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Abstract

Powder Bed Fusion with Laser Beam of Metals (PBF-LB/M) faces challenges in reproducibility and quality assurance, even
for widely applied alloys like A1Si10Mg. This work introduces a digital provenance framework for PBF-LB/M, showcased
through the EOS M 300—4 multi-laser machine. An Extract, Transform, Load (ETL) pipeline autonomously captures machine
data, including scan vectors as well as process signals, and organizes them into a Digital Shadow (DS). The DS is further
extended by external data sources, such as Melt Pool Monitoring (MPM), to enable comprehensive analysis and root cause
identification. This approach ensures continuous data representation and facilitates the development of new quality metrics.
Moreover, the framework enhances quality assurance and traceability, supports compliance with industry standards, and
improves productivity. It also enables more precise cost calculations and predictive maintenance. By addressing these chal-
lenges, the framework is essential for advancing PBF-LB/M in industrial applications, achieving greater consistency and

scalability in production.

Keywords PBF-LB/M - Laser data-driven quality assurance - Data engineering - Digital shadow

1 Introduction and motivation

The growth rate of 24.4% in the Additive Manufactur-
ing (AM) of metal components, alongside the purchase
of 3793 metal systems in the year 2024, underscores the
industrial adoption. However, one of the most prominent
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processes in this category, Powder Bed Fusion with Laser
Beam of Metals (PBF-LB/M), faces significant challenges
related to reproducibility and quality assurance [1]. This
becomes particularly evident when examining the state
of the art in the fabrication of components made from
AlSi10Mg alloy, which even holds the largest market share
at approximately one-third [1]. The most extensive screening
of the available quality for PBF-LB/M components fabri-
cated out of this alloy by service providers reveals significant
deviations of up to 32% for Ry 5, up to 12% for Brinell hard-
ness HBW, and up to 64% for surface roughness, as indicated
by the mean roughness R, [2]. These numbers emphasize the
need for improved process control due to the high degree
of freedom inherent in PBF-LB/M, as well as the necessity
for comprehensive process documentation. It is mandatory
for establishing a robust data foundation that enables data-
driven quality assurance based on process signals, ensuring
the required quality while also minimizing the reliance on
costly and time-intensive destructive and Non-Destructive
Testing (NDT). To this end, the industry is working towards
establishing more robust qualification processes and industry
standards, which are essential for scaling up production and
maintaining high-quality outputs [3]. The backbone of this
initiative is consistent data in combination with a high data
availability as required by Industry 4.0 [4]. On the contrary,
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the complexity involved in executing a build cycle today
results in a substantial manual effort for the operator to track
the relevant metadata [5]. For a PBF-LB/M machine, this
metadata primarily includes information about calibration
and setup as required by the Operation Qualification (OQ) in
accordance with DIN CEN ISO/ASTM 52930 [6], which has
a huge impact on the digital provenance of the process sig-
nals. This circumstance is further exacerbated by the evolu-
tion of PBF-LB/M towards multi-laser fabrication for higher
productivity. The introduction of multiple laser units may
introduce potential process disturbances due to varying laser
power P; and beam characteristics, both of which impact the
formation of the melt pool [7]. Therefore, this work aims to
define the digital provenance of a PBF-LB/M machine that
supports an Internet of Things (IoT) communication archi-
tecture. To uniquely describe the state at the setup of each
build cycle, the actual configuration is fetched from the PBF-
LB/M machine via a native hosted Open Platform Com-
munications Unified Architecture (OPC UA) server. To this
end, an Extract, Transform, Load (ETL) pipeline is deployed
to perform autonomous data engineering. In addition, par-
allel to the fabrication, the machine datums are registered
on the process entities build cycle, layer, component, and
scan vector. This created database serves as foundation of a
Digital Twin (DT) of the fabrication phase. To address the
FAIR (Findable, Accessible, Interoperable, and Re-usable)
principles, the semantics of the data schema complies with
all terms from ISO/TC 261, and the ontology follows the
released drafts of the Asset Administration Shell (AAS) of
the OPC UA Companions for AM [8, 9].

