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Abstract

Platinum group metals (PGM) (Pt, Rh, Re, Pd, Ir and Os) and their alloys have high melting
points and low reactivity with oxygen, making them excellent candidates for applications at
high temperatures and in aggressive environments, such as in spark plug igniters, glass man-
ufacture and industrial chemicals processing. However, platinum group metals are classified
as critical due to their low crustal abundance and the volatility of the political situation in
the geopolitical areas they naturally occur in. In addition to this, PGM are also expensive,
and therefore for both of these reasons, reduction in their use is desirable. Here, the extrap-
olation of the Hume-Rothery rules to high entropy alloys has been employed to design novel
single phase platinum group metal based multiprincipal component alloys, which represents a
new area of study for this type of alloy. High throughput calculation methods were combined
with these guiding rules to identify 29 alloys of interest in systems based on PtRh, Ir, and
Ag. The main aim of the work was to design thrifted, oxidation resistant PGM based multi-
principal component alloys for high temperature applications. Of those 29 alloy compositions,
27 alloys were manufactured at laboratory scale in 5g quantity. Results obtained from X-
ray diffraction, X-ray fluorescence, scanning electron microscopy and electron dispersive X-ray
spectroscopy, and electron probe microanalysis are presented showing that, of those produced
and successfully alloyed, the alloys Pt7Rh23Ni35Co35, Pt5Rh20V5ni35Co35, Pt5Rh11V14Ni35Co35,
Ir35Rh35Co5Ni5Pt20 and Ir12Fe33Co20Ni30Pt5 are very likely to be single phase. We identify that
the pairwise enthalpy of mixing, ∆HAB impacts the single phase formation to a greater extent
than the multiprincipal enthalpy of mixing and we suggest the criteria that to achieve a sin-
gle phase multiprincipal component alloy −50 ≤ ∆HAB ≤ 0kJ mol−1 for all pairs in an alloy
system. The ductility of the laboratory manufactured alloys is assessed for ductility at room
temperature with a hammering test as the alloys need to be cold workable for industry. While
this test does not give quantitative data on the ductility, it allows discrimination between an
alloy with very brittle character and one that is sufficiently ductile to merit consideration for
industrial casting and cold rolling trials. Further analysis by high temperature compression is
not performed due to the relative ease of attempting processing trials (at the industrial partner,
following the work of this thesis) compared with the access to the required equipment. Follow-
ing this characterisation, those 5 alloys were chosen for industrial scale manufacture trials at
1000g scale and the success of the scale up is assessed via optical microscopy grain analysis for
resistance to cracking, X-ray diffraction for identification of crystal phase, X-ray fluorescence for
investigation of homogenised distribution of constituents across samples (i.e. ensuring proper
manufacture), scanning electron microscopy and electron dispersive X-ray spectroscopy, and
electron probe microanalysis for assessment of phase distribution and homogenisation across
samples. Single phase formation still occurs at scaled up size in all 5 alloys. Vickers hardness



and elastic moduli are assessed via Vickers hardness indentation and nanoindentation and the
observed behaviour without cracking indicates that all 5 alloys are ductile. Alloys were assessed
using differential scanning calorimetry in an Ar environment up to 1400◦C to determine the
response to heating, all alloys heat well up to 1400◦C and do not undergo any significant phase
or state transformation. The response of these alloys to heating up in air to 1000◦C and being
held in air at 1000◦C for 1h is assessed via thermogravimetric analysis. The results of the ther-
mogravimetric analysis showed that the addition of V greatly impacts the oxidation of these
alloys in a negative way; conversely the addition of platinum group metals to a Fe rich alloy,
Ir12Fe33Co20Ni30Pt5 changes oxidation resistance for the better in comparison to literature data
for standard ferritic steels at 1200◦C. Density Functional Theory (DFT) studies via the use of
the CASTEP code are employed to test the validity of density functional theory simulations
in being able to provide a good screening method prior to laboratory based manufacture to
assess whether these alloys will be energetically stable as randomly ordered structures and as
a means of resource management as no material will have been wasted in manufacturing. DFT
simulations have been assessed as appropriate for exploring the enthalpic stability of alloys by
using DFT simulations to recreate the trends seen in binary alloy phase diagrams. We employed
DFT simulations to explore the enthalpic stability in 108 atom face centred cubic supercell of
Pt7Rh23Ni35Co35 in disordered lattice arrangements, and short and long range ordered lattice
arrangements. Density functional theory simulation trends show that Pt7Rh23Ni35Co35 tends
towards mixing to a disordered lattice arrangement on a face centred cubic crystal lattice which
agrees with the single phase observed in physical experiments. We show successful ground state
energy simulations of 108 atom Pt7Rh23Ni35Co35 (0 0 1), (0 1 1), (1 0 1), (1 1 0) and (1 1 1) sur-
face slabs, cleaved using the METADISE code and simulated using the CASTEP code. Results
show that all planes have approximately an equal energy. Physically this means that all have
an approximately equal likelihood of manifesting as the surface plane. Further work towards
explaining this mixed surface plane structure could be assessed by electron backscatter diffrac-
tion imaging. We provide a methodology and parameters suitable for simulation multiprincipal
component alloys up to 108 atoms using density functional theory simulations.
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Chapter 1

Introduction

Ever since the first reports on achieving multiprincipal component alloys in solid solutions,
the field of High Entropy Alloy (HEA) has become increasingly attractive to researchers in
metallurgy. Reasonably, whenever new science is presented to any scientific field its pursuit
is inevitable. Now, 15 years since the first reports the field is ever-flourishing and this new
science has only but been scratched at the surface. The discovery and exploration of new
alloys is particularly attractive to industry, and companies such as Johnson Matthey Noble
Metals (JMNM) for several reasons. The aim of this work was to design platinum group metal
alloys for high temperature applications (also recognizing that alloys of the HEA type have
been reported to have unusual and outstanding mechanical, electronic and physical properties,
which may be of interest for other potential applications and could be further developed in due
course, if steps can be made in establishing which alloys can be made and how they can be
predicted). A key part of any industry, especially one involved in noble metals, is ‘thrifting’,
using the least amount of material possible either due to cost or criticality of the constituent
elements. Alloying noble metals with cheaper elements using HEA principles(3 ≤ elements, 5 -
35 atomic percent content (at.%)) might produce alloys with matching qualities when compared
to industry standards, at a fraction of the cost. In order to balance cost and performance, it
may be valuable to explore alloys formed from several PGMs, and several non-PGMs combined.
However, the multiple potential interactions here may work against the desire to achieve single
phase to facilitate processing (lower strength and higher ductility). A multiprincipal component
alloy in solid solution would be considered unlikely to be easily found before the advent of HEA.
To a researcher, understanding why and how such an unlikely material can form is invaluable
for furthering this field. In this project we develop and explore multiprincipal component alloys
based on PGM alloyed with cheaper materials for high temperature uses. The design principles
used in this work are based on some of the approaches which have been discussed in the liter-
ature on HEA work (which are discussed later in this thesis). These ideas are explored further
and modified to reflect how PGM best alloy into multiprincipal component solid solutions. Of
the 32 alloys manufactured at laboratory scale, 5 were selected to be manufactured industrially
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and explored further using advance characterisation techniques. These selected alloys were all
assessed to have a high likelihood of forming solid solutions, to be potentially processable with
current industrial techniques and represented different areas of composition space to facilitate
understanding of the behaviour of these systems. To complement the high-throughput alloy
composition identification we decided to develop a method of assessing the stability of poten-
tial compositions before lab manufacture, contributing to resource management. The method
is based on DFT studies of potential compositions. In the model, alloys are constructed by
assigning constituent element atoms of an alloy composition of interest to loci of a selected
crystal phase, at random. This way is the most suitable for exploring disordered lattice ar-
rangements closest to reality. First, as a validation step, DFT was used to explore binary
alloying by comparing DFT results for binary alloys to binary phase diagrams to confirm that
DFT studies were suitable for investigating multiprincipal component alloys via DFT. Alloy
Pt7Rh23Ni35Co35 was simulated using DFT to prove the suitability of the method.

Aims and objectives

Aim: Explore, identify, investigate, and develop single phase multiprincipal component
alloys based on PGM for high temperature use

Objectives:

Address the criticality and cost aspects of PGM by alloying with metals of lower
criticality

Identify alloy compositions of interest using high throughput methods employing the
high entropy alloy extrapolated Hume-Rothery rules

Evaluate the suitability of density functional theory in simulating multiprincipal
component alloys and suggest a method of pre screening compositions formed from
elements which display favourable characteristics for the application (e.g. high melt-
ing point, stability in an environment with oxygen, etc).

Evaluate the stability of the compositions alloys via the use of density functional
theory simulations

Suggest methods of simulating multiprincipal component alloys using density func-
tional theory

Characterise alloys made at laboratory and determine compositions of interest to be
trialled for industrial scale manufacture

Evaluate the alloys and suggest improvements to criteria for single phase multiprin-
cipal alloy identification

Thesis structure
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Chapter 2 Presents the motivations for exploring alternatives to conventional platinum group
metal uses, evaluates the literature on high entropy alloys (multiprincipal component alloys),
presents the theory of high entropy alloys and looks at some of the work in the field. The
theory of density functional theory as a simulation tool is summarised, the feasibility of density
functional theory calculations for multiprincipal component alloys summarised and some of
the literature on density functional theory calculations of multiprincipal component alloys is
reviewed and assessed.

Chapter 3 Introduces the methods employed in the investigation. The design of the experi-
mental investigations is explained. The experimental equipment and characterisation methods
are explained. The design of the simulation investigations and their relevance to the experi-
mental investigations is explained and the tools used to carry out the simulations are presented,
explained and assessed.

Chapter 4 Presents the results of the density functional theory investigation of phase dia-
grams to confirm that density functional theory can provide results that agree with experimental
results. The results of the phase diagram investigation are discussed are discussed. The results
of the density functional theory investigation of Pt7Rh23Ni35Co35 bulk disordered and ordered
lattices, and cleaved slab surfaces are presented and discussed. The feasibility of performing
large density functional theory investigations is assessed and suggestions are given on running
density functional theory simulations for large multiprincipal component alloys.

