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ABSTRACT

Functionally graded materials (FGMs) have been used in
many different kinds of applications in recent years and have at-
tracted significant research attention. However, we do not yet
have a commonly accepted way of representing the different as-
pects of FGMs, and this creates obstacles to the extraction of use-
ful information relating to different sorts of applications. A stan-
dard resource is needed for describing different aspects of FGMs,
including: existing applications, manufacturing techniques, ma-
terial characteristics, and so forth. It was for this reason that
the FGM Ontology was created, an early version of which was
presented at the IDETC/CIE meeting in 2016. We here present
a revised and expanded version of the FGM Ontology, which
includes enrichments along four dimensions: (1) documenting
recent FGM applications; (2) reorganizing the framework to in-
corporate an updated representation of types of manufacturing
processes; and (3) enriching the axioms of the ontology. The
work is being carried out within the framework of the Industry
Ontology Foundry, where it forms one of the test ontologies un-
der the general heading of the MatOnto Materials Ontology.

1. INTRODUCTION

Functionally graded materials (FGMs) were first introduced
in Japan in 1984 as part of a project involving materials used
in thermal barriers [1]. These materials are considered part of
the family of composite materials in which mechanical, chem-
ical, thermal and physical properties vary continuously. FGMs
are used to fabricate components formed by particles of at least
two different kinds of materials, in which the mixing gradient
is a mathematical function that depends on spatial coordinates
along given axes. The sharp interfaces between fibers of conven-
tional composite materials are replaced by smooth transitions en-
sured by the distribution of particles of the different constituent
materials. From this point view, an FGM is a kind of hetero-
geneous material that possesses the characteristics of multiple
components simultaneously. As a result, FGMs have found wide
applications in many areas, from medical implants to aerospace
engineering, where the spatial gradation in structure and com-
position lends itself to the tailoring of specific combinations of
material properties.

Extensive research has been devoted to the study of FGMs
in the thirty years since they were introduced, and interest in this
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area continues to increase. The very proliferation of research ef-
forts devoted to exploring the realm of FGMs poses problems.
One of these is that the relationships among both the different
studies and the different underlying domains of application are
unclear. Furthermore, relevant research data are stored in multi-
ple different ways in a range of autonomous, distributed sources.
The data are dispersed as regards not only the different domains
of application, but also different manufacturing techniques, ma-
terial characteristics, and so forth.

Our previous publication [2] provided an initial description
of FGM Ontology and outlined how it is starts out from Basic
Formal Ontology (BFO) [3] as its upper level to which is added
terms describing the materials, attributes and processes involved
in the FGM domain.

The FGM Ontology was introduced to counteract some of
the effects of the lack of alignment and the resultant poor discov-
erability of FGM research data by providing a controlled, struc-
tured vocabulary which could be used to tag such data in a con-
sistent fashion along the lines pioneered by ontology initiatives
in other areas. The FGM Ontology serves not only to provide
the basis for more systematic information management and dis-
cover, but also supports the use of computational tools to reason
with extracted FGM information. For example, if we imagine
placing a query concerning the FGMs used in particular applica-
tions, the ontology will help to ensure that the relevant materials,
attributes, and processes will be retrieved within a consistent and
easily accessible framework [4]. In the present study the objec-
tive is to revise and expand this first version of the FGMO by
taking into account the most recent documentation concerning
recent FGM applications and incorporating a revised taxonomy
of manufacturing processes.

2. RELATED WORK
2.1 Ontology in Engineering

Ontology has its origins as a subfield of philosophy focus-
ing (roughly) on the study of the higher-order categories of being
that make up reality in other words, categories such as object,
process, quality, function and the relations among them. Today,
however, ontology is also a field in the domain of information
and computer science, where it studies the entities and relation-
ships in particular domains in order to define general and shared
information structures that promote interoperability among het-
erogeneous sources of data.

When ontology is applied in an area such as engineering we
speak about applied ontology, or alternatively, Ontology Engi-
neering (OE). Ontology engineers work to create and manage
large-scale representations of entities such as actions, temporal
intervals, physical objects, and beliefs, as well as to support their
methods and benchmarks. The ontologies are high level repre-
sentations of domains, and they are developed by engineers for
the description of more specific domains, providing a common

vocabulary for data coded by independent researchers in their
own, particular manner, just as a common language to facilitate
communication across multiple language groups [5]. In recent
years, scientists working in OE have focused on applications in
industrial engineering and related areas with the goal of creating
re-usable and intuitive representations that allow researchers to
manage, store, retrieve, and reuse their data effectively.