2 Digital provenance

In the context of the manufacturing domain, the com-
plexity of OQ and the distributed data sources within the
machine, such as various monitoring systems like Melt
Pool Monitoring (MPM) with its material specific cali-
bration [10], make the origin and integrity of data sub-
stantial. Ensuring these aspects is essential to assist users
in conducting valid data analysis processes and fostering
trustworthiness in the results [11]. Therefore, based on the
0Q a set of metadata and calibration settings is derived
to qualify the state of the PBF-LB/M machine at the point
in time of the fabrication of the build cycle, representing
the digital provenance. In this work, it is exemplary con-
ducted for an EOS M 3004 in its basic configuration, a
multi-laser machine deploying OPC UA as communication
layer in terms of Industry 4.0 [12]. The laser units, each
comprising a laser source, a laser drive card, a collima-
tor, a beam expander, a scan head, and an F-theta lens,
perform the melting of the powder along the scan vec-
tors within the Machine Coordinate System (MCS). To
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ensure a stable and reproducible process, precise control
over the laser power P| in the technically feasible range is
mandatory. To this end, in accordance with DIN EN ISO/
ASTM 52941 [13] and DIN EN ISO 11554 [14], the power
characteristic is determined for different setpoints by uti-
lizing a Primes Pocket Monitor PMT 05p. The results are
presented in Table 1, in addition with subsequent cross-
check against 370 W, which is the baseline laser power P
for all hatch scan vectors of the material AISi10Mg at the
utilized machine.

Towards a stable and over time reproducible behaviour
of a laser unit the + 5% range as required by DIN EN ISO/
ASTM 52941 [13] is fulfilled for 370 W. Based on an
operational laser source, the focal plane of the beam is
aligned via a beam expander with the plane where the
recoater blade deposits the powder in the MCS. This setup
is verified by exposing a scan vector pattern onto an ano-
dized aluminium sheet in the MCS and determining the
width of the exposed scan vectors. This procedure serves
as a prerequisite for the laser beam characterization. It is
performed using a Primes Focus Monitor FMW + aligned
coaxially with the optical axis of the F-theta lens of the
laser unit to determine the diameter of the beam d,(z) at
the focal plane in the MCS, as well as its profile and stig-
matic behavior.

In accordance with DIN EN ISO 111461 [15], the
centroid coordinate of the power density distribution E
of the beam cross-section along the primary x-axis is
given by Eq. (1). The zero level is subtracted prior to this
calculation.

J2 I E(x,y, 2)xdxdy
J5% J55 E(x,y, 2)dxdy

X(2) = (1)

The same approach is applied to determine the cen-
troid coordinate along the primary y-axis. Subsequently,
the 2nd moment is utilized to calculate the variance ci(z),
as given in Eq. (2). This describes the spatial spread of
the beam, where 86.5% of the total beam energy is con-

tained within the region, assuming a Gaussian profile for
the EOS M 300-4.

Table 1 Power characteristic of laser units

Laser power Laserunit1 Laserunit2 Laserunit3 Laser unit4

P; set point

100% 413 W 405 W 399 W 406 W
30% 101 W 98 W 97T W 101 W
60% 239 W 232 W 229 W 236 W
90% 370 W 364 W 35T W 365 W
370 W 370 W 368 W 371 W 370 W
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Table 2 Beam characteristic of

. Laser power Py Laser unit 1 Laser unit 2 Laser unit 3 Laser unit 4
laser unit
40 W - 82 um 84 um 84 um 84 um
~ 0, 17 mrad 17 mrad 17 mrad 17 mrad
£(z) 0.96 0.98 0.97 0.96
195W d,, 90 pm 88 um 88 um 88 um
~ 0, 17 mrad 17 mrad 17 mrad 17 mrad
e(z)) 0.92 0.93 0.93 0.92
Az, 0.31 mm 0.34 mm 0.25 mm 0.26 mm
J 50 13 E(x,y,2) [x — X(2) | dxdy %
o) =P = R [ ] @ 4 (0) =d, + 285 tan { “
J 2o J2o E(x, y, 2)dxdy

Since the criteria for ellipsism &€(z) > 0.87 from DIN
EN ISO 11146-1 [15] is satisfied, see Table 2, the beam
diameter d_(z) can be described simplified by Eq. (3).

4,2 =2V2(o? + 63)% 3)

To obtain a beam characteristic that is valid across all oper-
ating conditions, the measurement is performed at two laser
power P| setpoints, as shown in Table 2.

All laser units possess comparable characteristics and the
z-shift Az, as consequence of varying local temperatures along
the optical path and, therefore, laser-induced deformation for
different laser powers P [16, 17] leads to acceptable devia-
tions of the beam diameter d(z).

Fig. 1 Intensity distribution of

laser unit 1 at the centre for dif- 1.8
ferent laser power setpoints and

the resulting z-shift Az, along

the z-axis of the MCS 1.6

o o - = -
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This is due to a small divergence angle 0 as described in
Eq. (4) and additionally visualized in Fig. 1.

By ensuring the desired power and beam characteris-
tics, the foundation for accurate geometric calibration is
established. To verify the correct positioning of the focal
points during the execution of scan vectors in the MCS,
apertures arranged in a regular grid on the EOS SmartCal
are exposed. Instead of a build platform, this measurement
device is inserted into the build chamber to detect the devia-
tion between the target and actual positions of the laser focal
spots using photodiodes. The resulting deviation vectors for
the xy-plane of the MCS are then transformed into a correc-
tion matrix and loaded onto the laser drive card. This meas-
urement procedure is repeated, and the remaining positional
errors are shown in Fig. 2.