Chapter 5 Presents and discusses the results of the experiments and investigations on the
the alloys Pt7Rh23Ni35Co35, Pt5Rh20V5Ni35Co35, Pt5Rh11V14Ni35Co35, Ir35Rh35Co5Ni5Pt20 and
Ir12Fe33C20Ni30Pt5 prepared in the laboratory and at industrial scale. An investigation on
silver based alloys manufactured in the laboratory is also presented and discussed. The silver
based alloys were an investigation in achieving alloying in silver, which was particularly difficult
throughout this project. The investigation is based on a hypothesis for the pairwise mixing
criterion, ∆HAB, being important. Reasons for the difficulty, assessment of our hypothesis are
discussed. Criteria based on these investigations and better assumptions following on from
the assessment of results are also discussed. The laboratory alloy characterisation results are
compared with the industrial scale alloy characterisation results for each alloy. The as-cast
and heat treated alloys are also compared and discussed. The alloy prediction methods, the
oxidation resistance, and the success of the scaling to industry are discussed and assessed. The
potential applications of the 5 industrially scaled alloys are discussed.

Chapter 6 Provides brief conclusive remarks and reiterates the key discussion points.

Chapter 7 Suggest future projects and provides brief insight as to what the projects might
answer that this work has not.
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Chapter 2

Literature review

2.1 Platinum group metals

2.1.1 Properties and uses

PGM comprise a subset, Ru, Rh, Pd, Os, Ir, Pt, of the noble metals (inlc. Au, and sometimes
Ag). PGM are extracted from the same ore and are most likely to occur, naturally, alloyed
with other PGM. In rarer cases, they occur as minerals. PGM are likely to occur in areas of
the world abundant in nickel and copper ore deposits, usually in the same locations or not far
from them[1]. The PGM natural reserves are found primarily in South Africa (primary ore)
and Russia (nickel byproduct)[2]. PGM are silvery white metals with, in general, a relatively
high melting point, density and hardness, good electrical and thermal conductivities as well
as good thermal stability and resistance to oxidation[3, 4]. Pt, Pd, Ir, Rh and their alloys, in
particular, are easy to manufacture due to their ductility, while extensive alloying with Os and
Ru would tend to make the resulting alloy unworkable. This is as Ru and Os in their elemental
form have hexagonal close packed structures, while other PGM have FCC crystal structures;
the alloys thus tend to form multiphase microstructures which have high strength but limited
plasticity[5]. Os and Ru are, however, valuable microadditions to alloys and make very good
catalysts in their elemental form[4]. However, Os and Ru are susceptible to oxidation at high
temperatures, unlike the other PGM. PGM as a whole are invaluable to the catalyst industry
acting as heterogeneous catalysts or cocatalysts in reactions such as the oxygen reduction
reaction (ORR) and water splitting [3, 6–8].

PGM are of particular interest to industries such as automotive, medical, aerospace, chem-
ical, sensors and electronics; of course, they are of particular value to the jewellery industry, as
well [1, 3, 5, 9, 10]. PGM are important autocatalysts and are responsible for the conversion
of pollution exhaust gases into CO2in many of the worlds vehicles fitted with a catalytic con-
verter. Similarly, PGM catalysts are used in the abatement of greenhouse gases produced in
other industrial processes, such as the production of nitric acid. Other uses of PGM catalysts
include, but are not limited to, fuel cell reactions and petroleum refinement. Also, Pt Rh alloys
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are used in the Ostwald process as catalyst for the conversion of ammonia to nitric acid in the
ammonia oxidation step and the thermocouple industry, due to the resistance of the alloys to
oxidation [4–6, 9, 11], and are particularly attractive for the purposes of water purification [12].
The value of PGM in the automotive industry is not limited to autocatalysts as Pt Rh alloys
also make excellent spark plug alloys due to their chemical stability and resistance to oxidation
at high temperatures.

2.1.2 Criticality

PGM are a natural resource, and natural resources are exhaustible or unrecoverable depend-
ing on the original disposal routes. The crustal abundance (abundance in the Earth’s crust) of
PGM is low when compared to, for example,Si; i.e. for every 1 atom of Pt there are 109 atoms
of Si (fig. 2.1). Gunn [13] identifies PGM as ‘critical’ noting that this assessment is dependent
on the physical, chemical properties of the metal, supply and demand as is influenced by crustal
abundance and the socio-political environment in the PGM supplying countries[14]. Gunn [13]
concludes that for critical metals the responsibility falls on corporations and governments to
address the criticality of materials and Gunn [1] identifies Pt and Pd as the most industrially
important PGM, with Rh following. In this context, it is reported that the crustal abundance
of Pt and Pd is five parts per billion (ppb), with the rest of the PGM having 0.2 times the
crustal abundance of these two elements.

Further, Köhler [15] also identifies PGM as materials of high criticality, with Au and Ag
being of secondary, ‘critical’ importance, as characterised by the uncertainty in their supply
combined with their importance to technology and industry. As a specific example, the report
warns against the planned obsolescence built into electronics and that the resulting disposal of
the critical elements used in these devices will make the recycling and recovery of these elements
difficult. The report argues, as with that above, that the responsibility falls on technology
manufacturers to follow more sustainable resource management practices and that there should
be no reliance on future discoveries of new resources and also stresses the need for alternative
materials and to design without extensive use of resources.

Recently, a report from Grandell et al. [16] assessing the need for critical metals in clean
technologies predicted that given current consumption rates, the cumulative consumption for
Pt and Ru would reach 290% and 73% of the known reserves by the year 2050. The same report
also predicts that 120% and 35% of the known resources for Pt and Ru, respectively, need to
be mined by the same date. This highlights the need for discovering alternative materials
and reducing the consumption of Pt. To add to the criticality of the situation, the report
by Sinisalo et al. [2] notes that the risk to supply is increased due to minable PGM being
primarily concentrated in two areas of the world. Pell et al. [17] applied a method for analysing
the criticality of a material (the economic resource scarcity potential method) to PGM. It
concluded that PGM have a higher scarcity score even than rare earth elements, which are also
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Figure 2.1: The crustal abundance of elements, arranged by atomic number, compared to 106 atoms
of Si, i.e. there is ≈ 1 atom of Pt to 109 atoms of Si[13]

of high criticality, due to the rating given to the governmental system in South Africa, where
there is a high concentration of reserves. Bardi et al. [18] concludes that mining is facing a
challenge in maintaining the supply at a price that is suitable for use in mass manufacture,
such as for automotive. Given the value of the metal, surprisingly little PGM is reprocessed
at end of life; a 2017 press release from the World Platinum Investment Council stated that in
2012-2017 72-78% of the platinum supply came from mining, the rest coming from recycling
efforts such as jewellery and spent autocatalysts.

Generally, in such works as are discussed above, the agreement is that the world needs to
move away from its heavy reliance on PGM. Suggestions include finding alternative materials
for current PGM uses, reducing the amount of PGM in some materials (re-design), and to
improve recovery and recycling of spent PGM.

Researchers, are, of course, quick to respond to the rising costs and scarcity issues associated
with PGM and the consequent economic and industrial issues. In the last few years, several
reports, articles, communications, and reviews have been published on ‘PGM-free’, ‘Pt-free’,
‘noble metal-free’, ‘sustainable’ catalysts and cocatalysts [7, 8, 19–40]. Interestingly, Löffler et

6



al. [36] reports on a new use for the Cantor alloy, CoCrFeMnNi, a HEA, which is explained
further in section 2.2, first reported by [41], and the first HEA to ever be reported and one
of two seminal papers[41, 42] (more in section 2.2), as a suitable catalyst to replace Pt in the
ORR. The report states that the Cantor alloy performs equally as Pt as a catalyst while any
attempt to tune the composition by removing components does not perform nearly as well.

Considering the critical nature of PGM and the potential offered for reduced use via HEA
formulations, this thesis focuses on designing alloys that are not heavily reliant on PGM for
high temperature use. The current PGM alloys are very effective in terms of their properties
and performance, but, as highlighted, the cost and availability of these elements mean that
this use is not sustainable. As is such, recovery and recycling routes have not been assessed or
considered for the purposes of this thesis.

2.2 High entropy alloys

HEA are a very attractive field of study because of the possibilities of discovery of new alloys
with attractive properties and applications, and replacement alloys for conventional uses. In
the simplest terms, what is referred to as a HEA is a multiprincipal component alloy. The
definition of HEA, and the one informing the studies performed in this project, is that an HEA
is an alloy with multiple elements (3 ≤), of which each has 5-35 at.%, which exhibits a single,
cubic crystal phase, instead of the expected intermetallic phases. Traditionally, an HEA has
5 ≥ components. The discovery of HEAs [41–43] not only opened up a completely new subset
of metallurgy but gave rise to the focussed study of multiprincipal component alloys.

HEA are unconventional as the alloying principles counter the traditional binary alloy
solvent-solute relationship, in that there is no defined solvent or solutes in HEA composi-
tions. What was more unexpected was that HEA did alloy to single cubic phases. To explain
the success in alloying elements to form multiprincipal alloys (HEA) “the entropic stabilisation
of solid solutions[42], severe lattice distortion[43], sluggish diffusion kinetics[44, 45], and the
[nebulous, at best] ‘cocktail effect” ’[46] were proposed as reasons for the stabilisation of a single
cubic phase. Pickering et al. [46] reviewed these hypotheses and concluded that the entropic
stabilisation requires further research to be a rigorous and satisfactory explanation, the severe
lattice distortion effect due to the atomic size mismatch needs further work, though it might
provide a satisfactory explanation as to the stabilisation of HEA. They also assessed that slug-
gish diffusion kinetics are more likely to be a function of the components rather than generally
true across all alloys that fall within the HEA category. Also, as suggested above, the term
‘cocktail effect’ is unclear in terms of what it really means, despite attempts at defining and
describing it[47, 48], and therefore having this as a rule or principle is probably inappropriate.

