3

each simulation could be completed within approximately 90
min on a standard desktop computer, representing an optimal
trade-off between accuracy and computational time.

2.4 Calibration analysis

Calibration is a required procedure in Amphyon to fine-
tune the software’s response based on the selected material
and processing conditions. This process involves fabricat-
ing three different cantilever specimens and assessing their
respective bending behavior according to the applied hatch-
ing strategy. The reference specimen (180 x7.2 X 8 mm?)
was obtained from Amphyon’s official documentation. It fea-
tures a “T-shaped” geometry with horizontal top surfaces,
built parallel to the build plate and supported by thin vertical
walls. Figure 3 shows the three distinct hatching strategies,
i.e., “Parallel,” “Orthogonal,” and “Average”:

e Parallel hatching (Fig. 3a) involves laser scanning along
the longitudinal axis of the cantilever.

e Orthogonal hatching (Fig. 3b) employs a scanning strat-
egy perpendicular to this direction.

e Average hatching can be achieved in two ways: by rotat-
ing the hatching direction 90° between layers or by alter-
nating the scan direction within each layer in small adja-
cent regions (Fig. 3c).

The different hatching strategies are expected to gen-
erate diverse thermal distribution, leading to different
residual stress levels and deformations. To assess the as-
built condition, no stress relief treatments were applied.
After fabrication, the cantilever specimens were removed
from the build platform using an ECUT 32D CNC Wire
Cut EDM machine (Genesi Ltd., Monza e Brianza, Italy)
following the longitudinal direction, as recommended by
Amphyon’s documentation. Then, the specimen bending
was measured using a structured light 3D scanner, ATOS
Compact Scan 2 M (Zeiss AG, Oberkochen, Germany).
The scan data was then processed with GOM Inspect
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Fig. 3 Hatching strategies of calibration PBF-LB/M specimen: parallel hatching (a), orthogonal hatching (b), and average hatching (c)
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Fig.4 Measuring of maximum deflection for cantilevers

software (Zeiss AG, Oberkochen, Germany) to determine
the maximum deflection, as required by the calibration pro-
cedure. Figure 4 illustrates the methodology employed to
calculate the maximum deflection. This was determined as
the maximum distance between two planes belonging to the
same cantilever. A first reference plane was defined by best
fitting two sets of points located at the extremities of the
cantilever, where distortion was most pronounced. Then,
a second plane was generated by selecting points in the
middle of the top surface, where distortion was minimal.
Due to the high number of acquired data points and mesh
irregularities, the least-squares method was employed to
ensure optimal plane fitting with minimal error. Finally, the
deflection values for each hatching strategy were entered
into the Amphyon software simulation settings to complete
the calibration process.

2.5 Analysis of numerical sensitivity

To evaluate the sensitivity of the simulation results, varia-
tions were applied to the process parameters while keeping
all other parameters at their nominal values. The simula-
tion parameters, namely laser power, scan speed, hatch-
ing distance, and layer thickness, were modified by + 10%

Reference
plane 1

Distance
2.74 mm

Reference
plane 2

Table3 Set of process parameters used for simulation sensitivity
study

Parameter —20% - 10% Nominal value + 10% + 20%

Laser power (W) 136 153 170 187 204

Scan speed 1000 1125 1250 1375 1500
(mm/s)

Hatching distance 80 90 100 110 120
(pm)

Layer thickness 24 27 30 33 36
(pm)

and +20% from the nominal values specified in Table 2,
resulting in a total of 16 simulations. The parameter values
used for the sensitivity analysis are detailed in Table 3.
The sensitivity of the numerical results was evaluated by
observing key outcomes, including build time (#,), maxi-
mum residual stress (c,), and the maximum temperature
within the part (7) at the end of each simulation layer. It
is important to note that in Amphyon’s thermal module,
only a macro-scale temperature state can be simulated.
Therefore, the temperatures displayed in the simulation
represent the temperature of the upper layer before the
next layer is processed.
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It is important to highlight that in real-world applications,
selecting certain combinations of process parameters may
not be feasible due to the need for consistency in process
outcomes and the proper melting of the metal powder. In
this study, the selected parameters are used solely to assess
the software’s response to variations in input. For exam-
ple, an increase in speed is expected to result in lower tem-
peratures and, consequently, reduced stress compared to
nominal conditions. The numerical sensitivity analysis was
performed with a reference geometry named “Longitudinal
Square Box” (LS-Box), which is available as an STL file in
Amphyon’s online documentation. The LS-Box is a hollow
prism with a square cross-section, and its faces are oriented
at 45° to the build direction, eliminating the need for sup-
port structures during the PBF-LB/M process. A 6.35-mm
vertical edge was used to connect the part to the building
platform, and the wall thickness is uniformly set at 1.67 mm.
Figure 5 shows the geometry and its overall dimensions.