Intensity distribution of laser unit 1 at 40 W and 195 W

W

N

W

Intensity in MW/cm? 195 W
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Deviation of laser unit 1 in the xy-plane of MCS
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Fig.2 Evaluation of positional accuracy of laser unit 1

Table 3 Positional accuracy of laser units in MCS

RMSE RMSE Maximal error x Maximal
X y error y
Laser unit 1 4um 4 pum 12 ym 14 pm
Laser unit 2 3um  5pum 11 ym 16 ym
Laser unit 3 4um  5um 16 um 14 ym
Laser unit 4 4um 5 um 15 um 15 um
Laserunit 1 -Laser ~Sum  5pm 14 um 16 um
unit 2
Laserunit 1 -Laser Spum  5Sum 13 pm 14 pm
unit 3
Laser unit 1 -Laser ~ Spum 4 um 15 pym 15 um
unit 4
Laser unit2 -Laser Spm  5um 16 pm 15 pm
unit 3
Laser unit2 -Laser 4pum  5Sum 17 pm 15 pm
unit 4
Laser unit 3 -Laser 4um  S5pum 17 um 17 um

unit 4

No trend is visible across the area of the build platform,
and the residues follow a normal distribution, suggesting
the absence of any systematic error. Due to the full-field
overlap of the EOS M 300—4, each laser unit can access any
point in the MCS.

This enables the identification of alignment errors
between the focal points, presented in Table 3. The Root
Mean Squared Error (RMSE) as well as the maximal
error for each spatial direction are particularly relevant for
multi-laser fabrication of a single component, as they have
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pivotal impact on the overlap alignment of the laser focal
points [18].

Besides the qualification of the laser units, the OQ also
requires consideration of other critical aspects. For flawless
fabrication, the alignment of the z-axis with the xy-plane
in the MCS, the quality of the inert gas atmosphere, and
the setup of the machine are ensured in accordance with
DIN EN ISO/ASTM 52941 [13]. For digital provenance, in
addition to the initialization of physical assets, the involved
software, their versions, and settings must be traced and
documented [19]. In this work, within the context of an
industrial production environment, it includes the Com-
puter Aided Manufacturing (CAM) software, specifically
Siemens NX 2212, the build processor EOSPrint 2.13, and
the Machine Control Software (MCSW) in version 11.21.
The MCSW consists of multiple subroutines, such as for
the Programmable Logic Control (PLC) or the laser drive
cards. These boundary constraints, along with the digital
image of the machine, directly impact the execution of a
build cycle [20]. In particular, the settings in the build pro-
cessor for the skywriting to compensate for the inertia of
the scan heads, the global scaling in the MCS for x 0.37%
and for y 0.35%, the beam offset of 0.2 mm and the Inter
Layer Time (ILT) are influencing the build cycle in terms
of component geometry, fabrication time and therefore the
thermal regime [21].

3 PBF-LB/M process

Passing the OQ and providing the digital image of the
PBF-LB/M machine are vital entry points for the traceable
creation and execution of the build cycle. The complexity
of the DT is further increased in the pre-processing stage,
where components are nested in the MCS, the parameter
set is assigned, and, in this work, the scan vectors are com-
puted based on the actual configuration of laser units of the
EOS M 3004 [22].

3.1 Build cycle pre-processing

The properties of the feedstock determine the fabrication in
terms of powder demand, layer thickness ¢, and the design
of the parameter set. Therefore, it must be qualified. In this
study, a representative probe for the AlSilOMg alloy is
prepared in accordance with DIN EN ISO 3954 [23]. The
chemical composition complies with DIN EN 1706 [24],
verified using Inductively Coupled Plasma Optical Emis-
sion Spectroscopy (ICP-OES). As the testing method can
significantly impact subsequent powder metrics [25], the
applied standards are listed alongside the results in Table 4.
The batch is applied in cycle 4, reconditioned via sieving in
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Table 4 Powder properties of applied AlSi10Mg feedstock

Powder characteristic of initial batch

Scanning electron microscope

|
|m20 40 60801003 BAM

Particle size distribution

dio dso dop
25 um

Laser diffraction

DIN ISO 13320 [27] 44um 73 pum

Powder density

Density

ASTM B417 [28]
Inert gas displacement
ASTM B923 [29]

Apparent density 1.31 g/cm?