The review [46] noted that the enthalpy (eq. 2.3) is more effective as a descriptor for HEA
stabilisation. In our studies this is discussed below in sections 6.5, 6.3 and 6.5.2. Similar
observations that support the idea that binary mixing enthalpies have more influence on the
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stabilisation of HEAs have been made by Freudenberger et al. [49].
Traditionally, HEAs have been defined as exhibiting a cubic single crystal phase (either

FCC or Body-centred cubic (BCC)), the random arrangement of multiprincipal components
on the lattice purported to suppress intermetallic phase formation. However, only a few HEAs
have been reported to be single phase FCC[41, 50], or BCC[51–53] and to remain so after
heat treatment. More recently, reports of alloys with a hexagonal close-packed (HCP) phase
crystal structure have been published, however these alloys are not single phase[54–58]. There
are numerous reports of HEA which do not fall under the strict definition of exhibiting a
single phase, having the presence of intermetallic phases, instead[59–71]. Nevertheless, studies
into multiprincipal component alloys have led to identifications of alloy compositions with
outstanding mechanical properties[59, 72–74], even at cryogenic temperatures[75], catalytic
properties[36, 56, 76–82], additive manufacturing potential[83–92], etc. It is evident that while
HEAs are not exactly what they were initially purported to be that they are, nevertheless,
a very exciting young field of study since the alloy identification possibilities are practically
inexhaustible.

2.2.0.1 History

High-entropy alloys (HEA) first came to the forefront of alloy research in 2004[41, 42]. Two
independent groups reported on the discovery of two multiprincipal component alloys which
exhibited a BCC, and FCC single phase crystal structure.

HEAs have been proven to have exceptional mechanical and thermodynamic qualities. Yeh
et al. [42] have shown that the initial alloys they synthesised mostly increase in hardness after
annealing, as opposed to most conventional alloys. Also, the alloys exhibited high strength re-
tention at high temperatures, ductility, and corrosion resistance depending on the components.

Yeh et al. [42] reported, primarily, CuCoNiCrAlxFe as an alloy system, together with several
other alloys. Compared to conventional, commercial alloys, the HEAs synthesized in Ref.[42]
exhibited resistance to softening on annealing. Some of the alloys even increased in hardness,
compared to the as cast state, which may be attributed to a transformation from a metastable
(kinetically stabilised, due to small sample size and rapid cooling from casting) FCC phase to
a stable BCC phase, and the concomitant rise in the stress to move dislocations[93]. Along
with this discovery, Yeh was the first to propose the term high-entropy alloy for this group of
multiprincipal component alloys as a high configurational entropy was thought to be the reason
behind the alloys exhibiting a single phase crystal structure.

Likewise, Cantor et al. [41] reported on a quinary, equiatomic, single phase fcc alloy CoCr-
FeMnNi, now referred to as Cantor’s alloy or CCFN-X, for compositional variations. The
Cantor group also reported on a number of six to nine multiprincipal component alloys which
exhibited similar structural properties as CoCrFeMnNi, such as a primary fcc dendritic phase.
It was reported that very high component number multiprincipal , equiatomic alloys were usu-
ally multiphase and brittle, but CoCrFeMnNi was primarily FCC phase which could further
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support the solution of other elements such as Nb, Ge, Cu, Ti and V in it.
At this point, it is important to note that while CoCrFeMnNi is exemplary of a single-phase

HEA it also decomposes and exhibits secondary phases depending on environment, temperature,
and treatment. Particularly prominent is the presence of a secondary Cr-rich σ phase after very
long heat treatment at temperatures ranging from 500 - 1000◦C[94–97]. Also, it was shown by
Otto et al. [98] that direct substitution of the constituents of CoCrFeMnNi with elements of
similar atomic size and electronegativity that the resulting alloy is no longer single phase at
room temperature. This implies that configurational entropy is not the driving factor of this
single phase stability but a complementary feature once other criteria which reinforce phase
stabilisation, such as solubility, are fulfilled.

2.2.1 Defining HEA

Since HEAs are such a new frontier in the research field of metallurgy, a clear definition is
necessary so that HEAs can be identified properly. At the moment, an HEA is widely defined as
a single phase multiprincipal component alloy at 5-35 at.% per component with a cubic crystal
structure, where the solute and solvent are not distinguishable[41, 42, 99–105]. Some stress the
need for an equimolar or near equimolar solution and some focus on the abundance of a metal
in an alloy.

However, the field is still progressing and expanding. Can an alloy really be an HEA if it
is characterised as cast or should annealing also be carried out so that a true equilibrium is
reached? Are alloys which fit all the criteria for HEA but exhibit intermetallic phases, really
HEA? Likewise, do multiprincipal component alloys which exhibit a single cubic crystal phase
but do not fulfil all criteria for HEA fit within the HEA category?

To address the ever expanding number of interesting multiprincipal component alloys being
identified Yeh et al. [106] introduced new categories such as low-entropy alloys (LEA), i.e.
conventional alloys, and medium-entropy alloys (MEA), ternary and quaternary, characterised
only by the number of components and the consequent entropic contribution (eq. 2.1)[44, 106].
Additionally, Miracle et al. [63] and Miracle et al. [107] expand the definition to multiprincipal
component alloys with intermetallic phases.

Yeh et al. [42] proposed an initial definition for HEAs in their original paper, reporting
the discovery. They define what their interpretation of an HEA is, 5-35at.% per element,
high configurational entropy, 3 or more components (but not too many), single phase simple
crystal structure. The paper does not emphasize the importance of the composition being
equimolar but the writers are definitely in favour of equimolarity as that maximises the entropy
of configuration for any given alloy, according to the definition of entropy of configuration.
The writers make the case that the true configurational entropy is even higher than what
is suggested by the empirical numerical formula as this disregards contributions from atomic
vibrations, electron configuration and magnetic moments. It is postulated that a high entropy of
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configuration is the reason for the uniformity and the random ordering of the lattice, which gives
rise to a single phase. It is suggested that a large number of constituents is favourable for the
single phased structure due to the higher entropy of configuration. However, it is acknowledged
that alloy compositions with large heats of formation are not going to yield HEAs under this
definition. Therefore, a balance must be found between a large number of components and a low
enough heat of formation. To help find this balance, the writers employed certain empirically
defined quantifiable criteria based on the Hume-Rothery rules. These have been built upon and
refined by other workers over the last few years. New criteria have been proposed and some
of the original criteria have proven not very useful. These criteria are composed of a series of
formulae which are supposed to predict certain physical and electronic properties. If selection
criteria are applied to these properties then the hope is to identify HEAs, whatever element
combination and composition they may be found at.

Conversely, the paper by Cantor et al. [41] makes a case for these multiprincipal component
alloys being equiatomic. Examination of CoCrFeMnNi and several other multicomponent alloys
at equiatomic composition made by the group showed that the most of the alloys exhibited a
single phase fcc dendritic structure as the main phase, with some segregation to the interden-
dritic regions, and possible formation there of other phases as a result of this concentration of
certain elements. These other alloys were between 6 to 9 components. It is pointed out that
very high order multiprincipal component equiatomic alloys were found to be highly brittle
following several attempts at making them. The alloys were significantly below the maximum
number of phases allowed by the Gibbs phase rule and further below the largest number of
phases that could be expected in a material that had been subjected to non-equilibrium (i.e.
real-world) solidification.

Miracle et al. [63] suggest that the presence of intermetallic phases in the alloys is consis-
tent with the concept of HEAs and that the definition should be expanded to include ‘HEAs’
with an “intentional 2nd phase” added to them. A case is made that in conventional alloys a
second phase strengthening mechanism is often implemented for activation, particularly for ap-
plications requiring high strength, or strength, at high temperature through controlled particle
spacing. Particle strengthening is the main reason Miracle et al. [63] are considering expanding
the definition of HEAs past the single phase criterion. The group also attempts to introduce
a new parameter in numerical empirical HEA prediction. Firstly, the report suggests, after
reviewing the evidence of reported compositions, that the role configurational entropy plays
in homogeneity is very weak at indicating whether alloy compositions at solid states will be
homogeneous. The report suggests that the role of configurational entropy in homogeneity, and
the suppression of intermetallic phases, is strongest closer to the melting point, in liquid states
and at very high temperatures. They also suggest that intermetallic compounds will form in
HEAs if the Gibbs free energy of a binary intermetallic is higher than the overall Gibbs free en-
ergy of the multiprincipal component system. The addition of intentional intermetallic phases
to HEAs is introduced as a concept. In terms of classifying HEAs as such this deviates very

10



much from the revious definition introduced by Yeh et al. [42]. A question that arises from this,
should HEAs be rigidly defined? Moreover, should we keep defining them as HEAs, or solely
as multiprincipal component alloys. [63] propose the terminology of HEAs where the intent is
to create a single phase, and multiprincipal component alloys or Complex Concentrated Alloys
(CCAs) where the phase structure is more complex. Although these terms have begun to be
used by some authors, the term HEA is still most widely used for any type of alloy where there
is no single main alloying element.

A further concern is the effect processing history may have had on many of the materials
reported in literature, especially in some of the early work on the subject. Characterisation
in the as cast state might not be as accurate. Arc melting at small scale leads to very high
cooling rates which means that alloys might be possibly frozen in a metastable state. Otto et
al. [98] performed a study to determine whether configurational entropy really did contribute
significantly to stabilising a multiprincipal component alloy at single phase. The group replaced
single elements in already identified HEAs, such as CoCrFeMnNi, the premise being that if
configurational entropy was preserved then the resulting alloy would be single phase, as well.
However, all newly synthesized alloys were multiphase and contained intermetallics. However,
what is more of interest in this case is that to prepare for the study all alloys were subjected
to 3 day annealing so that they reached a state as near to an equilibrium state as possible. In
annealing, only CoCrFeMnNi still exhibited a single phase microstructure, whereas every other
alloy synthesized by the group exhibited multiphase microstructures. It is important to note
that all synthesized alloys had single phase forming values of the entropy of mixing[98].

Similarly, Poletti et al. [108] annealed potential HEAs to an equilibrium state. The results
revealed the importance of annealing in determining whether or not a single phase solid solu-
tion would form. Some compositions either were multiphase at equilibrium or single phase at
equilibrium[108]. This is not to say that the intentional addition of intermetallic phases is not
valid but there needs to be a proper procedure for characterising and, as a result, identifying
HEA.

However HEA are defined, it should be clear by now why they are an exciting field offering
many avenues of studying them and in the development of new materials.

2.2.2 Predictive methods for HEA

Given that the landscape of identifying HEA is vast and practically inexhaustible, efforts
have been focused towards reliable identification of interesting compositions. Several methods
towards prediction of phase, properties, etc. have been proposed towards tackling the problem
of designing successful alloys for their intended use. The work reported here employed the
predictive rules first introduced by Zhang et al. [109] so the following will give greater attention
to those rules, while addressing the range of methods that have been used.
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2.2.2.1 Hume-Rothery Rules Basis

Currently, a very widely used method for predicting the properties of a proposed HEA is
the use of an empirical technique based on an extrapolation of the Hume-Rothery rules for the
prediction of alloying and phase formation in binary systems.[109, 110].

