


As the size of the database increases over time, it may also be
possible in the future to create compliance statements based on
similarity for an entire component by demonstrating similarity with
already certified components, processes, and materials.
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he aviation industry is changing toward more sustain-
able production, service, and maintenance of aircraft.
Additionally, more and diverse aircraft are being devel-
oped, especially considering UAVs and VTOLs. This
results in more diverse components. Additive manufacturing (AM)
comes in handy to tackle those challenges. Due to the various param-
eters that influence the component’s properties, the qualification
process is very complex. No specific qualification is available among
the existing AM part integrators. This article proposes a data-driven
component evaluation process for the certification of aerostructures,
considering all available data i.e., design, manufacturing and post-
treatment data. Machine learning (ML) algorithms are used to predict
the physical properties of components based on the data generated
by monitoring their production. Necessary training data comprises
non-destructive (NDT) and destructive tests (DT), whereas the quality
assurance (QA) in a production environment works just with NDT data.
Here a platform is presented that implements the processes necessary
to guide a user through the certification process of an AM component
made of A1Si10Mg, produced using laser powder bed fusion (LPBF).

T1INTRODUCTION AND MOTIVATION

Additive manufacturing (AM) of metallic components offers great
potential for use in aerostructures. The high requirements of the regu-
latory authorities for the certification of aircraft components and the
necessary light-weight construction require a precise understanding
of the structural behavior.

The high degree of flexibility of AM due to the moldless manufac-
turing process allows better light-weight designs. Combined with the
demand for small quantities in aviation makes AM suitable for non-
critical and low-critical parts. However, various types of defects occur
during the AM process of metallic components, which influence the
condition of the components and thus their structural properties [1,
2]. Controlling the occurrence of defects or predicting the structural
behavior based on defects is complicated and involves a large effort
[3,4,5.6].

Nevertheless, several applications of metallic AM components for
aircraft already exist. Airbus designed a cabin bracket [7] that is used
in the A350. Further examples for brackets are given in references |8,
9] and [10]. Heat exchangers are designed by Boeing [11] as well as by
HiETA [12] or UTC’s Pratt & Whitney and Collins Aerospace [13]. Airbus
designed a door locking shaft [14, 15] and Boeing, in cooperation with
Spirit AeroSystems, a door lash [16]. Further applications are a hydrau-
lic unit designed by Liebherr Aerospace [17], a lattice structured seat
mount [18] ora NACA inlet designed by General Atomics [19]. Regarding
engine components, Airbus designed a pylon [20], Vectorflow, a probe
for measurements of temperature and air speed [21], and MTU Aero

Engines, a borescope boss [22]. With special attention regarding laser
powder bed fusion (LPBF) combined with AlSi10Mg material, Sogeti
designed a cable mount [23] and Cobra Aero, an air-cooled piston
engine for UAVs [24]. Those examples illustrate that AM has already
found a place in some niche applications for aircraft components.

The certification process for AM components is currently similar to
the process for conventionally manufactured components |25, 26]. On
the other hand, AM production phases are not compatible with classic
aviation certification documents derived from traditional manufac-
turing [27, 28]. According to Blakey Milner et al., it is necessary either
to accommodate those existing certification documents or engage
with emerging documents for AM structures [29].

During AM, data is collected using in situ process monitoring
(ISPM) and subsequent tests, which can be included in the certification
process. Based on this data, the component’s physical properties can
be predicted. Holfeld et al. [30] demonstrated the implementation of
the prediction through machine learning algorithms (ML). Although
the application of ML for quality assurance of manufacturing processes
is still a highly researched area, it is providing added value in some
fields already [31, 32]. With the growing availability of process data, it
will be possible to use ML to improve the quality assurance of AM [33].
These procedures open up new possibilities regarding the certification
process for aerostructures [34].

2 CURRENT CERTIFICATION OF AM AVIATION
COMPONENTS

2.1 Applicable regulations and standards

Current certification activities in the aviation industry are verified
and approved by certification authorities that define the currently
applicable certification specifications (CS). The CS contain technical
requirements for the aircraft design. For each design aspect, para-
graphs within the CS provide detailed information on how airworthi-
ness is to be demonstrated. EASA defines them as acceptable means of
compliance (AMC), which are regarded as soft-law [35].

