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Abstract Providing better availability to materials data has
recently gained new momentum. Many successes abound—
large numbers of individual materials databases exist, power-
ful modeling and data analysis approaches have been devel-
oped, and Web-based technologies are available. At the same
time, challenges remain: one-stop access is lacking, use of mul-
tiple databases at the same time is virtually impossible, using
shared data is difficult, and understanding data quality is very
hard. In this paper, we review the successes and challenges of
accessing digital materials data, especially as new initiatives are
starting. We also identify insights from previous work that pro-
vide guidance to future progress, including adherence to the
FAIR (Findability, Accessibility, Interoperability, and
Reusability) principles, in achieving this dream.

Keywords Materials data - Online systems - Informatics -
Databases - Data accessibility

Introduction

Our physical world is made of materials that, with few excep-
tions, have been processed from naturally occurring sub-
stances into products and structures that enable life as we
know it today. The volume of materials produced each year
is very large, both in terms of quantity and diversity. For
example, in 2014, industrial production of primary metals
(iron, steel, aluminum, and other non-ferrous metals)
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contributed over $281 B to the U.S. GDP [1]. Materials such
as plastics, polymers, ceramics, and composites added similar
substantial amounts. Worldwide, the numbers are staggering.
As these materials are converted into products, it is clear how
important materials are to our society and economy.

The measurement and availability of materials property
data are crucial to successful design, manufacture, utilization,
and disposal of products and structures. Today these data are
generated, collected, evaluated, managed, analyzed,
exploited, and disseminated using typical modern informatics
tools. While materials informatics has resulted in large collec-
tions of high-quality materials property data, these collections
are dispersed, often incomplete, difficult to access concurrent-
ly and integrate together, and of limited availability. Work
during the last four decades has created and advanced mate-
rials informatics and increased the accessibility of computer-
ized materials data. New initiatives, such as the Materials
Genome Initiative [2], “Big Data” [3—5], and semantic Web
technology [6], have opened the door to faster progress. In this
paper, we review the many facets of materials data and how
they impact present and future computerized access.

To begin, a twenty-first century vision for access to mate-
rials data was articulated several years ago [7, 8]:

The ability to locate and use all property data on all
engineering materials easily, regardless of where those
data are stored and maintained, through one or a small
number of data portals (Web interfaces), noting that dif-
ferent data sets may have different data use restrictions
including fees and proprietary control.

In this paper, we address the growing needs for access to
materials data from the perspective of supporting the design
and optimization of advanced materials, noting issues specific
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to materials data that affect access as defined above. The re-
mainder of the paper is structured as follows.

*  “Why Digital Access to Materials Data is Becoming More
Important” discusses motivation for the growing need for
better access to digital materials data.

+ “Brief Review of Materials Data and Databases” provides
a brief review of materials databases from several impor-
tant perspectives.

*  “Comprehensive Online Materials Data Systems” reviews
comprehensive online materials data systems, including
their characteristics and challenges.

» New activities related to accessing materials data and why
they have emerged.

*  “Contemporary Efforts” deals with the FAIR (Findability,
Accessibility, Interoperability, and Reusability) principles
in the context of materials databases.

*  “Thoughts on the Future of Materials Data Access” pre-
sents concluding remarks.

We hope that this comprehensive review of access to ma-
terials data can provide guidance for future progress in im-
proving their accessibility and use.

Why Digital Access to Materials Data Is Becoming
More Important

We can identify five major reasons, as shown in Fig. 1, why
digital access to materials has become more important in re-
cent years. Each of the reasons is discussed in the subsequent
paragraphs below.

Automation of Product Design and Engineering

Computer-assisted engineering (CAE) is now essentially com-
plete, to the extent that each individual engineering activity,
from planning to design to manufacturing to distribution, has
been computerized and is now executed using software,
middleware, and hardware of increasing sophistication [9,
10]. There has been significant success in integrating the in-
dividual tools for one activity into comprehensive systems in
which information and data from one activity can be passed to
another activity with little or no loss of fidelity and quality,
e.g., the integration of computer-aided design with computer-
aided manufacturing. The engineering integration process is
not yet complete, but in today’s environment of global
manufacturing concerns and multiple suppliers, production
engineering and manufacturing are truly approaching a totally
integrated and diversified enterprise.

The role of information and data on engineering materials
is a critical component of the entire production cycle (all phys-
ical products are made from materials!), but in some ways it
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Fig. 1 Motivating factors driving better access digital materials data and
databases

remains one of the least successful in terms of computerization
and integration. It is apparent that any activity related to engi-
neering materials, whether product design, materials selection,
or manufacturing process planning, stands to benefit from
access to computerized materials data. Yet the availability of
materials data is both fragmented and incomplete. Within
companies, individual departments often maintain and access
different materials databases. Rarely is there a cohesive and
comprehensive plan for ensuring access to needed materials
data in support of CAE. The limited access to materials data
inhibits extension of CAE and its associated business process-
es and acts as an obstacle to the capturing full benefits of the
computer era.