Mizutani [110] summarises the rules as being powerful guides (i.e. useful but not rigorous)
in designing new alloys. The rules can set some basis conditions which allow one element to
dissolve in another.

The Hume-Rothery rules for single phase alloys are based on an atomic size mismatch of
no more than 15% between solvent and solute for a binary solution. Similar electronegativity
mismatch, ∆χ, as the higher the ∆χ, the higher the tendency of like atoms to want to group
together causing segregation and intermetallic phases. Mizutani [110] also discusses the effect
in terms of the valence electron concentration (VEC) as a means for crystal structure prediction
which takes into account the d-band electrons. While the Hume-Rothery rule for valency states
that metals should have the same, or similar, valencies to dissolve each other, VEC is used very
differently in terms of HEAs in that it is used to predict whether BCC or FCC phases will be
stabilised[110–112]. The reliability of VEC to predict cubic phase stabilisation is dubious.

In the following section we introduce the Hume-Rothery (H-R) extrapolation to multicom-
ponent systems developed by Zhang et al. [109] (eq. 2.1, 2.4, 2.3, 2.5) and Mizutani [110]
(eq. 2.6)

2.2.2.2 Predictive formulae

The H-R rules formed a basis for Zhang et al. [109] and Mizutani [110] to extrapolate them
into multiprincipal component rules. While the H-R rules are for determining if the combination
of pure metals into single phase binary alloys is viable, the set of rules has been extended into
an empirical numerical model for multiple components.

The formulae are outlined below:

∆Smix = −R
N∑
i

ci ln ci (2.1)

The entropy of mixing, which reduces to

∆Smix = R lnN (2.2)

where ci is the amount of component i in the composition. at equimolar composition. Followed
by the enthalpy of mixing, adapted from Hume-Rothery,

∆Hmix =
N∑
j>i

4∆HABcicj (2.3)
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where ∆HAB is the binary enthalpy of mixing for components i and j, corresponding to A and
B, respectively.
The values obtained from equations 2.1 and 2.3 can be combined to calculate the Gibbs free
energy like so,

∆Gmix = ∆Hmix − T∆Smix (2.4)

An extension of Hume-Rothery rules for whether a single phase solid solution will form between
two metals, is the atomic size mismatch for several,

δ =

√√√√ N∑
i=1

ci

(
1− ri∑N
i=1 ciri

)2

(2.5)

where ri is the atomic size of the ith component.
Calculating the VEC could, potentially, determine whether the resulting alloy has a BCC or
FCC structure[113],

V EC =
N∑
i=1

ci(V ECi) (2.6)

While the potential to predict the crystal structure of the solution is attractive, the VEC itself
is not particularly useful in determining whether a single phase solid solution will form. A bet-
ter alternative could be to develop an extension of the Hume-Rothery rules for e/a similarities
in the components of the solution. Mizutani et al. [114] discuss the importance in low ionicity
in preventing the forming of intermetallic compounds. The ionicity is related to the electroneg-
ativity mismatch between two elements. In this particular study the group chose to consider
the Allen electronegativity as opposed to the more widely used Pauling. This is supportive
evidence for the importance of low electronegativity mismatch for resulting in a single phase
solid solution. By Hume-Rothery, a similarity in electronegativity is important in determining
whether or not a pair will form a single phase solid solution. An extension of the Hume-Rothery
rules for single phase solid solutions leads to this formula for overall electronegativity mismatch
in a multipincipal component composition,

∆χ =
N∑
i=1

ci

(
1− χi∑N

i=1 ciχi

)
(2.7)

Yang et al. [105] proposed a combination of the factors that make up the Gibbs free energy
into a simple ratio,

Ω =
Tm∆Smix

|∆Hmix|
(2.8)

this is a very simple indicator to use in determining whether a solution will tend to a disordered
structure and a single phase, as a result.
Also of interest in this project is the melting temperature of the overall composition as the
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alloys are to be tested for use in high temperature applications, so a formula for approximating
the melting temperature of the composition is important. Here, in common with a number
of other such studies, a simple average of the component elements’ melting points is used; it
should be noted that this neglects the effect of any eutectics, which would depress the melting
temperature below this value, or the formation of high melting point phases, which would raise
the melting temperature higher.

Tm =
N∑
i

ciTi (2.9)

In their review, Zhang et al. [115] state that for the formation of a solid solution the optimum
search windows are ∆Smix > 13.38J K−1 mol−1, equivalent to 1.61R, −10kJ mol−1 < ∆Hmix <

5kJ mol−1 and δ < 4%. Similarly, Ye et al. [116] places the boundaries at −15kJ mol−1 <

∆Hmix < 5kJ mol−1 and δ < 5%, while Zhang et al. [117] give δ < 6.6%, also supported by
Kozak et al. [118]. Zhang et al. [109] identified alloys in the range 12 < ∆Smix < 17.5J K−1 mol−1,
while values of ∆Hmix were below zero and about -10kJ mol−1. This only reflects some of the
literature but it is a good indicator of the thermodynamic regions where an HEA might fall
into. All the literature studied so far reports that Ω > 1.1 for solid solution formation. In-
terestingly, Guo et al. [119] give quite large search ranges for HEAs, even extending ∆Smix to
1.32R, 11 ≤ ∆Smix ≤ 19.55J K−1 mol−1, −22 ≤ ∆Hmix ≤ 7kJ mol−1, δ ≤ 8.

These multiprincipal component alloy solid solution formation rules are much more con-
strained and rigid than the ones originally set by Hume-Rothery.

It is also possible to achieve some guidance on the phase that may be adopted. Guo et
al. [113] state that if V EC < 6.8 the solution will solidify in a BCC structure and FCC is
V EC > 8. The structure will be a combination of BCC and FCC if the VEC falls in the range
range in between those two[115].

A concern is that the atomic size mismatch formula does not account for large differences
between individual particles in the composition as it calculates the overall size difference across
the components instead of averaging the difference between pairs of each component. Wang et
al. [120] propose a number of alternative formulae for determining the atomic size mismatch.
Of the proposed formulae, two were presented as replacements for the current formula for
calculating the atomic size mismatch, α1 and α2. α1 represents the total displacement of each
atom in the composition from an ideal atom, an ideal atom defined as having the average radius
in a random solid solution, r̄, where r̄ =

∑N
i ciri and α1 is defined as,

α1 =
N∑
i

ci|ri − r̄|
r̄

(2.10)

This new parameter is based on the premise that there is a link between lattice distortion and
the mismatch in atomic size. This parameter is related to local lattice distortion as Wang et
al. [120] claim that it is important in determining whether a disordered substitutional alloy
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will exhibit randomness or form ordered phases and intermetallics. However, Wang et al. [120]
report that the parameter α1 is not a useful parameter in distinguishing between compositions
which are single phase or multiphase. This is due to the fact that it does not account for overall
local lattice distortion due to neighbouring atoms and instead takes only a single atom into
account.

Conversely, the authors state that α2, as a parameter, is more successful in determining
whether a single phase solid solution would form as it describes the local displacement of an
atom through its interaction with neighbouring atoms in the lattice,

α2 =
N∑
j≥i

cicj
∣∣ri + rj − 2r̄

∣∣
2r̄

(2.11)

where
cicj|ri+rj−2r̄|

2r̄
is a dimensionless value describing the relative displacement between pairs of

atoms. Several other parameters are proposed for accounting for the local lattice distortion due
to neighbouring atoms further and further away from the local atomic area of interest, which
is indistinguishable from any other local atomic area of interest in the lattice. The authors
conclude that α2 is the optimal parameter in determining local lattice distortion.

Several of these prediction methods and criteria are taken into account in identifying in-
teresting compositions in the studies performed in this work and are discussed further in sec-
tions 6.2, 6.3, 6.5 below.

2.3 Simulations of alloys

Section 2.1.2 addressed the constant rise in the demand for PGM, and the scarcity of PGM.
Given the severity of the situation resulting from the interaction of these two factors, and the
cost of PGM, high throughput manufacture is not the ultimate goal of this project but high
throughput screening could have relevance. The high-throughput identification of interesting
compositions is discussed briefly in section 2.2 and elaborated on in the methods in section 3.1.1.
In this section we will discuss DFT as a possible tool for the purposes of simulating HEA. The
suitability of DFT as a step in the workflow is discussed in section 3.2.1.
Note that ‘computational costs’ encompass CPU time, number of CPUs used, and memory
(RAM) requirements.

2.3.1 Density functional theory

A material is a collection of atoms in an arrangement at a point in space-time. By this
definition if we want to know the properties of a certain material then we will have the solve
the time-dependent many body (atom) Schrödinger equation for that material.

There are many flavours of quantum mechanics (QM) based methods to approximating a
solution to the Schrödinger equation and the work in this thesis relies on Density Functional
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Theory (DFT) based methods. DFT approaches approximate a solution to the Schrödinger
equation by finding the electron density, n(r), of the many body system. The electron density
has information about the system that is directly observable, unlike the wave function of the
system that is not directly observable. Several experimental techniques allow us to observe the
electron density, or the density of states for individual species or orbitals. For example, electron
density maps can be constructed by combining XRD data and the density of states directly
observed via scanning tunnelling microscopy[121, 122].

To begin to outline the background, let us start with the time-dependent Schrödinger equa-
tions for a single particle,

ĤΨ = −i}dΨ
dt
, (2.12)

in most cases we are only interested in solving for the groundstate energy, E, which is a
stationary state, and lowest energy solution to the Schrödinger equation. From Merzbacher
[123], if E is a real number, i.e. not complex, the time-dependent and time-independent wave
functions, Ψ, only differ by an oscillatory phase factor, while any physical quantity independent
of time is constant. This is discussed explicitly in Merzbacher [123, chapter 4].

So, the time-dependent term drops out and we are left with the time-independent Schrödinger
equation,

ĤΨ = EΨ, (2.13)

where the Hamiltonian operator, Ĥ, has a kinetic and a potential energy term. Therefore,

− }2

2µ
∇2ψ(r) + V ψ(r) = Eψ(r), (2.14)

where the first term on the left hand side represents the kinetic energy and the second term
represents the potential energy, and ψ(r) is the spatial part of the function.