2.2 Ontology in Manufacturing Engineering
Manufacturing engineering is one important domain in

which OE has already made strides. For instance in [6] the au-
thors propose a new manufacturing upper ontology entitled MA-
SON, for Manufacturing Semantics Ontology. MASON is de-
signed to support semantic integration in the domain of manu-
facturing. It is written in the Web Ontology Language (OWL)
and has been applied in areas such as automatic cost estimation
and multi-agent systems for manufacturing. Similarly Garetti [7]
proposes a set of comprehensive definitions for terms represent-
ing different types of entities involved in manufacturing forming
what is called the P-PSO, or Politecnico di Milano Production
Systems Ontology. P-PSO considers a manufacturing system as
composed of three separate layers of physical, technological, and
control. The ontological structure contains classes for the de-
scription of components of a production system (robots, gantries,
and so on), manufacturing operations (drilling, assembling, and
so on), and different types of process controls (for example based
on use of sensors). The purpose of the ontology is to facilitate
exchange of information about design activity, and control activ-
ities in a way which provides the beginnings of a framework to
formalize information in the manufacturing domain.

Unfortunately such examples are almost always developed
in an adhoc way, with little effort being made to re-use already
existing ontologies, or to create a global framework of reference
ontologies which could be applied and tested over and over again
in different contexts and by different organizations. The Industry
Ontology Foundry (IOF) is an initiative coordinated by the US
National Institute of Standards and Technology which is aiming
to promote such ontology re-use, and the FGMO is being devel-
oped as one test ontology within the IOF framework.

2.3 Ontology in Material Engineering
Ontology engineering has also been applied in the field of

materials engineering. For example, Zhang [8] describes an on-
tology for metallic materials based on an open knowledgebase
along with use of string matching algorithm to solve the prob-
lems caused by the information limitation which affected previ-
ous attempts to develop ontologies in this field. Generating accu-
rate definitions for each class is the key factor for the reliability
of such a framework, but unfortunately the definitions in [8] are
not precise enough to create an ontology of metallic materials
ontology that could be recommended for re-use.
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To provide a framework for the exchange, retrieval, and
archiving of data concerning industrial materials, Cheung et al.
[9] created an ontology titled ”MatOnto”, with the goal of rep-
resenting materials of all kinds, but especially in their raw state.
However, MatOnto in this initial implementation demonstrated
little practical utility. The ontology remained dormant for some
years, but a replacement is now being constructed within the In-
dustry Ontology Foundry framework, and we have received per-
mission to use the name ”MatOnto” for this new ontology.

3. FGM ONTOLOGY DEVELOPMENT
Presently, there is great interest in developing ontologies for

the domain of FGMs. Furini et al. [2] detail the development of
the first version of the FGM Ontology, which covers FGM re-
search in the area of components, manufacturing processes, ma-
terial properties, and applications. The FGM Ontology frame-
work is divided into three levels: upper, middle, and domain
level. The upper level is provided by Basic Formal Ontology
(BFO) [11] [3]. The middle level is modelled on the Ontology for
Biomedical Investigations (OBI) [12]. Furini and his colleagues
then developed the domain level to cover low-level classes re-
lated directly to FGM research [13] [14] [15].

For the upper level of the FGM ontology, BFO is used as
a basis for the integration of the lower levels of the ontology,
and also to promote the interoperability of the FGMO with other
ontologies developed on BFO as basis. The directed-graph struc-
ture of BFO is shown in Figure 1 , where boxes represent classes
and edges represent subclass relations. BFO boosts the re-use
of domain ontologies by serving as a common top-level struc-
ture, which imposes constraints on the classes and relations used
by the mid- and lower-level ontologies. Its highest class, entity,
includes everything in the domain of representation.

BFO distinguishes between two key, top-level entities: con-
tinuant and occurrent. A continuant is an entity that persists,
or maintains its self-identity, through time [16]. The continu-
ant class is divided into three branches: generically dependent
continuant, independent continuant, and specifically dependent
continuant. A generically dependent continuant is dependent on
one or more independent continuants that serve as its bearer, but
it can migrate from one bearer to another, for example through
a process of copying. This class thus subsumes the class of in-
formation content entities, which includes documents, databases,
requirements specifications, process specifications, and so forth,
which are copied for example from one server to another. Mate-
rial entity is the most important subclass of independent contin-
uants; these are continuants consisting of some portion of mat-
ter as part. A specifically dependent continuant is an entity that
relies on some specific independent continuant or continants in
order to exist. Subclasses of specifically dependent continuant
include: quality and realizable entity. Qualities, for example the
particular color, or a particular height, do not require any pro-

cesses in order to be realized. They simply manifest themselves
wherever they exist. Realizable entities, such as a role or func-
tion, in contrast, are defined by the fact that they can be realized
in some process. Examples of role are employer role or student
role. An example of function is the function of your heart: to
pump blood. FGM classes for material composition, material
attributes, and the material entities that participate in given pro-
cesses, are subsumed under BFOs continuant classes.