2.6 Experimental validation through dimensional
and accuracy characterization

The experimental validation activities employed the
same reference geometry (LS-Box) used in the numeri-
cal sensitivity analysis. This geometry was fabricated
using Ti6Al4V powder on the EOSINT M270 Dual Mode
machine, with the EOS scanning strategy featuring a 67°
rotation between layers. After manufacturing, the actual
geometry of the resulting parts was acquired and digitized
through X-CT and light 3D scanning. The digitized model
was then compared against the nominal reference geometry
to assess accuracy and deformations. The X-CT machine
used was the Phoenix vitomelx S240 (GE Baker Hughes-
Waygate Technologies, Wunstorf, Germany), which cap-
tures images with a resolution of 1000 X 1000 pixels. The
scanning parameters included a voxel size of 67 pm, 235
kV voltage, and 110 mA current. The X-ray images were

Fig.5 Reference geometry for
simulation sensitivity analysis
and validation experimental .
activities (dimensions are in
millimetres)

52.48
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reconstructed into a 3D model using datoslreconstruction
software (GE Baker Hughes-Waygate Technologies, Wun-
storf, Germany). For visualization and analysis, the soft-
ware VG Studio Max software (version 3.4) by Volume
Graphics (Hexagon Metrology-Volume Graphics, Heidel-
berg, Germany) was used. Optical 3D scanning was car-
ried out with the ATOS Compact Scan 2 M, a structured
light scanner that uses stereoscopic vision and blue LED
light. Data analysis, distortion evaluation, and inspection
were performed using GOM Inspect software.

3 Results and discussions
3.1 Calibration results

The calibration step began with the production of the
cantilever geometry using three different laser scanning
strategies, as outlined in Table 1. These strategies involve
varying scan vector lengths, which result in different maxi-
mum bending values for the specimens. Figure 6 shows
the actual geometry of the three specimens after they were
separated from the build platform, displaying the distor-
tions induced by the PBF-LB/M process.

The hatching strategy aligned parallel to the longi-
tudinal direction of the cantilever exhibited the highest
deflection. This outcome can be attributed to the longer
scan vector length, which leads to higher residual stresses
and thermal gradients compared to the orthogonal strat-
egy, which possesses a shorter scan vector length (Fig. 3).
These results are consistent with the previous literature
[18, 41-44]. The average strategy, which combines both
scan directions, results in a deflection that is approxi-
mately intermediate between the other two. Table 4 pre-
sents the maximum deflections for each cantilever, along
with the corresponding hatching strategy.




The International Journal of Advanced Manufacturing Technology (2025) 138:1039-1054 1045

Fig.6 Ti6Al4V calibration
specimens manufactured with
three different scanning strate-
gies via PBF-LB/M

10 mm

cantilever

| Parallel hatching
(X direction)

Orthogonal hatching i

(Y direction)

Table 4 Cantilever maximum deflections for Amphyon calibration

Cantilever hatching strategies Deflection (mm)

Parallel 2.74
Orthogonal 2.09
Average 2.28

3.2 Numerical sensitivity analysis

A sensitivity analysis was carried out to evaluate the com-
putational capability and accuracy of Amphyon software
in predicting the impact of parameter changes in the PBF-
LB/M process. The key findings from this analysis are sum-
marized in the bar graphs of Fig. 7, with dotted lines repre-
senting reference values obtained using the nominal process
parameters listed in Table 2. It is important to highlight that
these findings are specific to simulations and may not trans-
late directly translate to practical applications for all param-
eter combinations. In fact, some parameter sets may not even
ensure proper material fusion, a limitation that the software
does not necessarily highlight. Therefore, the purpose of this
analysis is to assess the theoretical sensitivity of the software
in generating different simulation outputs through systematic
parameter variations, rather than to suggest feasible real-
world process implementations.