We can begin to explain the assumptions that lead us to solving the Schrödinger equation
for a many body system. QM methods rely on the adiabatic approximation developed by Born
et al. [124]. For an atom, the mass of a proton or neutron is ≈1836 times the mass of an
electron. For a nucleus in motion the electrons could be assumed to instantaneously modify
their wave function according to the procession of the nucleus, therefore in relation to the
electron the nucleus is stationary. Therefore the wave function can be split into two, the wave
function describing the evolution of the nucleus in time and the wave function representing
the electronic energy states in relation to the stationary nucleus. Effectively, nuclei are treated
as classical stationary particles. Note that the Born et al. [124] approximation in relation to
metals might not be so accurate as electrons are not bound so can move between energy shells
leading to relativistic effects which can alter the electronic mass in relation to the nucleus [125].
However, Kohanoff [125] states that electronic excitations are bound to be below the Fermi
region for most physical processes since we need to go beyond a few thousand degrees to begin
to surpass the Fermi energy barrier.
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Since we are treating the nuclei as point masses in relation to the electrons for a system of
N electrons the electronic many body Schrödinger equation takes the form,

[
− }2

2m

N∑
i

∇2 − e2

M∑
i

N∑
i

ZI

|RI − ri|
+
e2

2

N∑
i

N∑
j 6=i

1∣∣ri − rj
∣∣
]
Ψ = EΨ (2.15)

where, } is the Dirac constant, m is th electron mass, e is the charge of an electron, RI are the
coordinates of particle I, ri are the coordinates of electron i, N is the number of electrons and
M is the number of particles.

However, we are still left with the problem of having to solve for the many body wave
function as treating the wave functions of electrons as interacting is too complex to calculate
directly in a timely manner. An approximation that tries to simplify the many body wave func-
tion is the Hartree product, essentially, we are assuming that the electrons are not interacting
with each other and separating the many body wave function into the product of a series of
one-electron wave functions, each describing a single electron in the system[126–129].

Ψ = Ψ(r1, . . . , rN ) (2.16)

Ψ = Ψ1(r),Ψ2(r), . . . ,ΨN(r) (2.17)

The Hartree product does not provide a satisfactory simplification to the many body wave
function. We need to be able to account for the antisymmetric electron ’exchange’, i.e. two
indistinguishable electrons exchanging coordinates, otherwise it violates Pauli’s exclusion prin-
ciple that no two fermions can occupy the same state, and electrons are ‘labelled’ and distin-
guishable which is counter to the quantum mechanical picture of electrons being able to occupy
every orbital at any point in time. This problem was solved by Slater by the introduction of
the Slater determinant [130]. We will not describe the Slater determinant in detail as we only
want to provide an overview of DFT.

As mentioned above, the wave function cannot be directly observed so we do not know the
shape of it, however the electron density is related to the Schrödinger like so,

n(r) = 2
N∑
i

Ψ∗i (r)Ψi(r) (2.18)

We apply the Hohenberg et al. [131] theorem which states that “the full many-particle ground
state is a unique functional of n(r)”. Therefore, we can solve for the ground state energy by
starting from the electron density. Solving n(r) is easier than solving the Hartree product as
it only involves solving for 3 dimensions in space rather than 3N dimensions in space.

To simplify our treatment of the system even further and introduce a practical solution
to the Hartree product, we apply the Kohn et al. [132] treatment to the system in that each
one-electron wave function can be expressed by an energy functional and that functional is
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separated into known and unknown functionals,[
− }2

2m
∇2 + Vion(r) + VH(r) + VXC(r)

]
ψi(r) = εiψi, (2.19)

this is known as the Kohn-Sham equation, where Vion(r) is the ionic (nucleus) electron interac-
tion potential, VH(r) is the Hartree potential, the electron-electron interaction potential, and
VXC(r) is the electron exchange and correlation (exchange-correlation) potential. The Hartree
potential describes the Coulomb repulsion of the single electron from the rest of the electron
in the system. The exchange correlation potential describes all the unknowns of the system
and the self-interaction of the electron being considered in the Kohn-Sham equation. NB The
exchange-correlation functional, is an approximation of electron exchange and the interaction of
electronic wave functions(correlation). Some of these terms can be solved explicitly analytically
but are computationally costly.

solve
Kohn-
Sham

Schrödinger
for n(r)

Initial trial n(r)

solve for
n(r) of
Kohn-
Sham

converged?

accept
ground
state
energy

update
trial n(r)

yes

no

Figure 2.2: Flowchart of the SCF iterative method

The basic steps to solving for the ground state electron density, the SCF method (fig. 2.2),
are as follows:

1. begin with a ‘guess’ for n(r),
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2. solve the Kohn-Sham equations for that n(r),

3. solve for n(r) resulting from the Kohn-Sham equations,

4. update the n(r) ‘guess’ until n(r) and the Kohn-Sham n(r) converge to an appropriate
tolerance

2.3.1.1 Exchange correlation functionals

In this study we employed the Local-Density Approximation (LDA), and PBE-PBE for
solids (PBEsol) functionals, these are discussed below.

The exchange correlation potential, VXC(r), takes the form of a derivative,

VXC(r) =
δEXC [n(r)]

δn(r)
, (2.20)

where EXC is the exchange correlation energy and a functional of the electron density. Within
the LDA, EXC takes the form,

ELDA
XC =

∫
εXC(n(r))n(r)dr, (2.21)

where εXC(n(r)) is the exchange correlation energy per electron of a uniform electron gas and
can be solved analytically (for a demonstration of this see chapter 15 of reference[133]).

LDA[132] is an exchange correlation potential based on the assumption of the uniform
electron gas theory that the local density around an electron will always be the same for any
electron in the system. More on the electron gas model can be found in chapter 15, page 347 of
reference[133]. The assumption is made that EXC is made up from the sum of volume elements
which are sufficiently small to allow local variations in density to be ignored, but large enough
that the many body uniform electron gas theory, where the exchange correlation energy per
particle is a function of the density, can be applied.[134]. LDA works very well in describing
most weakly correlated metals as the uniform electron gas model applies to the delocalised
electrons in metals. However, LDA has shortcomings in describing d valence band metals[135].

LDA has been extended to include spin polarisation[136], called the local spin density ap-
proximation (LSD or LSDA), where n(r) = n↑(r) + n↓(r). For an extensive discussion on the
shortcomings of LDA and spin polarised LDA please look at pages 82-85 of reference [125].

To reiterate LDA assumes that density around every electron is homogeneous. However,
there are local variations in the density around electrons in materials. The generalised gradient
approximation (GGA) method addresses this local variation by expanding on the gradient and
higher order derivatives of the density[125]. The exchange correlation energy takes the form,

EXC [n(r)] =

∫
n(r)εXC [n(r)]FXC [n(r),∇n(r),∇2n(r), . . .]dr, (2.22)
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where FXC is a factor that takes into account the local variation of the density.
PBE[137] type functionals are based on second order (FXC [n(r),∇n(r)]) gradient expansion

that improves on local inhomogeneities in the density and retains the functional form of LDA
(and spin polarised LDA).

PBEsol[138] is a revision of the PBE that is intended to improve the simulation of the
equilibrium properties of solids with densely packed structures and surfaces. The electronic
topology in metals is described by the uniform electron gas model and PBEsol expands LDA.
As a result, we can accurately simulate a range of solid packings, including FCC, BCC and
even multiphase structures. Therefore, PBEsol is a suitable functional for simulating the FCC
HEA we are interested in in the present work.

2.3.1.2 Pseudopotentials

In this study we employed NCP and USP pseudopotentials, these are discussed below.

Figure 2.3: All-electron (solid) and pseudo (dashed) wave functions and potentials inside and outside
the core radius, rc[139]

Atomic interactions, chemical bonding and processes are governed by the electrons in the
outermost shells (valence). The Vion term can be solved analytically but that is computation-
ally costly. To describe the electronic interactions in materials we can adopt the ‘frozen core
approximation’ and only treat the valence electrons. It is important to note that this approxi-
mation does not reflect the reality that all electrons are indistinguishable and exchange states.
Nevertheless, we define a pseudopotential which prevents valence electrons from interacting
with the core of the atom and acts to give repulsive forces on a short range, but attractive
over a longer range[140]. In pseudising wave functions, the core interacting part of the wave
function is smoothed to a nodeless plane wave, past the core radius the wave function retains
its all electron shape.

NCP were introduced by Hamann et al. [141] to address accuracy and applicability to a
range of systems. In constructing norm-conserving pseudopotentials there are 4 key properties
to adhere to, the energy of the pseudopotential must agree with the real all electron potential,
the pseudo wave function and all electron wave function must be the same beyond the ‘core
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radius’, the charge density of the pseudopotential and the all electron potential must agree
within the core radius, and as must the logarithmic derivatives and first energy derivatives of
both the real and pseudo wave functions beyond the ‘core radius’. Essentially, a core region
is defined and beyond the core region the wave function and potential are treated as all electron.

Figure 2.4: Comparison of the NCP and USP
wave functions to the all-electron [142]

To further optimise calculations and cut
down on computational costs, Vanderbilt
[143] proposed the USP scheme. In compar-
ison to NCP, the only requirement for USP
is to agree with the all-electron wave function
and potentials outside of the core radius. This
allows for the defined core radius to be larger
than in NCP[139] and has significant impact
on computational costs associated with large
atoms.

NB This section was written with all cited materials and informed by references [125, 129,
144–146].

2.3.2 DFT for alloys

The processing power of modern computers has made memory intensive DFT calculations
more feasible, and deliverable at a shorter time scale. In recent years, several studies have been
published on the use of DFT to simulate HEA. Usually, DFT is used complement or validate
physical experiments, or vice versa, or as a purely computational study[147–149].