Ease of Building Materials Databases

The information revolution—that is the combination of com-
puters, telecommunications, software, and databases devel-
oped in the second half of the twentieth century—has pro-
duced a remarkable set of informatics tools that has made
the computerization of materials data (in a manner similar to
most other types of data) possible. Test equipment collects
property measurements and not only stores those data in da-
tabases but also provides a suite of analytical tools to trans-
form bits and bytes into meaningful physical quantities.
Personal computers come with database management systems
that allow individual scientists to manage, analyze, visualize,
and store data efficiently with minimal training. The Internet,
Web, and networking provide tools with which to share data
with users and colleagues throughout the world almost trivi-
ally. Large data repositories gather data produced by diverse
groups and published in a multitude of journals, allowing
access to complete sets of related data. The task of building
a materials database has never been easier [11, 12].
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The very ease with which these tools can be created is a
mixed blessing, however, because of the large number of sim-
ilar yet not quite compatible tools. While there are many ma-
terials property databases, users are confronted with great dif-
ficulty in using them as a premeditated integrated resource. As
an example, a recent survey of ceramic property data re-
sources identified over 100 individual separate resources;
none of which are integrated together [13] and no actual di-
rectory pointing to those databases exists. The same holds true
for databases for metals, plastics, composites, nanomaterials,
and other engineering materials.

Maturing of Modeling and the Need for Supporting Data

Physics-based modeling, which aims to describe and link ma-
terials behavior at different length scales, has huge potential
for the design and development of materials that are required
for evermore challenging applications [14—17]. This work is
the basis of integrated computational materials engineering
(ICME) [18], which holds great promise for better materials
adapted into commercial use more quickly. These models re-
quire data for development and validation. They then require
data sharing standards so that results at one length scale can be
passed routinely to the next scale. Use of these models has
been delayed in the absence of the needed benchmarking
against experimental data collections, which itself depends
on effective integration of modeling tools and databases [2].
We will not review the models in any depth but will briefly
describe general characteristics at several length scales.
Material modeling at all scales both uses and generates
large amounts of data. Some comprehensive collections of
“fundamental” data are available (e.g., crystallographic data
and potential energy curves), but other data important for
modeling (e.g., elastic constants and electric and magnetic
properties) are not. It should also be noted that with a few
exceptions, the data generated by modeling usually are not
made available through materials databases. The full value
of materials modeling will not be realized until the data used
by and generated during modeling have greater availability.

Emergence of New Materials and the Need to Speed Up
Their Acceptance

The world of materials is exploding with new materials and
new applications. Nanomaterials are entering the phase of
their commercial adoption. Engineered biomaterials are close
to that stage. The demand for higher performing electronic
materials is growing. Structural materials that perform better
under more extreme temperature, force, energy, and load con-
ditions are in constant demand [19].

The flow of data and information on these advanced mate-
rials to designers and manufacturers is crucial to their accep-
tance, yet comprehensive data sources are lacking. One

@ Springer

negative impact of this situation is that information on emerg-
ing materials can be hard to find, resulting in significant delays
in their adoption into products. The potential for modeling and
integrated manufacturing to reduce time of adoption is signif-
icant, and the poor availability of data for new materials re-
duces that potential [20]. Improving this situation is a major
goal of the U.S. Materials Genome Initiative [2].

Big Data and Informatics Tools That Allow Development
of New Knowledge from Data

The rapid emergence of Big Data [5] as a hot topic has im-
pacted materials data activities, and a number of workshops
on the intersection of the two subjects have been held [21].
Big Data is often defined by the four data “Vs”: volume,
velocity, variety, and veracity. While volume and velocity
(speed of data acquisition) are less relevant for materials data,
variety and veracity (or data quality) are, and they have been
the subject of previous sections of this paper. What is espe-
cially important to note with respect to the impact of Big Data
on materials data activities is the publicity that is being
brought to all data activities. In particular, there is a new rec-
ognition that data collections have an importance beyond just
archiving existing measurements and that data collections
have the potential of supporting knowledge discovery activi-
ties [3, 22-24].

In parallel with Big Data, the field of scientific informatics
has advanced in the last two decades. New tools to model,
visualize, organize, and manage data have emerged that great-
ly aid materials data management [25-28]. Among these are
ontology development and its support tools [29-31]. The
complexity of materials metadata issues such as materials no-
menclature, description of test procedures, and understanding
analysis techniques means that successful use of ontologies
must include materials experts who, unfortunately, are mostly
unfamiliar with ontological approaches.

One feature in the development of Big Data and informat-
ics is the maturing of tools to analyze data collections to ex-
tract new knowledge. Tools such as machine learning [32],
deep learning [33], and other data-driven approaches [22]
are becoming more common with increasing sophistication.
It is particularly critical that for these approaches to work and
produce meaningful results in materials science, complete and
accurate materials data sets are available.

Brief Review of Materials Data and Databases

Before discussing accessibility to materials data, it is impor-
tant to understand the various aspects of materials data and the
databases that contain that data. The world of modern mate-
rials is large, diverse, and heterogeneous in a number of di-
mensions, and the data about materials reflect that diversity.
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Consequently, materials data and databases can be viewed
from a number of different perspectives, as shown in Table 1.

Database Perspective: Materials Properties
Structural (Crystallographic) Databases

The structure of a material is of fundamental interest in under-
standing and controlling properties. For materials with a reg-
ular periodic structure, the structure is characterized by crys-
tallographic data. Computerized collections of crystallograph-
ic data are among the oldest scientific and technical databases.
The first crystallography databases were built where programs
for deconvolution of diffraction experiments led to building
databases of crystal structures in the 1960s. The Cambridge
Crystallographic Database was the first, and it collected full
structural information on organic compounds [34]. This was
followed by the Inorganic Crystal Structure Database [35]. In
addition to being supported by the International Union of
Crystallography (IUCr) with respect to standards for deposi-
tion and curation [36, 37], the data centers have traditionally
charged fairly small fees for their use.

What is remarkable about the crystallographic databases is
their completeness and coordination [38]. Because data have
to be deposited in one of these databases (also considered
repositories) before a research article is published, the incen-
tive is high to make sure the data are deposited. While in
recent years new online repositories have been created using
Web technologies [39] [40], these standard databases remain
fully engaged.

