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A B S T R A C T

The identification of process-structure-property relationships of materials inevitably requires the combination of
research data from different measurements. Therefore, the concepts related to FAIR (findable, accessible,
interoperable, reusable) data handling, increasingly reported in literature, are particularly important in the
materials science and engineering domain. However, they have not yet been integrated into a single, overarching
methodological framework, particularly for reference data. Here, we introduce such a framework. Our concept
covers data generation, documentation, handling, storage, sharing, data search and discovery, retrieval, and
usage. Furthermore, we prototypically implement it using a real dataset with creep data of a single-crystal CMSX-
6 Ni-based superalloy. The presented implementation is traceable and permanently accessible through open
repositories. The individual elements considered in the framework ensure the functionality and usability of the
data and, thus, the adherence to the FAIR principles. In conjunction with this, we present a definition for
reference data of materials. Our definition underlines particularly the importance of a comprehensive docu-
mentation, e.g., on material provenance, data processing procedures, and the software and hardware used,
including software-specific input parameters, as these details enable data users or independent parties to assess
the quality of the datasets and to reuse and reproduce the results. Reference data that is managed according to
the proposed framework can be used to advance knowledge in the materials science and engineering domain, e.
g., by identifying new process-structure-property relations.

1. Introduction

The field of materials science and engineering (MSE) is broad and
interdisciplinary, and so are its research methods. As a result, the data
generated by MSE is highly heterogeneous. The multitude of data for-
mats and storage options, and the often-incomplete documentation of
research results and related testing or simulation and data processing
procedures complicates the reuse of data. Hence, there is an effort to
generate data according to the FAIR (findable, accessible, interoperable,
and reusable) principles [1]. These principles contribute to making the
data citable, discoverable, and available for reuse. In addition, data

structures need to be harmonized to enable future machine-actionability
[1]. The FAIR principles are a prerequisite for handling the research data
management (RDM) data lifecycle, which includes the collection, anal-
ysis, preservation, sharing and reuse of the data [2].

Within MSE research projects, newly generated research data are
usually compared to existing literature data. However, such data are
scarcely available in some cases, due to, e.g., the particular experimental
conditions at which they are acquired or the rarity of the material under
interest. Besides, available literature data may either be unreliable or
incomplete or inaccessible. In this context, trustful research data of high
quality which are well-described, well-documented, and located in data
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repositories or archives providing long-term accessibility [3], can play a
key role in serving as a benchmark, e.g., to verify new results. In this
article, we introduce the concept of reference data in the MSE domain to
refer to research data (experimentally generated or the result of simu-
lations) that meets a particularly high-quality standard.

While the term reference data is used in various contexts [4–9],
formal definitions are rather rare. In the context of science and tech-
nology, however, there are publicly available formal definitions
[10–12]. In that regard, Lee [9] presents a comprehensive summary of
the global activities regarding the term Standard Reference Data (SRD)
including the activities of the United States (US) and the Soviet Union in
the 1960s, and the national SRD program of Korea. The author high-
lights the published definitions for SRD and the scope of the respective
programs. The mentioned definitions are provided by the International
Vocabulary of Metrology (VIM) [10], the SRD program of the National
Institute of Standards and Technology (NIST) in the US [8] and the
Russian national SRD service (RNSRDS) [11]. In the case of the latter
two definition for standard reference data are institutionalized by public
law and a council of ministers’ decree, respectively. In the case of NIST,
in addition to covering the type of information and characteristics or
properties that SRD can represent and the possible usages, the definition
highlights that composition and structure of the substance of system
must be known and the data must be critically evaluated for reliability
[12,13]. In addition to these activities, where formal definitions are
available, the National Institute for Materials Science (NIMS) in Japan is
also actively involved in the topic, though not strictly using the term
reference data. NIMS runs a data platform called DICE to “promote
materials science research and accelerate materials development” which
provides different services including databases [14]. Their data cata-
logue includes databases and materials data sheets that are used by in-
dustry as a fundamental source of reliable data to be used as a reference
for design and materials selection related tasks [15–18]. Similarly, the
NIST and Korean SRD programs and the RNSRDS provide SRD through
their own databases, data centers, and dataset publications [11,19,20].

In Germany, the decree of the Federal Ministry of Economics and
Climate Protection on the Bundesanstalt für Materialforschung und
-prüfung (BAM) states: “In addition to the reference materials and pro-
cesses [...], BAM also develops and provides reference data” [21]. BAM
has an internal audit process that the data must undergo before publi-
cation. The audit criteria include aspects such as: the necessity of the
data, the documentation of data collection, data accuracy, measurement
uncertainty, and data structure, storage and curation. Examples of such
data sets are given in [22–25]. Since these datasets were created and
published well before the start of the conceptual considerations that will
be described here, they do not necessarily represent reference data of
materials as defined later in this article. In particular, the generation
process did adhere to all the steps of the framework proposed in section
3. However, it should be pointed out that the documentation of the
metadata of these datasets is already very extensive and the measure-
ments are of high precision. The here cited existing definitions are rather
widely formulated. They cover physical, or chemical, or biological
properties of substances or systems [12] and have an emphasis on the
metrological aspects of data quality [9–11]. Although these approaches
indeed do not exclude the MSE domain and in some cases MSE-relevant
data have been shared as reference data, e.g., by NIMS, a framework
including a definition specific for the MSE domain and its related chal-
lenges in terms of a comprehensive documentation for data reuse and
knowledge advancement, is still missing. Our concept, which aims to
close this conceptual gap, is explained in detail throughout this article.

Strict adherence to RDM policies is especially important in case of
reference data to ensure their high quality and FAIRness (i.e., to what
extent the FAIR principles are met). Therefore, it is reasonable to
develop a conceptual methodological framework for the generation,
distribution, and utilization of such data. This article presents how such
a framework and its implementation can look like. Even though some
approaches to data FAIRification (i.e., the process of aligning data to the

FAIR principles) and the creation of robust data ecosystems exist
[26–32], and some previous works in this area have shared practical
examples in terms of research data generation and downstream usage
[33–37], currently no comprehensive framework or RDM concept for
reference data covering technical and semantical interoperability as-
pects has been systematically presented to the MSE community. The
here presented framework and related methods, recommendations, and
implementation can close this gap by providing guidelines on (i) the
creation of reference datasets following relevant experimental standards
and using well-characterized materials and calibrated equipment, (ii)
their distribution, including documentation, creation of FAIR Digital
Objects, semantic representation, and creation of data schemas, and (iii)
best practices related to, among others, data handling and versioning. To
develop and elucidate the proposed framework, a prototypical example
from the field of mechanical materials testing is used. The method of
interest is creep testing, and the material of interest is a Ni-based su-
peralloy (CMSX-6). Creep of high temperature materials is a represen-
tative use case in materials science. The complete description of the data
can be correlated, e.g., to microstructure data (or to other research data)
and thus contribute to a gain in knowledge and scientific advancement.

Creep is a time-dependent plastic deformation under a constant load
at elevated temperatures, which, for metals, often means temperatures
above 0.5 Tm, where Tm is the absolute melting temperature [38]. A
creep test is a mechanical test method to characterize the creep
behavior, in which a laboratory specimen with a defined geometry is
subjected to a constant load at elevated temperature [39–41]. Its
resulting elongation is recorded over a long period (hundreds, thousands
of hours, or more) until failure [42]. Ni-based superalloys, such as
CMSX-6, are metallic alloys known for their exceptional combination of
high strength, corrosion resistance, and microstructural stability at high
service temperatures [43]. Due to these properties, they have been
widely used for demanding high-temperature applications like gas tur-
bines in aviation and power generation. They are well characterized by a
wide range of methods, and detailed data are available [44–51]. These
superalloys are typically composed of more than 10 chemical elements
that open a correspondingly wide space of optimization regarding the
chemical composition. Moreover, the manufacturing process offers
further degrees of freedom for material design. The involved combina-
tion of casting and heat/pressure treatment at different temperatures
strongly influence the microstructures, which as a result can lead to
polycrystalline or single crystal alloys with wide variations of micro-
structure properties like the ratio of the volume fractions of the present
phases [52].

