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Abstract: The paper is a personal perspective on the design of metallic ultra-high temperature
materials (UHTMs). Specifically, the alloy design “landscape” of metallic UHTMSs was considered
from the viewpoint of the alloy design methodology NICE. The concepts of synergy, entanglement
and self-regulation and their significance for alloy design/development were discussed. The risks,
ecological challenges and material-environment interactions associated with the development of
metallic UHTMs were highlighted. The “landscape” showed that beneath the complexities of alloy
design lies an elegant and powerful unity of specific parameters that link logically and that progress
can be made by recognising those interrelationships between parameters that generate interesting,
diverse, and complex alloys.
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1. Introduction

Some time ago, “vision” in alloy design and development was a matter of looking
ahead, extrapolating from the present. This is still the case for some material types. Then,
the “vision” for the future became blurry because the future would be so unlike the past.
Which materials should take us “beyond the nickel-based superalloys”? Should the future
be merely the future of the past, based on ideas that dominated metallurgy for many
decades? Should the new ultra-high temperature materials (UHTMs) be ceramic and/or
metallic? (See Abbreviations).

Risk has a role to play in modern consciousness. Knowledge about risks is dynamic,
changing in time and space, and often is the product of the pre-established beliefs and
assumptions that individuals bring with them in making their judgements on risk. In
engineering communities, risks are linked with certain kinds of value judgements and
decision-making. Ideas about risks are shared within a community. Risk ideas often
function to protect boundaries, and risk practices can become ways of dealing with uncon-
ventionality (nonconformity).

What risks would accompany the new UHTMs? For some, risk was the statistical
expectation value of an unwanted event that may or may not happen. Others talked
about decisions made under risk, meaning decisions made under known probabilities.
Still, others talked about “produced” risks, meaning risks created as the development of
materials moved to a more advanced state, i.e., there was a concern for the emergence of
new “risk environments” for which we have very little previous experience, do not know
what all the risks are and how to calculate them thinking probabilistically.

Alloy design had to “polish” its capabilities for envisaging (and dealing with) different
futures so that industry and metallurgical and materials engineering communities had
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some idea of what was at stake when the choices the future presented were actually upon
us. There was talk about and confusion with strategic planning and scenario planning.
Both were influenced by fomo (fear of missing out) concerns, by the typical norms, values,
and beliefs of different cultures, each with its cultural inheritance, which could change in
response to interaction with neighbouring cultures or because of their internal dynamics.
Geographical, geological /mining, energy and economic issues, environmental concerns,
materials processing, and manufacturing capabilities presented constraints. Scenario
planning exploited uncertainties, allowing the creation of “alternative futures”. Strategic
planning attempted to minimise uncertainty. Intermetallics, composites and structural
ceramics were considered, and later on, refractory metal (RM) alloys were “re-visited”
and materials using RMs, namely RM intermetallic composites (RMICs), RM complex
concentrated alloys (RCCAs) and RM high entropy alloys (RHEAs), gained popularity,
e.g., [1-10]. The toughness property target for new materials with capabilities beyond
Ni-based superalloys gave metallic UHTMs the advantage [3,4,7-9].

Alternative scenarios help policymakers think about the future. The consideration
of “alternative futures” helped the industry see that the future is shaped not only by the
past but by what we think is possible and by our choices. Strategic planning is popular
because it is a recognised modus operandi that aims to produce assimilated decisions based
on predetermined (pre-agreed, pre-established) goals. Scenario planning exploited (made
use of) uncertainties, allowing the creation (founding) of “alternative futures”. Strategic
planning attempted (endeavoured) to minimise uncertainty. Inputs to scenario planning
were more qualitative, and inputs to strategic planning tended to be more quantitative.
Scenario planning stimulated (motivated) institutional (methodical) learning. The results
of scenario planning were multiple alternative outcomes compared with the quantified
single outcome based on the likeliest (credible) scenario, which is the setting for strategic
planning. Strategic planning assumed an answer to the question that scenario planning
posed. Talk about material/alloy design “landscapes” became widespread. The concept of
high entropy alloys (HEAs) was introduced [11,12]. RMICs, RCCAs and RHEAs suggested
that the future might not be very much like the past.

Alloy Design

In metallic alloys, there is a strong interdependence of processing, microstructure, and
properties across different length scales, linking the atomic with the nano, micro and macro
scale, e.g., [13,14]. Such linkages can be established via experiments and characterisation,
models, theory, and careful data analysis. Various tools and competencies to design and
select new alloys, develop, and improve alloy processing and predict alloy properties
are essential for alloy developers, e.g., [3]. An accurate description of thermodynamic
properties and alloy systems also is essential, e.g., [13-16].

If all the required linkages, descriptions, models, theories and tools were to be available
for alloy design, then (in my opinion) the talk would be about “alloy design topography”.
For reasons that will be discussed below, this is currently not possible. Thus, the talk is
about “alloy design landscape(s)”. Topography (see Appendix A) is a precise description
of topos/place/space/region, while landscape (see Appendix A and below) is a portion of
land/territory or its representation, which one can see and comprehend. Interdisciplinary
thinking is encouraged by the notion of “alloy design topography” and by the view of “alloy
design landscape(s)”. In the former case, the topos (e.g., phase, microstructure, property)
becomes a systematically open/communicative concept, the fundamental nature of which
and how it might be understood may be questioned and how it might be approached
within different disciplinary (e.g., metallurgy, chemistry, physics) frameworks is considered.
In the latter case, interdisciplinary thinking is encouraged to build missing linkages and to
improve existing ones. In both instances, difficulty rests not so much in developing new
ideas but in escaping old ones. Unless we understand the paradigm from which we might
have to emerge, we may not be able to free ourselves from the habit of thinking in its terms.
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A specific alloy of an alloy system with a known chemical composition can be placed
in the phase diagram of the alloy system (provided data for the relevant “composition
space” and other phase equilibria data for the alloy system is available, and the phase
diagram also is available) using the composition of the alloy [17]. The alloy designer can
determine the phases in equilibrium, whether the phases are stable or metastable, and the
chemical composition and volume fractions of phases. Alloy designers might especially
look for metastable phases. Reliable thermodynamic data is the sine qua non of alloy design
and development.

The CALPHAD method, first-principles and statistical mechanics calculations can pro-
vide a framework to compute thermodynamic properties and phase diagrams and develop
thermodynamic descriptions in new “composition spaces”, e.g., [3,13-16,18], but often are
inadequate (unsatisfactory, insufficient) to guide alloy developers to design alloys for ultra-
high temperature applications. For example, a challenge is presented by high-temperature
phases that become unstable at low temperatures (i.e., the thermodynamic stability of
high-temperature phases). Another challenge is the stability of microstructures that are con-
taminated by interstitials. Another challenge is describing the alloy in use/in service and
how it interacts with the environment in processing and service, including contamination
with interstitials. Irreversible thermodynamics, phase field models and phenomenological
approaches can provide some answers and connections. Phenomena at different length
scales are key for mechanical properties, as is the effect of interstitial contamination on
the mechanical properties of alloys and constituent phases. It is not straightforward to
model mechanical properties in a multiscale framework. Calculation/prediction of en-
vironmental properties is another serious challenge, as is the inadequate (insufficient,
scarce) or non-existent phase equilibria data for RM alloy systems with/without interstitial
elements [7,8].

Metallurgists who design new alloys to meet property goals for specific engineering
applications face many of the challenges that were outlined above, even for the “well-
established” groups of metallic ferrous, superalloy and light metal (Al, Mg, Ti) alloy systems
for which there is expertise worldwide and significant volume of data, produced over many
decades. On the other hand, the state of affairs is critical regarding metallic UHTMs based
on (using) RMs, for example, for metallic UHTMs that could replace Ni-based superalloys
in ultra-high temperature applications in a “beyond nickel-based superalloys era”. These
metallic UHTMs are RMICs, RHEAs and RCCAs (see Abbreviations). Their microstructures
can contain “conventional”, “complex concentrated” or “compositionally complex” (CC),
or “high entropy” (HE) phases [9,19,20]. These phases are contaminated with interstitials,
some more severely than others, e.g., [19]. These metallic UHTMs must meet specific
property goals (targets) regarding toughness, creep and oxidation [4,6,7]. (HEA alloys and
HE phases are those alloys and phases where the maximum and minimum concentrations
of elements are not above or below, respectively, 35 and 5 at.%, whereas RCCAs alloys and
CC phases are those where the maximum and minimum concentrations of elements are
above 35% (up to about 40%) and below 5% [8,9,20,21]).

This paper shall consider the alloy design “landscape” of metallic UHTMs from the
personal perspective of the alloy design methodology NICE, developed in our research
group. I shall discuss the concepts of synergy, entanglement, and self-regulation, their
significance for alloy design/development, risk issues and ecological challenges associated
with metallic UHTMs, and “give some food for thought”. I shall refer to published data
whenever it is appropriate to shed light on the alloy design “landscape”.

2. Design of Metallic UHTMs

To meet challenges associated with the development of the aforementioned metallic
UHTMs and to better understand the interdependence of processing, microstructure and
properties, researchers use different approaches to select alloys to study. Our research group
developed a new approach to alloy design called NICE (Niobium Intermetallic Composite
Elaboration). NICE presents a methodology to design metallic UHTMs. Methodology
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(see Appendix A) is a description of the method. The methodology describes a structured
procedure for bringing about a certain goal, e.g., to discover new knowledge, to establish
correlations between practice and results, to clarify the structure of data and see phenomena
in a new light, to use experimental data with the goal of finding relationships that can be
used to make predictions or understand studied phenomena. NICE aspires to assist the
metallurgist in designing/selecting metallic UHTMs of alloy systems for which (a) there is
a small amount of data about their processing and properties and (b) some phase equilibria
data is available or is not available, as is most often the case for RM alloy systems with
simple metal and metalloid elements additions, for example, the elements Al, B, Ge, 5i, Sn.
The latter are key alloying elements to get a balance of mechanical properties and oxidation
resistance in metallic UHTMs [7,9,21].