Phase Equilibria Databases

Metallic and ceramic materials usually change structure
(phases) as a function of composition and temperature. The
most definitive collections of binary and ternary alloy phase
diagrams resulted from a decade-long (beginning in 1979)
joint program by ASM International and the then National
Bureau of Standards (NBS), supported in part by donations
from industry [41]. These collections still provide materials
scientists with fundamental phase data for these systems and

are available electronically. The primary set of ceramics phase
diagrams is the result of a 70+-year collaboration between the
American Ceramic Society and the National Institute of
Standards and Technology (and its predecessor NBS). Based
on a long-term publication series from the program, the Phase
Diagrams for Ceramists Database is widely used by ceramists
worldwide [42]. In more recent years, the continued progress
of software-generated diagrams has supplemented experimen-
tally determined diagrams, especially for higher-order systems
[43-46].

Unlike for the case of crystallographic data, there are no
central repositories into which new phase data are deposited,
even though some journals are now requiring data deposition
as a publication requirement, similar to that in the crystallo-
graphic community. Instead, the major collections have been
built by extracting data from the open literature. The number
of systems that are included in the data collections differ great-
ly—a few thousand binary and ternary alloy systems and a
similar number of important ceramic systems versus the hun-
dreds of thousands of crystallographic compounds that have
been and are continually being generated.

Even though software-generated phase diagrams grow in
number, the foundational knowledge base for phase diagrams
is well established, and these phase diagram databases are not
likely to grow substantially. This is in contrast to crystallo-
graphic databases, which continue to grow expansively as
diffraction instruments become easier to use. This difference
in size and growth rate between the two areas is also reflected
in financial support requirements for the databases and the
types of analysis tools being developed in conjunction with
these databases. The crystallographic databases require great-
er support as they grow and expand. Further, the scientific
opportunities for exploiting those crystallographic databases
will naturally lead to new visualization, analytical, and predic-
tive capabilities.

Thermal, Electrical, Optical, and Other Intrinsic Property
Materials Databases

These important properties include thermophysical (coeffi-
cients of thermal expansion, thermal conductivity, etc.),

Table 1 Diverse perspectives for

categorizing materials data and Perspective

Categories

databases

Materials properties

Materials classes
Materials applications

Interested parties

Structural (crystallographic), phase equilibria, thermal, electrical, optical,
and other intrinsic properties, surface properties, failure (fatigue,
tribology, corrosion), performance predictive (standardized tests)

Metals, alloys, ceramics, polymers, plastics, nanomaterials, composites,
biomaterials, and others

Fundamental research, general characterization, design values, proprietary
interests, failure analysis, EHS prediction, disposal

University, government laboratories, industry, defense, materials manufacturers,

OEMs, testing laboratories, data collectors and providers
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electrical (conductivity, resistance, etc.), optical, elastic, mag-
netic, and other specialized properties. Many important sets of
property data have been evaluated (for example [47]), but no
coordinated effort has been undertaken to date to create com-
prehensive collections or databases of these properties. Many
databases, however, include some of these data [48], but not
systematically. For example, a review of ceramics databases
showed that about 50% of the publicly available databases
have some of these properties [13].

Surface Properties Databases

Surface properties databases fall into two major categories:
surface analysis (characterization) and surface structure.
Surface analysis databases include data on the composition
and environment of the entities on a surface, which is critical
for ascertaining the reactivity of surfaces. The NIST X-ray
Photoelectron Spectroscopy Database was the first example
[49]. Other surface analysis techniques have resulted in addi-
tional databases [50]. The structure of surfaces is important for
designing catalysts and nanomaterials [51-53], and some of
these data are available in databases. The growing interest and
use of nanomaterials, for which surfaces are a major determi-
nant of functionality, ensures that both surface composition
and structure data will become increasingly important.

Performance Predictive Databases, with Standardized Tests,
Including Failure Such as Fatigue, Tribology, and Corrosion

Many specialized collections of materials data are generated
through standardized test methods, as shown, for example, by
databases for metals [48], ceramics [13], and plastics [54].
Hundreds, if not thousands, of similar specialized materials
databases can be found easily through a search of the Web.
Today, however, few, if any, comprehensive databases or even
comprehensive data directories for these property data exist
for any material class, e.g., metals. It is useful to examine
some of the reasons, as shown in Table 2, that historically
have played a role in creating this rich, yet chaotic, situation.

Specialization

Standardized testing of materials has been developed pri-
marily to link easily obtained test results to accurate perfor-
mance prediction, usually with some sort of safety factor
included. Because materials in service are chosen for a large
variety of performance characteristics—absorbing energy,
deflecting force, preventing failure by wear, fatigue, or cor-
rosion, to provide adequate strength, etc.—the development
and prediction of materials performance has become very
specialized. Specialization categories include materials
type (metals, ceramics, polymers, composites of various
types, etc.), applications (load bearing, energy absorption,
electronic and magnetic performance, etc.), failure mecha-
nisms, and performance criteria. This is especially true in
critical applications, when the success of a product is deter-
mined by accurate prediction of material performance, and
failure cannot be tolerated. Prior to the information age,
these specialties were the subject of numerous hard copy
handbooks and data tables, many of which have been direct-
ly converted into databases (See for example [9]). Very few
efforts have been made to integrate these disparate data-
bases into a comprehensive resource as has been done for
crystallographic and phase data.