Creep data of Ni-based superalloys are well suited to showcase the
proposed framework for reference data due to their technical relevance
and huge optimization potential. Furthermore, creep data are invaluable
from a sustainability point of view since they emerge from energy-
intense experiments with runtimes of weeks to years at high tempera-
ture. Despite their importance, the documentation of published creep
data is often insufficient to enable a straightforward reuse of existing
data. For example, important metadata on the material (e.g., actual
analyzed chemical compositions), the specimen’s history (e.g.,
manufacturing process, heat treatment), and the test procedure (e.g.,
measuring and test equipment used and its calibration1 status) are not
always available. As an example, the need for a comprehensive docu-
mentation and a standardized data reporting in the MSE domain has

1 Calibration: comparison between an equipment and an established standard
to ensure traceability. Specifically, calibration is defined as an “operation that
[…] establishes a relation between the quantity values […] provided by mea-
surement standards and corresponding indications […] for obtaining a mea-
surement result from an indication” [53] BIPM, IEC, IFCC, ILAC, ISO, IUPAC,
IUPAP, OIML, International vocabulary of metrology – Basic and general con-
cepts and associated terms (VIM). Joint Committee for Guides in Metrology,
JCGM 200:2012. (3rd edition), 2012.
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recently been highlighted for the case of mechanical fatigue data [54].
Overall, this article presents in section 2 a general definition and

further considerations for reference data in the MSE domain and in
sections 3 to 8 systematically outlines a framework for their generation,
distribution, and utilization. More specifically, section 3 presents a
general description of the proposed framework and the related chal-
lenges, and the subsequent sections 4 to 8 address the individual steps
involved. Overall, our approach is developed in strong interdisciplinary
interaction and includes guidelines regarding data handling, including
the data schema concept, which is presented in section 6, and can sub-
stantially enhance the data provision process in MSE-related research
activities due to the wide variety of the required content. To elucidate
how research data, and ultimately reference data, in the MSE domain
can be handled using the proposed framework, we prototypically
implement the presented concepts for the specific materials science
example of creep testing of a CMSX-6 Ni-based superalloy, which in-
cludes the publication of a real reference dataset. This contribution aims
to represent a best practice example on how to handle reference data and
lays the ground for further contributions and collaborations that merge
data from different subdomains to help advance knowledge in the MSE
domain.

2. General considerations and definition of reference data of
materials

Reference products such as reference materials, reference organisms,
and reference methods are used to verify the reliability and accuracy of
measurements, tests, and analyses of materials in their technical appli-
cations [55]. They can serve as benchmark for quality assurance in
science, technology, and industry [56] and are supplied by various
providers (examples given in [57]). A reference material is, for example,
a material or substance of sufficient homogeneity with one or more
characteristic values that are so precisely defined that they can be used
to calibrate measuring instruments, to assess measurement procedures,
or to assign substance values [58]. Certified reference materials (CRMs)
are high quality materials which represent certain characteristics with
high accuracy. In addition, uncertainty contributions, e.g., resulting
from material inhomogeneity, are assessed in extended analyses, and
provided in a certificate with information on the measurement uncer-
tainty and traceability2 of the characteristic values to a unit [53]. A
reference method is a thoroughly documented and demonstrably
mastered test, measurement, or analysis method for (i) quality assess-
ment of other methods for comparable tasks, or (ii) characterization of
reference materials including reference objects, or (iii) determination of
reference values. More details on the definition and application of
reference methods and the closely related reference procedures are
available in [59].

Currently, as the new paradigm of data driven research is becoming
increasingly established, the concept of reference data should be intro-
duced into the group of reference products to enable the validation of
emerging data generation, processing and analysis methods, and tools.
In this article, we distinguish between reference data and research data.
Research data are defined as “data collected, created or examined [...] to
be analyzed or considered as a basis for reasoning, discussion or calcu-
lation in a research context, with the purpose of generating, verifying
and validating original scientific claims that support the answer to some
specific research question” [60]. In general terms, research data neither
necessarily strive to achieve the highest quality possible nor aim for a
complete assessment in terms of reliability, comparability, and

accuracy. Regarding reference data, we report here for the first time an
initial proposal (version 1.0) for an elaborated definition in the MSE
domain [61]. The definition was developed within the project
NFDI-MatWerk [62] (National Research Data Infrastructure in the MSE
domain).

The here presented definition “reference data of materials” [61]
complements the existing definitions for (standard) reference data1
[10–12] as it is specifically targeted for the MSE domain, in contrast to
the existing wider approaches which also cover, e.g., chemical and
physical related data. Indeed, by limiting the definition of reference data
to MSE, our approach intends to stimulate the sharing of research and
reference data within this domain. Besides, most of the actual ap-
proaches have an emphasis on the metrological aspects of data quality
[9–12]. They do not explicitly address the issue of comprehensive
documentation regarding, e.g., material’s history, test setup, and data
processing that our approach covers as prerequisite for the reuse of
reference data in digital environments.

In the context of this work, reference data are, in principle, consid-
ered as measured or simulated data that must meet a particularly high-
quality standard, not only in measurement precision but also in terms of
comprehensive documentation according to certain standards.
Furthermore, our definition [61] covers, among others, the following
requirements: (i) reference data must be generated, maintained, pre-
served, and verified according to certain standards, and describe one or
multiple materials that have either undergone a well-documented
manufacturing process or are a reference material whose composition
and structure has been fully characterized, (ii) reference data of mate-
rials can also be derived data from reference data. Furthermore, (iii) the
standards for documentation, generation, maintenance, preservation,
validation, and measurement need to be defined for specific material
characteristics (e.g., creep properties) in terms of domain standards,
which are the result of a steered community process, and should inte-
grate as much as possible existing standards. Finally, (iv) reference data
shall be distributed with a license (e.g., CC BY 4.0 or GPL [63–65])
which clearly determines the options of their future use. In addition to
those requirements, we believe that reference datasets should also be
versionable to document and track changes or additions.

A dataset is defined as “collection of scientifically related (depending
on the research context) Research Data” [60]. Thus, a reference dataset
(RDS) represents a specific collection of reference data. Our definition
implies that in addition to the data obtained frommeasurements or from
simulations, they contain all the contextual data-related information
that is required to be reusable, e.g., as benchmark. In the case of
experimental data, this information includes material provenance, data
generation and processing, and test history. For simulated data, these
criteria include physical and numerical methods, software, hardware,
and digital samples including software-specific input parameters to
facilitate reproducibility.

As a complement to the proposed definition for reference data of
materials [61], Fig. 1 summarizes mandatory inputs and possible usage
scenarios. Evidently, the usage scenarios elucidate why reference data
are needed in this domain. As shown in the figure, reference data of
materials consist of (content-wise) material-specific, method-specific,
data itself-specific, and data processing-specific information. Usages of
reference data include (i) the validation of own measurement and
simulation procedures, e.g., by carrying out tests or analyses on a ma-
terial for which sufficient reference data are available so that the results
can be compared, (ii) the verification of individual experimental and
simulation results that require a cross-check with reference data, e.g., in
cases where test repetitions are not feasible or an unusual deviation from
expected values has occurred, (iii) their application as best practice
example for the documentation of research data obtained in experi-
mental or simulation campaigns, and (iv) their use as precise input for
computational materials science. While we use the example of creep
testing of a metallic Ni-based superalloy, this concept is fundamentally
applicable to all type of materials and testing procedures within the MSE

2 The metrological traceability of its measurement results is established by
means of a documented unbroken chain of calibrations, each contributing to the
measurement uncertainty, linking them to an appropriate reference [58]
ISO/IEC 17025:2017 General requirements for the competence of testing and
calibration laboratories, 2018, p. 65.
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domain.
In addition to the already mentioned aspects, reference data en-

compasses, in our view, two complementary dimensions: the content
and the shape. The content dimension represents the scientific content
from the MSE domain perspective. This dimension ensures the func-
tionality and completeness of the dataset and provides the basis for
answering specific research questions [66]. It requires an agreement to
identify the criteria (in terms of content) for reference data in a
community-driven process (e.g., (reference) material, equipment, pro-
cedures, results, required documentation). The shape dimension covers
the RDM perspective further ensuring the alignment of the dataset and
its contents (data, metadata) to FAIR principles [66]. This dimension
necessarily includes digital formatting and storage to facilitate later
discovery and repurposing.