The analysis focused on the maximum temperature (7)
estimated at the end of each simulation layer, which serves
as an indicator of the macroscopic temperature state in the
component. It was observed that an increase in laser power
resulted in a corresponding rise in 7, with a maximum
increase of over 10 °C from the reference value (Fig. 7a).
This trend nicely mirrors the findings reported by Bian et al.,
who reported that increasing laser power results in higher
temperatures and a larger molten pool size, regardless of the
scanning strategy used [45]. Although specific temperature
values vary due to differences in material and simulation
software, the observed trends are consistent with those in
the literature [45]. Conversely, reducing scan speed or hatch-
ing distance by 20% increased the energy per unit volume
on the powder bed, resulting in an increase in 7 to 180 °C,
compared to 165 °C in the reference case. Although direct

Average hatching
(XY direction)

comparisons with previous studies are challenging due to
variations in material, simulation software, or parameter
sets, these findings are comparable to those of Khorsani
et al., who observed an increase in melt pool peak tempera-
ture with decreasing scan speed [46]. The effect of layer
thickness on 7 was minimal, and no significant correlation
was found between layer thickness and temperature. It is
fundamental to recognize that the simulation involved sim-
plifications, such as neglecting heat dissipation through the
machine structure and the varying heat transfer conditions
for different regions (core or contour). Therefore, while the
simulation provided stable results, these simplifications may
limit its representativity of the actual process.

Additional trends emerged in the assessment of build
time (#,), which reflects the actual job duration. Figure 7b
presents the main results. As expected, ¢, is influenced by
the ratio of part height to layer thickness, with a reduction
in layer thickness leading to an increase in the number of
layers and a corresponding extension of build time. Varying
layer thickness from — 20 to +20% resulted in a reduction
of #, from over 8§ to 5.5 h. Hence, layer thickness was found
to be the most influential parameter on build time. Similarly,
hatching distance and scan speed also influenced the printing
time, consistent with previous studies [47-49]. However,
the sensitivity analysis was virtual and did not account for
whether the material was melted. Assuming the material was
always melted, higher scan speed and increased hatching
distance reduced ¢, slightly, from 7 to 6.5 h. Laser power did
not significantly influence printing time.

Regarding the maximum residual stress (c,), no direct
correlation was established between o, and the macro-
scale temperature represented by 7T (Fig. 7c). The o, values
remained within a narrow range, fluctuating approximately
+16% around a central value of 53.6 kPa, as represented
by the red band in Fig. 7c. This range indicates that o, had
a minimal influence on the final deformation in all simula-
tions. For example, Zhang et al. reported that temperature
variations significantly influenced o, [50]. However, such
variations were not observed in this study, making a direct
comparison difficult. The consistent maximum deformation
of 2.85 mm further supports the conclusion that minor vari-
ations in 7" do not substantially affect c,.
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(b)

Build time (hours) Temperature (°C)

Residual stress (kPa)

190
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Laser power

Scan speed Hatching distance Layer thickness
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Laser power

Scan speed Hatching distance Layer thickness
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Laser power

Scan speed Hatching distance Layer thickness

Fig. 7 Sensitivity analysis results: maximum temperature within the component evaluated at the end of each simulation layer (a); build time (b);
maximum residual stress (¢). The dotted lines are representative of the reference values obtained with nominal process parameters
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Fig.8 Photographs of the square tube replica in Ti6A14V by EOSINT with nominal CAD model (d). Deviation distribution histogram of the
M270 (a, b). Computed displacement by Amphyon simulation with experimental validation LS-Box (e)
nominal parameters (c). Deviations for actual part geometry compared
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Fig.9 CT scan data of the fabricated LS-Box (a) and two different inspection sections: middle (b), and initial (c). Deviation distribution histo-
gram of the experimental validation LS-Box at two different inspection sections: middle (d), and initial (e)
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3.3 Experimental validation

The LS-Box geometry was manufactured to assess the dis-
tortion induced by the PBF-LB/M stress on thin-wall com-
ponents. The manufactured part is shown in Fig. 8a and
Fig. 8b. On the actual part, the longitudinal straight edge
on the sides of the square cube (Fig. 5) bent outwards and
deformed in a curved line (Fig. 8b). This deformation was
correctly predicted in simulation results (Fig. 8c). The fab-
ricated part was then 3D scanned, and the scan data was
used to compute the actual deformations to the nominal ideal
geometry. The STL file of the scan data was imported into
GOM Inspect software for alignment and comparison with

Fig. 10 Prediction of part
detachment from the build
platform: map of the normalized
plastic strain from Amphyon
software (a) and photo of the
critical areas on the actual part

(b)

Fig. 11 Comparison between
net-shape and pre-deformed
models (a). Deviation map of
the pre-deformed manufactured
component to the nominal net-
shape (b). Deviation distribution
histogram of the pre-deformed
manufactured LS-Box (c¢)

. Net shape

B Pre-deformed

the original CAD model. The results of this comparison are
shown in the deviation map of Fig. 8d.