Skeletal density 2.66 g/cm®

Powder water content

Coulometric Karl

Fischer titration 98 ppm

Powder condition

Cycle 4

an EOS TPC M Pro with a mesh size of 90 um under an inert
gas atmosphere. No abnormalities are detected compared to
its initial state, which is consistent with the state of the art
for a small number of cycles of this alloy [26].

As a testbed, Computer Aided Design (CAD) models of
20 cuboid and 20 tensile components, each uniquely identi-
fied, are loaded into the CAM module. The position and
orientation of the components are controlled by aligning
the origins of their Workpiece Coordinate Systems (WCS)
within the MCS. The orientation of the cuboids is adjusted
by a 30° rotation in the mathematically positive direction
around the z-axis of each individual WCS. A 5 mm volume
support is assigned to each component as a connection to
the build platform. For the calibration of the measurement
equipment of section 3.2, a grid covering the entire build
area and quadrant numbers are added for the first three lay-
ers, as shown in Table 6. The position of each component
is automatically derived from the build cycle layout, in
accordance with DIN EN ISO/ASTM 52921 [30], as also
presented in Table 6. To create the build cycle file for the
EOS M 300—4 in the .openjz format, a suitable parameter
set must be applied. For the AISi10Mg powder and the dis-
cussed build cycle layout, the parameters listed in Table 5
are used. It should be noted that this parameter set varies for
the up-skin and down-skin regions of the components, and

Table5 AlSi10Mg parameter set

Parameter Value

Machine

Pre-heating build platform 165 °C

Shielding gas Argon 5.0 250 m*h
Layer thickness ¢, 60 pm

Recoating Two sided 250 mm/s
Minimal ILT 0s

Scan pattern

Hatch A, 150 ym

Strategy Stripes

Maximal length 8 mm

Contour One

Rotation per layer 47°

Scan component

Scan order Against flow

Laser per component One

Exposure

Double scan of first two layers

Infill Contour

Laser power P; 370 W Laser power P; 320 W

Scan speed v, 1210 mm/s Scan speed v, 500 mm/s

the laser power P; is modulated in relation to the length of
the scan vector. For multi-laser PBF-LB/M, an algorithm
of the build processor assigns the laser units to the scan
vectors and optimizes their order of exposure based on tar-
get criteria. In this work, the criterion is to scan against the
shielding gas flow, starting for each layer at the upper limit
of the x-axis in the MCS and using only one laser unit per
component.

This optimization takes place as the CAM instance of the
build cycle is converted into an executable format for the
EOS M 300—4. During this process, the scan vectors are gen-
erated based on the defined resolution for transforming the
CAD model into a sliceable mesh, as well as the parameter
set and machine configuration. Utilizing qualified feedstock
and the information about the scan vectors to be exposed,
in combination with Life Cycle Analysis (LCA) data for the
EOS M 300-4, forecasts for material consumption, oper-
ational costs, and fabrication times can be autonomously
provided [22], see Table 6. Despite the CAM integration,
only the main processing times are accurately incorporated.
Auxiliary times, such as purging to establish and maintain
the inert gas atmosphere or refilling of the recoater, are only
estimated, leading to a discrepancy between the digital rep-
resentation of the build cycle and its execution. Due to this,
varying ILT for the same cross-section across different layers
may occur, as discussed in Sect. 4.1

@ Springer
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Table 6 Build cycle report
NX 2212 PBF-LB/M CAM report

Build cycle:

2024_05_24 EOSM300-4_Machine_Capability Build 10

Date 03.06.2024 Machine Operator
<Serial number> <Surname>,
EOS M 300-4 <Forename>

Build density Support material z height target

3.69 % 59757 mm? 67 mm

Consumed material Component z height min

6030000 mm? material 0 mm
222624 mm?

Fabrication time Material cost Machine cost

3 h 44 min 37.56 € 430.40 €

CAM preview of build cycle in MCS

. Position
ID  Component Weliiht (x,y,2) CAD
g in mm
75.0,
1 S‘I‘Bfagf— 42.68 375, \
i 5.0
187.5,
g0 Surface 4267 1875,
10 20
_ 5.0
. 37.5, g
21 ngsgf— 51.84 375, I
- 30.5
. 1125, 3
40 ngsgg— 51.83 187.5. I
_ 30.5
- 0.5,
41 Callbre}tlon_ 11.07 0.5,
grid 0
263.5, -
£ g“r":l‘ifarml— 0.01 19.0,
U €T _ 0.0
Quadrant 365, ~s /
45 e 0.01 190, SO