The agreement of the community on criteria for reference data is a
challenging task but of crucial importance for their acceptance and
reusability. This agreement leads to a requirement profile (see section
6), which as a result represents the mandatory content that a dataset
should comprise to be regarded as a reference dataset in the specific MSE
domain, considering multiple intended usages and users. This require-
ment profile can serve as a guideline for data providers at creation time
and helps distinguish reference datasets from research datasets in order
to publish them with the appropriate classification. In fact, the
requirement profile linked to a reference dataset implies high demands
in terms of completeness and accuracy of the related documentation.
Certainly, this level of quality cannot always be achieved by research
data.

The differentiation between reference and research datasets and, for
reference datasets, the introduction of a classification system regarding
the level of fulfillment of the requirement profile will facilitate the
process of discovering and selecting proper datasets for a given task. For
instance, reference datasets generated using non-standardized test
methods might only be useful for verifying measurement procedures
(see Fig. 1) performed with a similar setup. In that sense, multiple
quality classes will apply to reference datasets since these may differ, e.
g., in the extent to which a testing standard was followed (see example
above) or in the completeness of the given documentation. Such a
classification system must also be agreed upon in the domain. In this
regard, not every reference dataset needs to be derived from tests on a
reference material or obtained according to an existing testing standard
(e.g., the standard ISO 204 “Metallic materials – Uniaxial creep testing in
tension – Method of test” [67] in the case of creep testing). This means
that datasets created by different types of creep testing, e.g., the creep
testing of miniaturized specimens [68], creep testing for a bending type

of loading [69] or by small punch tests [70], or creep testing with
accelerated testing strategies [71,72], could be classified as reference
datasets, provided that they include all the required information agreed
within the community. A subsequent analysis of available reference
datasets would then allow to reveal the impact of the well-documented
test details, e.g., the specimen size, on the reported test results.

Reference datasets could be classified of the highest quality class if
all the measuring and test equipment or software and workflows used
have been calibrated and/or validated and standardized specimen ge-
ometries have been used. Their use can be recommended for the cali-
bration or the validation of measurement devices, procedures, or
algorithms. If appropriate, the use of a CRM could also be required,
which might lead to the creation of an additional class. Following up on
that idea, a reference dataset of lower quality class could have less
restrictive requirements for the description of measurement devices and
procedures but could still be used for interpretation of individual mea-
surement results or as precise input for machine learning-based data
analytics and for computational materials science. In that case, however,
all used data processing and analysis procedures must be extensively
documented. Besides, note that comparing data between two labora-
tories still requires knowledge of the precision of the results. In general,
reference datasets should adhere to the highest standards in terms of
shape, e.g., using open machine-readable formats, to ensure an easy and
smooth data reuse according to the FAIR principles.

To ensure long-term acceptance of this refence data concept by the
MSE community, clearly defined decision rules and processes for the
quality assessment and classification of datasets will be mandatory, as it
has been implemented elsewhere with the focus on big data [9]. The
details of the assessment process will depend on the agreed criteria,
which are yet to be determined. It may be anticipated that the classifi-
cation process will include automated procedures to evaluate, e.g., the
completeness of the documentation. A fully automatized quality
assessment would, however, represent a major challenge. The process
may involve an additional peer-review step to ensure the significance
and applicability of the provided data, following the traditional
approach in scientific publishing.

3. Framework and related challenges

While the previous section presents our definition of reference data
and some general considerations, this section is devoted to our frame-
work to generate, distribute, and utilize reference datasets of materials
as well as the related implementation challenges. This framework,
comprehensively encompassing the steps needed to fulfil all the

Fig. 1. Content and exemplary usage of reference data of materials. TEM: transmission electron microscopy, DFT: density functional theory.
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requirements for reference data, is expected to have a strong impact on
supporting research, development, applications and corresponding col-
laborations within the MSE community.

In Fig. 2, a simplified representation of the proposed framework is
shown. It consists of six steps: (i) data generation and documentation,
(ii) dataset handling and storage, (iii) data shaping, sharing, and pub-
lishing, (iv) data search and discovery, (v) data retrieval, and (vi) data
usage. The first three steps, referred to in this article as the upstream part
of the framework, are performed by the data provider, while the latter
three steps, the downstream part, are performed by the data user. It is
worth noting that the definition of reference data is a prerequisite for a
successful upstream process.

Researchers in companies, research institutions, or universities can
act as both data providers (upstream) and data users (downstream). In
certain cases, a data user can act as data provider as well and generate
new reference data, e.g., by using a reference dataset as precise input for
computational materials science (see Fig. 1) for alloy optimization. This
is indicated by an arrow that joins the last step with the first one in
Fig. 2, suggesting a cyclic process. A third important player in the pro-
posed framework is the provider of the digital infrastructure and ser-
vices that facilitate both the upstream and the downstream processes
and becomes especially relevant in the central four steps. In this general
form, the proposed framework is independent of any specific technol-
ogy, tool, service, or brand. Finally, prior to sharing the data, a quality
assessment procedure to evaluate whether the dataset fulfills the criteria
for reference data (of any class) in terms of content and shape (see
section 2) should take place. Further details about such a process are
outlined in section 9.

In the first step of the upstream scenario (see section 4), the data are
generated and eventually processed, and all related data and metadata
regarding material and specimen provenance, as well as measuring and
test equipment including calibration, are documented following existing
terminologies, where applicable. The comprehensive documentation of
data will ensure their reusability, thereby substantially contributing to
comply with the FAIR principles. Ultimately, the data are typically
stored locally (on the data provider’s personal hard drive or in the in-
stitution’s storage system) in interoperable data formats.

In the second step, the data are methodologically organized and
further stored in preparation for publication, as further detailed in sec-
tion 5. This data handling goes along with the generation or the (re)use
of data schemas (a structured representation of the community-agreed
content and criteria for reference data) and a related requirement pro-
file (which defines what descriptive information is mandatory). These
concepts are addressed in detail in section 6. Evidently, the data docu-
mentation and handling process implies reaching a community

agreement on content and vocabulary. Reaching this agreement repre-
sents the biggest implementation challenge. Nevertheless, beyond being
merely a challenge, community action should be recognized as both
essential and, in the long term, highly rewarding. In [73], it is even
described as the driving force behind a revolution in materials science.
Finally, the datasets are stored in a data repository or any other storage
system (see section 5). At this point the data might be publicly available,
e.g., if stored in an open repository.

In the third step, the data acquire a digital shape (RDM dimension,
see section 2) and are (further) shared and published. Sharing and
publishing can take place via open repositories and a data descriptor
article. Examples of such articles can be found in [74–76]. To enable
data to be handled during the downstream in a more automated manner,
two complementary paths are considered: the implementation of FAIR
Digital Objects (FDOs) to shape the data and the implementation of
ontologies and semantic structuring. For both paths, a data schema
serves as a basis for the structuring and shaping of the data (see section
6). These processes represent an implementation challenge from the
perspective of an MSE researcher as they require a specialized
RDM-skillset. Here, the support of RDM experts or infrastructure pro-
viders is highly beneficial. FDOs and ontologies play a crucial role in
enhancing the discovery, retrieval, and exchange of data (and thus to
successfully implement the FAIR principles) and are addressed in more
detail in section 7. Although steps two and three are, for better repre-
sentation, handled separately in Fig. 2, in practice some of the tasks,
such as the creation of the machine-readable data schema and the
ontology, might start in either of the two steps.