Ownership of Standardized Tests

The engineering materials community has done an out-
standing job of developing needed tests on a non-
proprietary basis, through national-, international-, and
industry-specific formal and informal standards develop-
ment bodies (SDOs). While this approach has in some
sense maximized the use of knowledge spread across
many companies and geographical areas, a side result is
the plethora of actual and duplicative standard test
methods. The vast majority of these methods have no
specification for capturing test data and metadata in a
standardized format. Even though most data are collected
electronically through software on test equipment,
collecting and homogenizing data from different test

Table 2 Factors challenging

Description

creation of comprehensive Factor
databases of materials
performance prediction data Specialization

Ownership of standardized tests
Proprietary issues

Empirical nature of tests

Numerous different tests for specific materials types (steels,
aluminum, ceramics, etc.), performance characteristics
(energy absorbing, hardness, fracture, etc.), or test conditions
(temperature, environment, etc.)

Hundreds of international, regional, national, and industry
organizations

Test performed by organizations for proprietary reasons with
reluctance to share results with competitors

Tests based on specified steps and not measuring intrinsic properties
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methods is a time-consuming activity. In spite of numer-
ous efforts, very little progress has been made to develop
community-wide standards for materials performance data
[55-57]. The SDOs that develop and maintain test method
standards have little or no incentive to address data col-
lection and exchange issues.

Proprietary Issues

The life cycle of materials data is complex and non-linear [58].
Many of the linked steps involve proprietary relationships that
are well protected to ensure competitiveness and corporate
well-being. This has two consequences. There are strong pro-
prietary reasons for not making materials test data available,
even though many companies have created internal databases
containing test results for their own use. Companies also do
not want others to know which materials they are interested in
and what data they are using. They thereby limit their use of
“publicly” available databases if not available to be installed
for in-house use. This, in turn, has limited the market for more
comprehensive, publicly-available databases of materials per-
formance data. Many of the issues related to combining public
and proprietary materials data have been discussed in a 2008
report from the National Research Council [45].

Empirical Nature of Tests

Most standardized materials performance tests have been
based on a combination of empirical relationships and scien-
tific principles, thereby inhibiting the growth of modeling as a
source of data generation. There are a number of implications
of these situations. The first is that small changes (e.g., com-
positional, processing, surface finishing) in a material may, in
fact, lead to substantially different performance properties that
are not easily predictable from existing models based on first
scientific principles. The second implication is that it is diffi-
cult to develop predictive models for these tests such that the
models span material types, test conditions, or performance
environments, given the large number of independent vari-
ables that affect the measurement.

Given the difficulty in identifying all significant variables,
the metadata requirements for careful documentation of a test
can be quite large. For example, certain tests for composites
have had several hundred metadata fields suggested for
reporting [57]. Many standard test methods have specifica-
tions for specimen preparation and holding, loading rates, ini-
tial data analysis, and other parameters, including alternatives
thereto, that require the reporting of many test parameters of
different types [55, 56]. This makes comparisons of data from
tests run by different investigators on different instruments at
different times very difficult, again reducing the imperative for
comprehensive databases.

Implications on Availability of Performance Test Data

As the result of the factors discussed above, the availability of
comprehensive databases for performance test data is more
limited than it might be otherwise. This is especially true with
respect to the creation of comprehensive systems that could
provide one-stop shopping for large amounts of these data. It
is difficult to predict whether this will change significantly in
the next few years, as it is not clear that users of these data are
demanding greater access.

Database Perspective: Materials Classes

Most materials properties databases have focused on a specific
materials class, especially for structural, phase equilibria,
thermal/electronic properties, and standard test data. One ob-
vious reason is that most databases are aimed at a specific user
community rather than the general materials community. As
most products can be classified in a single materials class—
ceramic, metallic, plastic, and nanomaterials—the user in
these cases is proficient with just that one type of material.
This situation is common when designing to avoid or control
materials failure in products, as different materials classes ex-
hibit different failure mechanisms. Another reason for focus
on a single materials class is that measurements are usually
made by an expert in a single materials class. The standardized
tests that generate most test data are produced by SDO com-
mittees that are almost always oriented to a single material
class. Thus, most ceramic data are generated by ceramists;
data on metals and alloys by metallurgists, and so on.

One major exception to the single materials class databases
are comprehensive online materials data systems, which will
be discussed later. The other exception is databases for multi-
material classes to support materials selection [20, 59]. It
should be noted that most materials selection software data-
bases also usually focus on one materials class, such as plas-
tics or metals.

Database Perspective: Materials Applications

A third perspective on materials databases is the purpose of
the data collection, or what user interests are. Interests cover a
broad range of applications that includes fundamental re-
search, general characterization, design values, proprietary in-
terests, failure analysis, and EHS prediction [60]. In the fol-
lowing paragraphs, we briefly look at how these different
applications impact materials databases.

Fundamental Research
Most experiments done during the course of fundamental ma-

terials research are designed to gain understanding of some
aspect of materials behavior [61]. Many lead to new
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experiments that clarify or validate assumptions and build
upon current understanding [62]. The data generated during
these experiments are publishable in the archival literature and
useful in documenting understanding, but rarely are of suffi-
cient quality to be included in materials databases. If they are
included, their associated uncertainties are difficult to ascer-
tain. This is not to say that research data are not important, but
that the major purpose is not to determine detailed properties,
but rather to develop a better understanding of a phenomenon
[63, 64].

General Characterization

Once a material is recognized as having potential for commer-
cialization or other application, it is tested to generate a com-
plete set of properties. These measurements are made by re-
search institutes, companies, government labs, and testing
houses, and the data generated are generally of high quality.
Their availability is often limited, however, by patented inter-
ests, lack of circulation of published results (government and
other kinds of reports, even though almost always electronic
today, still are not widely noticed), and lack of appropriate
data repositories (See for example Chap. 3 of [56]). As a
result, even though much characterization is done, it is not
always available.