Most studies have used PBE exchange correlation functionals for the calculations[104, 147,
148, 150–163], USP[104], NCP[163], projector augmented wave (PAW) pseudopotentials[150,
152, 155–158, 161, 162], non Kohn-Sham DFT[164], no DFT at all[147]. These choices are
dependent on the valence electrons (i.e the size of the atoms), what software is available, and
the desired properties they want to calculate. Many studies use the special quasi-random
structure model (SQS) of Zunger et al. [165], citing the computational cost of DFT calculations
on large supercells with many atom species[151, 155, 156, 159, 160, 166]. A caveat of SQS is
that it might impose long range order, however most studies that employed SQS as a means
to cut down on computational costs used DFT before moving on to atomistic scale simulations
where large supercells can be used without large computational costs[150, 151, 153, 155–161,
166].

Studies have focused on the use of DFT to calculate elastic properties[147, 155, 156, 163],
magnetic properties[154, 158, 159, 164], phase transitions[150, 154], and to explore entropy[149,
161], and more.
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Anand et al. [149] found that phase stability is dependent on configurational entropy, i.e.
the randomness in the arrangement of the atoms on the lattice, and temperature, when the
enthalpic stabilisation was fulfilled. Conversely, Schön et al. [161] saw that the influence of
entropy on phase stabilisation is very small. Calvo-Dahlborg et al. [159] employed DFT to
confirm that CoCrNiFe(Mn)-like alloys fit within an FCC phase, they reproduced experimental
data, probed complexity of magnetic properties and showed that magnetic properties could be
fine-tuned via alloying, even at large concentrations. Similarly, Zuo et al. [158] showed that
alloying alters the crystal phase stabilisation at room temperature which alters Fermi level and
as a result the magnetic properties. Körmann et al. [167] combined DFT with other techniques
to predict magnetic properties of known HEA and validated the results of those simulations.
Bonny et al. [148] used DFT to design and fit the interatomic potential of a quinary HEA
providing a useful framework for interatomic potential methods.
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Chapter 3
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Figure 3.1: Overview flowchart of the project methodology
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3.1 Experimental methodology

The scope of the project was to explore, identify, and investigate interesting multiprincipal
component alloys with potential for high temperature applications. The general investigation
methodology is illustrated in figure 3.1. The elements considered in this project are in table
3.1 and were chosen primarily due to their melting point. We explored quaternary and quinary
compositions in a range of 5-35 at.% per component, summing up to 100 at.%, having consulted
the literature and determined that for a single phase alloy that is multiprincipal it is a suitable
area to explore. A simple combinatorial exercise using equation 3.1 shows that we would have
1820 and 4368 unique element combinations per alloy for quaternary and quinary, respectively.
These numbers are before we even assign at.% values the sum of which is equal to 100% to each
element.

n!

r!(n− r)!
(3.1)

where n is the number of types (elements) and r is the number of elements per combination in
which every combination is unique, not repeatable and order of types in each combination does
not make the combination unique. If we were to multiply the number of element combinations
with the number of ways in which those elements could be added together to amount to 100
at.%, for quaternary that is 1820× 11462 and for quinary it is 4368× 553401. Given, that the
total number of compositions this project could potentially explore were ≈ 440 × 109 before
we apply any screening criteria, so we adopted a high-throughput approach to identifying
interesting alloys.

3.1.0.1 Selection of metals

The primary purpose of this project is to explore noble metal multiprincipal component
alloys and design, investigate and develop alloys for JMNM.

For the purposes of the project JMNM was consulted on which combinations of elements
were interesting to them. We decided on PtRh, Ir and IrRh as bases for the compositions to in-
vestigate. Raykhtsaum [9] revealed that binary alloys of platinum and nickel are common. The
primary criterion for selection is melting temperature, secondary criteria are toxicity, manu-
facturability (ductility) and alloying compatibility with noble metals. Ruthenium and osmium
were excluded from the pool of noble metals, due to being hard to manufacture and toxic,
respectively.

The elements presented on table 3.1 were chosen as candidate elements. In the initial stages
of screening, melting temperature, atomic size, VEC, valence and Pauling electronegativity
were considered for each element[113, 168]. Ultimately, once melting temperature and toxicity
were screened, we proceeded to explore the full landscape of alloys that could be produced from
the elements in table 3.1.
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Atomic
Number

Symbol Atomic Size(Å) Melting
Tempera-

ture
(K)

Boiling
Tempera-

ture
(K)

Pauling
electroneg-
ativity

VEC Crystal
Struc-
ture

23 V 1.316 2183 3680 1.63 5 BCC
24 Cr 1.249 2180 2944 1.66 6 BCC
26 Fe 1.241 1811 3134 1.66 6 BCC
27 Co 1.251 1768 3200 1.88 9 HEX
28 Ni 1.246 1728 3186 1.91 10 FCC
29 Cu 1.278 1357 3200 1.90 11 FCC
41 Nb 1.429 2750 5017 1.60 5 BCC
42 Mo 1.363 2896 4912 2.16 6 BCC
45 Rh 1.345 2237 3968 2.28 9 FCC
46 Pd 1.375 1828 3236 2.20 10 FCC
47 Ag 1.445 1235 2435 1.93 11 FCC
74 W 1.367 3695 5828 2.36 6 BCC
75 Re 1.375 3459 5869 1.90 7 HCP
77 Ir 1.357 2739 4701 2.20 9 FCC
78 Pt 1.387 2041 4098 2.28 10 FCC
79 Au 1.442 1337 3129 2.54 11 FCC

Table 3.1: List of chosen elements and the relevant properties

3.1.1 Alloy identification

3.1.1.1 High-throughput method

A set of all possible combinations of 5-35% adding up to 100% for quaternary and quinary
systems was set up in a text file. A code was written to screen all compositions and combina-
tions of compositions. The code combines elements of interest and combined them into alloy
compositions until every possible non-repeatable combination is exhausted. Each combination
of each composition is put through the HEA H-R formulae and the result is compared against
the chosen criteria. The primary criteria to be met are the enthalpy of mixing as defined in
eq. 2.3, ∆Hmix, and the atomic size mismatch as defined in eq. 2.5, δ. Criteria were modified
per alloy identification and manufacture cycle, informed by the directly previous cycle, and
each modification is outlined in sections 6.2, 6.3, and 6.5 for PtRh, Ir, and Ag, respectively.
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3.1.1.2 Alloys selected

Composition δ ∆Hmix Reason for selection

Pt9Rh35Ni21Cu35 0.03555 -0.1820 ∆Hmix close to zero
Pt7Rh23Ni35Co35 0.03883 -0.0168 ∆Hmix close to zero
Pt35Rh5Ni5Ag25 0.03551 2.9900 low ∆Hmix

Pt5Rh25Ni35Cu35 0.03429 -1.1600 low ∆Hmix

Pt5Rh25Ni35Co35 0.03770 0.4600 ∆Hmix close to zero
Pt35Rh35V22Ag8 0.02685 -21.5672 very low δ and ∆Hmix

Pt35Rh35V5Ag25 0.02978 -2.1600 combination of very low δ and low
∆Hmix

Pt5Rh20V5Ni35Co35 0.03651 -3.6500 combination of low δ and ∆Hmix

Pt5Rh15V35Ni10Cu35 0.02680 -9.8100 very low δ

Pt5Rh5V31Cr24Mo35 0.03481 -9.9892 interest in the addition of Mo
Pt5Rh5V35Cr20W35 0.03385 -9.4800 interest in the addtion of W
Pt5Rh20V5Ni35Cu35 0.03320 -0.7100 very low ∆Hmix

Pt21Rh34V5Ag32Cu8 0.03850 -0.0012 extremely low ∆Hmix

Pt17Rh30V14Ag30Re9 0.03410 -8.8800×10−16 ∆Hmix virtually zero
Pt5Rh11V14Ni35Co35 0.03415 -9.5864 combination of low δ and ∆Hmix;

variation on other compositions
Pt35Rh35V5Ag20Cu5 0.03245 -3.8100 combination of low δ and ∆Hmix;

variation on other compositions
Pt5Rh10V15Cu35Co35 0.02954 -3.9700 combination of low δ and ∆Hmix;

variation on other compositions

Table 3.2: List of compositions selected using the criteria summarised in section 6.2

PtRh
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Composition δ ∆Hmix Reason for selection

Ir35V14Fe16Cu35 0.03317 -5.4152 inclusion of Fe
Ir32V10Co34Cu24 0.03440 -5.1232 combination of Cu and Co since

it did not work previously; test
whether the new criterion outlined
in section 6.3 might help with al-
loying homogeneously

Ir32Fe9Ni35Cu24 0.03772 0.2824 low PGM content
Ir35Fe10Pd22Pt33 0.03041 -0.8992 inclusion of Fe and Pd
Ir35V15Fe10Cu35Ag5 0.03790 -3.6200 inclusion of Ag
Ir12Fe33Co20Ni30Pt5 0.03618 -4.4956 low PGM content
Ir13Nb5Pd26Re35Pt21 0.01051 -7.0508 inclusion of Nb and Re; alloy was

not manufactured
Ir35Rh28Pd27Pt5Au5 0.01608 4.6028 inclusion of Au
Ir35Rh28Pd27Ag5Pt5 0.01647 4.5528 inclusion of Ag
Ir35Rh35Co5Ni5Pt20 0.02702 -1.1100 combination of PGM with elements

that worked well previously
Ir35Rh35Fe5Pt25 0.02266 -1.8400 inclusion of Fe
Ir35Rh35Pd20Pt10 0.01039 2.6100 high PGM content

Table 3.3: List of compositions selected in the Ir IrRh investigation

Composition δ ∆Hmix Reason

Ag30Pd35Pt35 0.02125 -2.3800 small δ, negative
∆Hmix

Ag35Pd30Au35 0.02208 -5.8800 small δ, negative
∆Hmix

Ag25Cu5Pd35Pt35 0.02747 -3.5400 small δ, negative
∆Hmix

Ag35Pd5Pt25Au35 0.01900 -2.2800 small δ, negative
∆Hmix

Table 3.4: List of silver based compositions compositions selected in the Ag investigation
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3.1.2 Manufacture

3.1.2.1 Argon arc melting

(a) Overview of the Arc Melter (b) Schematic of the melting tip-hearth set up

Figure 3.2: The Edmund Bühler Compact Arc Melter MAM-1 [169]

Argon arc melting was chosen as the preferred method for alloy manufacture in lab and at
JMNM.

Argon arc melting works by passing a current through a cathode, in this case the arc melter
tip, which concentrates the electrical current to a thin high temperature beam. The circuit is
completed by the arc meeting the material to be melted and the hearth.

