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ABSTRACT ARTICLE HISTORY

A data model to organize metallic materials’ reliability properties are presented, along with data Received 23 April 2025
format variations to implement the conceptual model. By analysing the structures behind the Revised 19 May 2025
Creep Data Sheet and Fatigue Data Sheet series from the National Institute for Materials Science Accepted 5 June 2025
(NIMS), commonalities were identified to establish a standardized list of entities and their KEYWORDS
relationships. The data model incorporates a multilayered approach that acknowledges both Metallic materials; structural
uniform materials and non-uniform materials such as welded joints. Standardized identifier materials; materials

system supports interlinking between the different entities. The model was shown to be applic- database; data integration;
able to data from various independent initiatives and is effective in supporting datasets for data format; data model;
machine learning. The model was implemented in three different formats: spreadsheets, rela- creep; fatigue; materials
tional database, and key-value document store. Their characteristics are comparatively discussed. reliability

Plain-text spreadsheets provide low-barrier editing and are version controllable. Relational
database management systems offer data integrity and fast querying, suitable as a backend to
a web application; NIMS's Metallic Materials Database (Kinzoku) system was renewed by taking
advantage of these characteristics. Key-value document stores can be flexible, highly machine-
readable, and self-describing. They also allow for linking with external ontology for heteroge-
neous data integration. Digitized management of materials reliability data using this model
supports storage, federation, and accelerated utilization in data-driven methodologies.
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IMPACT STATEMENT

The unified data model and its various formats allow description of complex specimens,
provides interoperability across different data sources, streamlines data integration for data-
bases, and facilitates machine learning applications.

1. Introduction
under elevated temperatures and/or large pressure

Reliability of metallic materials is a vital issue in our  differences in power plants, boilers, turbines, etc. To
society, as these materials must carry crucial load  assist research and development of advanced
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materials, data-driven approaches to extract knowl-
edge from large datasets using data analysis methodol-
ogies have gained traction [1-4]. Digital platforms
focusing on data-driven research are expected to
accelerate the integration of machine learning, calcu-
lations, and experimental data, and may be referred to
as materials discovery platforms or materials accelera-
tion platforms [1,2,5-8]. On the other hand, decades
before the rise of these digital platforms, various initia-
tives have been collecting valuable data on metallic
materials reliability. Notable publications and initia-
tives include the ASTM Data Series [9-11], Creep
Committee of the Iron and Steel Institute of Japan
(ISI]) [12-16], the European Creep Collaborative
Committee [17], and the structural materials data
sheets by National Institute for Materials Science
(NIMS) [18-23]. These data were initially compiled
as printed publications, but digitization and integra-
tion of data from these sources provide great benefits,
as the effectiveness of data-driven approaches depends
on the amount and diversity of data available for
machine-learning model training and analysis [1,3,5].
The data sources were designed and collected inde-
pendently from one initiative to another and hence
their data are reported in various layouts and formats.
However, these data sheets inherently have a well-
organized conceptual data model. It is helpful to dis-
tinguish between designing a conceptual data
model and more concrete data format implementa-
tions [24-26]. Data modelling in this context includes
identifying what kinds of entity classes exist for the
subject matter, designing the relationships between
the entities and their properties, and establishing
a system for identifiers to link the entities. The data
sheet publications may not specify the data model and
schema explicitly enough for digital databases as to be
programmatically unambiguous, but they exist impli-
citly and are reflected in the how the data sheets are

Common among typical Creep Data Sheets:
1. Details of materials

A. MATSUDA et al.

organized. Therefore, in this paper, the structures of
NIMS Creep Data Sheet (CDS) and NIMS Fatigue Data
Sheet (FDS) [18-21] are analysed to extract their com-
monalities and a data model for digital representation
is defined. Compatibility of the model with data from
other initiatives and applicability in machine learning
are discussed. Finally, we will describe several different
implementation formats for this data model: spread-
sheets, relational database, and key-value document
store. The advantages and use case scenarios for each
format are comparatively discussed.

2. Data Sheet structure analysis
2.1. NIMS Creep Data Sheet

The Creep Data Sheet Project was established in 1966
by the National Research Institute for Metals (NRIM -
now NIMS through merger), initially advised by the
ISI] Creep Committee [18,27]. The data sheets were
originally published in paper form, and are now pub-
lished online on NIMS’s MatNavi database service
[20,28-30] (registration required). 60 data sheets
have been published as of April 2025. The creep tests
run continuously for years, so the published data
sheets receive updates, indicated by revision letters
after the data sheet number: A for the first revision
and B for the second revision.