00 &V

3.2 Build cycle fabrication
The fabrication is performed on a build platform identified

by an engraved marker. It consists of AISiMg4.5Mn0.7, with
a thickness of 34.4 mm, a flatness tolerance of 0.01 mm, and
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Fig. 3 Build cycle and tensile specimen after removal from the build
platform with Product Manufacturing Information (PMI) from CAD

a maximal surface roughness R, of 10 um. The first layer is
initialized by auto levelling the build platform against the
recoater, which features a High-Speed Steel (HSS) blade.
The build cycle is monitored by the Original Equipment
Manufacturer (OEM) built in powder bed camera, an IDS
UI-1540SE, with a resolution of 1.3 MP. A picture is taken
after each recoating and after each exposure for every layer.
In addition, the exposure is monitored by the OEM built in
MPM. Each scan head is equipped with a diode that detects
the radiation of the melt pool, which is emitted coaxi-
ally to the laser beam, within the spectrum of 450 nm to
850 nm [31]. Since this wavelength differs from the laser
beam intrinsic one of 1064 nm, geometric and intensity cor-
rections are applied beforehand to minimize the effects of
chromatic aberration [32]. The intensity is mapped to the
actual xy-position in the MCS, based on the communication
between the laser drive card and the scan head, managed by
an SL2-100 protocol. The MPM operates with a frequency
f of 60 kHz. In combination with the highest applied scan
speed v, of 1210 mm/s the maximal point distance s between
two consecutive intensity signals is 20.16 um, as described
in Eq. (5).

Vs

$= 5)

Access to the SL2-100 protocol facilitates the layer wise
documentation of the scan vector exposures, recorded in
.h5 format, with actual timestamps of their execution. The
monitoring setup is completed by the OPC UA server of
the EOS M 300-4, which publishes 191 machine datums
at a sampling rate of up to 10 Hz, describing the opera-
tional state and the status of the involved components dur-
ing the fabrication. All process signals remained within the
prescribed limits set by the OEM, with no abnormalities
detected. Therefore, it could be assumed that the process was
executed flawlessly. The result is depicted in Fig. 3.
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4 Digital shadow

To achieve a DT, the available data sources must be organ-
ized and linked to specific instances in time, represented as a
Digital Shadow (DS) [33]. For this purpose, an ETL pipeline
is developed, which authenticates itself as a client against
the OPC UA server of the PBF-LB/M machine through the
exchange of a digital certificate, ensuring secure communi-
cation. Upon subscribing to the stream of machine data, the
first microservice, a Python producer, structures and ingests
the data into the distributed event streaming platform Kafka,
thus decoupling the fabrication process from data engineer-
ing. In parallel, the scan vectors extracted from the build
cycle file are forwarded. The data buffered in Kafka is con-
sumed by the distributed computing framework PySpark,
where the time series data inside the records is registered
in batches across the entities build cycle, layer, component,
and scan vector. These records, processed stateful in accord-
ance with the six machine states “AM machine idle”, “Build

Fig.4 PySpark stream proces-
sor characteristics

14

12

—_
(=)

[ee]

Processing time per batch in s

12:00
Jul 23,2024

13:00

@ Processing time per batch in s

Pre-processing

9% ¢

cycle pre-process”, “Build cycle processing”, “Build cycle
error”, “Build cycle pause” and “Build cycle post-process”
are again buffered in Kafka before being archived in the
MongoDB database as a DS. All components are microser-
vices deployed in a multi container application orchestrated
using Docker [20]. The pipeline is tested against a Virtual
Machine (VM) of the EOS M 300—4 and the fabrication of
the identical build cycle layout on the actual PBF-LB/M
machine, as shown in Fig. 4. The client machine is equipped
with 128 GB of Random Access Memory (RAM) and a 12th
Gen Intel® Core™ 19-12900 K 3.20 GHz Central Processing
Unit (CPU). In combination with the basic resource alloca-
tion configuration for Docker, an average delay of 1 s per
layer, comprising up to 13 batches, is observed. The first
outlier in the processing time of batch 1 is due to the ini-
tialization of the ETL pipeline, while the second, observed
at batch 4822, is caused by background processes on the
client machine.

Thus, once the ETL pipeline is fully ramped up, it
processes data in near real time, regardless of the layer