An essential and challenging task during all the upstream steps is the
use of controlled vocabularies in the data documentation, in the data
schema, and in the ontology, as this enhances the data interoperability
and in turn facilitates the subsequent integration into the related digital
infrastructure services. A controlled vocabulary is a list of terms or
words, together with their definitions, which are organized using se-
mantic relations (e.g., hierarchical, similarity or associative relations) in
a standardized representation and in agreement with the domain experts
[77]. The controlled vocabulary can be further extended to an ontology
by implementing additional relations and logical constraints. An
ontology is a formal and explicit description of concepts within a
domain, where the information is organized in triples of an object
(class), a predicate (relations, attribute, or properties), and a subject
(class or instance of object), and logical rules and axioms are used [78].
Both the ontology and the controlled vocabulary should be finished and
shared in the third step.

In the downstream scenario (last three steps in Fig. 2), the data user
may search, discover, retrieve, and use the data. The data search and

Fig. 2. Proposed framework for generation, distribution, and utilization of reference datasets of materials in the MSE domain.
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discovery might occur through search engines, data repositories [79], or
repositories of repositories [80,81]. In perspective, a knowledge graph
(KG) could also be used for data search and discovery. A knowledge
graph is a structured representation of knowledge that is used to provide
a comprehensive and interconnected view of a specific domain [82],
with the instantiated ontology as its backbone.

The data retrieval and usage include the visualization of data, a
manual or automated validation of the vocabulary consistency, and the
data exchange and analysis. The data exchange and analysis could be
performed through automated workflows. The FDO-scope [83] is a
powerful tool that, in perspective, will enhance the data retrieval pro-
cess by including the visualization of the single FDOs and of the related
data (see section 7). By the data retrieval, the license will delimitate to
what extent the discovered dataset can be reused. The reference data
usage can be automated, e.g., through Jupyter Notebooks.

4. Data generation and documentation

Research data that are established by physical experiments may be
categorized, from the MSE perspective, as primary, secondary, and
metadata, depending on their origin, their processing state, and the type
of included information. As demonstrated in section 6 through the data
schema developed for our considered example of creep data, this cate-
gorization facilitates ensuring complete documentation of an experi-
ment by systematically organizing the often-extensive available
information.

Primary data refers to data that is directly acquired by sensors or
measuring instruments during or after a test including, e.g., time, force,
length, or temperature. This acquisition is carried out once or periodi-
cally within a certain interval, defined by (run-) time or other test pa-
rameter’s change. The data may be acquired using a data acquisition
unit and related data acquisition software. An automated integration of
the acquired data in Electronic Laboratory Notebooks (ELNs) or other
databases is possible. Although primary data are often considered to
represent the unbiased “raw“ data of an experiment, it should be noted
that the contained information may already be influenced by, e.g., de-
vice internal processing or the selection of an insufficient acquisition
rate. A strict definition of the term primary data does therefore not exist;
more general, existing definitions of primary data would even allow
normalization and/or harmonization steps [84].

The category secondary data refers to test results that cannot be
directly measured. Instead, they are determined or converted by pro-
cessing primary data and/or metadata by means of equations or algo-
rithms. For example, the applied mechanical stress cannot be directly
measured in mechanical testing. It needs to be determined by relating
the actual force (which is often continuously measured) to the original
cross-sectional area of the tested specimen. Primary and secondary data
can represent single (characteristic) values (e.g., tensile strength) or
data series.

The third data category, metadata, refers to all attributes and addi-
tional information characterizing the provenance and history of the
investigated material and specimen as well as detailed information on
the applied measuring and test equipment, and the data provenance.

Data provenance is connected to the fact that the generated data may
be processed before publication, e.g., to identify characteristic values
from an extended data series. As a general definition, data processing
involves the application of any procedure (equations, algorithms,
methods, unit conversions) used to transform data from its original into
a new state. Our definition aligns with existing definitions, such as the
one found in [60]: “set of actions [...] performed on research data to
prepare it for one or more further processes”. It is important to differ-
entiate online processing from later, post-test data analyses. As an
example, force transducers in mechanical (including creep) testing will
typically provide a voltage output. The voltage signal is, however, not
interpretable by third parties, even though it would indeed represent the
“raw” data. Typically, based on a pre-recorded calibration relationship,

the measured voltage is immediately converted to a force signal by the
data acquisition unit during the running experiment. Additional analysis
procedures can be performed later, e.g., to convert the recorded force
values to mechanical stress based on the cross-sectional area of the test
piece. It is important to identify and document all involved processing
steps to allow data users to correctly interpret and/or re-analyze the
published data, and to identify possible sources of error. Documenting
the performed data processing procedures is required for reference data
and is also part of the metadata documentation (see Fig. 2). The
extension of these concepts to material simulations is also straightfor-
ward: technological properties are usually quantities derived from nu-
merical or visual analysis performed after simulation runtime and after
utilizing complex algorithms, and the reproducibility of the results de-
pends on the documentation of such procedures.

Overall, a comprehensive metadata description includes: (i) a full
description of the involved measuring equipment, including calibration
information, (ii) information about the material type, its manufacturing
history, and results of additional characterizations (mechanical, micro-
structural), and (iii) a comprehensive documentation of the applied test
and data processing procedures. Comprehensive metadata records are
mandatory for any later evaluation of the quality and/or reliability of
the measurements. Most importantly, they allow one to search, identify,
and retrieve best-matching datasets from large-scale databases for spe-
cific analyses.

Metadata, primary and secondary data shall be reported using, as
much as possible, already existing agreed controlled vocabularies, e.g.,
from testing standards, and further normative documents. If measure-
ment uncertainties are reported for test results, the calculation proced-
ure must be similarly documented if not performed according to an
existent standard.

The data generation and documentation processes go along with the
(typically local) first storage steps, e.g., on the computer that controls
the involved instrument, on the personal hard disk of the data provider,
or on central data server facilities of the institute or the university. At
this point, the data provider should already store and document the
results in a well-organized manner. Open file formats, that do not
require proprietary software, should be preferred . In this way, further
structuring towards achieving a machine-readable interoperable repre-
sentation can take place (see section 5). A description of how the data
are organized (in a readme file, for instance), as well as the use of
existing vocabularies whenever feasible, is important to ensure the
reusability of the data in follow-up projects. Available data schemas may
serve as a guideline to identify all relevant data, to organize the avail-
able pieces of information, and to agree on a common terminology from
the very beginning. Data schemas require to be community-agreed to
ensure their completeness, correctness, and the future reusability of the
respective datasets by third-party users. The definition and role of a data
schema within the proposed framework are introduced in section 6.

In our example of creep data of the single crystal Ni-based superalloy
CMSX-6, the tests were performed in an accredited test laboratory using
calibrated measuring equipment, and according to the standard ISO 204.
A lever-arm creep testing machine was used, and the tests were per-
formed at 980 ◦C under constant force and initial stresses between 140
MPa and 230 MPa. The as-tested specimens were single crystal invest-
ment casts from a vacuum induction refined ingot provided by PCC
Airfoils, Inc., which were subsequently heat treated (annealed and
aged). During the data generation and documentation process, one of
the main challenges was the collection of the material related metadata,
as the material was delivered in the 1990s, and the information was
mostly available in non-machine-readable formats. At some points new
data had to be generated, e.g., micrographs of the microstructure. A
close collaboration with the testing engineer was the key factor to
effectively gather all the relevant information during the collection of
metadata on data processing, as well as on measuring and test equip-
ment. Test results were determined according to the specifications in ISO
204. To document and structure all the generated and documented data,
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we used our own developed data schema as a template [85]. Details
about this data handling and the data schema are given in sections 5 and
6, respectively. The dataset is available at [86].