Similarly with the design of steels, light metal alloys (Al, Mg, Ti-based) or superalloys,
NICE uses the results of first-principles calculations for phase equilibria data and phase
diagrams and the results of experimental studies of alloying behaviour of transition metal
(TM) and simple metal alloys, e.g., [22-37]. Within the framework of NICE are developed
thermodynamic descriptions in new “composition spaces” to guide alloy developers to
design alloys for high-temperature applications, e.g., [38—40]. NICE also has a say about the
oxidation of these alloys [7,19,41-47], the contamination of their phases with interstitials, in
particular oxygen, and how interstitial contamination affects properties, namely hardness,
specific yield strength and Young’s modulus, e.g., [8,20]. Furthermore, NICE uses, when
applicable, the latest and new knowledge generated by research (see Section 5.2), considers
costs, engineering, and ecological issues (see below) and motivates metallurgists to discover
new links between processing, microstructure, and properties, and draws attention to
matters that theory and modelling must address. The evolution of NICE for metallic
UHTMs with Nb and Si additions and its capabilities was discussed in [7,9,20,21,48].
Most important in NICE are synergy, entanglement (see Appendix A and below) and
self-regulation (see Section 6). An objective of NICE is not so much to obtain new data
about metallic UHTMs as to discover new ways of thinking about them.

3. Synergy

A metallic alloy can be described as a material with a single phase or multiphase
microstructure that contains defects and can be chemically inhomogeneous (macro and
micro-segregation) and which has a particular “architecture” (size, shape and distribution
of phase(s), vol.% of phases), owing to its chemical composition and processing history,
which give it its mechanical and /or functional and/or environmental properties that might
make the alloy useful or not useful for structural or functional application(s), a topic of
discussion(s) or not a hot topic among metallurgists and other interested parties.

Quality is the property of something that exists per se, the property that something
has with respect to its inherent nature. There is no one way to define quality. It varies
according to the interested party (stakeholder) involved. One defines quality based on one’s
perspective of it. Quality has come to mean objectively measurable aspects of something, i.e.,
quality is about measurable stuff, subjective or inter-subjective (see Appendix A) opinions
whether something is “fit for use”, i.e., quality is about the usefulness of something, and
also is about something splendid, superb, extremely good and outstanding. The whole,
whose quality is considered as this, is something beside the parts or is more than the sum
of its parts as it “results from” (“arises”) the latter. In other words, quality is allied with the
concept of synergy (see Appendix A).

In this paper, we are interested in metallic alloys, i.e., the something in the previous
paragraph is a metallic alloy. For example, its measurable aspects (features, characteristics)
could be its mechanical properties. Some might find it useful for (fit for use in) a particular
application. For others, it might be an extremely good material. I wish to expand on the
idea of the “quality of a metallic UHTM”, in particular, to build on synergy, entanglement,
self-regulation and properties in the framework of NICE.
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I wish to use an approach employing “human beings reasoning”. The metallic alloy
will be described or thought of as having a “human form” or “human attributes”. This
approach is, in my opinion, very useful when confronting sustainability, recyclability and
“circular economy”, e.g., [49], challenges, and the risks associated with the development of
metallic-UHTMs (see Sections 1 and 5-7). In the remainder of this and the next sections,
the “equivalent words/phrases in the world of human beings” will be given in parenthesis
and/or in italics. For some of these words, I shall also give the Greek equivalent, and for two
of the words, I shall give their etymology because, in my opinion, it helps to understand the
interconnections that I wish to show. Words that are relevant to this approach are indicated
with an asterisk in Appendix A.

An alloy (polis/city, see Appendix A) is an assembly/collection (ecclesia, community,
see Appendix A) of elements (persons/mpéowma/citizens, see Appendix A) and phases
(associations, friendships, families) that coexist in the specific material (the specific local-
ity /area). The alloy (polis/city) is structured in such a way that it can serve the collective life,
enabling its elements (persons/mpdowrmoe/ citizens) and phases (associations, friendships,
families) to share or have certain perspectives in common, for example, be in stable or metastable
equilibrium. The alloy (polis/city) acquires its basic attributes/characteristics from the way
its alloying elements (persons/mpdowmx/ citizens) and phases (associations, friendships,
families) work together (cooperate and define their culture (see Appendix A), i.e., their way
of living together/their way of life), that is to say, they are in synergy.

What does synergy mean? It means “work together”. Type of bonding transfer of
charge that nowadays are studied with first-principles electronic structure methods or
experimentally, e.g., [29-37,50-52], are examples of how elements work together, i.e., are in
synergy. Superalloys and steels are different groups of alloys (poleis/cities) whose differ-
ences (different cultures, see Appendix A) are exposed by their properties (distinguishing
characteristics, distinctive attributes) that their elements (persons/mpdowma/ citizens) and
phases (associations, friendships, families) bring about/give rise/produce. (The word
person (mpéowmov, see Appendix A) defines a relationship. Human beings only become
complete in association with one another [53]. We call culture the way of life of a particular
society (see Appendix A). Culture might oblige persons to realise some possibilities while
forbidding others).

For instance, the typical pattern of behaviour (the way of life) of elements (persons) in
superalloys compels/constrains them to bring about some possibilities regarding properties
while forbidding others, e.g., RMs in Ni-based superalloys have a particular partitioning
behaviour between the v and v’ phases and can improve creep, but their use prohibits the
reduction of alloy density and the improvement of their oxidation resistance, making the use
of environmental coatings unavoidable/inevitable. Ni-based superalloys are susceptible to
contamination with interstitials, particularly oxygen, and to internal oxidation owing to
environment-material interactions. Risks accompany the use of superalloys. We can say
that risk is inherent in the culture of these materials or that risk is inseparably tangled with
them (with their cultural norms and habits). Learning how the superalloys perform in service
(learning about their way of life, i.e., their culture) in aero-engines enhances perceptions of risk
(improves understanding of risk in their culture).

The in-service (cultural) perspective accentuates the role played by dynamic (cultural)
processes in identifying risks. Synergy, entanglement and self-regulation link up with
risk. I call this interwoven risk or IRIS. Furthermore, entanglement, synergy, and self-
regulation are associated with sustainability and recyclability issues. I call this concerted
effort ESSERE (see Appendix A). Also, self-regulation, synergy and entanglement are key
to correlative environment-material interactions (CEMI). IRIS, CEMI and ESSERE will be
topics of future publications.



Alloys 2023, 2

189

4. Synergy and Entanglement: The Case for Metallic UHTMs

Let me take this line of reasoning about synergy a step further. In a metallic UHTM,
different phases can co-exist. For example, in an RMIC, a bcc solid solution and tetragonal
and/or hexagonal 5-3 silicide (M5Si3, where M = TM) can coexist with other becc solid
solutions or other silicides (e.g., M3Si) or other compounds (e.g., Laves phase(s)) [54]. The
same phases can co-exist in other alloys (see below). For example, in the case of RM(NDb)ICs,
RM(NDb)IC/RCCAs or RM(Nb)IC/RHEASs (see Abbreviations), bcc solid solution(s) can
be “conventional”, CC or HE according to their chemical composition, or “normal”, Ti-
rich, Si-free according to solute partitioning (see the Appendix B) [7-9,19-21,55], NbsSis
silicide(s) can be “conventional”, CC or HE according to their chemical composition, or Ti
rich or Ti and Hf rich according to solute partitioning (see the Appendix B) [7,8,21,56], other
compounds (e.g., A15 phases [54]) can be “conventional”, CC or HE according to their
chemical composition [19] and eutectics that contain bce solid solution and NbsSiz [57]
can be “conventional”, CC or HE according to their chemical composition [7,19,57], for
example see the Figures 1-4 and 6 in [58] and the Figures 1-6 in [20]. Such intricateness (see
Appendix A) of phases materialises from the correlations/relationships between elements,
phases, alloys and their properties. We shall expand on this intricateness below in Section 5,
where the concept of entanglement (see the Appendix A) will be introduced, and the choice
of this term will become clear. It suffices to say that entanglement is a distinguishing
characteristic of a metallic UHTM and its elements and phases. The quality of an alloy
ensues from this entanglement. Entanglement is attributed to synergy. Entanglement
enables the study of a material in a multiscale framework. Entanglement and synergy are
instrumental in identifying areas where interdisciplinary research could focus.

To build on the linkage between synergy and entanglement, I shall use again the
“human beings reasoning” to suggest that in an alloy (polis/city) the elements (citizens/
persons/mpéowa) and phases (associations, friendships, families) are facing each other
as in a personal relationship, they converse about their atomic size, electronegativity, valence
electrons, and their parameters 6, Ax, VEC, and their enthalpy and entropy that results
from their getting together (mixing), and working together (being in synergy).

In the literature, how is synergy revealed by the aforementioned properties and
parameters? The synergy is demonstrated by

(a) The relationships/correlations between

(i) alloy parameters (e.g., Figure 15b in [19], Figure 16 in [48], Figure 14 in [46],
Figure 15a in [44], Figure 15 in [45], Figure 19 in [8], Figure 2 in [21], Figures 3 and 4
in [59]),

(ii)  phase parameters (e.g., Figures 1-4 and 6b in [58], Figure 10a—c in [20], Figure 3
in [9], Figure 8 in [48], Figure 5a,b in [60]),

(iii)  alloy parameters and alloy properties (e.g., Figure 13 in [8], Figure 6 in [9]),

(iv)  phase parameters and phase properties (e.g., Figure 5 in [58], Figure 5 in [9]),

(v)  alloy and phase parameters (e.g., Figure 17 in [7], Figure 6 in [8], Figure 17a
in [21]),

(vi)  alloy parameters and processing (macrosegregation), e.g., Figure 8 in [46],

(b) the “co-habitation” in parameter maps

(vii)  of phases (e.g., Figure 3a in [9], Figure 10 in [21]) and

(viii) of alloys (e.g., Figure 5 in [7], Figure 19 in [8], Figure 1 in [9]), and

(ix)  of “conventional”, CC or HE phases (solid solutions, intermetallics) “living
together” in the microstructure (Table 11 in [19], Figures 1, 4 and 5 in [20],
Figures 1-4 in [58]), and

(c) the function/role assumed in a particular situation by each parameter separately and
by parameters together to give
(%) the properties of phases (e.g., Figure 21d,e in [61]) and
(xi)  the properties of alloys (e.g., Figure 15 in [19]).
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The linkage between entanglement and synergy arises from the (a), (b) and (c) in the
previous paragraph. Because each parameter (i.e., 5, Ax, VEC, etc.) is related to more
than one alloy property, each parameter and thus each underlying physical property (i.e.,
atomic size, electronegativity, valence electrons, etc.) has a say/has the “right” or “power” to
influence or make a decision about properties of the alloy (polis/city). The parameters work
together/are in synergy for each property. Their importance lies in their distinctive character
and the situation in which each one finds itself.