The laboratory is kitted with a Bühler Compact Arc Melter MAM-1 (MAM-1) (Fig. 3.2) and
JMNM has industrial scale equipment. The alloys comprise of high melting point elements,
argon arc melting is suitable for high melting point elements, the MAM-1 can melt up to
3500◦C[169] with similar capacity at JMNM. In both cases the capability exceeds the melting
points of the elements comprising the alloys. Additionally, control over the direction of the arc
by the user provides enhanced homogeneity as the arc can be moved in a stirring motion. The
list of metals considered for the project is on table 3.1, all melting temperatures for the metals
are well within what is possible to melt for the arc melters.

3.1.2.2 Melting procedure

In the laboratory, 5g of raw materials were prepared per alloy sample made. The balance
used to measure the material has a precision of 0.00005g. Each element was cut into small
pieces following weighing out and constituent elements were mixed together to further ensure
homogeneity when melting. Given the lower pressure used in the argon arc melter the melting
and boiling points of elements would be lower than at atmospheric pressure. Certain composi-
tions contained elements where the melting point of one and the boiling point of another would
overlap. To ensure minimal vapourisation due to melting-boiling point overlap the melting
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procedure was modified to account for this. The bottom of the hearth is water cooled so the
elements would be layered in the crucible in such a way that the low melting point elements
would be in the cooler part of the furnace. This would tend to reduce, and possibly eliminate
the time at which the lower melting point materials were at temperatures above their boiling
point, by seeing the greatest heating intensity applied to the higher melting point elements.
The possibility of the loss of certain elements was however recognised, and the composition of
the key alloys explored in the work was verified after manufacture. All constituents used were
elemental metals of at least 99.95% purity, foil was preferred for ease of use but some elements
were supplied in grain form.

The tip of the arc is ground to a point to ensure a thin and concentrated arc. The arc
melter is fitted with a removable bottom water cooled copper crucible. The crucible comprises
7 cavities in which the alloy can be melted, and a vacuum sealant gasket. A glass collar is placed
around the crucible before placing into the hearth to protect the outer glass of the hearth. The
air in the hearth is vacuumed until the pressure drops below 1.0× 100 torr. The hearth is then
flushed with argon gas. This procedure is repeated a further 3 times to remove all air from the
hearth. A good vacuum to reach to insure that the hearth is depleted of air is 6.0 × 105 torr
and lower. The arc is then filled with argon gas to a pressure of 0.7bar to operate.[170]

Raw materials were melted into a solid mass for no more than 30 seconds so as not to
overheat the hearth. The sample was flipped and remelted. The flipping and melting procedure
was repeated 5 times to further ensure homogeneity.

3.1.2.3 Heat treatment

Cooling rates in small scale argon arc melters tend to be high which could lead to alloys
being ‘frozen’ in a metastable state or be inhomogeneously mixed. Also, we wanted to know
whether the alloys remained in single phase when tending to a thermodynamically stable state.

Alloys were heat treated at 700◦C post laboratory manufacture and 1000◦C post industrial
manufacture according to the standard practice within JMNM. Laboratory manufactured alloys
were heated to 700◦C in an argon atmosphere and maintained at 700◦C for 72 hours and left
to cool inside the furnace.

The choice of 700◦C is based on observations on CoCrFeMnNi by Pickering et al. [94] where
precipitation of a Cr-rich phase was observed after prolonged heat treatment at 700◦C. As
will be explained in section 5 no significant change was observed in the heat treated laboratory
manufactured alloys in comparison to their as-cast counterparts. In the industrial manufacture,
heat treatment was performed to be as close to JMNM standards, therefore 1000◦C was chosen.

3.2 Computational experiments

In section 2.3.2 there is mention of the computational costs involved with large DFT cal-
culations. Depending on the parameters used, calculations can take between 1-192h using 4-32
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CPU cores. The computational time and cost is not trivial, we were able to perform these
calculations thanks to our two dedicated high performance computing clusters provided to
researchers of the University of Sheffield.

An aim of this project was to provide a reliable predictive procedure for determining whether
potential alloys are manufacturable. DFT was selected as a screening method post the high-
throughput alloy identification described in section 3.1.1.

In this study of HEAs there were a few questions we wanted to attempt to answer. Are
the alloys that mix homogeneously in manufacture truly homogeneous or in a metastable state
due to the cooling rate associated with argon arc melting, can we prove that the alloys are in
thermodynamic equilibrium via DFT? Can we investigate how readily these alloys oxidise and
compare with experimental data to find trends?

To confirm the simulation results are significant in a physical world DFT simulations would
be investigated concurrently with the manufacture of certain selected alloys which are likely
to be single phase to inform and update the high-throughput + DFT study methodology. We
need to sample a randomised lattice, 3 × 3 × 3 atomic cells were constructed with an FCC
lattice arrangement (108 atoms), this unit cell is large enough to prevent long range ordering
and small enough for calculations to be performed on in a practical time frame.

The study was designed as follows

1. Determine the suitability of DFT for this study via the DFT investigation of known phase
diagrams

2. Simulate alloys manufactured in this study and probe the thermodynamic stability of
random (mixed) vs. ordered lattice arrangements

3. Design a method of performing surface calculations reliably and robustly on HEA systems

NB: A combination of CASTEP 16 and CASTEP 18 [171–176] was used for simulations in this
study.

3.2.1 Suitability of density functional theory

There is strong evidence to show that DFT is a very reliable study route for the investiga-
tion of PGM. Specifically, DFT is used to investigate PGM heterocatalysts and as adsorption
substrates[177–183].

3.2.1.1 Phase diagram DFT investigation

We set up an investigation to determine whether DFT was suitable for providing physically
significant results because simulating metals at room temperature is computationally intensive
and slow. A study of known binary phase diagrams was constructed to show that DFT provided
results that aligned with the binary phase diagrams.
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Since Pt, Rh and Ni are prevalent in most of the alloys (tables 3.2, 3.3) selected for syn-
thesis using the method described in section 3.1.1, the phase diagrams of PtRh(figure 3.3) and
PtNi(figure 3.4) are shown. Notably, both systems form ordered phases across the at.% gamut
at 0◦C.

For this study the CASTEP[171] code for first principles electronic structure calculation
(DFT) was used with NCP (discussed in section 2.3.1) [184] LDA functionals and a Pulay
density mixing scheme [185, 186] (this latter is a standard method available for updating the
electron density at the end of a self consistent step) for geometry optimisation. The systems
were treated as metallic (delocalised electrons). Across the range of combinations of Pt and
Rh, and Pt and Ni, one cell was constructed per combination. For the ordered phases 30
different cells were constructed where the elements were arranged randomly on the lattice sites.
All cells constructed were based on the FCCRh structure defined by Moshopoulou et al. [187]
obtained from the Crystallography open database (COD) [188–192]. Cells of ordered phases
were constructed from the crystal structure of the prototype taken from the COD, Ni3Pt was
constructed from the AuCu3 prototype characterised by Wyckoff [193] and NiPt was constructed
from the AuCu prototype characterised by Johansson et al. [194].

The results of this study are presented and discussed in section 4.1.
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Figure 3.3: Phase diagram of Pt Rh[195]

Phase at.%Rh Pearson
symbol

Space
group

Prototype

(Pt,Rh) 0 - 100 cF4 Fm3̄m Cu
PtRh 43 - 63 cf*
PtRh3 66 - 77 tI8 I4/mmm Al3Ti

Table 3.5: Pt-Rh crystal structure data[195]
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Figure 3.4: Phase diagram of Pt Ni[196]

Phase at.%Pt Pearson
symbol

Space
group

Prototype

(Ni,Pt) 0 - 100 cF4 Fm3̄m Cu
Ni3Pt ∼25 cP4 Pm3̄m AuCu3

NiPt ∼50 tP4 P4/mmm AuCu
NiPt3 ∼75 cP4 Pm3̄m AuCu3

Table 3.6: Pt-Ni crystal structure data[196]

3.2.2 HEA simulations

For simulating HEA a similar method to solutions was used as in section 3.2.1.1. Geometry
optimisations were performed on structures employing Lee [184] NCP pseudopotentials within
LDA using Pulay [185] density-mixing optimisation. The systems were treated as metallic. The
alloy system simulations were performed on Pt7Rh23Ni35Co35. 30 randomly arranged structures
were prepared using a CASTEP .cell input cell generation Python 2.7 script, written by
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Stavrina Dimosthenous derived from code by Dr. Christopher M. Handley (Dept. of Materials
Science and Engineering, University of Sheffield). Random structures maintained the same
fractional coordinates in space, elemental positions were randomised using the shuffle function
of the Python random module. Structures were checked for uniqueness against other structures
in the group during the random position generation. Cells were based on the Rh FCC cell by
Moshopoulou et al. [187] obtained from the COD.

The systems were treated as spin-polarised with respect to Co (SPIN = 3). Suggestions on
treating systems with spin are provided in section 4.5.

NB: Suggestions of simulating HEA using modern CASTEP on-the-fly (OTF) NCP and USP
pseudopotentials within LDA and PBEsol schemes are provided in section 4.5. The suggestions
are based on calculations performed on other systems comparing combinations of solution
parameters.

3.2.3 HEA surface simulations

When investigating oxidation of materials via DFT the oxygen adsorption investigation is
performed on cleaved surfaces of the bulk cell. We wanted to develop a method of investigat-
ing oxygen adsorption on HEA surfaces via DFT. The first step to the development of such
a method was to develop a method of optimising these slab geometries of different orienta-
tion. A Pt7Rh23Ni35Co35 geometry optimised cell calculated using the procedure described in
section 3.2.2 was used as our initial cell and prototype in this study. A geometry optimised
cell is produced at the end of each CASTEP geometry optimisation if the user sets up the
run to produce it, otherwise a cell can be produced via the CASTEP .check, .castep_bin or
.cst_esp files using the c2x code to convert the information into a readable .cell file [197].
Surfaces of the lowest energy geometry optimised structure were cleaved from the .cell file
resulting from the calculation using the METADISE code [198]. Surface slabs of [0 0 1], [1 1 0],
[1 0 1], [1 1 1], and [0 1 1] exposed surfaces were cleaved from the optimised cell. METADISE
will cleave as many surfaces as there are atoms, 108 in our case, so 30 cleaved surface slabs were
chosen at random from the ones produced by METADISE. Singlepoint energy calculations were
performed on each of the 30 surface slabs per miller plane. For the singlepoint energy calcula-
tion CASTEP 18 was use along with OTF NCP Pseudopotential (PP) within an LDA scheme
and an ensemble density functional theory (EDFT) optimization procedure, which improves
the convergence to the ground state energy[199].