The class of occurrent includes events or processes that hap-
pen, or occur in time. These include the subclasses of process
boundary, temporal region, and spatiotemporal region [16]. Pro-
cess is the most important subtype; every process requires that at
least one material entity participate in the process, and that the
material entity exists at the time of the process. The FGM class
of manufacturing process is thus a subclass of the BFO class:
process.

Figure 2 shows the process and material entity classes col-
lected from the upper level in Figure 1 which form the mid-level
of the FGMO. This mid-level ontology is created by borrowing
classes from the OBI Ontology for Biomedical Investigations as
shown in Figure 2). OBI is an ontology that provides terms with
precise, logically formed definitions. These terms are intended to
describe all aspects of investigations in the biological and med-
ical domains [17]. Furthermore, OBI provides information to
represent biomedical investigations that are useful for establish-
ing the relations among materials, applications, properties, and
performances which makes it an ideal candidate for reuse in our
proposed FGM Ontology.

At the domain level, the previous FGM Ontology [2] in-
cluded the basic function classes related to functionally graded
materials. Our work here concentrates on improving the FGM
Ontology structure at the domain level. In particular, we have
contributed to the enrichment of the FGM Ontology by adding
additional classes and providing a reorganization of the FGM
Ontology structure to better support queries addressed against
the data that are of interest to FGM researchers.

4. ENRICHMENT OF FGM ONTOLOGY
4.1 Applications of the FGM Ontology

The initial version of the FGM Ontology incorporated only
a small number of classes of applications focusing primarily on
FGM applications to bone implants and aerospace engineering.
If the FGMO is to preserve its utility, however, then it has to keep
pace with the large number of new applications which FGMs are
making possible. To this end we need to provide details of the
relations between given sorts of applications and the materials
used in the manufacturing of the corresponding FGMs. The on-
tology should for example enable queries to be raised and solved
pertaining to such relations by incorporating the contents of lit-
erature reviews relating to FGMs of different sorts [15] [19] [20]
[21] [22].
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FIGURE 1. Basic Formal Ontology(BFO) classes

FIGURE 2. Mid-level classes of FGM

Some examples of such queries include:

1. Portion of Material and (hasConstituent some Portion of
Polymer) and (isAppliedTo some semiconductor optoelec-
tronic device (p-n diodes))
Answer: AIII-BV group material.

2. Portion of Material and (hasConstituent some Portion of
Polymer) and (isApplied To light armor materials) and (has-
ballistic some high ballistic efficiency)

Answer: Ni/Al2O3
3. Portion of Material and (hasConstituent some Portion of

Polymer) and (isAppliedTo rocket nozzle heat exchange
panels, spacecraft truss structure)
Answer: TiAl-Sic fiber

We used the answers to queries such as this to classify ap-
plications into different sub-domains and sub-classes of these do-
mains. The former include for instance: nuclear reactor compo-
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FIGURE 3. FGM applications [18]

nent, chemical plants, and aerocraft engine.
The latter include bullet-proof vests, tennis rackets, fire re-

tardant doors, and so on (Figure 3). We have also added new
classes of objects, and have made use of relations, such as is-
ManufacturedBy, in order to create axioms that relate portions
of material to corresponding manufacturing processes. Figure 4
illustrates how we have extended the range of subclasses of ma-
terial entity and Figure 5 shows the increase in the number of
application classes.

4.2 The FGM manufacturing process
The manufacturing of an FGM is a complex process involv-

ing many different sorts of physical and chemical reactions. Dif-
ferent manufacturing techniques can create products with differ-
ent functional capacities even though the type and ratio of the
raw materials used in the creation of these products are the same.
For this reason, we believe our refinement of the FGM Ontolo-
gys approach to manufacturing processes increases the ontologys
expressivity and so too its ability to distinguish among factors
contributing to production failures.

In the previous version of the FGM Ontology, the subclasses
of manufacturing process include: assembly process, composite
material process, joining process, material additive process and
material removal process. The class of FGM forming is a sub-
class of composite material process (as shown in Figure 6(a)).