The characteristics, attributes or traits that make up and reflect what a phase is in an alloy
(polis/city) link it with the other phases. For example, a “conventional” solid solution is
linked with a CC solid solution with which it coexists (e.g., see Figure 6b,c in [20]) or a CC
solid solution is linked with a CC NbsSiz with which it coexists (e.g., see Figure 6c in [58]).
Thus, the phases in an alloy are in synergy and intricateness (entangled).

The aforementioned linkage between entanglement and synergy was discovered
owing to the capacity of the NICE methodology to gain a new understanding of alloying
behaviour and properties in metallic UHTMs (see next section). NICE demonstrates
that entanglement is a necessity in a metallic UHTM. Furthermore, unknown (“hidden”)
relationships between parameters and between parameters and properties of phases are
discovered with NICE. To put this another way, the design of alloys using NICE can be
improved with the discovery of unknown (“hidden”) relationships, which is possible with
this new methodology for alloy design. In the next seven paragraphs, examples are given
for such relationships for bcc solid solution, NbsSij silicide, C14-NbCr; Laves phase, A15-
NbzX (X = Al, Ge, Si, Sn) compounds, maps of alloys and phases, macrosegregation and
maps for bond coat alloys for environmental coatings.

Regarding the bcc solid solution,

(1) for B free RM(Nb)ICs, RM(Nb)ICs/RCCAs and RM(Nb)ICs/RHEAs, there is a gap
in Axss values, see the Figure 4 in [21], Figure 6 in [7], Figure 6 in [55] and Figure 3a
in [20], and

(2) for B containing RM(Nb)ICs, RM(Nb)ICs/RCCAs and RM(Nb)ICs/RHEAs there is a
gap in 0gs values, see the Figure 8a in [48]. Furthermore, in RM(Nb)ICs, RM(Nb)ICs/
RCCAs and RM(Nb)ICs/RHEAs,

(3) the parameter 6¢s can differentiate

(i) between Si-free bcc solid solution (8ss < 5) and Ti-rich bec solid solution
(0ss > 5), see Figure 3 in [21] and Figure 5 in [55], and

(ii) the effect of different solutes in CC/HE and “conventional” solid solutions,
see Figure 2c in [20], whereas

(4) The parameter VEC can differentiate the effect of the concentrations of alloying
additions on the type of bcc solid solution (meaning “conventional”, or CC/HE)
in alloys, see the Figure 3b in [20]. Additionally, there are relationships between
parameters of CC/HE and “conventional” bcc solid solution, see Figure 6b in [20],
the parameter &ss depends strongly on the Bss and (Ge+Sn)ss contents of the solid
solution, see the Figure 7 in [20], and the parameters VECs, Axss and dgs increase
with the concentration of oxygen in the solid solution, i.e., with interstitial content,
see the Figure 11 in [20].

Concerning the NbsSis silicide in RM(Nb)ICs, RM(Nb)ICs/RCCAs and RM(Nb)ICs/
RHEAsS,

(a) the parameters Axnpssis and VECypssi3 can differentiate the alloying behaviour of
Nbs(Si,X)3 where X = B, Ge, Sn, and (Nb,Ti,Y)5(5i,Z)3 where Y = TM, RM and Z = Al,
B, Ge, Sn, see the Figures 5-11 in [56], and the Figure 6 in [21],

(b) There are correlations between the parameters Axnpssiz and VECnpssi3, see Figure 3b—e
in [9] and Figures 12 and 13 in [48],

(c) the steady state creep rate é\pssiz and the shear stiffness Cy4 is correlated with
VECnpssis, see the Figure 5cin [9], and the Figures 15a and 16a in [57], respectively, and
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(d) parameters of the silicide are linked with parameters of the metallic UHTM, e.g., see
Figure 7 in [21] and Figure 6a in [58].

The alloying behaviour of the C14-NbCr, Laves phase in RM(INb)ICs, RM(Nb)ICs/RCCAs
and RM(NDb)ICs/RHEAs can be described (i) with parameter maps, see the Figures 2 and 3
in [54] and the Figure 17 in [61], and (ii) with solute maps, see the Figure 21 in [21], the
Figures 14 in [54] and the Figure 18d in [61].

As regards the A15-NbsX (X = Al, Ge, Si, Sn) compounds in RM(Nb)ICs, RM(Nb)ICs/
RCCAs and RM(Nb)ICs/RHEAs,

(@) Their alloying behaviour can be described

@) with solute maps, see the Figure 13 in [19], Figure 16 in [61], Figure 14 in [45]
and Figure 11 in [62],
(ii) with parameter maps, see the Figure 18c in [61], Figure 3f in [9] and Figure 8
in [21],
(b) thereis a gap in VECa15 values, see the Figure 3f in [9], Figure 6 in [54], and Figure 9
in [21],
() their hardness depends on the parameters VECa15 and Axass, see the Figure 21d
in [61], and the Figures 7 and 8 in [54], and
(d) theyimprove oxidation resistance in synergy with other phases, e.g., see the Figure 12c
in [42].

Regarding eutectics with bcc solid solution and NbsSi3 silicide in RM(Nb)ICs,
RM(NDb)ICs/RCCAs and RM(Nb)ICs/RHEAs

(1) Their alloying behaviour is described

(i) with parameter maps, see the Figures 1-5 in [57] and the Figure 17c in [21], and
(ii) with solute maps, see the Figures 6, 8-10 and 14 in [57],

(2) There are gaps in the values of the parameters (AHpix)eutectic and AXeutectic, Se€ the
Figures 3 and 4, respectively, in [57] and

(38) Their hardness depends on VECytectic, see the Figure 12a in [57], and on Axeutectic
and deytectic, €-8., see the Figure 15 in [21].

With reference to macrosegregation (MAC) of solutes (X) in RM(Nb)ICs, RM(Nb)ICs/
RCCAs and RM(Nb)ICs/RHEAs produced using cold hearth melting and casting, the
effect of solute additions on MACX was discussed in [61]. The dependence of MACX on
parameters was shown in the Figure 11 in [7], Figures 4-6 in [48], Figure 8 in [46], the
Table 7 in [19], Table 6 in [61], Table 8 in [48], Table 5 in [46], Tables 46 in [45], Tables 4-6
in [45], Tables 16-18 in [42], the Table 2 in [62] and the Figure 6 in [63].

Regarding the presentation of the alloying behaviour of alloys and their phases in
parameters maps,

(a) alloy maps were shown in the Figure 2 in [21], Figures 1 and 2a,c,d in [9], Figures 1 and 2
in [59] and Figure 19 in [8],

(b) phase maps were shown in the Figure 16 in [8], Figure 10 in [21], Figure 3a in [9] and
Figure 5 in [7] (note that in Figure 5 in [7], the labels for the A15-Nb3X and C14-NbCr,
phases were swapped by mistake),

(¢) maps of alloys and their bcc solid solutions were shown in the Figure 5 in [21],
Figures 3-5 in [59], and

(d) maps for bond coat alloys for environmental coatings were shown in the Figure 13
in [64] and Figure 8 in [9].

Let us return to the coexistence of phases in a specific material. A metallic UHTM (i.e.,
an RMIC, RCCA or RHEA) can have a bec solid solution and M5Sij silicide. Another metal-
lic UHTM with the same solute elements but at different concentrations can also contain
bcce solid solution and M5S5ij silicide, not necessarily of the same chemical composition as
the first metallic UHTM. There is entanglement in the latter and entanglement in the second
metallic UHTM (regardless of where the alloys are/were studied, by whom they are/were
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studied or when they are/were studied). The same would be if the second metallic UHTM
with the same solute elements and different concentrations consisted of bcc solid solution,
M;565is silicide and another phase, say an A15 compound.

Examples of the outcomes of entanglement in metallic UHTMs with different solutes,
which were prepared and studied by different researchers at different locations and at
different times, are shown in the Figure 12a in [42], Figures 1 and 14a,c in [43], the Figure 14
in [46], the Figure 15a in [44], in Figure 15a in [46], and in Figure 16 in [21], the Figure 21
in [48], the Figures 11 and 14b,d in [43], and the Figure 12b in [42] as regards isothermal
oxidation, respectively at 800 and 1200 °C.

The synergy of solute elements can lead or not lead to meeting a specific property goal.
For example, see the Figure 12 in [36] and Figure 7a,b in [7] for the creep of alloyed NbsSis,
the Figure 15a in [46] for oxidation of alloys, and the Figure 15 in [45] that shows how
alloying shifts the alloys in the & versus VEC map in the direction of improved oxidation
resistance. Other examples of outcomes of synergy and entanglement on properties of
alloys and their phases and vol.% of phases are shown in the Figure 15a—c in [19], in
Figures 18 and 21e in [61], the Figures 4, 5a,b and 6 in [9], the Figures 17 and 18 in [48], the
Figures 11, 15 and 22 in [21] and the Figure 13c in [55].