A typical CDS structure is summarized in Figure 1.
The creep tests are performed as specified in JIS
Z 2271. Each material is assigned a three-letter
NRIM/NIMS reference code, which is assigned to be
uniquely identifiable across all CDS. The details of the
subject materials (reference code, type of melting,
ingot size, etc.) are given first, followed by the table
of chemical composition for each reference code,
short-time tensile properties for various test tempera-
tures, and creep rupture data for various test

3. Short-time tensile properties

Columns Example entry

a row for each reference code:

Reference code MBB

a column for each test temperature:

Type of melting BEA (basic electric arc)

0.2% proof stress

In some Creep Data Sheets:

Tensile strength

Summary of rupture strength

Elongation (%)

Rupture curve predicted from data points
Temperature dependence of 0.2% proof

Reduction of area (%)

stress, tensile strength, and creep rupture
strength

Size of ingot (kg or t) 4.85

Deoxidation process Si-killed

Product form Tube

Dimension (mm) 50.8 OD 8 WT 5000 L
Processing/thermal history (omitted)

Grain size 7

Hardness 83

Data plots and regression lines

4. Creep rupture data

a table for each test temperature:

Different tabulation of creep data

Data plots
Stress versus time
Time to rupture versus minimum creep rate

Non-metallic inclusion (%)

a row for each reference code:

a column for each stress:

Microstructure photographs

2. Table of chemical composition

Time to rupture (hours)

Profile photographs of specimens

Requirements for each element (a column for each element)

Elongation (%)

a row for each reference code:

Reduction of area (%)

Supplementary data

Specimen sampling

Chemical composition (mass %) (a column for each element)

Figure 1. Typical contents of a NIMS Creep Data Sheet (CDS).

Data plots and regression lines

Test methods
Analysis and representation methods
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temperatures. Many data sheets have additional data
such as rupture strengths, data plots, and photographs.
The data are tabulated, with short-time tensile proper-
ties and creep rupture data plotted as figures in addi-
tion to the tables.

A sheet’s first table defines the reference codes and
describes the basic processing parameters. In addi-
tion, some microstructural features and basic mate-
rial properties, such as grain size and hardness, are
included as well. Chemical compositions are also
important basic property of the materials, but these
are better expressed separately, and thus CDS places
them in their separate section. For a given material
reference code, the measured properties take on dif-
ferent dimensions. Hardness is measured in room
temperature and is always a scalar for a given refer-
ence code, but the short-time tensile properties are
functions of the test temperature. Thus, while the
hardness can be written on the same table with the
specimen processing details, the tensile properties
must be given in a separate table, and this in fact is
how the CDS is structured. Creep rupture data
require another dimension, as the time to rupture,
elongation, and reduction of area are respectively
functions of both test temperature and applied stress;
hence, they are represented as a series of multiple
tables on the data sheets. In other words, the nested
structure of rows, columns, and tables as listed in
Figure 1 is indicative of the dimensionality of the
properties.

CDS Nos. 32A and 45A focus on welded joints,
which welds the base metals in various configura-
tions, and assigns NIMS reference codes to the
welded metal and the joints [31,32]. The regions
that have melted by welding, the regions that experi-
enced heat, and the regions far away from the joint
will exhibit different properties, and thus a data
model to express this complexity will require an
additional layer between the material and the prop-
erty. This will be covered in the later section where
we discuss the data model.

Contents of a typical Fatigue Data Sheet:
1. Material

Processing details table
a row for each heat:

Production process (column)

2. Welding (in applicable data sheets)

3. Mechanical properties
Mechanical properties table

A. MATSUDA et al.

2.2. NIMS Fatigue Data Sheet

The first NRIM Fatigue Data Sheet was published in
1978 [33], and since then, a total of 136 data sheets have
been published as of February 2025. These data sheets
are now published online [21,28,29]. They contain fun-
damental fatigue properties of structural materials at
room temperature and at high temperatures. The mate-
rials are made in Japan (JIS-grade steels, aluminium
alloys, titanium alloys, etc.) and tested in NIMS,
which include high-cycle, low-cycle, and gigacycle fati-
gue tests [19]. The data sheets are typically sectioned as
shown in Figure 2, starting from the Material section
(processing details, chemical composition and heat
treatment conditions) and Welding section (present
when applicable), followed by Mechanical Properties
and Fatigue Properties sections.

Each heat is identified within the data sheet by
a single-letter local identifier, unique within the data
sheet. Processing details and the following chemical
composition tables are structured similarly to CDS,
while FDS frequently distinguishes between product
analysis and ladle analysis.

Mechanical properties are given in a separate section
from the processing details, with a row for each heat
and a column for each property such as the various
tensile properties, Charpy impact value, and hardness.

In the Fatigue Properties section, a table for the test
conditions are given first, followed by the test data
subsection. Test data are organized as a series of tables,
with a table for each test condition, a column group
for each heat, and a row for each number. Stress or
strain conditions and the number of cycles to failure
are reported on each row. S-N diagrams (stress vs.
number of cycles to failure) are shown.