AMC:s can also be stated by the application of a referenced standard
that is admitted by the certification authority. Standards developing
organizations (SDOs), which define publicly available specifications for
materials, processes and parts according to ref. [25] are for example:

» SAE-AMS Additive Manufacturing Committee.

» ASTM International Committee F42.

» ISO Technical Committee 261.

This article relates primarily to the application of European avia-
tion law and thus the EASA’s CS are applicable. In general, AM compo-
nents must meet the same certification specifications as convention-
ally manufactured components. A distinction is made indirectly by
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The 2020 publication by the Aerospace Industries Association
(AIA), “Recommended Guidance for Certification of AM Components,”
dives deeper into the certification process of such new fabrication
method as one of the most comprehensive frameworks to date for
AM components in aviation applications [37]. This widely referenced
document systematically examines every stage of the certification
process, from raw feedstock powder over cured bulk material to the
finished component. For each step, it outlines how quality assurance
standards are established and how they can be maintained in future
serial production. With this approach, the document focuses on the
compliance finding for the following three paragraphs from the CS-25,
the applicable CS for large airplanes:

» § 25.603 Materials.

» § 25.605 Fabrication Methods.

> § 25.613 Material strength properties and Material Design Values.

Starting with the raw feedstock material, it is essential to ensure
the material properties relevant to the component’s application are
achievable using the chosen powder. Achieving optimal properties
in the final material requires close alignment between the raw mate-
rial and the manufacturing process. This alignment is referred to
as process development, where the goal is to determine the ideal
process conditions, documented as key process variables (KPVs), and
the associated tolerance bands whose compliance ensures a stable
process. For several process types, there are different ready-to-use
specifications available that assist in identifying these KPVs such as
the SAE AMS7003 for the LPBF process [38]. According to Russell et al.
[25], the most influential factors on part quality are listed as follows:

» Feedstock attributes (purity, powder particle shape and size
distribution, chemistry).

» Processing conditions and controls (laser or electron beam
power, hatch width, scan rate).

» Thermal conditions during build (layer thickness, platform pre-
heating).

% Build atmosphere and purity (shield gas or high vacuum).

¥ Post-processing (Hot Isostatic Pressing (HIP), heat treatment, and
machining).

» Finished part properties (microstructure, discontinuities, rough-
ness, non-destructive, and destructive test methods).

» Equipment (machine-to-machine variation, calibration, main-
tenance).

» Personnel (training, certification).

» Facilities (certification).

In addition to the KPVs, the cured material also shows important
key characteristics (KCs), such as density and surface roughness,
which provide important information about the cured material and
process quality. In general, a certification project focuses on finding

Figure 1: Design values are representing part-
specific features as scale factors deducted from the
material allowables [37].
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Figure 2: Design values and material allowables [37].

significant KPVs and KCs while the quality assurance (QA) process
involves monitoring the identified KPVs and KCs to enable early inter-
vention if these parameters deviate from defined limit values. [37]

A central element of the certification framework is the establish-
ment of material allowables, which quantify the lower limit of the
material properties of the cured bulk material at a stable manufac-
turing process. The MMPDS handbook delivers analysis techniques
to determine material allowables [25, 39]. To address part-specific fea-
tures, scale factors are introduced, resulting in the so-called design
values (See Figure 1)

Material allowables and design values represent statistically veri-
fied material properties that are needed to design a component since
the actual material properties are manufacturing process-dependent
and have a scattering. Especially, when considering the AM process.
The final part must be designed based on the material allowables and
design values (Figure 2). In the final step, tests at component-level are
carried out to validate the final part design.

During the certification process of a component, the boundary
conditions for a stable manufacturing process are determined and the
requirements for a reliable quality assurance chain for serial produc-
tion are documented.

2.2 Exemplary QA chain
The QA in AM throughout the process can be structured in three
steps [40]:

> Preprocess: Machine acceptance tests, system maintenance,
material quality control, process parameter validation.

» In-process: System monitoring and in-situ process monitoring
of the process.

> Postprocess: Non-destructive and destructive testing methods.