In Section 3, I used as an example superalloys and steels as two different groups of
alloys (different poleis/cities, see the Appendix A) whose differences (different cultures,
see the Appendix A) are exposed by their different properties. Once different types of the
said alloys were developed, metallurgists never ceased to change and develop further these
alloys (this is history in the “human beings reasoning”). To understand these “cultural
changes” and “history”, it is not enough to comprehend the interaction of elements, etc.,
but it is also necessary to consider the interaction of ideas and theories as well as the “glue”
that binds together large numbers of individual researchers and research groups.

What kind of differences (different cultures) would emerge in alloys (poleis/ cities),
the microstructures of which consist of coexisting “conventional”, CC or HE phases? How
would the microstructures (structures) of such alloys (poleis/cities) evolve in service?
What would the role of interstitial contamination be in in-service evolution? Would one
phase type dominate/be stable? Would it be more important to know the consequences of
interstitial contamination, e.g., on phase equilibria and/or properties, than its causes?

5. The Alloy Design “landscape” in NICE

With the approach to alloy design instigated with NICE, one can calculate the chemical
composition of an alloy to meet “on demand” a specific property goal (target) for metallic
materials (in other words, the starting point in alloy design using NICE always is a property
goal) [7,9,45-47,64-69], see the Figure 15 in [7] and Figure 1. NICE also calculates

(a) macrosegregation (MACX) of solute addition(s) X for liquid route processing of the
alloy (e.g., for cold hearth melting/casting [70]), and thus can guide to some extent
the alloy developer about processing,

(b) properties of the alloy (hardness, density, specific strength, creep, oxidation),

(c) the chemical composition of alloy phases,

(d) the volume fraction of phases and

(e) mechanical properties of phases, and links

(1) the alloy with its phases and vice versa, and
(ii)  the alloy properties and phase properties.

Experiments can validate or disprove the calculations/predictions (a) to (e).

The linkages (i) and (ii) in the previous paragraph are possible because there are pa-
rameters that link alloy, phases and properties. The parameters are based on atomic size (r;,
parameter 0), electronegativity (x;, parameter Ax), valence electrons (parameter VEC), en-
thalpy (parameter AHy;y ), entropy (parameter ASpix) and Q (=TmASmix/|AHmix|) [7,54-59],
which are the same parameters that are used for the study of HEAs, rapidly solidified alloys,
or bulk metallic glasses, e.g., [71], and the ratios sd /sp (concentration of sd over sp electronic
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configuration elements) and Nb/(Ti+Hf) [7,47,59,72], which (the ratios) together with the
aforementioned parameters are important for properties of RM(INb)ICs, RM(Nb)IC/RCCAs,
RM(NDb)IC/RHEAs [7-10,19-21,47,48,59,73], and their phases [9,21,48,54,56,57,60,61,74].
(For the calculation of the said parameters for alloys and solid solutions, see [55,59], and
for the calculation of the parameters Ax and VEC of NbsSiz, C14-NbCr, Laves phase and
A15-Nb3X (X = Al, Ge, Si, Sn) compounds see [54,56]).
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Figure 1. Representation of alloy design “landscape” drawn with NICE for a metallic UHTM with
bcc solid solution and 5-3 silicide of Nb. VEC is valence electron concentration, r is atomic size, x
is Pauling electronegativity, AHp,;y is enthalpy of mixing, ASy; is entropy of mixing, AW is mass
change in oxidation, E is Young’s modulus, oy is yield strength, ¢ is steady state creep rate, Ax
parameter based on x, b parameter based on r, Q) is parameter based on melting temperature, ASyjx
and AHpix, MACX is macrosegregation of element X, and C is chemical composition.

The term landscape refers to either natural scenery or its representation. Used as
representation, a landscape could help one to imagine what an alternative future state of
affairs might be like. A landscape can have a dynamic and complex character. It can give
information about the relative position of things, define spatial boundaries and delimit
particular areas. Also, a landscape can have a “substructure” and a “superstructure”. We
orient ourselves in the world by walking around. Things can be seen from different points of
view (perspectives). To get a view (impression) of a particular landscape and a perspective
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of the land, we have to take a position in it. We become familiar with it by walking around.
We can have a survey perspective and a route perspective of the landscape. It makes
a difference if we plan our route on a map or navigate our way following noteworthy
landmarks on the ground. Seen from a distance, the same scenery might not make a great
impression. A landscape is experienced essentially by our moving through it.

Figure 1 shows an alloy design “landscape” for metallic UHTMs that has been pro-
duced (“drawn”) with NICE. It is a developing but not yet fully formed “landscape”,
ie., itis a “landscape” in statu nascendi (in a state of being born). Economic, engineering
and ecological issues, phase equilibria, properties, knowledge and know-how make up a
“substructure” that supports the “superstructure” of alloys, their phases and properties.
For reasons of simplicity, the “landscape” shown in Figure 1 is about alloys with microstruc-
tures that consist of two phases, namely bcc Nb solid solution (Nbss) and 5-3 silicide of
Nb (NbsSi3), i.e., for RM(Nb)IC, RM(Nb)IC/RCCA or RM(Nb)IC/RHEA, and for RCCA
or RHEA with Nb and Si additions. It can be expanded to include the said two phases
plus other compound(s), for example, Laves phases and/or A15 compounds [54], or to be
the “landscape” for a material system for an application at ultra-high temperatures, for
example, a substrate alloy with an environmental coating [9]. The “landscape” in Figure 1
has “lines and paths”, “focal points”, and “transitions” shown with lines single or double
arrows of different weights and colour.

Let us view together the “landscape” in Figure 1. We start from the “superstructure”
of alloys, their phases and properties. First, we shall view it from a survey perspective.
The “landscape” includes elements, phases, alloys and properties, parameters of alloys
and phases, compositions of alloys and phases and links the aforementioned with single
or double arrows of different weights and colours. Second, we shall view the “landscape”
from a route perspective. One route perspective is to follow the solid, thick green arrows
that link boxes delineated with thin green lines. The first two boxes are earmarked for
properties. The following three boxes are set aside for alloys, solid solutions and 5-3
silicides. This route starts from properties and takes us first to alloys, solid solutions, and
5-3 silicides. A second route perspective is to follow the green arrows at each of the latter
three boxes, change course and follow the direction of the brown, red or purple solid
thick arrows.

Another survey perspective shows that the “landscape” includes properties of ele-
ments, maps of alloys and phases, and links between the aforementioned and with boxes
noted with the previous survey perspective. A third route perspective continues from the
alloy composition delimited by the brown box and takes us to alloy maps, alloy properties
and macrosegregation of elements (MACX). A fourth route perspective continues from the
solid solution composition demarcated by the red box, taking us to phase maps and solid
solution strength. A fifth route perspective continues from the silicide composition delin-
eated by the purple box, taking us to phase maps and silicide properties. A third survey
perspective shows that the “landscape” includes interstitial contamination (outlined with a
blue box) that links with the alloy and its phases (links displayed with light blue arrows).

Next, we consider the “substructure” that is made up of economic, engineering,
and ecological issues, phase equilibria and properties, interstitial contamination and new
knowledge and links with the latest “external” knowledge, and which (the “substructure”)
supports the “superstructure” of alloys, their phases and properties. A fourth survey
perspective shows that there are costs associated with the raw elements used in the alloy,
as well as energy, processing, manufacturing, sustainability, recyclability, and risk issues
that must be considered (shown with a light purple box). A fifth survey perspective reveals
that the phase equilibria link with alloy and its phases and with interstitial contamination,
and a sixth survey perspective discloses that the latest knowledge and know-how “feeds
in” new knowledge, which in turn links with other parts of the substructure and with
the superstructure.

A sixth route perspective starts from the interstitial contamination box, links (i) with
phase equilibria that are also linked with the alloy and its phases, (ii) with the elastic
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properties of elements and their diffusivities in RMs, and (iii) with the elastic properties of
phases, and also links with the chemical composition and properties of alloys, then with
the chemical composition, parameters and properties of the solid solution and finally with
the chemical composition, parameters and properties of the silicide. In this route, we note
(a) that phase equilibria are linked with alloy and phases with double arrows, (b) that
interstitial contamination is linked with costs, engineering, ecological, and risk issues and
(c) that new knowledge is linked with all parts of the landscape via its links with interstitial
contamination, phase equilibria, and costs and engineering, ecological and risk issues.
The views of the “landscape” from survey and route perspectives suggest

(a) that metallic UHTMs have organised complexity,
(b) that there is entanglement and
(c) that the “affairs” of alloys cannot be separated from (are linked with)

(i) the “affairs” of phases and
(ii) the parameters that describe

(1) alloying behaviour and
VA properties of alloys and phases, and

(iii)  the (effects of the) environment (e.g., environmental degradation because of
interstitial contamination, oxidation).

According to NICE, entanglement has profound implications for the design of metallic
UHTMs (see below). The views of the “landscape” also hint at linkages of data that help one

(d) to uncover

(iv)  new things about alloys and their phases, things s/he might never have sus-
pected, and
(v)  regularities and linkages, and

(e) to establish

(vi)  relationships between different properties and
(vii) aframework of understanding that is subtle and mathematical.

Could the entanglement shown in the alloy design “landscape” in Figure 1 help the
alloy designer to find unexpected new relationships as the range of investigated UHTMs
is expanded? To answer this question, we must discover what else this “landscape” can
divulge to us. Shall we walk together around the “landscape”? We must not forget to
“open the door” of each bounded area to find what is kept inside (details about figures,
relationships, maps and references).

5.1. Walk in the Superstructure of the “landscape”

Our walk starts at the entrance of the “landscape” on the left-hand side of Figure 1.
We enter the first bounded area where we meet with the property targets (goals). The latter
have been set by industry and are related to the requirement for new materials that would
allow future aero engines to be more environmentally friendly and efficient [7-9,21].