3. Data model
3.1. Materials and pieces

A trivial data model for a typical materials database
would have a list of properties that references

4. Fatigue properties
Fatigue test conditions table

Type of test

Type and capacity of testing machine

Ingot size (column) a row for each heat:

Frequency

Reduction ratio (column)

Product form and size (mm) (column)

Tensile properties (Upper yield stress, 0.2% proof
stress, Tensile strength, True fracture stress,
Elongation, Reduction of area)

Loading condition

Specimen (diagram and dimensions in mm)

etc. Charpy impact value

Chemical compositions table Hardness

Test data
a table for each test condition:

Product analysis

a row for each heat:

Chemical composition (a column for each element)

Ladle analysis

a row for each heat or requirement:

Chemical composition (a column for each element)

Heat treatment conditions table

Figure 2. Typical contents of a NIMS Fatigue Data Sheet (FDS).

Creep rupture properties table
(in applicable data sheets)

a column group for each heat:

a row for each No.:

Stress amplitude (column)

Number of cycles to failure (column)

S-N diagrams

Appendix
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materials, as illustrated in Figure 3(a). However, this
simple model implicitly assumes uniformity through-
out the specimen being studied. Some of our data
focus on welded joints, where regions with different
properties — e.g. base metal, heat-affected zone, and
weld metal — coexist on a single welded joint (FDS
No. 41 for example [34]). Therefore, it becomes neces-
sary to define multiple ‘pieces’ from the ‘material” in
question and differentiate between the two. The con-
cept of ‘pieces’ is not explicitly spelled out in the
original CDS/FDS and is defined in this data model
as tangible parts within the material in question. It is
useful to introduce this distinction to materials other
than welded joints as well, as many data sheets deal
with multiple pieces from a material due to reasons
such as:

different heat treatments (FDS 24-26, 29, 30, etc.),
e specimen processing (polishing) (FDS 37),
solution treatments (FDS 54),

longitudinal or transverse direction (FDS 124,
126, 127), and

¢ specimen shape variations (FDS 47, 57, 65, 117).

Thus, we arrive at a model illustrated in Figure 3(b).
For materials that are not welded joints, we define the
‘material’ and take ‘pieces’ from it. Whereas
a ‘material’ is tied to its compositions, standard, and
symbol of grade, a ‘piece’ is tied to properties such as
thickness and heat treatment condition. Also,
a definition of a piece references the material from
which it was taken from. For welded joints, the base
materials are defined, followed by the pieces tested for
the material (each piece references a material), then
the welded joint (references the pieces and weld
metal), which is recorded as another entry as
a material (references the welding), from which pieces
are taken again (references the welded material),
which is finally tied to the specific properties.

3.2. Tests and properties
There are several categories of material properties for

a given material and its piece: tensile properties, creep

(a) Self-evident structure

Material Property

A. MATSUDA et al.

properties, elastic modulus, and fatigue properties,
which are measured by their respective tests: tensile
tests, creep tests, elastic modulus tests, and fatigue
tests. For these, corresponding entities for the respec-
tive material properties and their tests are introduced.
In database design, it is common to normalize the
structure in order to reduce data redundancy and
increase data integrity [24]. Experimental conditions
that are common throughout each test should be nor-
malized as database properties of their respective tests,
such as test standards (e.g. JIS Z 2271 for creep tests,
JIS G 0567 for some tensile tests), testing machine, and
loading conditions (load waveform, frequency, etc.).
On the other hand, some experimental conditions are
left unnormalized, a prime example being the test
temperature. This quantity serves as an independent
variable for the experiment and thus is modelled along
with the corresponding material properties. For exam-
ple, database properties for the entity ‘creep property’
contain the test temperature, test stress, time to rup-
ture, elongation, and reduction of area. This structure
also makes editing the data more straightforward.

3.3. Entities and identification system

Table 1 lists the main entity types in our data model.
These data entities are assigned unique identifiers, and
each ID type follow a defined format to ensure trace-
ability. For instance, there is a fatigue data sheet on the
properties of SB 42 carbon steel, which is numbered
FDS No. 41 and hence is identified in our data as
‘D-NIMS-FDS-41" [34]. This data sheet reports on
data for the uniform base metal as well as butt-welded
joint. The uniform SB 42 base metal is given the mate-
rial identifier ‘M-NIMS-FDS-41-SB42’. A piece taken
from this base metal is identified as ‘P-M-NIMS-FDS-
41-SB42’, incorporating the material identifier. For the
butt-welded joint, the submerged arc welding (SAW)
process in this data sheet is identified as “W-NIMS-
FDS-41-SAW’. The welded joint created by this process
is given the material identifier ‘M-W-NIMS-FDS-41-
SAW-WT by incorporating the welding ID and adding
the material prefix ‘M- and the welded joint suffix
“WTJ'. Different pieces are taken from this welded