The comparison between the nominal CAD and the actual
dimensions of the 3D printed component (Fig. 8d) revealed
a maximum deformation of about 2.50 mm. However, the
mean deviation was —0.01 mm, with a standard deviation of
0.63 mm, as shown in the deviation distribution histogram
in Fig. 8e. Conversely, the Amphyon simulation (Fig. 8c)
forecasted a maximum deformation value of approximately
2.85 mm, primarily concentrated at the ends of the longitu-
dinal edges on the unsupported sides of the square shape.
Although there is a maximum deviation of 14% between the
simulated and experimental results, the deformation areas
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identified in the GOM Inspect colored map (Fig. 8d) align
well with those predicted by Amphyon (Fig. 8c). It is impor-
tant to note that the laser used in the PBF-LB/M machine
has an inherent spot size of 0.1 mm, which can influence the
formation of sharp edges and contribute to deviations. The
observed discrepancies between the simulation and experi-
mental results primarily stem from the model’s inability to
account for certain physical phenomena occurring at different
scales. In particular, the simulation does not capture critical
microscale processes such as melt pool dynamics and pow-
der particle behavior, which significantly influence thermal
distribution, material consolidation, and final part properties.
These unmodeled phenomena introduce variability that con-
tribute to the observed deviations. Despite these limitations,
simulation reliability is typically assessed by comparing its
predictions with experimental results within an acceptable
margin of error. According to previous studies, deviations in
the range of 10-15% [51] are considered reasonable for such
simulations. In this context, the results of the experimen-
tal validation indicate that, with the cantilever calibration
procedure, the Amphyon simulation software can effectively
predict distortions in the most stressed zones of PBF-LB/M-
built components with good dimensional accuracy. For a
more detailed analysis, Fig. 9 presents two different sections
of the replica, highlighting the deformations from the net
shape. In both sections, a similar deviation from the original
model was observed, with higher deformations located in the
initial section (Fig. 9c) when compared to the middle one
(Fig. 9b). This difference is further highlighted in the histo-
grams shown in Fig. 9d and e, where the initial section has a
mean deviation of —0.1 +0.99 mm. In contrast, the middle
section shows a mean value that is an order of magnitude
lower, with the standard deviation reduced by half.

A significant outcome arose from the simulation of plastic
deformation, as indicated by the Norm Plastic Strain param-
eter of Amphyon software. In the red areas of Fig. 10a, the
simulation results reported a final plastic strain of approxi-
mately 8%. This value has the realistic potential to induce
detachment or delamination of the material layer because the
EOS datasheet for Ti6Al4V reports an elongation at break
of 9%. Consistent with these simulation results, the actual
part detached from the build platform in the zones indicated
by the red squares in Fig. 10b. Once again, the software’s
simulation capability was validated by accurately predicting
the displacement of the most critical areas.

The Amphyon software has the functionality for generat-
ing a pre-distorted and compensated geometry. When pro-
duced on a PBF-LB/M machine, the compensated geometry
is intended to yield the nominal shape. Hence, it was deemed
valuable to extend the experimental validation and monitor-
ing of part distortion by considering the fabrication of the
compensated shape. To this aim, the pre-deformed shape
(Fig. 11a) was produced through PBF-LB/M on the EOS
M270 machine with the same parameters in Table 1. The
fabricated geometry was then 3D scanned and compared to
the nominal CAD model. The comparison results are shown
in the deviation map of Fig. 11b.

The new analysis revealed that a reduction of over 70%
in the actual deformation can be achieved, as well as a
substantial reduction in the standard deviation shown by
the histogram in Fig. 11c, when compared to the one in
Fig. 8c, which was not pre-deformed. Specifically, a max-
imum deviation of about 0.80 mm was observed in the
actual part produced from the compensated geometry. It
is important to note that in the deviation from nominal
dimensions, approximately + 50 pm, is attributable to the
surface roughness of a component fabricated by PBF-
LB/M [52]. However, the impacted areas differ from the
previous ones as down-facing sides exhibited higher devia-
tions compared to the up-facing ones. The worst accuracy
of unsupported down-facing surfaces in comparison to up-
facing surfaces is typical of the PBF-LB/M process [53].
Table 5 provides a summary of the average deformation
values and their standard deviations for the comparison of
the original uncompensated geometry in Fig. 8d and the
compensated shape in Fig. 11b.

The compensation of the large deformation of the lon-
gitudinal edge of the LS-box geometry in Fig. 11a helps to
reduce part deviation, especially in the case of down-facing
surfaces. Both the average value of the deformation and its
standard deviation are lower for the compensated geometry
demonstrating the effectiveness of Amphyon software in
computing the pre-deformed shape for the LS-box.