We follow the solid green arrow and enter the second bounded area, which is on the
right-hand side of the “landscape” entrance, where we see that the property targets are
about the alloy steady-state creep rate (£,10y), mass change (AW,oy) in oxidation and yield
strength (O.yalloy)‘ (A target for toughness has also been set by industry; this property is not
included in NICE [7]). We find out that each one of the property targets correlates with alloy
parameters that form the third bounded area in the “landscape” on the right-hand side of
the second bounded area. The second and third bounded areas are linked with a solid green
arrow. The steady-state creep rate &,110y links with AXai10y, VECaney, and 8,110y, shown with
double dashed arrows, and examples of the correlations can be found, respectively, in the
Figure 10a—c in [7]. The AW,joy links with VEC,jjoy and 8,110y, shown with double dashed
arrows, and examples of the correlations can be seen in the Figure 9 in [7], Figure 13a,c
in [60] and Figure 15a in [46] for the former parameter, and in the Figure 13b,d in [60]
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and the Figure 15b in [46] for the latter parameter. The o.yalloy links with Axanoy, VECaoy,
and 8,10y, shown with double dashed arrows, and examples of the correlations of alloy
hardness and alloy specific yield strength can be found, respectively, in the Figure 11c
in [21] and the Figure 18a in [48] for the first parameter, the Figure 11d in [21], the Figure 6
in [9], the Figure 19 in [48], the Figure 8a in [60] and the Figure 8d in [60] for the second
parameter, and in the Figure 18b in [48] for the third parameter.

The aforementioned correlations/relationships indicate that one can use the value of
a property goal to calculate the corresponding alloy parameter value from the relevant
correlation. For example, for the creep rate goal, from €10y = g1(AXanoy) We calculate
AXalloy, from &0y = f1(VEC,y10y) We calculate VECy 1y and from &y16y = h1(8aney) we
calculate 8,110y, Where gj, f; and h; are mathematical functions. We also find out that
the entanglement of alloy properties with alloy parameters has led to the discovery of
relationships between the creep rate of a metallic UHTM with the ratios Nb/(Ti + Hf) and
sd/sp, i.e., relationships of the form &0y = g2([INb/(Ti + Hf)]ap10y), €.g., see the Figure 19
in [7] and €,p10y = g3([sd/splaioy), €-g., see the Figure 20 in [7].

As we wander inside the third bounded area, we discover that each alloy parameter
correlates with the alloy’s concentration C of solute X. In other words, we discover that there are
relationships of the form CxoY (at.%) = P(Paoy), where P is Axanoy, VECanoy OF 8anioy and p is a
mathematical function. We find out examples (i) for Cx@loy (at.%) = P1(AXaoy) in the Figure 12a
in [7], the Figure 10a in [19] and the Figure 9¢,£i in [60], (i) for Cx*!Y (at.%) = po(VEC,yioy)
in the Figure 12a in [7], Figure 18a in [21], Figure 10b in [19], Figure 9a,d,g in [60] and
(iii) for CxloY (at.%) = P3(8alloy) in the Figure 9b,e,h in [60]. Thus, we understand that the
entanglement of property goals with alloy parameters empowers one to calculate the alloy
chemical composition, Cypjoy. There are cost issues regarding the elements that “make up
the alloy”, which (the costs) result from the availability and cost of specific raw materials,
as well as recyclability and sustainability interests that must be addressed together with
processability matters. We move from the third bounded area in the direction of the solid
brown arrow in Figure 1. While we wander inside the third bounded area, we discover that
the alloy parameters also work together, i.e., they are in synergy (shown with the double
blue arrows in the third bounded area). We find correlations that result from the synergy of
alloy parameters in the Figure 15b in [19], Figure 16 in [48], Figure 14 in [46], Figure 15a
in [44], Figure 15 in [45], Figure 19 in [8], Figure 2 in [21] and the Figures 3 and 4 in [59].

We exit the third bounded area in the “landscape” and move in the direction of the
solid green arrow to enter the fourth bounded area. This area is about the bcc solid solution
in metallic UHTMs. Here, we encounter the parameters Axnpss, VECNbss and Onpss Of the
bce Nb solid solution. We discover that parameters of the alloy link with parameters of the
solid solution, i.e., with relationships of the form Py = q(Pnpss) where P is Ax, VEC or 6
and q is mathematical relationship. These links are shown with dashed arrows between the
third and the fourth bounded areas. They are described with mathematical relationships
such as (i) AXaloy = q1(AXNpbss), examples of which are found in the Figures 3a and 6a
in [20], (i) VECanoy = q2(VECNpss), examples of which are shown in the Figure 17 in [7],
Figure 17a in [21], Figure 3b in [20] and Figure 6a in [8] and (iii) Sai0y = q3(8nbss) (figures
not published).

While we stroll inside the fourth bounded area, we discover that the entanglement
of alloy, solid solution and parameters enables one to get the chemical composition of the
solid solution. Indeed, we discover that the chemical composition of the solid solution
can be calculated from relationships of the form Py = k(CxNP%) where P is Ax, VEC
or 9, k is mathematical relationship, and C is the concentration of element X in the solid
solution. We find out examples (i) for AxXnpss = k1 (CxNPs$) in the Figure 11a in [20] and
Figure Ala,cin [60], (ii) for VECnpss = ko (CxNPsS) in the Figure 11c in [20], Figure 18b in [21],
and Figure 4d—f in [60], and (iii) for dnpes = k3(CxNPss) in the Figures 7 and 11b in [20] and
the Figure Alb in [60]. In other words, having entered the fourth bounded area and looked
around it, we realise that the entanglement of property goals with alloy parameters Py
and solid solution parameters Pnypss, Where P is Ax, VEC or §, empowers one to calculate
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the solid solution chemical composition Cypgs. Thus, we move from the fourth bounded
area in the direction of the solid red arrow in the Figure 1.

As we wander backwards and forwards between the brown box of Cyjjoy, the third
and fourth bounded areas and the red box of Cypss We discover that owing to the said
entanglement, there is another way to calculate the chemical composition of the solid
solution, namely from relationships of the form Cx?!1%Y = m(Cx®) (shown with the thin red
arrow in Figure 1), examples of which are shown in the Figure 16 in [7] and Figure 19b
in [21], or from other relationships such as VEC,j1oy = n(CxNPs$), an example of which is
shown in the Figure 19a in [21]. Furthermore, we discover that the concentrations of solutes
in the solid solution are linked (the link with solute relationships is also shown with a
thin red arrow in Figure 1), examples of which are shown in the Figures 8 and 9 in [20],
Figure 11 in [19], Figure 16 in [61], Figure 7 in [48], Figure 4a—c in [60], Figure 12d,e in [46]
and relationships linking the concentrations of Ti with specific solutes, i.e., Tigs = d1(Cx*®)
shown in the Figure 54 in supplemental data in [74], Figure 12a—c in [46], Figure 12 in [45],
Figure 9 in [7] and the Figure 19¢,d in [19]. While we are thinking about our next step in
the “landscape”, we are excited to note that the said entanglement has directed research
to find out that the solid solution, which in metallic UHTMs can be “normal”, Ti-rich or
Si-free according to solute partitioning [55], can also be “conventional”, CC or HE [20]
according to its chemical composition, and that the research has discovered relationships
that link these solid solutions, for example see the Ax»onventional” Nbss = P(AXCC/HE Nbss)
relationship in the Figure 6b in [20].

The fact that there are relationships between alloy parameters, the existence of which
was realised when we strolled in the third bounded area, makes us wonder whether the
solid solution parameters also work together, i.e., they are in synergy. Returning to the
fourth bounded area, we discover this is the case (shown with the double blue arrows).
Examples of correlations that result from the synergy of solid solution parameters are
relationships such as VECgs = h1(8ss), shown in the Figure 10b in [20], VECss = P3(AXss),
shown in the Figures 6¢ and 10c in [20] and Figure 8c in [48], Axss=h3(dss), shown in
Figure 10a in [20], and 8ss = h4(AHmix)ss and Qgs = m(AHpix)ss, shown in the Figure 8a,b
in [48].

We return to the third bounded area in the “landscape”, move in the direction of the
solid green arrow and enter the fifth bounded area, which is about the 5-3 silicide of Nb
in metallic UHTMs. Here, we find the parameters Axnpssiz and VECnpssis of the silicide.
We discover that parameters of the alloy link with parameters of the 5-3 silicide with
relationships of the form P10y = t(Pnpssiz) where P is Ax or VEC and t is a mathematical
relationship. These linkages are shown with dashed arrows between the third and fifth
bounded areas. For VEC,1oy = t1(VECnpssi3), examples are found in the Figure 6a in [58]
and Figure 17b in [21] (figures for the relationship AXajioy = t2(AXNbssiz) have not been pub-
lished). There is also a relationship between VEC and Ax, namely VEC,j1oy = t3(AXNbssi3),
see Figure 7 in [21]. We discover that the chemical composition of the 5-3 silicide can be
calculated from relationships of the form Pnpsgiz = r(Cx\P%5i3) where P is Ax or VEC, r
is mathematical relationship, and C is the concentration of element X in the silicide. For
the relationship Axnpssiz = r1(CxV?>>%) examples are shown in the Figure 2b,c in [7] and
Figure 5d in [60], and for VECnpssi3 = 1o (Cx\P5513) see the Figure 2a in [56], Figure 18c
in [21] and the Figure 5c in [60].

In other words, having entered the fifth bounded area and looked around it, we realise
that the entanglement of property goals with alloy parameters P,y and silicide parameters
Pnpssiz, where P is Ax or VEC, allows one to calculate the silicide chemical composition
Cnpssiz- We move from the fifth bounded area in the direction of the solid purple arrow
in the Figure 1. We are excited to discover that concentrations of solutes in the silicide are
linked, as was the case for the solid solution. We find examples of solute correlations in
the Figure 11 in [19], Figures 12 and 13 in [61] and the Figure 13 in [45], examples of rela-
tionships linking the concentrations of Ti with specific solutes, i.e., TiNpssi3 = dp (CyNP5Si3y,
in the Figure 1b—d in [7], Figure 8a,b in [63] and the Figure 20 in [21] and examples of
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relationships linking the concentrations of Nb and Hf, i.e., Nbnpssiz = d3(Hfnpssis), in the
Figure 1a in [7] and the Figure 8c in [63]. The link of the chemical composition of the silicide
and solute relationships is shown also with a thin purple arrow in Figure 1.