5. Dataset handling and storage

Once the data has been generated and properly documented in a
well-organized manner using interoperable file formats (see section 4),
they must be further handled for publication. Besides, the storage of the
data following the 3-2-1 backup rule [87–90] can be advantageous at
this point. The data handling includes: (i) the creation of a case-specific
data schema and a related requirements profile, (ii) the creation and
usage of a case-specific vocabulary, and (iii) the final comparison and
matching of the to-be-published results to both.

A data schema is a structured representation of the community-
agreed content and criteria for reference data. Furthermore, it repre-
sents the basis for the further storing, shaping, and sharing of the
reference datasets. A data schema includes a so-called requirements
profile (see section 6), which represents the mandatory content of a
reference dataset in the specific MSE domain and is directly linked to the
intended usage. Therefore, a community-steered usage analytics process
is required. Within this process, domain experts discuss and define the
possible usages of the planned reference dataset and the related required
data. To enable the data to be automatically processed during the
downstream, adhering to the FAIR principles, and to promote interop-
erability, the experimental or simulated data must be structured and
mapped to the case-specific data schema, which in turn must be avail-
able in a machine-readable format. Given its major significance, the data
schema is treated in further detail in the context of the selected example
in section 6.

Parallel to the creation of the case-specific data schema, the agree-
ment on concepts and the creation process of the controlled vocabulary
take place. The vocabulary must be defined to have consistency in the
intended representations, which in our case are a JSON schema and a
semantic representation (such as an ontology; see section 7). In other
words, the agreement on the controlled vocabulary is a prerequisite for
successfully creating the JSON schema and the related ontology. The
vocabulary creation process relies on existing terminologies from, e.g.,
testing standards, further normative documents, and related literature
or taxonomies. If this is not sufficient, the domain experts must work on
a community-specific agreement. This could be done, for instance, in
dedicated platforms or working groups. An example for this in the MSE
domain is the working group for “harmonized terminologies and sche-
mas for FAIR data in materials science and related domains” of the
research data alliance (RDA) [91]. In its final form, the controlled vo-
cabulary provides definitions and hierarchical as well as equivalence
relationships between the terms. A vocabulary can be created using, e.g.,
the Editor for Vocabularies to Know Semantics (EVOKS) [92] and can be
published, so that the single terms are accessible via a Uniform Resource
Identifier (URI). In our case, the controlled vocabulary is represented in
the Simple Knowledge Organization System (SKOS) format, providing a
flexible lightweight semantic structuring [93]. The publication of the
agreed terminology, which we propose to perform in the third step of
Fig. 2 along with the publication of the ontology, enables gaining the
attention of the broader domain-specific community, which might pro-
mote its involvement in the development process.

The last step of the data handling comprises the preparation of the
reference data for publication and includes the final comparison and
matching of the to-be-published results to both the case-specific data
schema and related requirements profile and vocabulary. In our proto-
typical example of creep data for the CMSX-6 Ni-based superalloy, we do
this by using the developed data schema [85] (see section 6) as a tem-
plate for data documentation, structuring, and provision of all the
relevant information and test results. Additionally, we provide LIS-type
files, which are simple text files, containing a header with selected
mandatory metadata and test results and columns with the required data

series. Furthermore, we provide data about the measurement uncer-
tainty and selected PDF files regarding the as-tested material and the test
piece [86]. In this last step, it is important to double-check that
community-common units are used and that the decimal point setting is
based, if possible, on standard specifications and the resolution of the
used measuring devices. Generally, required information can be
embedded as images in image file formats (e.g., JPEG) or as text in PDFs
(e.g., in technical drawings). However, all the required information (as
defined in the requirement profile, see section 6), even when available
in, e.g., a PDF, must be included as alphanumeric type of data, for
instance in the header of a CSV file, an attached README file or in
dedicated keywords in a JSON file. In our case [86], this is covered in the
provided files, including the LIS-type files. In addition, at this point, if
already existing, Digital Object Identifiers (DOIs) or FDO Persistent
Identifiers (PIDs) can be provided (for details, see section 7).

Once the data schema is created using the controlled vocabulary, and
the data are generated and handled (i.e., further prepared for publica-
tion), the data can be stored in (open) repositories that allow version
tracking (like Zenodo [79]) or in storage facilities. In our case the data
are published in Zenodo [86]. The usage of storage facilities has ad-
vantages in terms of storage capacity, preservation, or data management
compliance with the FAIR principles, depending on the used facility. An
example of such facilities is Coscine [94], which provides the possibility
to share and manage the data according to the FAIR principles and is
suitable for experimental as well as for simulation data. Additionally,
this service allows the creation of so-called metadata profiles for new
applications. For simulation data, similar approaches have been adopted
in the last years. For instance, the NOMAD repository [95] provides
parsers for a variety of simulation software that collect all the manda-
tory metadata including input files, software version, physical methods,
and workflow steps with semantic connection between individual single
point calculations, as well as interfaces in ELN format for some experi-
mental techniques on the same principles. The Materials Project [96], on
the other hand, provides a database for DFT calculations which can
derive in reference data in the terms explained here. These calculations
span over more than 150,000 materials and include results for many
properties available from DFT like band gaps, enthalpies of formation,
and elastic constants.

6. Data schema

Identifying the general criteria for reference data (see section 2) and
later the contents of reference datasets for specific methods is a critical
task (see sections 2 and 3). A data schema is a powerful element to
convey this community-agreed information in one structured represen-
tation and is therefore of utmost importance within the reference dataset
generation process. It represents the basis for the further storing,
shaping, and sharing of the reference dataset. In the following para-
graphs, we elaborate on relevant details of the suggested data schema
approach.

In general, a data schema primarily consists of a list of any possibly
relevant concepts for a specific method covering primary, secondary,
and metadata as defined in section 4, thereby modeling the specific
domain knowledge. These entries are grouped according to a basic
categorization and a related hierarchy of concepts. The resulting over-
arching structure mimics the way a domain expert would structure the
data of the characterization (or simulation) method of interest.
Furthermore, for reference data, we propose that the data schema comes
along with a requirement profile, which defines the minimum required
information and the level of testing rigor that is mandatory to qualify a
dataset as a reference dataset in the specific MSE domain. Fig. 3 exem-
plifies the basic structure of the data schema generated for the consid-
ered example of creep testing on single-crystal Ni-based superalloys. For
the considered example, the “NFDI-MatWerk/IUC02 Data schema for
creep data of Ni-based superalloys including a comprehensive docu-
mentation of test results and metadata”, which was used as a template
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for data documentation, structuring, and provision of the CMSX-6 data
in [86], is available in Zenodo [85] and in a git repository [97] both in
CSV and JSON format. Further schemas for materials science, though
not developed under the current project and under the considerations
presented here, can be found in, e.g., [98].

To avoid any misinterpretation of the data schema, the individual
relevant pieces of information (not shown in Fig. 3) within each category
(I to IV in Fig. 3) should be delivered with the respective units, if
applicable, and exemplary answers. In principle, one or multiple
requirement profile(s) can be added to the schema to indicate the
minimum required information for certain purposes. For reference data,
we propose that the requirement profile differentiates only between
“mandatory” and “optional” fields, avoiding a “recommended” type of
grading.