PySpark stream processor performance

Batchn

Sk 10k 15k

1000

800

600

Layern

400

200

14:00 15:00 16:00 17:00

Timestamp

@ Layer of build cycle

Fabrication

Post-processing
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complexity, as highlighted in Fig. 4. For the build cycle
described in section 3.2, the MongoDB instance of the DS,
organized into collections of documents and stored in Binary
JavaScript Object Notation (BSON), amounts to 4.1 GB.
This data can be queried through a PyMongo Application
Programming Interface (API) from a client, based on the
engineered data schema. Excerpts of any build cycle, such
as those presented in Table 7 and Table 8, can be gener-
ated in a standardized manner. The generated interrelation
between process entities and process signals on a unified
time and coordinate scale enables an efficient, data driven
evaluation of the fabrication process. For example, the user
can analyze the applied torque during recoating for each
layer, as well as the ILT, which varies based on the param-
eter set of Table 5, ranging from 4 min 31.7 s to 5.5 s due
to differences in exposed cross-sections. The categorization
into six machine states and the definition of main processes,
exposure, recoating, and heating, as shown in Fig. 5, allow
for more sophisticated insights. The overall fabrication took
5 h, with 48 min dedicated to pre-process, 3 h 57 min to
fabrication, and 4 min to post-process, revealing a discrep-
ancy of 1 h 16 min when compared to the total forecast in
Table 6. This discrepancy arises from unaccounted pre-pro-
cess times and the use of only estimated auxiliary times, as
discussed in section 3.1. These auxiliary times are attributed
to the internal routines of the PBF-LB/M machine and are
not consistent, even for layers with identical cross-sections.
For the range between layers 251 and 933, where only the

Cumulative times of exposure, heating and recoating of fabrication
10k
8k

6k

Time in s

4k

2k

0S
001
0S1

[ S Y A YA =\ =N B R e RN oS-
SN O U O UMD YD DD YD YD Y
SO SS oS odSodSoSo SO SO

0001
0501
0011

Layer

— Time duration exposure in s — Time duration heating in s

— Time duration recoating in s

Fig.5 Cumulative main times of build cycle 2024_05_24_
EOSM300-4_Machine_Capability_Buildjob10
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Time predicted for build cycle to finish

14:54
14:52
14:49
14:47
14:44
14:42
14:39

14:36

Prediction build cycle finish in hh:mm

14:34

Jul 24,2024 14:31

100 200 300 400 500 600 700 800 900 10001100
Layer

Fig. 6 Prediction of end of fabrication parallel to the execution of the
build cycle

cylinders of the tensile components with constant diameters
are exposed, see Table 6, a standard deviation of approxi-
mately 1 s is observed for the ILT, which ranges from 8.2 s
to 11 s. The smaller the exposed cross-section, the greater
the prediction error, even from the PBF-LB/M machine
itself, as depicted in Fig. 6.

This circumstance highlights the role of the DS in linking
the input from the CAM for the build cycle with real fab-
rication data, while maintaining data integrity through the
digital provenance. It serves as the baseline for component
specific analysis, including external monitoring equipment as
deployed in section 3.2. By providing data on all process sig-
nals and events out of Table 7 as well as Table 8, along with
the scan vectors, a holistic representation is created. This
facilitates the interpretation of data captured by the monitor-
ing systems, as demonstrated in the following section.

4.1 Fabricated component

By querying the MongoDB instance for the tensile compo-
nent with ID 21 from Table 6, the Python client retrieves
the dataset in a runtime independent format. This approach
eliminates the need to access multiple data sources along
the digital process chain and avoids managing various soft-
ware versions in case of retrospective requests. However,
the monitoring systems remain an exception as an exter-
nal data source due to their absence of integration into the
communication layer, as defined by Industry 4.0, for the
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PBF-LB/M machine. Consequently, these data sources
cannot be queried in parallel during fabrication. Instead,
images from the powder bed camera are stored layer wise
on an Industrial Personal Computer (IPC) of the PBF-LB/M
machine and exported afterwards in the.tiff format, with a
total size of 2.1 GB. The MPM even forms a separate sub-
system within the machine network, operating on its own
IPC. It stores intensity signals locally, also layer wise, in
the.h5 format, amounting to 16.3 GB in total. Both data
sources are transferred to the client PC and registered via
Python onto the domain of the mesh representation of the
CAD model for tensile component ID 21 from the build
cycle file. For this registration, the mesh is voxelated with
an element size of 100 ume100 pumelayer thickness t, by
deploying PyVista [34]. The perspective in the powder
bed camera images is corrected by applying a homography
matrix [35], which is generated from reference points in the
calibration pattern outlined in Table 6. The resulting array
of Gray Values (GV) is aligned in the MCS and cropped to
the area of the build platform. To accelerate the registration
process for the domain of each layer, the Nearest Neigh-
bor (NN) is determined based on the minimal Euclidean
distance between each voxel and the corresponding pixel.
The GV array is transformed into a compact K-Dimensional
Tree (cKDtree) [36], implemented in SciPy [37]. Since the
MPM intensity signal along the xy-positions has already
been geometrically corrected during calibration, only the
registration onto the voxels is necessary. The .h5 file is
processed to combine the different channels from all laser
units into one array, and this array is also transformed into
a cKDTree for NN determination in the intensity signals
for each voxel. During this process, binning is applied to

the intensity signals due to the higher and varying spatial
resolution of the MPM, as discussed in section 3.2. The
process is completed by registering the process signals on
the domain of each layer, along with the actual machine
specific scan vectors, to eliminate the otherwise occurring
offset [38]. This produces a multimodal digital representa-
tion of the component, as shown in Fig. 7, enabling detailed
analysis of the fabrication process down to a precision of
100 ps. PyVista facilitates interactive exploration, allowing
the user to dive into the digital component.