We stand back and look again at the “landscape”. We discover that from the chem-
ical composition Cgpoy of an alloy, one can calculate macrosegregation (MACX) of el-
ements and alloy properties via the aforementioned parameters (i.e., the relationships
[Propertylaiioy = f(Panoy), where P is Ax, VEC or & discussed above) and other relationships,
for example, HV 10y = t1((AHmix)atoy) and HVanoy = t2((ASmix)anioy), as shown respectively
in the Figure 11a,b in [21]. We also discover how properties depend on the volume fractions
of phases, examples of which can be found in the relationships HV 415y versus vol.% Nbsgs
in the Figure 15e in [19], HV,y versus vol.% A15 in Figure 22c in [61], HV 1oy versus
vol.% NbsSiz in Figure 22d in [61] and [AW/ A]alloy versus vol.% Nbgs in Figure 16a in [19].

Furthermore, we find out that from the chemical composition of the bcc solid solution,
we can calculate its strength via the aforementioned parameters, i.e., from relationships
(0y)ss = g(Pss), where P is Ax, VEC or § and g is mathematical relationship (for examples see
the relationships HVgs = g5(Axss) in the Figure 13c in [21], HVs = f(VECss) in the Figure 17
in [48] and the Figure 6a—c in [60] and HVs = hy(8ss) in the Figure 7 in [8] and the Figure 4
in [9]) and other relationships, for example, the relationship HV¢s versus ()ss shown in
the Figure 13a in [20] and HVs = h(Cx**) shown in the Figure 7 in [60]. We also discover
that the vol.% of the bcc solid solution is related to alloy parameters and the chemical
composition of the solid solution, as shown with the relationships of vol.% Nbss versus
VEC,j10y in the Figure 16c in [19], Figure 18a in [61], vol.% Nbss versus Axaioy in Figure 16b
in [19] and Figure 22b in [61] and vol.% Nbss versus Cgs in Figure 9 in [46].

Moreover, we discover that from the chemical composition of the 5-3 silicide, we can
calculate properties of the silicide from relationships like [Property] nbssiz = g(P Nbssi3),
where P is Ax or VEC, for example, see the relationship HV npssis = f7(VEC npssis) in the
Figure 5 in [9]. Similarly, with the bcc solid solution, we also discover that the volume
fraction of intermetallics is related to alloy parameters, as shown with the relationships
linking the volume fractions of NbsSiz, A15-Nb3X and C14-NbCr; Laves with VECyjoy in
the Figure 18b—d in [61].

5.2. Walk in the Substructure of the “Landscape”

A huge volume of data about alloys is generated worldwide. Researchers accumulate
data and construct a worldview of what is going on. Alloy developers must (i) make sense
of data relevant to metallic UHTMs and (ii) combine bits of data into a broad picture of
these materials. Critical thinking, communication, collaboration, and creativity [8] would
help the researchers to feed the latest knowledge in an alloy design “landscape”.

One could enter the “landscape” shown in Figure 1 from the latest knowledge side.
Here, s/he will meet with the “substructure” of the “landscape”. Examples of latest
knowledge that feed in the “landscape” are the extensive and continuous metallurgical
and materials science research on HEAs, CCAs, RCCAs and RHEAs, e.g., [75-85], research
on RMICs, e.g., [86-92], research on mechanical properties, oxidation, e.g., [86,93-103]
and processing, e.g., [75,76,78,102], data relevant to phase equilibria and phase diagrams,
e.g., [71,72,104-112], all of which is assessed and evaluated within and without NICE.
However, the latest knowledge does not stop to the aforementioned but includes other types
of knowledge, for example, knowledge generated from the pursuit of sustainability and
sustainable development [113], from the concept of “circular economy” in the sustainability
debate, and environmental risks, and linked with research about shortage of resources
and recyclability, and with the exchange of ideas about and discussion of responsible
research and innovation, e.g., [114-116]. In other words, the “landscape” in Figure 1
connects with other processes of knowledge production, the relationship between science,
engineering and society, environmental degradation of materials, and is enthusiastic about
knowledge transmission.
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Indeed, NICE, via the new knowledge, links in the “landscape” with (a) phase equilib-

ria, (b) environment/interstitial contamination, (c) properties of elements and phases, (d)
raw materials, processing and ecological costs/issues, and (e) risks, and with its typical
characteristics/features of synergy, entanglement and self-regulation (see below) can deal
with change, to constantly learn new things and stay relevant. The latest knowledge in the
“landscape” meets with the new knowledge created with NICE within the “landscape”.
For example, new knowledge can be about the effects of exposure to different environ-
ments on mechanical properties (e.g., stress rupture life, fatigue crack propagation) and
oxidation (isothermal and cyclic) of metallic UHTMs and about (a) phase equilibria and
phase transformations, (b) processing, (c) properties. Let us expand on (a) to (c) in the next
three paragraphs.

@
@)

®)

4)

®)

(6)
@)
®)
©)
(10)

(11)

12)
(13)

(14)

Regarding phase equilibria and phase transformations, examples are

the clarification of three phase equilibria between Nbgs, Nb5Sis and C14-NbCr; in the

Nb-Si-Cr ternary [38],

studies of phase equilibria in the Nb-Ge-Si [39] and Nb-Al-Sn [40] ternary systems

(Al, Cr1, Ge, Si and Sn are key solute additions in metallic UHTMs for oxidation

resistance [7,8]),

precipitation of Nbgs in NbsSis in heat-treated alloys, see data for the alloys KZ7

(Nb-24Ti-18Si-5Al, [117,118]), JG1 (Nb-18Si-5A1-5Cr-5Mo, [119]), KZ5 (Nb-24Ti-18Si-

5A1-5Cr), KZ6 (Nb-24Ti-18Si-5A1-5Cr-6Ta), KZ2 (Nb-24Ti-18Si-4Al1-8Cr), KZ8 (Nb-24Ti-

18Si-4Al-8Cr-6Ta) [118], ZF8 (Nb-18Si-5A1-5Ge) and ZF5 (Nb-24Ti-18Si-5A1-5Ge) [120]

and the alloy CM1 (Nb-8Ti-215i-5Mo-4W-1Hf) [74] (in the parentheses are given the

nominal compositions, at.%),

precipitation of A15-NbsX in heat-treated alloys, see data for the alloys EZ5 (Nb-

24Ti-18Si-5A1-5Hf-55n), EZ8 (Nb-24Ti-185i-5A1-5Cr-5H{-55n) [61], ZX4 (Nb-24Ti-18Si-

5Cr-55n), ZX6 (Nb-24Ti-18Si-5A1-55n) [42] and JG6 (Nb-24Ti-18Si-5A1-5Cr-5Hf-2Mo-

55n) [121] (note that in JG6-HT the Sn rich Nbss that was reported in [121] subse-

quently was confirmed to be the A15 compound),

precipitation of Nbss and/or A15-Nb3X in heat treated alloys, see data or the alloys

NV8 (Nb-24Ti-18Si-5Fe-55n) [122], NV5 (Nb-24Ti-18Si-5Cr-5Fe-55n) [123], JZ4 (Nb-

11.5Ti-18Si-5Mo0-2W-4.95n-4.6Ge-4.5Cr-4.7 Al-1Hf), JZ5 (Nb-21Ti-185i-6.7Mo-1.2W-

4.45n-4.2Ge-4Cr-3.7A1-0.8Hf) [46], JZ3 (Nb-12.4Ti-17.7Si-6Ta-2.7W-3.75n-4.8Ge-4.7 Al-

5.2Cr-1Hf). JZ3+ (Nb-12.4Ti-19.75i-5.7Ta-2.3W-5.75n-4.9Ge-4.6 Al-5.2Cr-0.8Hf) [45],

EZ4 (Nb-18Si-5A1-5Hf{-55n) [62], ZX5 (Nb-24Ti-18Si-5A1-25n) and ZX7 (Nb-24Ti-18Si-

5A1-5Cr-2Sn) [41],

stability of A15-NbsX, C14-NbCry, tP32 Nb3Si, metastable NbsSi [19,61,62],

phase equilibria between “conventional” and CC/HE Nbsgs and NbsSis [9,19,20,48,61],

phase transformations associated with CC/HE phases [61],

relationships between solutes in hexagonal D8g 5-3 silicide in B containing RCCAs [48],

effects of different solute additions on the chemical composition of eutectics with Nbgg

and NbsSij; [61], and

solubility range of

i) Xin A15-NbsX (X = Al, Ge, Si, Sn) [42,61],

(ii) <Si> in Nbs<Si>3 (<Si> = Al, Ge, Si, Sn) [56], and

(iii) ~ <Si> in tetragonal D8 (T2) and hexagonal D8g 5-3 silicide in B containing
RCCAs (<Si> = Al, B, Si, Sn) [48].

In relation to processing, examples include

the effects of processing and alloy chemical composition on the type of NbsSiz in
metallic UHTMs [62],

subgrain formation in NbsSij is cast and OFZ (optical floating zone) grown alloy CM1
(Nb-8Ti-21Si-5Mo-4W-1Hf) [74], and

effect of processing on macro and micro-segregation [8,74].

With regard to properties, examples can be found vis-a-vis
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(15) alloy oxidation, which improves with the addition of Ge and/or Sn that segregate to
the surface where

() Sn-rich areas are formed, and Sn-containing compounds precipitate and
(ii) Nbs(Si,Ge)s is formed [28,41-47],

(16) correlations of the hardness

(iii)  of the bec solid solution with dgs, [Oss] [8,9,20], and Qss, (AHmix)ss, (ASmix)ss [21],
(iv)  of NbsSiz with solutes [56] and with VECNpssiz [9,21,58],
(V) of aHOYS with VECalloyr AXalloy/ (AHmix)alloyr (Asmix)alloy [21]/

(17) relationship of specific strength with VECyj6y [8,9],

(18) correlations of the Young’s moduli of the bcc solid solution with the concentration of
oxygen owing to interstitial contamination [20],

(19) relationships between the hardness of eutectics with Nbss and NbsSiz with the param-
eters VECeutectic [57], Seutectic and AXeutectic [21],

(20) correlations of the steady-state creep of Nb5Siz with the parameters VECnpssi3, Onbssis
and Axnwssis [9],

(21) relationships of the parameters VECss, 655 and Axss with the concentration of oxygen
in the bec solid solution owing to its interstitial contamination [20],

(22) correlations about the contributions of solute elements to the steady state creep of the
alloy [21] and

(23) creep map for alloys [9].