To guarantee sufficient part quality, manufacturers monitor pro-
cess data that has the most influence on part quality. The manufactur-
ing process comprises the following steps as used by part integrators
like GE Aerospace, MTU Aero Engines and Airbus Helicopters:

> 1Raw material supply: To ensure appropriate feedstock attributes,
suppliers must qualify powder quality i.e., density, size distribution
and morphology [41, 42] as required by ref. [15, 25].

»» 2 Print: Monitoring of print data, which comprises laser param-
eters, hatch strategy, recoat parameters and build chamber param-
eters [25].

» 3 ISPM: Online monitoring approaches allow systematic devia-
tion detection [43]. One of these methods is optical tomography as
applied by refs. [41, 44].

»» 4 Calibration and maintenance: Part integrators monitor preven-
tive maintenance, pre-build calibration, and factory environment
controls [25].

» 5 Clean: Removal of lose powder.
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Figure 4: Evaluation of the quality of a component, comparison of conventional
(top) to data-based (bottom).

> 6 Post-Treatment: Part integrators monitor the post processing
parameters, such as mechanical finishing and thermal exposure [25].
Usually hot isostatic pressing (HIP) is therefore applied [25, 45].

% 7 Inspection: According to Russell et al., the qualification of the
final component may comprise non-destructive (NDT) and destructive
testing (DT) of witness specimens [25]. NDT is conducted comprising
the following methods:

CT is applied to detect inner defects such as porosity and lack of
fusion [15, 43]. Dye penetrant, such as fluorescent penetrant inspec-
tion (FPI) is used to exclude surface defects [15, 43]. 3D scanning is
applied to validate the part’s geometrical compliance [15]. DT meth-
ods inspect parts with cutups and specimens for the assessment of
grain size, porosity, and surface finish as well as on-going material
testing [25]. These tests represent a cross-check of all other validation
methods performed and ensure the overall mechanical performance
of the AM application i.e., the component.

»> 8 Part release: After determination of the quality, the part is
released.

In the current certification, approaches for component monitored
parameters and settings are compared against tolerance bands deter-
mined in preliminary tests for a stable manufacturing process. This
is used as the basis for showing compliance with the requirements
for the manufactured components [37, 46].

3 CONCEPT FOR A NEW DATA-BASED QA

OF AIRCRAFT AM COMPONENTS

The aim of the data-based QA process is to draw an appropriate con-
clusion about a component’s quality (Figure 3). To do so, data avail-
able during the entire manufacturing process must be analyzed as
all data are considered to potentially influence the quality. Data will
be generated and collected during the preparation of the print (e.g.,
powder analysis), the manufacturing process itself (e.g., ISPM), the
post-treatment (e.g., surface finish), and the inspection (e.g., rough-

ness measurement) of the component.

In the data-based approach, material allowables and design values
are still used as in the conventional approach, but the approach picks
up at the point where the quality of the component is assessed.

Figure 4 illustrates the comparison of both procedures to evaluate
the component’s properties as it is done in the conventional case and
proposed in the data-based approach. The currently known relevant
KPVs for the present manufacturing process are taken from SAE’s
AMS7003A [46].

For the conventional case, every single monitored KPV and KC needs
to be checked for compliance to assure the component properties meet
at least the requirements. For the data-based case, there will be a pro-
cess data module driven by ML that accepts all preparation, monitoring
and non-destructive inspection data as input and generates specific,
reliably predicted resulting material properties for each individual
component. This holistic evaluation of all data for a component has
an enormous advantage that a component is only considered scrapifall
KPVs and KCs combined show the resulting material properties do not
meet the requirements. This is possible because the process data mod-
ule can recognize interdependencies between different parameters.

Figure 4 clearly shows the decision whether the component meets
the requirements is less complex for the deciding person and more pre-
cise in the data-based case since there are less parameters to be checked
for compliance and the output is a specific value instead of a range.

To develop the data-based approach, the data from KPVs, KCs and
destructive tests is used to train the ML models behind the process
data module. Evaluations of ISPM data, which is not considered in
the conventional case but provides valuable information about the
component quality after evaluation, are also included here [47, 48].

By incorporating all available data of the entire process, the pro-
cess data module can recognize and react to altered conditions in the
manufacturing process, provided these conditions do not exceed the
boundaries of the ML’s training data. There is no need to qualify a
completely new process due to changing circumstances, as it is cur-
rently defined in process specifications [37, 46.