To this previous version we have added new sub-classes un-
der the class of material additive process. The realm of material
additive processes is now significantly expanded with respect to
the fabrication of FGM objects to account for the sorts of cases
described in [23] [24] and [25] [26]. The new version of the on-
tology comprehends for example stereolithography based, laser
based, and material jetting based material additive processes [27]
[28] [29] for FGM forming.

Object manufacturing processes are classified into three new
subclasses according to whether the methods used are gas based,
liquid based, or solid phase (shown in Figure 6(b)). Subclasses
then distinguish further according to whether thermal spray or
electrodeposition methods are used. Thermal spray is a gas based
methods used largely for the surface treatment of materials to
achieve super alloys, high levels of resistance to erosion and
other attributes useful in working tools, electromagnetic inter-
faces, and chemical and thermal barrier coatings [30]. Electrode-
position is a subtype of a liquid based method; here the com-
position gradient can be controlled by varying electrochemical
factors and electrolytic solution [31]. Additional process classes
include surface reaction process [32]. Some of these examples
are presented in Table 1.

TABLE 1. Some examples of FGM and their manufacturing process

Portion of FGM Manufacturing process

ZrO2/Al2O3 Plasma Spray [20]

Wc/Co Electrophoretic deposition [21]

Al2O3/Ti3SiC2 spark plasma sintering [22]

AlBrnz/420ss Laser direct metal deposition [30]

Al/SiC Centrifugal casting [32]

4.3 Relations
Relations (or object properties) in the FGM Ontology in-

clude: hasBiocompatibility and hasMaterialwear, which are sub-
relations of hasProperty. New sub-relations added include: has-
ElectricalConductivity and hasCorrosionResistance, and others
illustrated in Figure 7.

5. EXAMPLES OF SEMANTIC QUERIES CONCERNING
FGM MATERIALS

The first query in our list of samples above is designed to
identify an FGM having low material density. The semantic
query is thus seeking to find a material which satisfies:

’Portion of Material’ and (hasConstituent some Portion of
Polymer) and (hasMaterialDensity some low density).

This query is satisfied, on the basis of the information in-
corporated into the revised FGM Ontology, by Ti-Al (Titanium
aluminide), which is shown in Figure 8.

Another query seeks to identify an FGM able to be used as
protective coating layer for a turbine blades application. To serve
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（a） （b）

FIGURE 4. A comparison between the previous (a) and new (b) versions of the FGMO hierarchy

(a) (b)

FIGURE 5. A comparison between the previous (a) and new (b) versions of the taxonomy of applications
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(a) (b)

FIGURE 6. A comparison between the previous (a) and new (b) versios of the manufacturing process taxonomy

as protective coating, the material should possess high thermal
shock resistance. This query is expressed semantically as:

Portion of Material and (hasThermalShock some high re-
sistance) and (isAppliedTo some protective coating for turbine
blade).

The answer to this query is SiC-C(Carborundum carbon),the
scheme for which may be found in Figure 8. Additional ref-
erences to materials such as Al2O3-ZrO2(Aluminum oxide zir-
conia), Al2O3-W(Aluminum oxide tungsten), and Ni-Al(Nickel
aluminium) can now be obtained from the knowledgebased
through related semantic queries.

In summary, the updated FGMO is showing healthy signs
of development that will prove useful to researchers. The FGM
Ontology has increased the number of FGM manufacturing ap-
plication classes from 29 to 64 and material class quantity from
27 to 52. Also, the number of process classes has increased from
27 to 79. More new axioms are included to link different classes
and refine the relations among them.

TABLE 2. Comparison between previous and new ontology

Previous Ontology New Ontology

Application Quantity 29 64

Material Object Quantity 27 52

Process Quantity 52 79

Axioms Quantity 93 108

6. CONCLUSION
As data proliferates in the domain of FGMs, ontologies are

going to play a critical role in facilitating data integration across
multiple sources of heterogenous data. The FGM Ontology at-
tempts to address this need for integration and interoperability by
providing a highly general representation of the domain to which
information may be mapped thereby enabling new sorts of com-
plex queries against a growing body of data. We have described
here our work updating the FGMO, extending its classes, rela-
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tions, and axioms. We believe that FGMO will be a useful tool
for researchers who need to retrieve and reason with information
about functionally graded materials. In the future, we will not
only continue to enrich the ontology, but also integrate it with
other ontologies designed for applications in industrial engineer-
ing within the framework of the Industry Ontology Foundry.

FIGURE 7. Taxonomy showing new relations

FIGURE 8. . Ti-Al scheme appears above and SiC-C scheme appears
below
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