3.4 Real case application

After the assessment of the validity of simulation results for
the simple reference geometry of the LS-box, a real case was
considered in the PBF-LB/M production of a cranial implant
in Ti6Al4V. The titanium plate has overall dimensions of 132

Table 5 Deviation results for
down-facing and up-facing

Part deformation

Uncompensated LS-Box geometry

Compensated LS-Box geometry

surfaces of the original

Down-facing

Up-facing surfaces Down-facing  Up-facing surfaces

uncompensated geometry and surfaces surfaces

compensated one
Average value (mm) +0.15 +0.02 —0.00 +0.02
Standard deviation (mm) +0.78 +0.20 +0.31 +0.14
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Fig. 12 Cranial implant comparison and validation. Simulation on Amphyon software of the final deformation (a). Colored map of the compari-
son between the scan data of the actual part scan and the nominal CAD model (b). Deviation distribution histogram of the cranial implant (c)

x 144 x 72 mm? and an average thickness of about 1.15 mm.
The cranial implant was produced with the same machine and
parameters used for the other parts of this study (Table 1).
The deformations resulting from the PBF-LB/M produc-
tion of the cranial implant were computed by Amphyon simu-
lation and are shown in Fig. 12a. The actual part was then 3D
scanned with the ATOS Compact scanner and the scan data

was aligned for comparison with the nominal ideal geometry
of the plate. The comparison results in Fig. 12b show an aver-
age deviation of —0.01 mm and a standard deviation of 0.56
mm, also graphically represented in the histogram of Fig. 12c.

The experimental validation through the actual deviation
results in Fig. 12b showed a good correspondence with the
forecast of Amphyon simulation (Fig. 12a). The manufactured
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implant exhibited deformations in the same main three areas
predicted by the simulation. The borders of these three areas
are traced by a red dotted line in Fig. 12b. Moreover, the dis-
placement values of the simulation results and those of the
produced implant were almost comparable. In area “1,” the
maximum deformation reached 3.00 mm, slightly higher than
the displacement measured by simulation, which was 2.84 mm.
Generally, the simulated deformations align well with the real
case with an average gap of 0.40 mm. In conclusion, it can be
asserted that this real case study confirmed what had already
been pointed out in the validation step. While exhibiting some
inaccuracies in predicting the absolute deformation values, the
simulation can correctly forecast the deformation zones and the
relative magnitudes of deviations. These results are valuable
for a better understanding of the influence of PBF-LB/M pro-
cess on the final part shape, contributing to the prevention of
unexpected errors for reaching the ideal “right first-time” goal.

4 Conclusions

This study assessed the capability of Amphyon simulation
software to predict distortions in PBF-LB/M of Ti6Al4V
using the EOSINT M270 machine. A structured workflow
was followed, including calibration, sensitivity analysis,
and validation, to evaluate the accuracy and reliability
of Amphyon software. The focus was on understanding
deformation behavior in thin-walled geometries, which
are particularly prone to distortions in the PBF-LB/M
process. The software’s predictive performance was
assessed through systematic testing. To summarize the
main findings of this study, the following key results were
observed:

e While layer height variation did not affect the maxi-
mum temperature estimated at the end of each simula-
tion layer (7), it significantly affected build time (%,).
Conversely, scan speed and hatching distance inversely
impacted both £, and T.

e Validation of actual components versus simulated ones
showed a maximum deviation of 14%, with pre-com-
pensation reducing deformations by up to 70%.

e Application to a cranial implant case revealed slightly
higher deviations from experimental validation tests,
averaging 0.40 mm with a maximum of 1.00 mm.

e Software limitations include the inability to define
region-specific process parameters, process oversim-
plification, and lack of control over specific scanning
strategies. Despite these constraints, the simulation
effectively identified critical deformation zones and
provided a valuable tool for compensating distortions
in complex geometries.

@ Springer

Overall, this study developed a customized methodology
for distortion analysis in PBF-LB/M, offering quantitative
insights into deformation behaviors and process optimi-
zation for Ti6Al4V. While this material is widely used in
PBF-LB/M and serves as a representative example, further
exploration with other metals is necessary to enable broader
generalization. Despite Amphyon’s limitations, this paper
emphasized the advantage of the simulation approach, offer-
ing potential efficiency and sustainability benefits for the
PBF-LB/M process by minimizing material waste, user
effort, and printing failure. This approach holds particular
value for biomedical and aerospace applications, where pre-
cision and cost-efficiency are critical.
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