Design Values

Several industries for which material failures cannot be toler-
ated, such as nuclear power, acrospace, and high-pressure
vessels, have developed mechanisms to establish so-called
design values for certain properties. The data are usually gen-
erated through specified testing protocols and analysis proce-
dures. The resulting design data do not reflect an actual mea-
surement result, but a recommended value based on analysis
results and appropriate safety factors. Notable examples in the
United States are the Military Handbook for aerospace metals
[65] and composites [66] and the ASME boiler and pressure
vessel code [67]. Most of the design value collections have
been computerized and available on an ad hoc basis. There is
no central directory for such resources, though users in the
relevant industry are generally cognizant of their existence.
Potential users of these high-quality data from other commu-
nities, however, are often unaware of their existence.

Proprietary Interests

Industry generates a great deal of materials data, and, with the
exception of contributions to the calculation of design values,
very little get released to the public. Many material producers
maintain internal databases that they share with customers,
though usually only those portions that directly affect a cus-
tomer’s purchasing decision. Producers also maintain product
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description sheets that have “typical” values highlighting “at-
tractive” features of an available material. Those data for plas-
tics have sometimes been aggregated into public databases,
but are not considered to be much more than marketing tools
(See for example [68]).

Failure Analysis

Both materials producers and materials users maintain internal
databases for failure analysis purposes. Few if any are publicly
available. Various government agencies also have such data-
bases, especially for advanced applications, including non-
destructive testing results (See for example [69]).

Environmental, Health, and Safety Properties

The concern of possible environmental, health, and safety as-
pects of nanomaterials has given rise to efforts to develop stan-
dard tests and protocols for measuring these properties as well
as accelerating development of the field of nanoinformatics.
These include major European Union programs such as
NanoReg [70], Future Nano Needs [71], and the Nanosafety
cluster projects [72], United States efforts under the National
Nanotechnology Initiative [ 73], including nanoinformatics pro-
grams funded by the National Institutes of Health [74], and
other U.S. federal agencies; and standardization efforts by
ISO Technical Committee 229 Nanotechnologies [75] and
OECD Working Party on Manufactured Nanomaterials [76].
The focus is on developing standards for reporting data as well
as demonstration databases. For traditional engineering mate-
rials, very few if any databases contain EHS-related properties.

Database Perspective: Interested Parties

Diverse communities are interested in materials data, includ-
ing universities, government laboratories, industry, govern-
ment agencies, materials manufacturers, testing laboratories,
data collectors, and data providers. What should be apparent at
this point is that few of these communities have a strong in-
terest in publicly available comprehensive materials data sys-
tems. Proprietary interests are one major reason; specialized
materials interests are another. One can say that most of these
groups lack a strong business case for better materials data
availability, though there are exceptions [20].

Comprehensive Online Materials Data Systems

In the 35 years since computerization of materials data has
become a topic of major interest [7], a small number of efforts
have tried to build comprehensive online systems with data on
a wide variety of materials, properties, and sources. The most
comprehensive effort was the National Materials Property
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Data Network (NMPDN) in the late twentieth century. The
prototype for the NMPDN was initially funded by NIST, the
Department of Energy, and the Army, with the work being
done at Lawrence Berkeley Laboratory and Stanford
University [77]. It then was commercialized as the MPD
Network by the Metals Properties Council [78] and later by
Chemical Abstracts, but ceased operation in the late 1990s.
During the same time, the European Demonstrator Project for
Materials Data was put forward but never reached the com-
mercialization stage [79]. While details about these systems
can be found in the references cited, a few important conclu-
sions can be put forward about these efforts and why they
failed as well as the future of similar efforts.

Quite briefly, in the opinion of this author, they failed
because of the effort required to put together a large
enough collection of materials data to attract large num-
bers of users. The content and diversity of data content (at
its largest, the MPD Network had a few tens of databases
on a variety of materials) never reached the size necessary
to generate enough user fees to sustain operation. One can
ask why a comprehensive materials data system is needed
in today’s environment with powerful search engines and
massive information archives the can quickly finds mil-
lions of information resources on virtually any subject,
including any material one can imagine. The present par-
adigm, however, does not work for materials data for the
following reasons.

*  Poor or non-existent data quality indicators

* Large volume of data with many duplicates, unknown
sources, and poor documentation of test methods

* Lack of semantic content, limited and inconsistent meta-
data, inadequate display

+ Difficulty in exchanging and merging data from different
sources

The fragmented but very successful nature of today’s
Web and its search engines clearly demonstrates that a sin-
gle integrated materials data system as described above is
not only unnecessary but also impractical [80]. Easier and
more comprehensive access to materials data, however, is
still needed, and below we discuss critical issues, as shown
in Fig. 2, involved in determining the success of such
systems.

Comprehensiveness

The challenge of comprehensiveness is very difficult, given
the multiplicity of potential data sources, which include peer-
reviewed literature, manufacturers’ data sheets, large and
small scale testing programs that rarely get included in the
archival resources, and the proprietary nature of much mate-
rials data. Yet that is what users want—the ability to find all
available data for a specific material. The further the data type

Comprehensiveness

Sy Large-scale
Mog\r/]z:\jtuon online Currency of
spnsorship materials data coverage

systems

Metadata
integration,
directories, and
portals

Fig. 2 Challenges for success of large-scale online materials data
systems

is from fundamental physical data and the closer to complex
test results, the more challenging comprehensiveness be-
comes, yet the more desirable the data.