The presented data schema for the considered example [85] was
developed based on the international ISO 204 standard for uniaxial
creep testing of metallic materials [67]. The minimum required infor-
mation and level of testing rigor that needs to be demonstrated for the
considered example of creep data of Ni-based superalloys is defined by
the mandatory fields of the related requirement profile. Special care was
taken to ensure that the vocabulary, symbols, units, and recommended
information and results to be reported, which are defined within ISO
204, are similarly used in the developed data schema. However, to meet
the community-agreed requirements for the considered example, the
data schema goes indeed beyond the recommendations of the standard
ISO 204, which is rather focused on the details of the test method (the
description of the test equipment and test results). In that sense, our data
schema additionally includes information regarding the description of
the material’s manufacturing history and the microstructure. This is
especially important for the considered example of CMSX-6 single--
crystal superalloy, as no reference material was used. Our thorough
characterisation and documentation of manufacturing history and
microstructure includes references to literature [99–101] and covers, e.
g., the chemical composition and the single crystal orientation (devia-
tion of [100] axis) and related measurement procedures [99], and the
description of the manufacturing process, and heat treatment proced-
ures, including protocols, when available. However, it does not cover in
detail the description of, e.g., micrographs or chemical composition
measurement procedures, as this is beyond the scope of the developed
data schema. Instead, this information is considered metadata itself for
the CMSX-6 creep data and thus included as individual entries of the
data schema. Nevertheless, special care was taken to provide metadata
for these and, in general, for all metadata entries. In the future, these
fields could include links to other data schemas (e.g., on scanning
electron microscopy data) or related data publications. The longer
extension of the data schema compared to the ISO 204 standard is re-
flected in the number of entries: it consists of more than 200 individual
pieces of information that may be documented for a creep experiment,
while in ISO 204 less than 15 items are listed as mandatory elements of a
test report. The usage of the developed data schema as a template in the
publication of the CMSX-6 reference dataset [86] can be considered as a
best practice example for generation and documentation (cf. input part
of Fig. 1).

As depicted in Fig. 3, the concepts of metadata, primary data, and
secondary data introduced in section 4 were applied as the first level of
categorization. The three subsequent levels of the data structure dis-
played in Fig. 3 classify the available information in further detail. The
metadata part exhibits the most complex hierarchical structure,
covering a wide range of information from material history to details of
the test setup and data processing. While parts of this metadata do not
seem to be closely related to the creep experiment, they are still of
central importance for the future reuse (represented by “R” in FAIR) of
the datasets. For instance, any later study of the impact of impurities on
the creep behavior of the considered alloy CMSX-6 would require not
only the chemical analysis of the tested batch but also information on
the heat treatment or the distribution of the impurities in the

microstructure.
Also, with respect to the future use of the datasets as reference

datasets, special emphasis was placed on the detailed documentation of
all aspects that could possibly impact the accuracy of the experimental
results, as also at least partly considered in the already existing ap-
proaches for SRD mentioned in section 1. This includes a full description
of the whole test setup, including manufacturer information and model
numbers in case of commercial products, since these allow to obtain
further technical details from independent sources, e.g., measurement
ranges or resolution. Furthermore, a statement about the metrological
traceability, and information about the calibration status of the test rig,
including alignment checks and all sensors, is described in detail to
allow more elaborated cross-checks, e.g., on the match between
observed loads and the calibration range of the load sensor or the
fulfillment of the calibration intervals of a thermal sensor as defined in
the ISO standard. Beyond the existing approaches, full disclosure of the
test piece geometry and the location of the test piece within the as-tested
material from the original material, to be provided preferably as tech-
nical drawings, is included to assess the suitability of the applied sensors
and/or support the interpretation of obtained local deviations in mate-
rial properties.

A similar attempt is made to document all data acquisition, pro-
cessing, and analysis steps. Compared to the physical details of the test
setup and the test procedure, such aspects are typically covered to a
lesser extent in the testing standards. Therefore, in this context, a
generalized format is not required, and the information is currently
requested via free-text boxes. It is acknowledged that this represents a
limitation for any future automated analyses of the datasets, which
would presumably be restricted to assessing their completeness until
more advanced techniques, including, e.g. natural language processing,
become available. Similarly, the variety of data types and input formats,
ranging from single numerical results like a rupture time to technical
drawings or free-text, represents a challenge for the transformation of
the datasets into digital objects, see section 7. However, the data schema
presented in [85,97] represents a first approach for collecting all the
information that allows an independent, third-party evaluation of the
quality of reference datasets. Depending on the usage of the data, this
quality assessment may be focused on different aspects and metrics, e.g.,
the completeness of documentation or the level of measurement accu-
racy, as outlined in section 9.

It should be pointed out here that research datasets will typically not
contain all the information expected in the data schema. As already
discussed in section 2, such datasets will possibly fail to meet the
requirement profile defined for reference data but may still serve as
valuable contributions for less demanding research tasks. Overall, one
intention behind the suggested data structure (Fig. 3) is clearly to
encourage all domain experts to collect and provide as much informa-
tion as possible and to consider extending the documentation of their
experiments in future test campaigns.

The chosen hierarchical categorization offers the advantage of
making incrementally more specific information easy to identify by
locating it at multiple description levels. This modular structure, with
nested groups, serves as the backbone of a comprehensive documenta-
tion and the foundation for further storing, shaping, and sharing of
reference datasets. The flexibility that a modular structure ensures al-
lows for the creation of additional data schemas for other MSE experi-
mental and simulation domains, requiring, e.g., only adjustments to the
method-specific parts. Thus, the provided data schema is useful not only
for reference data but also as a template for organizing research data in
general in daily laboratory practices.

When creating a data schema for the reference dataset generation
process, different scenarios are possible. In case the reference dataset
has already been published for the respective method (i), the data pro-
vider can use the existing schema, without modifications. In the opposite
case (ii), when a reference dataset is generated for the first time for a
given method, a data schema must be generated, but existing data
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schemas, such as the one presented here, can be used as reference. The
intermediate case (iii) implies the partial modification of existent data
schemas to create a new version. The latter scenario is the most expected
one in the future, as the process of generating reference datasets evolves,
and the proposed framework becomes established. In cases (ii) and (iii),
for reference data, a community agreement is needed for tailoring the
data structure, content, and requirement profile.

The community agreement on content, structure, and requirement
profile, as mentioned in section 3, is a challenging and time-consuming

task. New categories and related individual entries can, in principle,
always be included if a corresponding agreement is reached and the data
schema is correspondingly updated. Also, new releases of the respective
testing standards may include variations of the experimental methods or
modifications of the vocabulary which require an update of the data
schema. Therefore, the data schema must be understood as a product of
a dynamic development process and a service from and for the com-
munity. Each new release of the data schema requires a community
process where domain experts (data providers and data users) work

Fig. 3. Data schema structure generated for the chosen example (creep data of Ni-based superalloys).
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together. This challenging generation process makes the adoption of a
versioning system of the data schema essential. Reference datasets that
were generated based on a specific data schema version can, however,
continue being used provided that such a version is clearly documented.

Finally, for reference data as defined in this article, the data schema
should be aligned to a domain-level or application-level ontology and
the related controlled vocabulary, as this helps enhance machine-
assisted data search and discovery (see section 3). From the down-
stream usage perspective, the same data schema may be mapped to
different ontologies. However, special care should be taken to keep the
vocabulary of both variants aligned to avoid any misinterpretation of
information items in the automated data discovery and analysis.

7. Data shaping

The processes that lead to creating a reference dataset in fulfillment
of all required content and shape quality standards (see section 2) are
illustrated in Fig. 4. The proposed data journey contains the steps of the
data workflow that are needed to create a reference dataset from the
RDM perspective. These steps are valid for both experimental and
simulated data and represent a technical workflow not only to generate
but also to search and discover reference datasets. For the considered
example of creep data of the CMSX-6 superalloy, the implementation of
the concept presented here is a dynamic, ongoing development and is
continuously documented in a git repository available at [97]. For
research data, some previous practical, standard-compliant, efforts
partly addressing the concepts presented here can be found at [33,37,
102].

The data journey starts with the data provider, who generates, doc-
uments, and organizes the reference data, as described in section 4. This
is shown by the two white boxes at the top of Fig. 4. At this point, the
data are stored in open, non-proprietary, and machine-readable formats,
such as CSV or LIS, and uses vocabulary accepted within the domain
experts. Besides, the data and metadata are stored in an accessible
location, preferably in a research data repository with long-term
archiving (see section 5). This storing is also a prerequisite for the
subsequent creation of FDOs [103].