(b) Structure after analysis

Material Piece

N4

Welding
process

Property

Figure 3. Data model groundwork for describing materials and their properties, with the layer for pieces included to allow for

welded joints and several other circumstances.
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joint: ‘P-M-W-NIMS-FDS-41-SAW-WJ-WM’ from the
weld metal (melted part) and ‘P-M-W-NIMS-FDS-41-
SAW-WJ-HAZ from the heat-affected zone. There is
another weld metal piece that has undergone post weld
heat treatment (PWHT), identified as ‘P-M-W-NIMS-
FDS-41-SAW-WJ-WM-HT’. Uniaxial fatigue tests are
performed on these pieces, whose test conditions are
identified as e.g. “T-F-NIMS-FDS-41-UNI-1’, the letter
F indicating fatigue property and UNI indicating uni-
axial test type. Tensile tests are also performed, its test
condition being identified as “T-T-NIMS-FDS-41-1’
(second T for tensile).

The identifier formats for all the relevant entities
are summarized in Table 1. In the database, these IDs
can be used for referencing the entities from other
types of entities as foreign keys. Process, heat treat-
ment, material composition, and material properties
do not need to be referred to from other entities in this
model and are not part of the ID system. There are ten
types of material properties defined:

Creep property

Stress relaxation

Tensile property

e Mechanical property

e Elastic modulus

o Fatigue property:

o Load-controlled

o Fatigue strength

o Strain-controlled incremental step test
o Strain-controlled constant amplitude test
o Fatigue crack propagation

For each of these property types, there are multiple
quantities to be recorded. For creep property, these
include test temperature, test stress, time to rupture,
elongation, and reduction of area. For load-controlled
fatigue property, these include stress amplitude and
number of cycles to failure. See supplemental data for
the other properties and further details.

Table 1. Entity types with IDs and their formats.

A. MATSUDA et al.

3.4. Model applicability

Our earlier analysis was based mostly on NIMS CDS
and FDS, but we were able to successfully digitize data
from the following sources also using our data model.

e Tensile and creep-rupture properties in ASTM
Data Series [9-11]

® Report on the Mechanical Properties of Metals at
Elevated Temperatures by ISIJ [12-16]

¢ Database System for Pressure Vessel Materials by
Japan Science and Technology Corporation (JST)
and the Materials Division, Japan Pressure Vessel
Research Council (JPVRC) [35,36]

e Corrosion Data Sheet and Space Use Materials
Strength Data Sheet by NIMS [22,23]

These sources combined represent a considerable
amount of data (Table 2), and we believe that our
data model can serve as the common foundation in
recording reliability data for metallic materials under
wide circumstances. We also find commonalities with
the format used in a recent literature-derived database,
FatigueData-CMA2022  [37], which features
a hierarchical tree branching from the data sources
(articles) to multiple data structs of materials, proces-
sing, testing, mechanical properties, and fatigue. These
can be mapped to corresponding entities in our data
model so that a comprehensive dataset can be
compiled.

Datasets organized using a consistent data model
allows large amount of data to be processed for
machine learning. By compiling a dataset from
CDS in a data format supported by the data model
described here, Sakurai et al. [38,39] constructed
prediction models that can predict creep rupture
time from chemical composition, test temperature,
and stress. In preparing their dataset, they needed to
manage data which shared the same chemical com-
position but were different in terms of creep

Entity type ID format

Examples Note

Data source D-[org/source]

D-NIMS-CDS-1

[org/source] = ‘[organization]-[source]-[sheet no.]’

D-NIMS-FDS-41

Material M-[org/source]-[material code]

M-NIMS-CDS-1-STBA22-MBB

M-NIMS-FDS-41-SB42

Piece (for uniform P-[Material ID]
material) MBB

P-M-NIMS-CDS-1-STBA22-

P-M-NIMS-FDS-41-5B42

Welding

Material (welded)
Piece (for nonuniform
material)

M-[Welding ID]-[zone]
P-[Material ID]-[piece code]
WJ-WM

W-[org/sourcel-[welding process] W-NIMS-FDS-41-SAW

M-W-NIMS-FDS-41-SAW-WJ
P-M-W-NIMS-FDS-41-SAW-

Welding processes: GMA = gas metal arc welding, MAC =
manual arc welding covered electrode, SAW =
submerged arc welding.