4 IMPLEMENTATION OF THE DATA-BASED

QA APPROACH

The goal of the process data module is to evaluate the influences of

all provided data and learn their impact on the physically measur-

able properties, so a statement about the structural properties of a

component can be made without having to destroy the component.
It takes the following five steps to implement the data-based

approach:

4.1 Data preparation

Allrelevant process parameters, measurable influences such as ISPM
data (e.g., build chamber temperature, oxygen content), destructive,
and non-destructive component information are harmonized and
provided as input to the ML algorithms. The results of the destructive
tests are the target values to be predicted based on the remaining
information.

Through a prior evaluation of in situ online tomography data,
defects in the component can be identified already during the manu-
facturing process. This can partly replace time-consuming CT scans.
If anomalies that cannot be detected by online tomography need to
be considered, CT scans of critical component areas can be performed.

4.2 ML model selection

The process data module consists of trained convolutional neural
networks (CNNs) that take multidimensional input data and predict
the corresponding material properties. CNNs have been shown to
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have a high potential to find component defining properties within
production data [49].

It should be noted the process data module consists of separately
trained ML models for each respective parameter to be predicted.

4.3 Training of the ML models
A training data set consists of all available data from a destructive
test (e.g., a static tensile test, see right side of Figure 5) as well as all
available inspection and monitoring data (see left side of Figure 5).
For each individual specimen, the required input data and the result
of the destructive test must be provided. From all available training
data sets, about 85 percent are used for the training of the model [50].
For a reliable prediction of structural properties based on this
data, the training data must contain anomalies that can be detected
through ISPM and influence the properties determined by structural
tests. Additionally, sensitivity analyses are carried out during the train-
ing of the models. This identifies inspections and monitoring proce-
dures (left side of Figure 5) that do not provide any information about
the quality of the component in the holistic view and can therefore be
omitted. After the training, every trained model can predict a charac-
teristic value from the right-hand side using only the data shown on
the left-hand side of Figure 5.

4.4 Verification of the ML models
A verification of the module is necessary to prove that it works as
expected. Complete data sets including destructive tests are required
for verification, too. It is important that these data sets differ from
those used for training to verify that from unknown input data can
be predicted correctly. Therefore, roughly 15 percent of the available
training data sets are used to verify the training of the model [50].

By considering the distribution of the results from the destruc-
tive tests, the predictions of the trained model can be put into con-
text. Statistical metrics, such as standard deviation and confidence
intervals, allow for an assessment of accuracy, which in conjunction
with the actual results enables the evaluation of each component.
The verification must ensure the results of the process data module
are comprehensible and reproducible [34].

As a result of the verification of the models, the accuracy of the
prediction of the characteristic value can be measured by the devia-
tion of the predicted value from the destructively measured value.

4.5 Application of the ML models

To use the trained and verified ML models representing the process
data module, only the process monitoring and non-destructive
testing data specified on the left-hand side of Fig. 6 is required.
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Figure 5: Scheme of the process data module showing input and desired output
parameters.
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As a result, every model provides separate characteristic values for
each individual component. The resulting material properties are
obtained after applying the deviation for the respective model to the
predicted values. These properties are representative of the quality
of the specific manufactured component (Figure 6)

Since trained and verified models are used, the prediction dura-
tion of the component’s properties relies solely on the provisioning
time of the input data.

5 IMPLEMENTATION OF A DATA-BASED
CERTIFICATION PLATFORM

5.1Platform development

An essential part of certification projects and quality assurance pro-
cesses is the documentation in accordance with regulatory authori-
ties (e.g., EASA and FAA) requirements for obtaining part design and
manufacturing approval. As the tasks in such projects are carried out
by different parties, collection, management and evaluation of all
associated data at different locations represent a major challenge. To
solve this challenge, a central certification platform is introduced that
can be considered a project management tool for certification projects
and for setting up quality assurance processes for AM components in
the aviation industry. On this platform, all relevant certification steps
are implemented, and project documentation is supported by input
forms to automatically create certification-relevant and approvable
documents. The platform guides through six main steps:

» 1 Project Initiation: Definition of general project data, such as
the project goal, part description, milestone plan, and certification
team. In this section, responsibilities can be distributed and signing
authorizations delegated between different project stakeholders.