One solution is to emphasize “reliable” data, which could
be described as data that have been carefully selected for their
pedigree and adherence to test quality standards [64]. This
provides a more nuanced meaning of the term “comprehen-
sive,” but one that is operationally slightly more reachable.
One other aspect related to comprehensiveness that needs to
be mentioned is the international nature of materials data.
Given today’s international marketplace, many materials have
lost their geo-specificity, but through language and customary
practices, data on those materials do not easily cross national
borders.

Currency of Coverage

The task of creating a comprehensive online materials data
system is compounded by the steady growth of more data on
a growing number of materials. If a system is composed of a
number of individual databases built and maintained by sepa-
rate groups, then the effort to keep each of them up-to-date is
remarkably difficult. Freiman’s recent surveys of ceramics
property data showed that the period of coverage of most
available databases is extremely difficult to determine. Most
of the databases identified have obvious coverage cut-off date
years old [13].

A second aspect of the currency problem is related to the
constant evolution of test methods themselves and the meta-
data connected therewith. Data generated under an older
method may not be compatible with that generated under a
new version of the “same” method, but the differences may be
difficult, or impossible, to detect, especially as changes to test
methods are not usually tracked by database providers. To
date, automated data and metadata extraction have not been
successfully applied to materials literature, though new ap-
proaches are being tried [81].
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Metadata Integration, Database Directories, and Portals

When data within an online system have been put together by
a single agent from multiple sources, the task of metadata
integration comes into play. The task of integrating databases
built and maintained by different groups is possible, either by
choosing one metadata system as the “standard” and integrat-
ing others into it or else by developing a neutral metadata
system that each individual database is translated into and
from. The expectation is that after a sufficiently large number
of databases have been integrated, the task becomes incremen-
tally less taxing. Most terms and materials are already in the
online system metadata dictionary. For a recent review of pre-
vious formal attempts at metadata integration, See Chap. 5 of
[56].

In practice, given the large number of materials and espe-
cially the large number of properties and independent vari-
ables that need to be accounted for, the task does not seem
to become easier. The lack of comprehensive materials data-
base directories and portals (one-stop shopping) is a clear
indication of the difficulties involved in indexing, harmoniz-
ing, and integrating individual databases into a system. While
some effort is being put into using semantic Web technology
to facilitate more detailed searching by modern search en-
gines, it remains to be seen if material semantics are amenable
to this approach [6, 82].

Motivation and Sponsorship

Online materials data systems have been developed for a num-
ber of reasons, including profitability, public service, support
of national industry, and to advance the discovery of new
materials. Each reason imposes different characteristics to
the online system in terms of properties included, materials
classes included, metadata used, analytical tools attached, and
user interfaces developed. Also many companies have built
internal materials data systems to support to their business;
again these systems display features strongly dependent on
the industry involved. It remains to be seen if any online
system can approach the comprehensiveness and currency
needed to perpetuate itself beyond a decade or so.

Different types of sponsorship for online data systems have
been used, from government support to private investors.
Government sponsorship sometimes is questioned when the
primary goal is use by industry, with the feeling that industry
itself should both invest and provide long term support for
something that directly aids their bottom-line profitability. At
the same time, private investors do not easily see that profit-
ability will happen in a time period that is acceptable; though
as shown for many of the databases discussed in this paper,
private organizations are aggressively building individual data
resources of many types. One contributing factor to the long-
term support issue is the lack of glamor associated with an
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online materials data system. “Why cannot you just use
Google™?” is the question often asked, even though such
systems do not provide any meaningful metadata integration
nor useful data quality indicators.

Contemporary Efforts

The last few years have seen a global resurgence in interest in
materials databases.

» The Materials Genome Initiative in the United States has
focused on more rapid commercialization of new materials

* The European Standardization Organization is addressing
materials data exchange approaches

*  Open access policies are leading to new data repositories

* Nanomaterials informatics is critical in assessing EHS im-
pacts on an international scale

* Big Data tools and new informatics approaches are com-
ing to computational materials science

In this section, we briefly discuss these new materials data
initiatives. The following section identifies some of the chal-
lenges they are facing and possible approaches to meeting
those challenges.

Materials Genome Initiative

The Materials Genome Initiative (MGI) was launched in 2011
as a multi-federal agency effort of the U.S. Government to
invest in research, tools, and prototypes for advancing next
generation materials development and commercialization [2,
83, 84]. One of the major goals was to reduce the time for
adoption for new materials from decades to less than a decade,
especially through the development of advanced modeling
(for example, See [85]). The generation and availability of
materials data is a key component of this effort [61, 86].

In 2014, the MGI launched an open Materials Data Facility
pilot as part of the National Data Service to boost data access
and sharing, a consortium of research universities, national
laboratories, and academic publishers [87]. This effort repre-
sents a major step forward in providing comprehensive access
to materials data. At the same time, however, the issues
outlined in this paper, including the proprietary nature of
much materials data, the complexity of materials, materials
properties and their associated metadata, and the commercial
value of materials data themselves, must be addressed for this
initiative to succeed.

Among the efforts included in the MGI is the Materials
Data Curation System [88], which provides a mechanism for
converting a wide variety of materials data into portable for-
mats (e.g., XML, JSON) to improve data sharing and other
uses.
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European Workshops

The European Standardization Committee (CEN) has support-
ed a series of projects—called Workshops in their parlance—
to address issues related to the exchange of engineering ma-
terials data [55, 56, 89, 90]. The Workshops focus on the
exchange of engineering materials data and feature close part-
nerships among materials scientists, information specialists,
and industry materials experts to develop real-life technolo-
gies for sharing data. These are built on earlier standards work
under ASTM and ISO [57].