WJ = welded joint

Piece codes: HAZ = heat-affected zone, WM = weld metal,
WM-HT = weld metal after post weld heat treatment

P-M-W-NIMS-FDS-41-

SAW-WJ-HAZ
T-C-NIMS-CDS-C-1
T-F-NIMS-FDS-41-UNI-1

Test condition T-[property code]-[org/source]-

[test type/#]

Property codes: C = creep, T = tensile, EM = elastic
modulus, F =fatigue.
Test types: C = creep, CR = creep rupture, A = axial, RB
= rotating bending, TOR = torsion, UNI = uniaxial.
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Table 2. Numbers of materials, welding entities, and property data in our spreadsheet
representation. Original data sources are cited in text.

Source Materials Welding Tensile Creep Fatigue
NIMS CDS 431 22 4136 10853 0
NIMS FDS 632 93 1069 210 39941

ASTM 536 0 1456 1599 0
IS 1109 168 4521 10052 0
JPVRC 192 0 570 961 0
NIMS SDS 60 26 99 36 7917

conditions. In doing so, using this model’s piece IDs
to extract data was effective in preventing missed or
duplicate data. Specifically, they employed stratified
sampling using the piece IDs for making the test
dataset, which was made possible by this model.
Most recently, Sakurai et al. [40] reported on
a collaborative prediction model development using
federated learning, a confidentiality-preserving
machine learning technique that enables prediction
model training without direct data sharing between
parties. The eight participating organizations were
able to build a global prediction model by sharing
only limited information such as local model para-
meters, while keeping their data localized and con-
fidential. Their global model was shown to be more
robust, performing better across all datasets than
a single institution’s local model. Since the partici-
pating organizations did not have direct access to
each other’s data, it was crucial to work on
a common data model and format to organize their
heterogeneous data. The data format used for this
federated learning project was based on the earlier
work [38,39] and further developed through coordi-
nation between the organizations.

4, Data formats

The data model described in this paper can be imple-
mented in several different formats. We will cover
three basic variations in this paper: spreadsheets, rela-
tional model, and document-oriented key-value store.

4.1. Spreadsheets

Data managed as simple spreadsheets (Figure 4) benefit
from high browsability and ease of editing. This makes it
suitable as the format for day-to-day data management.
On the other hand, spreadsheets do not have sufficient
ability to self-describe the structure of the data and the
relations between the constituent tables; an external
document is necessary to describe the full picture of the
data. This paper and the supplemental data serve as such
documents. We will see later that the spreadsheets can
serve as the source format to be converted into other
formats featuring more comprehensive self-description,
data validation, and/or semantic linking.

Each of the entity types we have defined in our
previous section (materials, pieces, etc.) has a fixed
set of properties to be recorded. Therefore, each type
will form a table, wherein instances of the entities are
listed as rows and the properties for each instance are
organized into columns. All of the information for one
instance of the entity should be recorded on the same
row, typically starting with the ID of the entity
instance as we have defined in Table 1, followed by
its name and properties. This can be done for each
property as long as the property can be expressed as
a single string or scalar value, but whenever the prop-
erty calls for more dimensions, it must be split into
a separate table. Entries in the separate table can
reference entries in other tables using the entity IDs
(Figure 5). Additionally, we have decided to split some
properties into their separate table on a case-by-case
basis. For example, atomic composition of a material
entity consists of more than forty columns, each col-
umn holding a mass percentage of an element.
Considering the conceptual grouping of this large
column group, these have been split into a separate
‘composition’ table, which also helps to keep the mate-
rial table from becoming too wide.

Each table starts with header rows to indicate what
the column contains. In our format, we have a row for
the column names and a row for the units. While
common spreadsheet formats such as Microsoft
Excel workbooks can be used, we adopted plain-text
tab-separated values (TSV). This is because spread-
sheet editors may truncate the trailing zeroes after
decimal points in our data if it is loaded as numbers.
We prefer to honour the number of significant digits
in our data, so editors which treat the data as text (e.g.
EmEditor, Visual Studio Code with CSV extensions,
or SmoothCSV) are preferrable. Each table is sepa-
rated into its own TSV file - one table per file. The
files’ management can be either centralized or distrib-
uted, using data comparison utility ‘diff” and version
control software such as Git, taking advantage of their
plain-text nature.