Afterwards, the data journey continues with two possible, comple-
mentary paths, represented by blue and green boxes in Fig. 4. The blue
boxes represent the data shaping workflow (third step in Fig. 2) to create
FDOs for a reference dataset, while the green boxes illustrate the
ontology development and the implementation into a KG for data
search, discovery, and retrieval (fourth and fifth steps in Fig. 2),
respectively. FDOs add a layer of interoperability and provide a way to
technology-independent search and access to data [104]. A FDO is a
high-level common representation of a data object. Its unique structure
allows machine-interpretability enabling technical interoperability as
depicted in the left side of Fig. 4, whereas semantic interoperability is
achieved by common ontologies as shown on the right side of Fig. 4. If
data providers adopt the proposed framework, FDOs interoperability
can be possible. This means that if FDOs that are created in line with the
corresponding community accepted data schema, vocabulary, and
ontology, only a technical step would be required to enable their
interoperability or mutual interpretation. For instance, mappings from
locally implemented data formats and data structure to the community
accepted ontology would have to be developed for a seamless commu-
nication between the parts. However, this would not be directly related
to FDO technology but rather to ontology implementation. A KG en-
hances the search and discovery of data, and the alignment to related
ontologies ensures semantic interoperability, thus opening possibilities
for knowledge creation and discovery. In our vision, the search and
discovery of the data, which could happen through search engines, re-
positories, or the NFDI-MatWerk KG [105], will include a search and
visualization of FDOs and will be supported by the application- or
domain-level ontologies.

Following the blue boxes in Fig. 4, the process starts with converting

the data schema into a machine-readable and actionable format, in our
case JSON3. The “JSON schema”, for our implementation example
available under [107], consists of the community-agreed properties and
hierarchy. In addition, those information parameters that are considered
mandatory for the dataset (i.e., requirement profile) are defined. Over-
all, the JSON schema provides a structure to organize the information
parameters from the experimental data files, retains the information
regarding mandatory fields, and defines the information type.

From the downstream perspective, to automate the process of
creating JSON files with content, a mapping document (see step 3 in

Fig. 4. Schematic view of the data journey, outlining the conversion of an
original data file to its structured digital representation. See text for details and
abbreviations.

3 JSON stands for JavaScript Object Notation and is a lightweight, text-based,
language-independent data interchange format; JSON objects are formatted
using a relatively simple key/value pair structure that is easy for humans and
machines to read and write [106] M.C. Munro, Using JSON, in: M.C. Munro
(Ed.), Learn FileMaker Pro 19: The Comprehensive Guide to Building Custom
Databases, Apress, Berkeley, CA, 2021, pp. 319-330.
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Fig. 2) should accompany the schema. The mapping document provides
a path for entering the information content directly into the JSON
schema and generating new JSON files with the content. This mapping
process and related documents can be performed in several ways, e.g.,
through a python [108] script. Since it is primarily relevant for the
downstream process, this mapping process is not explicitly shown in
Fig. 4, which rather focuses on the upstream perspective. Furthermore,
the exact implementation depends on the specific research needs of the
data user.

Following the data journey, the machine-readable version of the data
schema (e.g., in JSON) is then validated and registered. The validation
should be performed in at least two perspectives before it can be regis-
tered (i.e., published) in a repository (for instance, MetaStore [109]): (i)
a rather technical validation, where online JSON validators, such as
[110] can be used for checking the syntax, and (ii) a validation of the
content, where domain experts can be involved. After validation of the
JSON schema, the FDOs can be created.

Technically, FDOs are a sequence of bits, identified by (i) a globally
unique Persistent Identifier (PID) and (ii) an unambiguously defined
information record that points to the data and metadata required to
comply with the FAIR principles. PIDs (i) are alphanumeric sequences
typically accompanied by a PID information record, which is a key-value
map for holding the PID-related information.

The PID of an FDO allows the identification of the digital content
(data and their metadata) in a globally unique and persistent manner.
Each FDO resolves to a machine-readable PID information record con-
taining the kernel metadata (i.e., metadata for machines to make de-
cisions). A Kernel Information Profile (KIP) defines the kernel metadata
entries and their types. The KIP acts as a predefined template that is
made globally available using the Data Type Registry [111] and is the
key element to make digital content machine actionable [81]. The PID
information record holds machine-readable information content,
defined by the KIP, including the keys that are supported, their cardi-
nality, and value ranges for each key [112]. To generate a KIP, all
mandatory attributes are defined with their correct data type, and the
PID information record is registered via a PID service using a PID-Maker
[113].

To create FDOs, a PID information record is created using the KIP
[114]. For each FDO, a Kernel Information Record is filled and stored
with a PID in the PID Handle Record, which can be represented and
downloaded as JSON using a REST API [115]. The created FDOs can be
resolved via a PID service, for example [82]. The Handle system is a
federated system used for generating PIDs. The GWDG (Gesellschaft für
wissenschaftliche Datenverarbeitung mbH Göttingen) [116] hosts handle
servers that are connected to this federated system. The GWDG servers
(and their prefixes) are part of the federated handle system and are
resolvable using any handle resolver (similar to DOIs). The created and
resolved FDOs can be visualized using the FDO-Scope [117] or in
combination with a graphical user interface (GUI) like Coscine [94].

All the steps covered by the blue path in the data journey (in Fig. 4)
can also be performed by RDM platforms such as Coscine (cf. section 5),
which, to adhere to the FAIR principles, offers upstream data manage-
ment across multiple levels.

Parallel to the representation of the FDO creation, the ontology
development process to ensure semantical interoperability is repre-
sented in the data journey (green boxes in Fig. 4). Thereby, the scope
(top,-application- or domain-level) and requirements of the ontology
must be defined. An overview of ontology-related concepts is presented
in [32]. This is done by defining the intended use-cases, the intended
end users, the competency questions, and the language, e.g., Resource
Description Framework (RDF) [118] and the Web Ontology Language
(OWL) [119]. The controlled vocabulary is created in consideration of
the data schema and the existing taxonomies or ontologies in the
domain, which represent the same or similar concepts. Definitions for
the terms are included to avoid any misinterpretation or to identify
similar concepts. The controlled vocabulary is then further developed

towards an ontology, which is represented in OWL, which is more
expressive than SKOS [93] and RDF [118].

An important aspect of ontology development is to link the ontology
concepts to other domain, application, or top-level ontologies. A stand-
alone ontology can work for a use-specific application, such as retrieving
knowledge from one specific document. To ensure the interoperability
of the ontology for reference datasets (exemplarily described on a creep
dataset) the developed ontology will be linked, inter alia, to the top-level
Basic Formal Ontology (BFO) [120], which represents general concepts,
the MSE-domain related ontologies developed within the
NFDI-MatWerk consortium, such as the MatWerk Ontology (MWO)
[121], the Platform Material Digital (PMD) Core Ontology (PMDco)
[122,123] and to the application-level ontologies for tensile test (TTO)
[124,125] and for heat treatment (HTO) [126], which were developed
within the PMD [127]. For the specific example of creep testing a
respective ontology involving the general concepts of these higher-level
ontologies is under development.

Finally, the classes can be instantiated or filled with actual data and,
in perspective, could be implemented into the NFDI MatWerk KG [105].
The KG will be able to interpret the data with the help of the concepts
defined in the ontology and ultimately provide a SPARQL endpoint
allowing access to data or metadata (e.g., on the calibration class) via
specific queries.

8. Data search, discovery, retrieval, and usage

Research and development-related activities start with a research
question as motivation. Usually, the first step towards answering this
question is taken by performing queries in search engines or dedicated
databases. The final step is usually the sharing of the results. The steps in
between include the data search and discovery, retrieval and access,
usage, and citation, which can lead to generation of new data, in which
case, the newly generated reference dataset would ideally be published
in a dedicated database together with all necessary metadata and in the
form of an FDO. We globally refer to this process as a user journey.