In the “substructure” of the “landscape”, we find out that atomic size, electronega-
tivity, and valence electrons “support” the “landscape” with their correlations with the
diffusivity and elastic properties of elements that are components of metallic UHTM, and
with their correlations with the elastic properties of 5-3 silicides. We find examples of
these correlations in the Figures 1-4 in [55], Figures 1, 2, 3a and 8 in [7] and in the Figure 1
in [21] for the elements, and in the Figure 3b to d and the Figure 4 in [7] and the Figure 14
in [8] for the silicides. We discover that in these correlations, (a) the elements belong in
distinct groups and that these groups are associated with the distinct locations that metallic
UHTMs have in alloy maps based on alloy parameters, as corroborated by the Figures 1-5
in [59], the Figure 19 in [8], the Figures 2 and 5 in [21], the Figures 1 and 2 in [9], and (b) the
silicides also form distinct groups in silicide maps based on silicide parameters, depending
on the solutes that substitute Si or NDb, as confirmed by the Figures 5-11 in [56], the Figure 6
in [21], the Figure 3e in [9], and the Figures le, 2e, 3e and 4e in [58].

The importance of the environment comes into view in the “landscape” in Figure 1,
using as an example the interstitial contamination box in the groundwork of the “land-
scape”, and indicates the significance of metallic UHTM-environment “interaction”. Inter-
stitial contamination is key for the design, processing and properties of metallic UHTMs
with/without the addition of reactive elements like Hf, Ti or Zr, owing to the sensitivity
of RMs to interstitial contamination [8] and the effect that such contamination has on
phase equilibria, e.g., [19,124-132] and stability of microstructures [133]. The interstitial
contamination (a) links with properties, e.g., [134-154], (b) with diffusivities, e.g., [155-160],
(c) with solutes that slow down diffusivity of oxygen, e.g., references [43,161-163] and the
Figure 17 in [19], and (d) with elastic properties of intermetallics contaminated with oxygen,
e.g., [164-166]. Interstitial contamination affects the hardness and Young’'s modulus of the
bec Nbgg solution and NbsSis [20,167,168]. Furthermore, the interstitial contamination of the
bec solid solution, 5-3 silicide, and A15 compounds differ, depending on solute elements in
each phase and is more severe for the solid solution, e.g., Figure 17 in [19], and the severity
of contamination of the aforementioned phases depends on location in the metallic UHTM,
e.g., see the Figure 12c in [20]. Moreover, the parameters Ay, 6 and VEC, the hardness and
Young’s modulus of the bce solid solution increase with increasing contamination with
oxygen; see Figures 11, 12d, 14c and 16 in [20]. Likewise, the parameters and properties of
the 5-3 silicide depend on interstitial contamination.
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6. Self-Regulation

NICE (a) has corroborated that it is possible to design alloys to meet the creep goal [8],
(b) drew attention to the fact that one can get close to meeting the oxidation goal, (c) ap-
prised the alloy designer about the importance of metallic UHTM-environment interactions,
and (d) has warned the alloy developer (i) that it is unrealistic to aim to design metallic
UHTMs to simultaneously meet creep and oxidation property targets in the same material
and (ii) that the development of substrate metallic alloys must proceed hand in hand
with the development of environmental coating systems, for which NICE can assist with
the design of bond coat materials [9,64,68,69]. (In other words, NICE advises that we
should aim to develop a materials system comprising of substrate plus environmental
coatings for the “beyond the nickel-based superalloys era”). As a result, alloy designers
must “fine-tune” their response to strategic priorities and design stimuli (incentives) that
motivate the development of new metallic UHTMs, and either aim to design alloys with
a balance of properties or aim to meet the goal (target) for a specific property. To put it
another way, because of synergy and entanglement, an internal adaptive mechanism in
NICE assists the alloy designer in meeting strategic priorities. I refer to this capability of
NICE as self-regulation. Therefore, the features of the alloy design “landscape” drawn with
NICE and shown in Figure 1 are synergy, entanglement, and self-regulation.

7. Synergistic Metallurgy

With CEMI (see Section 3), we can look at the principles of a material system and
its evolution, both in service and as a design concept. For example, in the context of
materials for high-pressure turbine applications in a gas turbine engine, a material system
comprises a metallic UHTM substrate plus an environmental coating. The latter could
be of the bond coat/thermally grown oxide/topcoat, with a layered multi-material or
a functionally graded material as its bond coat. I used the word evolution because, in
my opinion, alloy design ought to be able to deal with modes of change of a material
or a material system, directional change or cumulative change and also because I wish
to emphasize the importance of the cultural realm for the development of materials and
material systems.

NICE makes it possible to deal both with material systems and their evolution. The
material system necessitates understanding the processes via which its different inter-
connected parts justify their aggregate (holistic) identity. The interconnected parts are
entangled and in synergy. Evolution in service ensues, for example, from interactions of
the whole system with the environment, from inter-diffusion between the substrate and
bond coat, between the layered components of the multi-material bond coat or from phase
transformations in a functionally graded bond coat, some of which might be triggered
by interstitial contamination. This evolution, as a way that produces change, could gen-
erate a variety of microstructures, some of which may be attributed to changes in phase
equilibria and bring about changes in mechanical and thermo-physical properties of the
material system. The above feed in NICE, meaning new knowledge generated via the
design methodology (Figure 1), and, for example, facilitate the design of new material
systems, the modification of existing ones, points to changes in manufacturing procedures
or hint at new experiments. Thus, the correlative environment material interaction (CEMI)
produces changes interrelated with prolonging the use of the material system in service. I
wish to call this “evolution through survival” (ETS). In other words, the arising/resulting
changes shape something akin to an environmental system. CEMI, ETS and IRIS are in
synergy supported by and backing ESSERE (see Section 3 and Appendix A) (Figure 2).

I “define” synergistic metallurgy the metallurgy depicted in the Figure 1 (and its
extension for alloys with three or more phases, see Section 5) and Figure 2. The synergistic
metallurgy, in partnership/alliance with chemical, mechanical, physical and process metal-
lurgy, works together with the science and engineering disciplines and has the capacity
to affect the development of how materials (i) are developed, produced and used and
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(ii) change the world. Synergistic metallurgy invokes probabilistic dealing with a situation
or problem, what is likely to happen, what could happen, and what tends to happen.

ESSERE

CEMI ETS

Figure 2. A schematic diagram showing the link between CEMI, ETS, IRIS and ESSERE. For the links
of this figure with NICE, see the text.

8. Afterword

Let us reflect on what we have seen and learned from our “walk” in the alloy design
“landscape”. In our “walk”, we viewed the parts that make up the “landscape” as distinct
groups, but they are entangled. The NICE methodology seeks to broaden our horizons,
open new and unknown futures, make us aware of possibilities we do not normally consider
and emphasizes the key role of the environment-material interactions in the design and
development of metallic UHTMs.

Synergy and entanglement demonstrated how relationships between parameters of
alloys and their phases, between the same parameters and properties of alloys and their
phases, shape a subtle and harmonious methodology to process alloy design/selection
through a progressive goal-oriented approach. What we need to know is not simply where
we are going but also where we are and where we can go. We should be aware of “path
dependence”, meaning that the order in which decisions are taken affects their outcome.

The available data gives a realistic (workable, consistent) account of how the alloying
behaviour and properties of alloys and their phases are “determined (controlled)” by
different groups of elements working together and with the environment in a metallic
UHTM. In the latter, different elements with similar or different concentrations and different
levels of structure (meaning the different or similar structures of elements and of the
phases such as solid solution(s) and intermetallic(s) that make up the alloy microstructure
with a particular “architecture” (e.g., co-continuous solid solution(s)-intermetallic(s)) that
are influenced by internal processes (e.g., solute partitioning) or the environment (e.g.,
contamination with interstitials) in which the alloy is produced and/or operates, are in
synergy. Partitioning of solutes can result (i) in a change in the crystal structure (e.g., the
case of Ti partitioning to NbsSiz and substituting Nb, thus causing a change in structure
from tetragonal to hexagonal as well as changes in mechanical properties [27]) or (ii) to
the formation of sub-grains in NbsSi3 [74] while change in structure also can occur with
contamination with interstitials (for example, the case of hexagonal instead of tetragonal
Nbs5Sij stabilised in Nb-Si alloys with C contamination [169]).

Underlying the complexity of metallic UHTMs is the apparent simplicity of relation-
ships that enable organised complexity to emerge by means of synergy and entanglement.
The organizational properties of these complex alloys are attributed to the relationships of
parameters that reflect the specific nature of the alloys concerned. Regularities have con-
tingent features, meaning they depend upon something beyond themselves, for example,
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contamination by interstitials owing to interaction with the environment [20,169], and thus,
parameter values and relationships change.

The building blocks in the “landscape” in the Figure 1 were not “given”. They had
to be created. The “landscape” created with NICE reflects a complex interaction between
change and strategic innovation. Alloy design requirements change in response to the
needs of innovations achieved (gained) by strategy. Uncertainty is intrinsic in the design of
metallic UHTMs. Its significance is that it turns planning for the future into an ongoing
learning proposition.