» 2 Conceptual Design: The demonstration of primary component
specifications via part sketches, definition of manufacturing process
and material as well as choosing the valid certification specification
and declaration of the part criticality acc. to CM-S-008 Issue 4 [51] is
carried out.

»> 3 Part Design Development and Compliance Planning: The cre-
ation of the compliance checklist matrix describing the verification
procedure via means of compliance from the certification specifica-
tion takes place. Also, the test program is defined, which is required
for additive manufacturing and described in Section 3. For both the
conventional and the data-based approach, this extensive test program
is documented in a detailed certification plan.

> 4 Compliance: Compliance is shown via executing the certifica-
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Figure 6: Application of the process data module for determining component
properties.



tion plan and meeting the requirements for all means of compliance.
It’s shown stepwise by first determining material allowables, after-
ward the design values and then showing compliance for the final part.
For the conventional quality assurance process, this section is also
used to determine the tolerance bands for all predefined KPVs and KCs.

For the data-driven approach, this section is used to train different
ML modules and analyze the initial process parameters as sensitiv-
ity studies might be carried out with the trained model to check the
relevance of the initially defined KPVs and KCs.

» 5 First Article Inspection (FAI): The part design is released, and
the final manufacturing process is captured in the process control
documents. At FAI, the part quality is observed via non-destructive
tests. With higher part criticality, destructive tests at witness speci-
mens are required.

» 6 Quality Assurance: With the approval of the first article and the
associated manufacturing process, the certification project is finished,
and the part is ready to be manufactured at the production organi-
zation approval (POA) holder. During serial production, the quality
assurance process needs to be applied according to the process control
documents. For both the conventional and the data-based approach,
the platform acts as a process monitoring control center. In situ KPVs
and ex situ KCs can automatically be transferred to the platform via
interfaces. In the data-based scenario, the trained and verified pro-
cess data module is used to evaluate the quality of the manufactured
components.

5.2 Conceptual validation

For a conceptual validation of the platform, a demonstrator (Figure
7) was used to prove all steps. The weight-optimized demonstrator
is intended to replace a conventionally manufactured bracket of a
ventilation duct in large airplanes.

First, the applicable paragraphs of the certification specification
CS-25 are compiled and the associated AMCs are defined.

The verification of the associated AMCs is done by analyzing the
raw feedstock powder (§25.603), establishing a stable manufacturing
process (§25.605) and manufacturing of standard and partrelated test
specimens to determine material allowables via tensile test speci-
mens and fatigue specimens over multiple print jobs (§25.613).

A typical print job is shown in Figure 8. The specimens are pro-
duced from AlISi10Mg using the parameters given in Table 1.

The tensile test specimens are designed according to DIN EN ISO
6892-1 and have a diameter of 5 mm and cylindrical form. The fatigue
test specimens are designed according to DIN EN 6072 corresponding
to type B with a reference cross section of 12.5 mm2. At the time of
writing, 309 tensile test specimens and 515 fatigue test specimens
were examined. They have been manufactured with batch size of 103
specimens. Surface treatment was conducted using barrel finishing.
HIP was not applied to the specimens.

In addition to the AM process data, two monitoring systems were
used: optical tomography [44] and powder bed monitoring.

Regarding non-destructive inspections, tactical roughness mea-
surements according to DIN EN ISO 4287 were conducted. Density
was measured using Archimedes’ method according to DIN EN ISO
3369. Moreover, all specimens were 3D scanned using an Atos Triple
Scan 16 M. Selected specimens were CT-scanned as well. Regarding
destructive testing, tensile tests according to DIN EN ISO 6892-1 were
performed. Moreover, fatigue tests with an amplitude of 1200 N and a
stress ratio R=-1 were conducted. Finally, hardness tests according to
DIN EN 6072 were conducted as well. For further information about
the data retrieval, see [2].

In sum, 108 different properties were considered during compli-
ance data generation. As shown in the following Table 2, the proper-

ties can be categorized in different types.