4.2. Relational database

Our data model was also implemented using
a relational database management system (RDBMS),
which has the benefits of better data integrity and
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[Material]
Material ID Datasource ID Material Nominal Composition | Material Standard Material Category
M-NIMS-CDS-1-STBA22-MBB D-NIMS-CDS-1 STBA22 1Cr-0.5Mo JIS G 3462 Low alloy steel
M-NIMS-FDS-41-SB42 D-NIMS-FDS-41 SB42 0.16C-0.80Mn JIS G 3103 Carbon steel
M-W-NIMS-FDS-41-SAW-WJ D-NIMS-FDS-41
[Composition]
Material ID Analysis C Si Mn P S Ni Cr
mass% mass% mass% mass% mass% mass% mass%
M-NIMS-CDS-1-STBA22-MBB Product analysis |0.12 0.36 0.52 0.009 0.003 0.089 0.97
M-NIMS-FDS-41-SB42 Ladle analysis 0.16 0.19 0.80 0.016 0.007 0.01 0.02
[Piece]
Material ID Piece ID Welding ID Zone Crack Propagation Zone
M-NIMS-CDS-1-STBA22-MBB | P-M-NIMS-CDS-1-STBA22-MBB
M-NIMS-FDS-41-SB42 P-M-NIMS-FDS-41-SB42 Base metal
M-W-NIMS-FDS-41-SAW-WJ P-M-NIMS-FDS-41-SAW-WJ-HAZ W-NIMS-FDS-41-SAW Butt welded joints Heat-affected zone
[Heat Treatment]
Piece ID Heat Treatment 1 HT1 HT1 Heat Treatment 2 HT2 HT2 Heat Treatment 3
Temperature Time1 |Condition Temperature Time1 Condition Temperature
[ h [ h [
P-M-NIMS-CDS-1-STBA22-MIBB 910C 0.167 Air cooling | 670C 1.167 Air cooling
[Welding]
Welding ID BM1 Piece ID BM2 Piece Welding Shape of Welded |Weld Length | Welding Welding Welding
ID Method Type Joint Current Speed Voltage
A cm/min \4
W-NIMS-FDS-41-SAW | P-M-NIMS-FDS-41-SB42 SAW Butt welded joint 500 670 32 36
[Creep Test]
Test ID Test Standard | Test Method
T-C-NIMS-CDS-CR-1 JIS Z 2271 Creep rupture test
T-C-NIMS-CDS-C-1 JIS Z 2271 Creep test
[Creep Property]
% Piece ID Test ID Test Test Stress Time to Test Elapsed | Elongation Reduction of
o Temperature Rupture Time Area
o [ MPa h h % %
P-M-NIMS-CDS-1-STBA22-MBB | T-C-NIMS-CDS-CR-1 | 500 373 el il el
P-M-NIMS-CDS-1-STBA22-MBB | T-C-NIMS-CDS-CR-1 | 500 333 il el il
P-M-NIMS-CDS-1-STBA22-MBB | T-C-NIMS-CDS-CR-1 | 550 265 el il el
P-M-NIMS-CDS-1-STBA22-MBB | T-C-NIMS-CDS-CR-1 | 550 216 il i il

[Tensile Test]
Test ID Test Standard
T-T-NIMS-FDS-41-1 JIS Z 2201
T-T-NIMS-FDS-41-2 JIS Z 3111
T-T-NIMS-FDS-41-3 JISZ 3121
2 [Tensile Property]
‘® Piece ID Zone Test ID Test Upper Yield | 0.2% Proof |Tensile Elonga- Reduction
5 Temperature | Stress Stress Strength | tion of Area
= c MPa MPa MPa % %
P-M-NIMS-CDS-1-STBA22-MBB RT il il el il
P-M-NIMS-CDS-1-STBA22-MBB 100 il il el il
P-M-NIMS-CDS-1-STBA22-MBB 200 il il el il
P-M-NIMS-FDS-41-SB42 T-T-NIMS-FDS-41-1 el il el
P-M-W-NIMS-FDS-41-SAW-WJ | welded joints | T-T-NIMS-FDS-41-3 il
[Fatigue Test]
Test ID Datasource ID | Type of test Testing Machine Loading Stress | Waveform | Test Frequency
Condition Ratio Temperature
T-F-NIMS-FDS-1-RB-1 D-NIMS-FDS-1 | Rotation bending | 4-point loading 100 N-m | Load control RT 50
o T-F-NIMS-FDS-1-TOR-1 | D-NIMS-FDS-1 | Torsion Rotating eccentric mass | Load control RT 33
=) 50 N-m
:% T-F-NIMS-FDS-41-UNI-2 | D-NIMS-FDS-41 | Uniaxial Servohydarulic 0.4 MN | Load control |0 Sinusoidal | RT 1-60
L [Fatigue Property (Load-Controlled)]
Piece ID Test ID Test Temperature |Frequency Stress Amplitude | Number of Cycles | Number of
to Failure Cycles Elapsed
C Hz MPa
P-M-NIMS-FDS-1-S25C-A | T-F-NIMS-FDS-1-RB-1 | RT 290 il el

Figure 4. Examples of entries from some of the spreadsheet tables. The topmost lines in square brackets are not part of the actual
table. Header rows and the primary identifier for the entity type are in bold. Only three property tables are shown here for brevity.