4.2 Areas of application

The presented digital provenance facilitates comparison
across different machines of the same type. In addition, the
derived positional accuracy in the MCS of multiple laser
units defines the lower boundary of achievable geometric
accuracy, which is particularly important for PBF-LB/M
use cases such as hybrid repair [39] and multi-laser fab-
rication [18]. The ETL pipeline provides the documenta-
tion of the fabrication in an open, sharable format and is
therefore opting to use the DS as reference dataset, which
is following the FAIR principles. It empowers the crea-
tion and validation of DT such as thermal simulations. It
additionally supports the precise interpretation of external
measurements, for instance, relevant metadata for eddy
current testing, such as the properties of the build plat-
form [40], is also tracked. The already to the data schema
aligned process signals reducing the required domain
knowledge for further analysis and providing extracted
features that enabling machine learning without time and
resource intensive pre-processing [41]. Furthermore, the

Layer 187 of tensile component ID 21 at xy-plane of z 11.22 mm

Scan vectors of tensile component ID 21 of layer 187

-

Scan vector length in mm
2.12 4.06 0

0.18 7.95

Pixels of powder bed camera on voxels of layer 187

.

Gray value after exposure in GV
BAM 66 3 100 118 135

MPM intensity signals on voxels of layer 187

Melt pool intensity in DV

501 2066 3632 5197 6762

Fig.7 Snapshot of the visualization of registered data sources from fabrication via Python client
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holistic digital documentation supports operators in meet-
ing the requirements of DIN EN ISO/ASTM 52920 [42]
and allows for tracking of machine performance over time.
This capability empowers precise cost calculation through
LCA, as well as predictive maintenance.

5 Conclusion and outlook

Multi-laser PBF-LB/M achieves comparable characteristics
across laser units, suggesting a robust increase in productiv-
ity. However, the data points from the laser units should be
integrated into the communication layer of the PBF-LB/M
machine to eliminate any media disruptions.

Currently, only the maximum rated power of the setpoint
of 100% from Table 1 is integrated, which highlights a gap
in the digitalization of the PBF-LB/M process, as digital
provenance is crucial for ensuring the trustworthiness of
captured data. The existing communication layer, with its
address space on the OPC UA server, supports the autono-
mous generation of a baseline DS for both setup and fabrica-
tion. This DS reveals intrinsic process variations, such as in
auxiliary times, where variable ILT occurs even for the same
exposed cross-section. By incorporating data from external
measurement equipment, a holistic DS is generated, enabling

the user to perform a valid root cause analysis and correctly
interpret the results. For example, in Fig. 7, anomalies in
extrema of GV and MPM intensity are visible. Without the
knowledge of scan vectors, these could be misinterpreted,
but the underlying multimodal DS allows the anomalies to
be accurately attributed to the overlap zone of the stripe
parameter set, with an overlap of 0.02 mm, corresponding
to the spatial distribution of anomalous process signals. This
highlights the importance of continuous multimodal data
representation allowing in addition to benchmark monitoring
systems. The DS supports a federated approach to sharing
and evaluating fabrication data, facilitating decentralized
evaluation and shared knowledge gain to address the high
degrees of freedom in the PBF-LB/M. This approach forms
the foundation for developing new metrics and thresholds
to evaluate quality in situ, rather than relying solely on the
few, vague thresholds currently provided by OEMs. In the
future, the remaining gaps in digital documentation, particu-
larly regarding feedstock management, must be addressed to
enhance the quality of the DS [43].

Appendix

See Tables 7, 8.

Table 7 Pooled PBF-LB/M machine events during fabrication of build cycle

Timestamp Height count Message Type ID component
2024-07-24T09:57:19 - Build cycle started Info -
2024-07-24T09:57:19 - Pre-process started Info -
2024-07-24T09:57:21 - Build chamber leak test: Started Info -
2024-07-24T09:57:21 - Build chamber leak test: Inertization Info -
2024-07-24 09:57:26 - Build chamber leak test: Flow rate test Info -
2024-07-24T09:58:19 - Build chamber leak test: Measuring leaks Info -
2024-07-24T09:58:49 - Build chamber leak test: Releasing pressure Info -
2024-07-24T09:59:14 - Build chamber leak test: Passed Info -
2024-07-24T09:59:19 - Shut-off flap of particle collecting bin opened Info
2024-07-24T10:21:05 - Shut-off flap of particle collecting bin closed Info
2024-07-24T10:21:59 - Shut-off flap of particle collecting bin opened Info
2024-07-24T10:22:47 - Build platform adjustment Info
2024-07-24T10:40:19 - Application of powder base Info
2024-07-24T10:46:12 0.06 mm Build cycle Info 1-45