Open Access Is Leading to Materials Data Repository
Requirements by U.S. Funding Agencies

In 2010, the U.S. Federal Government began efforts to require
the sharing of publicly funded research [91]. Federal agencies
have established a variety of approaches. The National
Institutes of Health have, for example, created an extensive
array of data repositories for their different institutes and re-
search areas [92]. Of particular interest to the field of materials
data are the plans by the National Science Foundation to re-
quire data management plans for all new materials research
proposals [93]. While data repositories for some types of S&T
data are being created, the only mature examples in materials
data are for crystallographic and thermochemical data, as
discussed above.

The Emergence of Nanoinformatics

The scientific, technical, and commercial promise of
nanomaterials has led to an explosive growth of research in
this area. One area of great interest is the impact of
nanomaterials on terms of environmental, health, and safety
concerns. In support of the development of predictive tech-
niques for EHS impact, the field of nanoinformatics has
emerged, with considerable emphasis on building high-
quality data repositories [29, 94, 95]. One interesting aspect
of nanoinformatics is the collaboration between materials data
and bioinformatics experts, which has resulted in the sharing
of data tools from their different disciplines [96-98]. Though
nanomaterials exhibit unique properties because of their size
and reactive surfaces, they still are materials, and as such, the
technologies important for traditional materials data are im-
portant in nanoinformatics.

Big Data and Modern Informatics

As discussed in “Why Digital Access to Materials Data is
Becoming More Important,” Big Data and modern informat-
ics open the possibility of discovering new knowledge and
understand from existing data sets. While new analytical tools,
including those for machine and deep learning, are being

aggressively developed both for general use and materials
science specific applications, the need for complete and accu-
rate evaluated data sets increases. Knowledge based on inac-
curate data is not very reliable.

The FAIR Principles and Materials Data
FAIR Principles

In a recent seminal paper [99], a set of principles—the FAIR
Guiding Principles for scientific data management and stew-
ardship—have been enumerated. The four foundational prin-
ciples are: Findability, Accessibility, Interoperability, and
Reusability. It is instructive to draw upon the previous discus-
sion and identify how these principles can be used in looking
at some of the issues facing the materials data community in
the coming years. We examine each of the principles in turn
from the perspective of materials data.

Findability, also known as discoverability, is naturally the
first key factor in using data and one that poses critical prob-
lems for materials data. We presented a vision at the beginning
of this article of having “one-stop” access to large amounts of
materials data for all users. This concept envisions having a
single or small number of data portals, as found in other sci-
entific disciplines, to a wide variety of data for a wide variety
of user communities. The portal itself could access one or
more comprehensive centralized systems, connect to federat-
ed systems with loosely linked, multiple data resources, or
even simply be a semantic-Web-based search system with no
special access to identified data resources. Another possibility
is a portal that is a register of databases, similar to that devel-
oped by the Australian National Data Service [100] and the
United States [11, 88, 101]. An issue with database registries
is the difficulty in providing detailed and current lists of con-
tents for the databases that have been registered for reasons
such as described above. A third possibility, as suggested by
the FAIR Guiding Principles, is a globally unique and persis-
tent identifier for all metadata and data; though for materials,
no meaningful steps have been taken.

Accessibility addresses the ability of users to retrieve data
easily and using standard procedures. The present diversity of
materials data and an equally large diversity of materials data
resources present significant challenges to accessibility. With
business cases for greater uniformity of access not well de-
fined, given the commercial value of much materials data,
there is little motivation for data providers to look beyond
accessibility except in terms of their own data resource (for
example, See [82]).

Interoperability of materials data is critical in today’s world
of CAE. The broad range of data types and resources has
provided strong challenges to making materials data interop-
erable. Numerous standards committees have worked in
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different venues to put some degree of interoperability stan-
dards into place, especially in the context of materials testing
and integration with CAE frameworks [55, 56, 94], but the
lack of business cases has again hindered success. Some of the
technical challenges that have to be overcome are discussed
below.

Reusability refers both to the adequacy of metadata associ-
ated with materials data as well as appropriate data usage
licensing. Metadata standards are still lacking for most mate-
rials data, though progress is slowly being made. More impor-
tantly, the commercial value of much materials data has led to
quite restrictive data usage regimes.

Materials Data Challenges to FAIR

Below, we discuss seven key features of the materials data
landscape, as shown in Fig. 3, that strongly affect the imple-
mentation of the FAIR Guiding Principles for materials data.

Diversity of Materials Data

Materials data are not homogeneous. They span the diversity
of materials themselves, from nanomaterials of a few hundred
atoms to bulk materials with Avogadro’s number of atoms and
more. They include metals and alloys, ceramics, polymers,
and composites of all these. A similar diversity of properties
means that each property has different metadata associated
with it. The data themselves can range from raw measure-
ments to published results to nominal values to design values.
Because of this diversity of materials and property types, so-
lutions for collecting, managing, disseminating, accessing,
and using materials data require multiple approaches and
methods. In turn, the expertise to build collections of diverse
types of materials data that are accessible through a single
portal is itself dispersed. Harmonizing and integrating

Fig. 3 FAIR principles and

nomenclature, metadata, and test results remains a major chal-
lenge (for example, See [25, 30, 102, 103]).