See supplemental data for all tables and their columns.

powerful querying capabilities using Structured Query
Language (SQL) [24]. However, creating and updating
database records using SQL in laboratory settings can
be tedious and impractical. Therefore, we developed
a batch program which takes the TSV files as the
source data and imports them into our PostgreSQL
implementation. A part of its entity-relationship dia-
gram is illustrated in Figure 6. Each of the TSV files in

our spreadsheet format corresponds to a table in the
relational database. The IDs defined in Table 1 can
serve as the primary keys (PK) and foreign keys (FK)
for those entities.

Columns for the PostgreSQL tables mostly follow
those of the corresponding TSV files, and hence load-
ing the database from the source TSV is mostly
a straightforward process of simply copying the data
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id

Properties

Material

* ID structure

« Data items

Figure 5. External table referencing through entity IDs.

values. For the columns expecting numerical values
such as the composition table and material properties,
data are stored in two columns of different data types:
one for text and the other for numeric. If the TSV
contains a numeric value such as ‘500°, the value is
simply stored redundantly in both the text and
numeric columns. For values such as ‘0.80’, the
numeric column stores the value 0.8, while the text
column will retain the trailing zero to preserve the
number of significant digits in the data source. Test
temperatures are frequently reported as just ‘RT” in the
data source, standing for room temperature. The text
column stores the string ‘RT’ verbatim, while the
numeric column stores 25 (°C). Other rules are listed

COMPOSITION
txt |material_id |FKi
txt |analysis

DATASOURCE
txt |datasource_id  |PK
txt _|organization
txt |datasheet_name
num |datasheet_no
int |published_year

num |carbon
num silicon
num|manganese
num |phosphorus
num [sulfur
etc_letc

%mass
%mass
%mass
%mass
%mass

txt male’:?aA,T(,ERlAL PK MATERIAL-PROCESS
txt datasou;ceiid FK txt |material_id FK

txt type_of melting

txt [furnace_capacity

txt |deoxidation_process
txt [product_form

txt|material
txt|material_standard
txt|symbol_of grade
txtjnominal_composition

N

PIECE
WELDING txt|piece_id PK|
txt|weld_id txt|material_id FK
. txtiweld_id FK

txtlbase_metal _1_piece_id |FK -
ixt|base_metal 2 piece id [FK— [ocrack_propagation_zone

txt\weld_metal_piece_id FK txtjsurface_finish

num|test_stress  —
num |time_to_rupture hrs txt
num|test_elapsed_time hrs num
num |elongation % num

A. MATSUDA et al.

in Table 3. These rules were incorporated into the
aforementioned batch program, which takes the TSV
files as the input, applies the rules, checks for ID
uniqueness, scans for any other errors against the
database schema, and converts the data into a format
for PostgreSQL loading.

Using this new database as a backend, we renewed
our web-based database application called Metallic
Materials Database (Kinzoku) and released a new ver-
sion in 2023 [41] (registration required). The applica-
tion provides the graphical user interface for exploring
the database, capable of searching, viewing, and dyna-
mically visualizing the data as a chart (Figure 7). This
application is the successor to the application pre-
viously provided under the same name, which was
released in 2010 [42,43]. The older version was also
capable of searching and presenting data across the
NIMS data sheets, but the underlying database system
contained several data models coexisting side-by-side:
one for CDS, one for FDS, etc. A key point in this
paper’s new implementation is that this has been
replaced with a single consistent schema unifying all
data sources at the data modelling level.

4.3. Key-value document store

Key-value databases are a type of non-relational data-
base that store data as a collection of key-value pairs.

HEAT-TREATMENT

txt |piece_id FK|

txt |treatment_number |PK|

num |heat_temp °C

num |heat_time hrs|

CREEP

txt |test_id PK|
txt |piece_id FK CREEP-TEST-CONDITION
txt |test_condition_id FK| txt test_condition_id PK
num |test_temperature °C txt test_standard

MPa xt test_method
test_environment
diameter
thickness

num |reduction_of area %

num |minimum_creep_rate %lhrs|

LOADING-CONTROL

txtjwelding_method
txt\welding_joint_shape

test_id PK|
piece_id FK
test_condition_id FK

num |stress_amplitude MPa
num |stress_range MPa
num _|total_strain_amplitude %
bigint|number_of cycles_to_failure
bigint|number_of_cycles_elapsed FATIGUE-TEST-CONDITION
txt test_condition_id  |PK
txt test_standard
txt testing_machine
CONSTANT-AMPLITUDE Lt [l Al
num _|stress_ratio
txt |test id PK| ixt Waveform
::: ‘p\e(cegdd.(. o EE txt environment
est_condition_i
num _|total_strain_amplitude %_/:ﬁ: lse":t“nt;f\:)eerature °C
num _|plastic_strain_amplitude %) -
num _|total_strain_range %;
num _|plastic_strain_range %)

bigint|number_of cycles_to_failure
bigint{number_of_cycles_elapsed

Figure 6. Part of the entity—relationship diagram for the PostgreSQL implementation of our data model. The fourth column in
some tables indicate either descriptions of the properties or units of measure.
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Table 3. Examples of value conversion rules in the RDBMS data loader batch program.