Within the user journey, we distinguish three roles: the data user, the
data provider, and the infrastructure provider. As mentioned in section 3,
researchers in companies, research institutions, or universities can act as
data providers, and a data provider can be also a data user. An infra-
structure provider is an organization or entity that offers the necessary
technological resources and services to support data storage, processing,
sharing, and preservation. The role of the data infrastructure provider in
the user journey is to provide technical solutions tailored to the needs of
both data user and data provider allowing them to discover, access, cite,
share, and publish data. In addition, infrastructure providers are respon-
sible for funding and maintaining the infrastructures that support sus-
tainable RDM and serve as technology stewards, raising awareness about
the importance of managing and sharing research data [128,129].
Providing a solution for every single step of the user journey might imply
requirements for the infrastructure provider. For instance, they should
implement notifications of missing required metadata and data quality
quantifications.Publishingdatausually requires the selectionof a licensing
framework, and the data provider should also get support from the infra-
structure provider about the implications of the selected option.

For the considered example of creep data of the CMSX-6 Ni-based
superalloy, Fig. 5 shows two variants of a user journey, each of them
driven by an exemplary use case. The use cases have different research
goals, which imply the need for specific queries and data infrastructure
requirements to address the research tasks (see first step box). The
implementation of the here presented use cases is a dynamical, ongoing
development and is continuously being documented in a git repository
available at [97]. For research data, some downstream usage practical
examples using ontological concepts can be found at [33–36].

In the first use case, a data user wants to search for reference data to
assess the current state of a newly generated dataset after shaping and
structuring it. The dataset is probably stored locally in the data user
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laboratory using in-house conventions and equipment. The data user
starts the user journey by querying databases for datasets derived from
the same experiments on similar or same material. As a result of the
query, the data user gets a FDO from which the relevant data and
metadata can be retrieved. To benefit from the advantages of a complete
comparison, the locally stored dataset description needs to be aligned to
the same ontology and/or data schema as the content of the FDO. An
efficient way to achieve this task is to apply mappings between them. If
not already existing, python scripts or Jupyter Notebooks can be
implemented and made available for future use. Finally, a direct com-
parison between the datasets can be performed. From this comparison,
data users can either draw new conclusions or decide to modify and
reorganize their data to explore additional scientific questions and
conduct further analysis and processing.

In a second use case, the data user is interested in providing evidence
supporting, e.g., a working thesis. For this, the data user queries the
databases specialized in creep experiments for all the available data on
superalloys. This time, due to the nature of the performed query, the
result consists of a list of FDOs. Data and metadata can be extracted in
batches from such FDOs, and the user is able to perform correlation
analysis between different quantities, e.g., primary, and secondary data.
In this case, the task will be facilitated if the contents of the FDOs were
already aligned with a unique ontology and data schema and using the
same vocabulary. Otherwise, the data user will need considerable effort
to find mappings between possible different FDOs. In this case, new
primary data are not being generated, but new insights are brought into
the domain after the complete analysis.

The highlighted use case scenarios show how reference data that is
managed according to the proposed framework can be used to advance
knowledge in the MSE domain, e.g., by developing new structure-
property relations like relations between segregation and yield
strength [130], or consistent predictions of creep lifetime [131].
Furthermore, it is clear in both use cases that the completeness of the
retrieved FDOs is essential for a seamless workflow. The FDOs should
then comply with the full description of the experiment of interest. This

description is given by the data schema and the related controlled vo-
cabulary. In this section, we presented two examples about FDOs, but it
is worth noticing that the semantics-based KG approach would represent
an alternative path.

9. Summary and outlook

In this article the concept of reference data of materialswas explored in
detail as part of the National Research Data Initiative for MSE, NFDI-
MatWerk, in Germany [132]. A definition is proposed, and a framework
for the management of such data is presented and prototypically imple-
mented for an important and specific materials science example. The
presented implementation is traceable and permanently accessible
through open repositories. It includes the publication of a related dataset
[86] and lays the ground for future collaboration and expansion of the
concept. MSE reference data that is handled according to the presented
framework can be used to reliably develop new structure-property re-
lations like relations between segregation and yield strength, or consistent
predictions of creep lifetime, which will be of relevance for determining
component-relevant properties, e.g., the lifetime of turbine blades.

Reference data in the MSE community are research data that are
characterized by high quality in terms of the precision of the experi-
mentally determined or simulated data combined with comprehensive
documentation of, e.g., material provenance, data generation and pro-
cessing, and test history. Our framework concept addresses the gener-
ation of reference data, an agreement on the necessary content, and its
digital representation with FAIR digital objects. The outlined framework
also includes integration into an easily accessible digital infrastructure
for annotation, discovery, and dissemination of datasets using a data
schema, ontologies, and a controlled vocabulary.

The data schema, a crucial element of the proposed framework, is
presented in this article for the example of creep data of Ni-based su-
peralloys [85] and used as a template for the best practice example of
reference data of a CMSX-6 Ni-based superalloy [86]. It is a structured
representation of all potentially relevant information for a specific
experimental or simulation method in the materials science and engi-
neering domain and forms the basis for further storage, shaping, and
sharing of the reference dataset. With the help of an application
ontology, the reference dataset can be formally described adopting the
digital representation and reuse of shared concepts from domain ex-
perts. The ontology is aligned with the data schema and with existing
ontologies. The interplay between the digital representation with FAIR
digital objects, the agreement on necessary metadata and related data
schema, and an underlying ontology ensures functionality, usability,
and technical and semantical interoperability. These data and results
can be easily and efficiently accessed, shared, taken up, and reused,
fulfilling therefore the FAIR principles.

Further work on the presented reference data concept is necessary to
refine its details and establish the required procedures for its continued
development. This includes the definition of the minimum requirements
for reference data regarding the most important test and analysis
methods in the field of materials science and engineering, e.g., electron
microscopy or tensile testing, for which efforts towards FAIRification
have been recently shared [37,98,133,134] and which, to fit into the
proposed framework, could also be expressed in respective data schemas
as outlined for the example of creep testing in this article. It is assumed
that the parallel development of the digital infrastructure will allow
these requirement profiles to be provided as input masks for the various
Electronic Laboratory Notebooks and Laboratory Information Manage-
ment Systems used in the materials science and engineering domain.
Leveraging the presented framework to, e.g., microstructural or simu-
lation data, will increase the impact of the presented concept and help to
advance knowledge in the MSE domain.

A crucial element for the long-term acceptance of the presented refer-
ence data concept is the introduction of suitable metrics and methods for
the quality assessment and classification of reference datasets. These must

Fig. 5. Possible user journeys for the considered example of creep properties of
Ni-based superalloys.
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at least involve the following criteria: (i) status and transparent description
of the involved equipment, including statements on the sensor calibration
and traceability (metrological requirements), (ii) suitability and concise
documentation of all applied procedures during the experiment or simu-
lation and the subsequent data processing, if applicable including a state-
ment on which agreed procedures, like ISO or ASTM standards, etc., have
been followed (procedural requirements), (iii) complete description of the
material’s provenance, including suppliers and processing history or cur-
rent material condition (material requirements), and (iv) comprehensive
documentation of all further relevant details of the investigation and the
subsequent shaping of the dataset (documentation requirements). Similar
requirements apply to simulation data.

As outlined in section 2, not all criteriamust be fulfilled by a reference
dataset, depending on the intended usage. The classification system
proposed there should take this aspect into account. To cover all possible
scenarios, a deep involvement of the materials science and engineering
community in the development of such a classification system is required.
In addition to the definition of classes, suitable classification procedures
need to be identified. To date, it is expected that a combination of auto-
mated procedures (checking the completeness of the datasets and their
integrity, e.g., calibration ranges which match the measurand) and a
peer-review step will be most beneficial to ensure the accuracy and sig-
nificance of published referencedatasets. TheNFDI-MatWerk consortium
[62] provides a suitable interaction platform for discussing such chal-
lenging tasks and for developing guidelines for the content and shape of
reference data, and for infrastructure components to share them.
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