“2024_05_24_EOSM300-4_ Machine_Capabil-

ity_Build_10"

fabrication started
2024-07-24T14:53:51 66.96 mm Build cycle end Info 1-20
2024-07-24T14:54:06 - Post-process entered Info -
2024-07-24T14:54:06 - Filter cleaning Info -
2024-07-24T14:56:59 - Application of protective layer Info -
2024-07-24T14:57:47 - Exit Post-process Info -
2024-07-24T14:57:47 - Build cycle fabrication completed Info -
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Table 8 Excerpt of PBF-LB/M process signals of build cycle 2024_05_24_EOSM300-4_Machine_Capability_Build_10

Recoater position and torque for layer 187

Recoater position in mm

Build chamber temperature in °C

Exposure laser source temperature in °C

Filtration oxygen concentration in %

0.05
500 1 M
0
400
-0.05
300
-0.1
200
-0.15
100
L"\ -02
12:13:45  12:13:50  12:13:55 12:14:00  12:14:05
Jul 24,2024
Time in hh:mm:ss
Layer start Layer end
— Recoater position inmm — Recoater torque in Nm
Build chamber and build platform temperature for layer 187
38 165.2
165.1
375
165
164.9
37 J
164.8
36.5 164.7
164.6
12:13:45 12:13:50 12:13:55  12:14:00  12:14:05
Jul 24,2024
Time in hh:mm:ss
Layer start Layer end
— Build chamber temperature in °C — Build platform temperature in °C
Laser source temperature for layer 187
25.6 —\_!—\—F
25.5
254
253
252
25.1
25
249
248
12:13:45 12:13:50 12:13:55 12:14:00 12:14:05
Jul 24,2024
Layer Start Time in hh:mm:ss Layer End

— Exposure unit | laser source temperature in °C
— Exposure unit 2 laser source temperature in °C
~— Exposure unit 3 laser source temperature in °C

Exposure unit 4 laser source temperature in °C

Filtration oxygen concentration and pressure difference for layer 187

0.5

2.71

2.705

2.7

2.695

2.69

2.685

2.68

2675

12:13:45
Jul 24,2024

12:13:50  12:13:55  12:14:00  12:14:05

Time in hh:mm:ss

Layer start Layer end

— Filtration oxygen concentration in %
— Filtration pressure difference in mbar

Recoater torque in Nm

Build platform temperature in °C

Filtration pressure difference in mbar

Build chamber humidity absolute in g/m*

Exposure laser source operating hours in h

Environment humidity relative in %

Build chamber inert gas flow rate and oxygen concentration for layer 187

g
E
=
E110
g
s 108
<
2106
&
z 104
=
3 102
= 100
5
E o
=
2
g 9%
£
5 94
=
é‘ 12:13:45 12:13:50 12:13:55 12:14:00  12:14:05
Jul 24,2024
Layer start Time in hh:mm:ss Layer end
— Build chamber inert gas flow rate argon in I/min
— Build chamber oxygen concentration in %
Build chamber humidity absolute and pressure relative for layer 187
0.18 255
0.16 25
0.14 245
0.12 24
2
0.1 2l
23
0.08
22.5
0.06
22
0.04
12:13:45  12:13:50  12:13:55 12:14:00  12:14:05
Jul 24,2024
Layer start Time in hh:mm:ss Layer end
— Build chamber humidity absolute in g/m*
— Build chamber pressure relative in mbar
Laser source operating hours for layer 187
241.6
241.55
241.5
241.45
241.4
241.35
12:13:45 12:13:50 12:13:55 12:14:00  12:14:05
Jul 24,2024
Layer Start Time in hh:mm:ss Layer End
— Exposure unit | laser source operating hours in h
— Exposure unit 2 laser source operating hours in h
—— Exposure unit 3 laser source operating hours in h
Exposure unit 4 laser source operating hours in h
Environment humidity relative and temperature for layer 187
a 305
405 30
40 29.5
39.5 29
12:13:45 12:13:50  12:13:55 12:14:00  12:14:05
Jul 24, 2024
Time in hh:mm:ss
Layer start Layer end
vironment humidity relative in% — Environment temperatur in °C

0.5

Build chamber pressure relative in mbar

Environment temperatur in °C

Build chamber oxygen concentration in %
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