Type of value

TSV entry example

Numeric conversion

Temperature (°C) RT
Composition (mass%) Trace
Composition (mass%) Balance
Range 12.0-15.0

25
0
100 — sum of all other elements
13.5

Many key-value formats also allow for nested elements
by containing such collection as the value or by having
hierarchical structure. We implemented our data
model using Extensible Markup Language (XML),
but it is possible to use other formats (e.g. JSON) or

dedicated key-value store solutions. The XML and
JSON approaches are known as document-oriented
databases, where the information for a given entity is
stored in its own document as opposed to being spread
across multiple tables like in RDBMS.

A
lang: jp / en
Home
Search Result
Search Condition
[Standard] JIS G 3462 (STBA12)
Material List
v Property Graph
Property Select Axis Setting Layer Item Gragh Setting
Major Property X Axis Layer Item
[ Creep Rupture v ] [ Time to Rupture (h) v ] I Test Temperature (°C) Logarithm (X
Axis)
Minor Property Y Axis Layer Item (Data)
[ Time To Rupture v ] [ Test Stress (MPa) v ] Not Specify Logarithm (Y
450 Axis)
475
500 Show Scale
500
1 . L) - * . (3 g oo
ot—i —— . R I
200 ° ®e . -
L] @ . -
* =
- o an * =
2:. 100 o ®
- 50
8 - 50
I
- 550
20
10
N K & _\@Q & §

%0,

Time to Rupture (h)

Figure 7. New version of NIMS metallic materials database ‘Kinzoku’ on MatNavi, using the relational data model described in this
paper.
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Another point in contrast to RDBMS is that these
stores can be extremely flexible in their structures,
allowing for different fields for each record when
needed. While this is useful in recording various
kinds of data, certain level and consistency across
the records is also beneficial, which can be achieved
by defining a schema. The schema can stipulate the
list of keys that are used in the record and the
parent—child relationships between the entity types,
and the XML records can be validated against this
schema. In our schema, the root element is <data>
for all records and the first-level child elements are
<material>, <process>, <structure>, <test>, and
<property> (Figure 8). The <material> element’s
child elements include those that correspond to the
Material table in our spreadsheet and RDB imple-
mentations, such as <symbol_of_grade> and <nomi-
nal_composition>. The <piece> element is included
as a child of <material> to mirror our conceptual
data model, a prime example of the self-explanatory
nature of this format. Material property data such as
creep and fatigue properties are described as values
within the generic item element <i>, with specific
property names such as ‘0.2%proof_stress’ or

material

.

process

A. MATSUDA et al.

‘tensile_strength’ given as element attributes. The
schemas were developed alongside an extension to
Ashino’s Materials Ontology [44,45]. Metadata of the
XML records were described using Resource
Description Framework (RDF), mapped to the
Materials Ontology written in Web Ontology
Language (OWL) [46]. The Materials Ontology
OWL files are available online [47]. Through this
arrangement, our data model is connected to
a global ontology, which is one of the keys to facil-
itate materials data integration with various hetero-
geneous data [7]. An application that can load the
OWL/RDF, extract the data structure, and display
data from the XML records using XML Path
Language (XPath) was developed. More information
for this implementation has been reported ear-
lier [48].

5. Conclusion

We have detailed the development of the data model
and data format variations for unified data storage
and analysis of metallic materials reliability data.
Through examining the structures of NIMS Creep

| G
material_id

| —

material_name

| —

material_code

| —

composition

piece_id

~—
.

structure

thermal_treatment thermal_history

- J

microstructure

property

Figure 8. Element hierarchy in the XML representation.

| —
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Data Sheet and NIMS Fatigue Data Sheet, we
designed the model to be capable of addressing var-
ious reliability properties and complexities such as
welded specimens or heat treatments. Multiple data
formats exist for this data model - spreadsheets,
RDBMS, and key-value document stores - each
offering distinct benefits for robust data management
and utilization. Spreadsheets offer low-barrier daily
data management and version control using common
software tools. RDBMS offers data integrity and
high-performance querying capabilities, suitable for
system-oriented data management and as a backend
to database applications - the prime example being
NIMS’s renewed Kinzoku database
Document-oriented key-value stores provide flexible
data representation and integration with broader
data ontologies. The data model has been shown to
be applicable to data from various structural materi-
als reliability initiatives. It was also shown to be
capable of supporting cross-organizational data
interoperability for a federated data-driven
methodology.

service.
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