Each property type brings different requirements for data acquisi-
tion and transmission to the platform. The logistical effort e.g., for
density measurement is as follows:

After manufacturing specimens and parts, a test order for the

density measure-
ment is sent to a test
laboratory via the
certification plat-
form. The laboratory
executes the density
measurement based
on a specific mea-
surement protocol,
which is defined in
the associated quali-
fication test plan, to
ensure comparabil-
ity between differ-
ent specimens. The
test laboratory can
upload the test
protocol with the
included density
results to the plat-
form. A certification
engineer can then
import the protocol
into the analysis
tool of the platform.

In terms of the
conventional cer-
tification process,
tolerance bands can
be automatically
extracted from the
density data with
lower and upper
limits that need
to be observed in
serial production
(Figure 9). In the
case of the data-
based quality assur-
ance process, the
density data needs
to be imported into
the process data

- -\.
Matarial Allwablen
tensken specimen for

tralk; maberial

Dmign Valuan
gt relaned test
ipacimin for part
characterissicy

\ -‘N

Figure 7: Drawing of demonstrator—ventilation
duct bracket and related test specimens.

Parameter Value
Laser power 370 W
Laser speed 1300 mm/s
Hatch distance 190 um
Layer thickness 40 um

Table 1: Input manufacturing parameters for LPBF
process.

u‘ﬂ -

e

Figure 8: Print job with 103 static and 103 fatigue
test specimens. The two types of samples were
arranged in pairs to investigate local dependencies
in print quality within the build space.

Property type Quality Example

KPVs

process input 49 layer thickness in um
process in situ 7 exposure time per layerins
KCs

raw feedstock powder 26 oxygen content in %
measurements at cured 26 density p in g/cm3

material

Table 2: Differentiation between the various properties in process quality

assurance process.
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Figure 6: Application of the process data module for determining component
properties.

module described in Section 4.

Certification engineers are assisted by statistical evaluation tools
in finding correlations, trends and deviations during the manufactur-
ing process. The assistive use of ML for data analysis can lead to a bet-
ter understanding of interdependencies of different properties, reveal
unnecessary KPVs/ KCs and thus reduce monitoring expenditure.

As the database of the process data module grows during serial
production, destructive tests on witness specimens might become
obsolete at a certain point even though the ML models need to be
retrained when additional information becomes available. One of the
biggest benefits in comparison to the conventional quality assurance
process is the holistic consideration of all process data.

6 CONCLUSION AND OUTLOOK

The platform guides users through the complex field of certifying
AM components. It assists in generating the right documents as well
as approving and depositing these in a central ecosystem. One major
challenge is that QA in AM is associated with increased process moni-
toring and testing, which generates large amounts of data. To collect,
bundle and understand this data, a centralized and digitalized man-
agement system is required. The certification platform addresses this
challenge. The present transformation from the conventional isolated
single parameter-based to a holistic data-based certification and QA
process results in a deeper understanding of process specific interde-
pendencies. Monitoring, inspections, or post-treatments not expected
to have arelevant influence on the resulting material properties can
be identified by means of sensitivity analysis. Additionally, the users
can benefit from the substitution of time and cost-intensive ex situ
measurement procedures (optical tomography replaces CT scans) and
areduction of wrongly declared scrap.

In future, further improvements in QA can be achieved by data-
based validation. Based on trained process data modules, it is theoreti-
cally possible to optimize the adjustable variables of the AM process
and post-treatment processes by interpreting the models backwards.

Provided the ML models can work with input data with variable
dimensions and make statements about the component quality even
before the end of the QA chain, further use cases are conceivable.
For example, the known correlations of all variables in the process
could be used to generate suggestions for application-oriented post-
treatment of individual components. It is also possible to deliberately
skip individual process steps during post-treatment if the component
quality is already sufficient for the planned use case.

The high effort required to generate data purely through physical
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tests and inspections limits the amount of data that can be generated.
In future, methods could be used to synthetically enlarge the data-
base, e.g., through validated structural simulation tools [30].

As the size of the database increases over time, it may also be pos-
sible in the future to create compliance statements based on similar-
ity for an entire component by demonstrating similarity with already
certified components, processes, and materials. This could either lead
to a significant reduction in the testing program or even to a test-free
certification. §
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