A characteristic feature of the “landscape” is that its parts interact in many ways.
Collective properties result from the properties of the parts, and behaviour at a larger scale
results from the detailed structure and relationships at a finer scale. In other words, as we
walked in the “landscape”, we moved across different length scales. From the “landscape”,
we can find out what could happen to the alloy (material system) on account of its relation-
ship with its environment. The “landscape” suggests (hints, implies) that properties that
we associate with an alloy (material system) are dependent on the relationship between
parts of the material system and its environment.

Thanks to synergy, information about alloy (material system) behaviour and prop-
erties can be extracted owing to the coexistence of phases and phase types and the re-
sourcefulness of parameters; the information cannot be obtained from the individual parts
considered individually.

Synergy and entanglement are mutually affecting. There is a constant interaction
between the two. The link between them is not merely causal but relational. They are not
made in relationships. They are made of relationships. The dynamic interplay between
synergy, entanglement, self-regulation and the reasonable (and acceptable) goals of industry
must be satisfied before we can say that the development of an alloy has been achieved.
The balance of properties is a dynamic situation maintained and adjusted by synergy
and entanglement.

Implicit in the alloy design “landscape” is the idea of self-regulation. Alloy develop-
ment is bound by norms and must agree to limit itself according to the norms it serves.
Alloy development rules are normative (set a standard). The normative power of an alloy
development rule depends on its thought-provoking (motivating) power. (NICE via the
parameters VEC, Ax and 6 warns the alloy designer that the key property goals for metallic
UHTMs conflict, for example, the parameters VEC and 9§, and the alloying with Boron
“limit” what the alloy designer can do for oxidation versus creep [7-9], and the parameters
VEC and Ay for the creep of NbsSis [56]).

Metallic UHTMs must be understood holistically, and the properties of a metallic
UHTM are comprehended by studying the alloying behaviour and properties of its con-
stituent phases. Synergy and entanglement plus self-regulation point to alloy development
using both reductionist and holistic approaches.

The latest scientific, technological, and institutional knowledge and know-how can
come from any part of the world, as R&D is not the monopoly of any country. Resulting
knowledge and know-how relevant to metallic UHTMs will feed in NICE and the alloy
design “landscape”. If a single country or research community were to pursue a high-
risk, high-gain technology path, other countries and research communities would most
likely be forced to do the same and “formo” (see Abbreviations) becomes effective (“kicks
in”). Research outcomes relevant to metallic UHTMs will feed in NICE and the alloy
design “landscape”. New and latest knowledge relevant to metallic UHTMs produced
respectively within and without NICE is likely to reinforce and compound one another. In
other words, the connectivity (within and without the “landscape”) and updateability of
NICE demonstrated that the “landscape” embodies evolutionary rationality.

Risks and ecological challenges arising from the development of metallic UHTMs,
e.g., risks associated with (i) potential need for strategic low availability alloying elements,
(ii) scale-up [8], (iii) uncertainty about metallic UHTM capability and capability robustness,
(iv) high costs for material qualification, and (v) availability and applicability of probabilistic
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methods to support alloy qualification and sustainability and recyclability can be managed
with IRIS, CEMI, ETS and ESSERE. Material-environment interactions can be handled with
CEMI (Sections 3 and 6). Recovery and/or recycling of scarce raw materials could accelerate
the development of new technologies, affecting processability, component manufacture
and microstructure architectures. The need for environmental coatings that protect metallic
UHTM substrates from interstitial contamination could also lead to the development of
new surface engineering technologies for the deposition of multi-material systems with
tailor-made functionality for the bond coat and topcoat.

In the Table 1 is condensed the above discussion and the conclusions of this paper.
The three attributes of NICE, namely synergy, entanglement, and self-regulation, enable the
alloy designer to calculate the composition and properties of a metallic UHTM or a material
system and its phases and link alloy design with costs, energy, processing and raw materials
as well as with risk, sustainability, recyclability and material-environment interaction
matters/concerns, which are dealt with the affiliates IRIS, CEMI, ETS and ESSERE.

Table 1. A summary perspective of the attributes and capabilities of NICE for the design and
development of metallic UHTMs.

Attributes Composition Properties Links with ** Affiliates *
E
N Synergy Metallic UHTM ~ Metallic UHTM Costs Risks IRIS 5
I . * . Energy Sustainability S
Entanglement  Material System Material System : e CEMI
C . Processing Recyclability E
Self-regulation Phases Phases . 4 ETS
E Raw materials Environment R
E

* see Section 7, * see Sections 3 and 7, ** see Sections 1 and 5.2.

9. Something to Think about

Have we considered including the environment-metallic UHTM interaction in our
studies and models of mechanical properties, e.g., yield strength and creep, of an alloy
and its phases? For example, we know that contamination with oxygen increases the
yield strength and Young’s modulus of Nb solid solution [20] and decreases the yield
strength and Young’s modulus of the NbsSij silicide [167,168], that contamination of the
solid solution is more severe than that of the silicide [167,168], and that the contamination
of each phase depends on how close the phase is to the scale/substrate interface and on the
solute elements in the alloy and phases [19,20,167,168].

Have we considered modelling mechanical properties, e.g., creep, of metallic UHTMs
with microstructures where “conventional” and CC/HE phases with/without interstitial
contamination, namely bcc solid solutions and intermetallics, coexist [19,20]?

We might want to consider how to incorporate phase transformations, e.g., the precip-
itation of solid solution particles in intermetallics, in our models of mechanical properties,
e.g., when we model the creep and/or toughness of metallic UHTMs.

It may be a good idea to take into account the changing (i.e., the dynamic) nature of the
interfaces of M5Sij silicides with bec solid solution(s) and/or other intermetallics, owing to
the partitioning of solutes, contamination with interstitials and phase transformations of
the silicide (e.g., see [45,61,62,74]) on mechanical behaviour at elevated temperatures.

In directionally solidified (DS) metallic UHTMs, macrosegregation profiles of elements
depend on the overall alloy chemistry (meaning the elements that are in synergy in the
alloy) and on growth rate [8,74,170]. Have we thought about manufacturing DS “com-
posite” metallic UHTM components consisting of a core alloy surrounded by different
(outer) alloy(s) and even using interstitial contamination of outer alloy(s) to modify and/or
customise microstructure and properties?

We might want to think about how to additively manufacture metallic UHTM compo-
nents with microstructures consisting of “conventional” and CC/HE phases with/without
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metastable phases either in a layered structure with different functionalities for specific
layers or as a concentric structure.
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Abbreviations

CALPHAD Calculation of Phase Diagrams

CcC complex concentrated (also compositionally complex)
FOMO fear of missing out

HE high entropy

HV hardness Vickers

MACX macrosegregation of element X

NICE Niobium Intermetallic Composite Elaboration

RM refractory metal

RMIC refractory metal intermetallic composite

RHEA refractory metal high entropy alloy

RCCA refractory metal complex concentrated alloy
RMIC/RHEA RMIC that also meets the definition of RHEA
RM(NDb)IC refractory metal intermetallic composite based on Nb
RM(NDb)IC/RCCA RM(ND)IC that also meets the definition of RCCA
RM(Nb)IC/RHEA RM(ND)IC that also meets the definition of RHEA
™ transition metal

UHTM ultra-high temperature material

Appendix A. Clarifications/“Definitions”

Citizen * Person (see below)
the way of life of a particular society. For example, the people (persons, see

Culture * npéowTov below) that lived in the ancient poleis (cities) of Athens and
Sparta, i.e., the societies of Athens and Sparta, had different cultures (see
polis below)

Feclesia * public legislative assembly of citizens that put citizen participation at its
very core and underpinned the growth of a polis.
occurs when the (alloying) behaviour and properties (e.g., mechanical,

Entanelement environmental, thermo-physical) of a complex whole (alloy) cannot be

& described and understood independently from the behaviour of its

parts (phases)

Essere to be and to exist (verb in Vulgar Latin)

Intricateness having many complexly interrelated parts (from intricate from Latin

intricatus, which means entangled)

Inter-subjective

opinion exists within a communication network and links the subjective
opinions of many individuals. Communication network is the structure
and flow of communication and information between individuals within a
group [171].
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Land + scape, scape from Old English sceppan or scyppan, meaning to
Landscape shape (e.g., landscape is human-made space on the land or an area of the
Earth’s surface seen by an observer)

derived from the words method and logos, method from ué8odog, which
derives from the verb petépxopat that means movement for some
purpose, and logos from Adyog, which derives from the verb Aéyw that
means tell, say

Methodology

City (here the word polis is used to describe the poleis (plural of polis) in

Polis * . .
ancient (classical age) Greece; see culture above)

npoowTov in Greek. The word tpéowmov is made up of the preposition
npog (=towards) and the noun w1 (wmdg in the genitive), which means

Person * face, thus the composite word mtpog-wmov. A person (mpdowmov) has their
face towards someone or something, s/he is opposite someone or
something [53]

is derived from the Greek word ovvepyix, which comes from syn/ovv

Synergy (=together) and ergon/épyov (=work), thus synergy = work together.

from topos/tém0¢ (=place) + graphy/ypxe1j (ypxe1j from

Topography Ypdw = write about), or description of place

* Relevant to Sections 3 and 4.

Appendix B. Partitioning of Solutes

In boron-free RM(Nb)ICs, RM(Nb)ICs/RCCAs and RM(Nb)ICs/RHEAs, the par-
titioning behaviour of TMs, RMs and simple metal and metalloid elements affects the
concentrations of Al, Cr, Mo, Si, Ta, Ti and W in the bcc solid solution and the 5-3 silicide.
In the bee Nb solid solution the concentration of Ti depends on the concentrations of RMs;
it decreases as the RM content increases and vice versa, e.g., [45,46,74]. The increase in Ti
concentration results in higher Cr and/or Al contents [117,118,172]. The concentration of
Si can be zero (according to EPMA data) with specific RMs in solid solution, for example,
with W [173] or with Mo and W or Ta [46,173,174], but not with Ta or Ta and W [45,118,174].
In alloys with Hf and Ti additions, the concentration of Hf in the NbsSiz increases with
increasing Ti content, and the Nb/(Ti+Hf) ratio decreases [45,46,61,63,65,73].
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