Complexity and Evolutionary Nature of Materials

Engineering materials are not static entities. Materials are used
in products to provide specific product performance and small
changes in a material can significantly affect that performance.
Consequently, materials developers and producers are con-
stantly looking for commercial advantages by altering and
improving their materials. While attempts have been made
to standardize the composition and structure of many mate-
rials, their producers still continuously seek to make improve-
ments, such as through surface modification and slight com-
positional changes. What is an improved material today can
casily become the standard material of tomorrow. In the case
of more specialized materials, such as electronic materials or
nanomaterials, the only materials standardization is through a
commercial agreement between manufacturer and purchaser.
Because the processing parameters and resulting composi-
tions and performance are proprietary secrets, there is little
incentive to share such information. The changing nature of
materials means that materials data resources go out of date
rapidly and having data on the newest materials becomes a
major challenge.

Breadth of Uses and User Communities

The diversity of materials is matched by the diversity of uses.
Every tangible object is made of a material. Use can involve
highly controlled situations such as aircraft, high-pressure ves-
sels, food packaging, and human implants. The materials data
in these cases is carefully scrutinized and often subject to
certification. Other uses have no such requirements, and the
average ashtray producer does not spend much time on the
quality of materials data. The range of uses between these
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extremes is almost infinite, and this breadth of use is a major
challenge. The types of materials data collections needed by
different user communities impose different requirements for
materials data systems, including data quality [64], presenta-
tion, documentation, uniformity, completeness, visualization,
and standardization. Again, as a result, existing data resources
are often incompatible in these features, thereby hindering
their integration into a more comprehensive system. In many
ways, the breadth of uses and user communities for materials
data is more complex than the data themselves, resulting in
additional challenges in building and disseminating materials
databases [104, 105].

Proprietary Issues

Materials data have significant commercial value in many
cases, and large amounts of materials data are generated in
proprietary situations for that reason. Those data rarely get
disseminated beyond corporate boundaries. As tools for
predicting data (property prediction) and knowledge discov-
ery evolve, their commercial potential obviously increases.
Care must be taken to ensure a balance between public and
proprietary interests [18].

Lack of Data Sharing Standards

Issues related to standards for materials data exchange and
sharing have been reviewed recently [56]. The number of
committees and other organizations involved in developing
test method standards is quite large. As a result, for data for-
mat standards for materials data to evolve, a large number of
groups have to be involved. To get metadata standards across
material types, tests, and test committees is a significant chal-
lenge. A strong business case for materials data standards has
yet to be made. For standards for data repositories, the situa-
tion may be better. These can be developed by the group(s)
developing, controlling, and participating in the repository,
which is a more coherent community (See for example [106,
107]). A greater issue here is to have coordination among the
multiple repositories that are likely to arise.

International Issues

Materials have long been an international commodity and with
the globalization of manufacturing, even more so today.
Materials data are consequently equally an international com-
modity, though subject to significant constraints due to lan-
guage, technical, and IPR issues. Perhaps, the technical issues
are most difficult in that different countries have different spec-
ifications for materials that are essentially the same. One area
in which international considerations is a major challenge is
with materials test and data standards. The multiplicity of na-
tional and international standards development organizations

has made harmonization of test methods a lengthy and difficult
process. While ISO and ASTM standards have been adopted in
many situations, national test standards are still widely used.
The same situation applies to materials data standards. Again,
the existence of overlapping committees under different juris-
dictions reduces the incentive to come up with harmonized
data standards.

A final issue is related to the economic value of materials
data themselves. Materials data resources are valuable to com-
panies, and they are willing to pay significant fees for access
to high-quality materials data. There is little incentive for
countries to encourage materials data resources located in
one country to reach out to similar organizations in other
countries. This is especially true for data resources developed,
built, and controlled by a national government [108—111].

Open Data and Beyond

Over the last 15 years, the movement towards open science,
that is, the philosophy that publicly funded science is an eco-
nomic resource that must be made available to everyone, has
gained momentum and acceptance. As a corollary, the open
data movement asserts that research data generated through
public support should also be freely and openly available. As a
result, government agencies throughout the world are de-
manding that researchers must share their research data [91].
One result is the growth of data management plans and data
repositories as described previously. To date, this has had little
impact on materials data, but that will change over the years.
A challenge to a full commitment to open data is the cost of
operating and maintaining data repositories over the long
term, which is not a small number of years but a large number
of decades. Repositories are expensive as data volumes in-
crease, storage media changes, and dissemination technology
advances. It remains to be seen how the cost issue will be
resolved [112].

For materials data, the questions of proprietary and direct
economic value also impact open data approaches. In areas of
advanced materials development, such as for electronics and
nanomaterials, even fundamental property data are enormous-
ly important and well protected, thus, challenging the spirit of
open data.

Thoughts on the Future of Materials Data Access

In spite of the optimistic vision expressed at the beginning of
this paper in terms of easy access to high-quality materials
data, users of materials data still have significant difficulties
in finding and using materials for the above-mentioned rea-
sons. Much progress has been made, but much more is need-
ed. We have reviewed many aspects of computerized mate-
rials data, especially those affecting accessibility. We have
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tried to demonstrate that the diverse nature of materials, ma-
terials data, and users of materials data brings additional di-
mensions of complexity to data collection, management, and
dissemination, all impacting accessibility. At the same time,
the economic value of materials data is hard to overestimate.
The first step to handling this complexity is recognizing its
existence. Once that is done, solutions can be found to address
its different dimensions.

We believe that new approaches to improving the quality
and availability of materials data will continue to grow, includ-
ing the ability to access and share materials easily and inte-
grate them with other scientific and engineering software. The
materials community expects progress, and the new initiatives
and technologies, addressing the issues described above,
should enable that progress.
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