The lowest energy Pt7Rh23Ni35Co35 original cell was treated with the same procedure to
allow for the calculation of the surface energies. Ramamoorthy et al. [200] define the surface
energy, Esurf as,

2Esurf = Eslab − nEtot (3.2)

a simple rearrangement gives,

Esurf =
Eslab − nEtot

2
(3.3)
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for Esurf , where Eslab is the ‘bulk’ slab groundstate energy after a singlepoint calculation, Etot

is the groundstate energy of the bulk cell. In this study, n = nslab

nbulk
is, where nslab is the number

of atoms in the slab supercell and nbulk is the number of atoms in the bulk supercell. The
METADISE slab generation module will usually keep nslab ≡ nbulk so that reduces the number
of steps in the calculation.

3.3 Characterisation

Laboratory manufactured samples were prepared as described in section 3.1.2.2. Each sam-
ple produced was approximately 1cm in diameter depending on the density of the comprising
elements.

The main aim in the laboratory scale manufacture was to produce single phase multiprincipal
component alloys. To save on resources visual inspection of the alloys produced was important.
If alloys displayed inhomgeneity visible to the naked eye then they were immediately excluded
from any further characterisation analyses.

Phase analysis was performed via XRD, element distribution on prepared sample surfaces
was investigated via XRF and energy dispersive X-ray spectroscopy (EDX) via scanning electron
microscopy. To further confirm homogeneity and single phase, alloys which were found to be
single phase via these techniques were sent to Johnson Matthey Technology Centre (Johnson
Matthey Technology Centre (JMTC)) for analysis via electron probe microanalysis (EPMA).
Alloys of interest were subject to a crude ductility trial to investigate manufacturability.

Industrially manufactured samples were prepared on site at JMNM. 1kg of charge was
prepared from the wt.% of each component element, pre-melting. Characterisation samples
were cut from the resulting ingots of alloys (≈15cm×6cm).

For the industrial scale manufacture, it was important to ensure that the results for the
phase composition and microstructure scaled with the quantity of material being alloyed. The
same visual inspection was used upon cooling and the cut-off samples were inspected for visual
inhomogeneous mixing, as well. The same spectroscopic techniques of XRD, XRF, EDX, and
EPMA were used to perform phase analysis and confirm homogeneity. We chose nanoindenta-
tion, Vickers hardness indentation, grain size optical analysis, and thermogravimetric analysis
(TGA) as techniques for mechanical property and thermal property evaluation, respectively.
To fully understand the alloys’ response to TGA, differential scanning calorimetry (DSC) was
used to investigate the response of the alloys to heating in an inert atmosphere.

It is important to note that all samples were manufactured from materials where the noble
metal content was provided on loan from JMNM. The arrangements for this loan limited the
total amount of metal value which could be held at the University of Sheffield at any one time,
due to insurance terms. Due to the high value of some of the elements used, strategic decisions
had to be made to return samples before the end of the project, in order to release value with
which further supplies of pure metals could be borrowed. As a result, not all samples were
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retained long enough for repeat measurements to be made, and in some instances this resulted
in optimisation of the techniques and settings for the sample characterisation being refined
after some samples were no longer available.

3.3.1 Sample preparation

The following procedure was used to prepare samples for characterisation. Samples were
mounted in clear resin for the first round of alloy design and development, subsequent sam-
ples were mounted in conductive bakelite. Both mounting procedures were conducted with a
Buehler Simplimet 1000 automatic mounting press using the mounting procedures advised by
the suppliers.

A Buehler EcoMet automatic grinder-polisher fitted with a Buehler AutoMet power head
was used to grind and polish samples to a planar, mirror finish. Grinding was performed at
200-250 rpm for the grinding plate and 39-49 rpm for the power head. Polishing was performed
at 100-125 rpm for the grinding plate and 39 rpm for the power head. The back of the mounted
samples was ground flat using P240 silica grit paper for the case of nanoindenter measurements.
When mounted in bakelite there is an air gap between the sample and the bakelite. To ensure
maximum force transfer through the sample for accurate determination of the reduced modulus
during nanoindentation the back of the mounted sample was ground to the point where the
underside of the sample was well exposed and planar. Care was taken to indent the prepared
sample surface over the area that was directly exposed on the underside.

Samples were ground flat using P400, P800, P1200, P2500 and P4000 grades of SiC grit
paper. Samples were washed between each paper grade and the grinding plate was cleaned
between each paper grade to prevent any fallout particulates from scratching the sample.

Samples were then polished using 6µm diamond water based suspension and Buehler TexMet
C polishing cloth followed by 1µm diamond water based suspension and Buehler MicroCloth
polishing cloth. Samples were washed with isopropyl alcohol, dried using hot air, then washed
with isopropyl alcohol and dried with hot air between each grade of diamond suspension. The
power head was also washed between each grade of diamond suspension, and finally a protective
cup was placed on top of each sample until required for characterisation.

3.3.2 X-ray diffraction

X-ray diffraction (XRD) is a well known phase analysis technique. The goal of using XRD
in this project is to identify phases present in the alloys, and therefore to determine whether
the alloys are a single cubic phase, ideally FCC, or not.

Due to the small wavelength of X-rays, they are able to penetrate solids, and diffract
through the lattice planes, forming a diffraction pattern. Analysis of these patterns allows
the identification of the size and shape of the unit cell, the number of atoms, electrons and the
lattice configuration.
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For example, Bragg’s law, figure 3.5, gives us a way of determining the lattice spacing, d,
by knowing the angle the diffracted X-ray exits the sample,

nλ = 2d sin θ (3.4)

where n is an integer related to the order of the reflection, (λ) is the wavelength of the incident
X-rays, d is the spacing of the particular diffracting planes and (θ) is the angle of diffraction.
[201, 202].

In this project, a Siemens/Bruker D5000 diffractometer and a Bruker D2 Phaser were used
for pattern collection. As a standard both the diffractometers have a Cu anode target and a Ni
kβ filter, without a bean monochromator so the beam has both CuKα1 and CuKα2 radiation.
Samples were ran at different ranges in 0 - 120° 2θ depending on prior XRD traces. All alloys
are unique to this project, but the latest ICDD PDF-4+ [203] databases and the COD[188–192]
were used to index and analyse the XRD scans for any matches against known compositions
using the Bruker DIFFRAC.SUITE EVA software.

Figure 3.5: Bragg’s law representation of the path of X-rays diffracting through a crystal[202]

XRD data were analysed using the Bruker DIFFRAC.SUITE EVA software, peaks were
identified and manually indexed using Bragg’s Law and with a procedure outlined in ref. [204]
and in this [205] tutorial by Dr. Nik Reeves-McLaren from the Department of Materials Science
& Engineering at the University of Sheffield, an illustration (fig. 3.6). The peaks were indexed
manually using the relationship in equation 3.4. Since the diffractometer has a Cu anode target
we know that λ in equation 3.4 is 1.5406Å [206]. For a cubic system,

1

d2
=

(h2 + k2 + l2)

a2
(3.5)

37



where [h k l] are the indices defining the lattice plane of diffraction and a is the lattice parameter.
For a cubic system a is a single value (i.e. all lattice parameters are the same as the unit cell
is a cube) and we know from our diffractometer that λ is constant. We reach this relationship
for calculating the lattice plane,

sin2 θ =
n2λ2

4a2
(h2 + k2 + l2) (3.6)

The sin2 θ values can be calculated and compared to find a common factor, which can then be
compared to possible values resulting from the combination of h, k and l to index each peak.

An example of the process to index the peaks is displayed in figure 3.6. The ratio values
displayed are the ratio of the sin2 θ of the first peak and every subsequent peak is multiplied by
1, 2, 3 . . . until all ratios are integers. Each ratio is equal to h2 +k2 + l2, which we can determine
the lattice plane from.

Figure 3.6: Illustration of the manual indexing analysis performed on one of the XRD data sets
presented in figures 6.2a

3.3.3 X-ray fluorescence

XRF is a widely used quick analysis technique for qualitative and quantitative assessment
of materials. XRF was used in this project to identify the local composition at different points
on the surface of the sample to determine whether the elements are distributed homogeneously
across the bulk of the synthesized alloy.

XRF is a spectroscopic technique that relies on analysing the fluorescent (or secondary)
X-rays emitted by a sample that has been bombarded by an X-ray source. The interaction
resulting in fluorescence is illustrated in figure 3.7, as is evident, there are more ways in which X-
rays can interact with matter and most XRF machines will have accounted for these interactions
and the resulting radiation. The most common way to produce incident X-rays is by an X-ray
tube which produces X-rays from decelerated electrons (Bremsstrahlung radiation) [207–209].
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Figure 3.7: X-ray beam interactions with matter
[209]

The machine used for XRF analysis is a
Malvern PanAlytical Zetium which utilises
X-ray tube technology and wavelength dis-
persive detection. The standard calibration
procedure was followed before every measure-
ment session, where gain correction and Drift
standards are ran and tested against the fac-
tory measurements of the standards. This is
done to account for the aging of the X-ray
tube over time and ensuring that the quan-
tification is accurate[210]. Apertures ranging
over 6mm - 12mm were used for the surface

exposed to the X-rays, depending on the size of the sample. The data is presented as the wt.%
of the material present on the surface bombarded with X-rays. Since the data collected by the
software is also presented in weight percent content (wt.%) we convert to at.% to compare the
data to the expected composition. The formula for converting from wt.% to at.% for an alloy
with N components is presented in eq 3.7.

at.%i =
wt.%i/mi

wt.%i/mi + wt.%j/mj + . . .+ wt.%N/mN

, (3.7)

where mi is the atomic mass of component i.
XRF was performed on the alloys as a means to gauge homogeneity in mixing across the

sample. Due to the scale over which the assessment is made, a stronger indicator for homoge-
neous mixing during manufacture in this study is the similarities across samples of the same
composition.

XRF data was collected once per sample imaged. We chose the largest aperture the sample
size could accommodate. The error quoted is the absolute error associated with the measure-
ment as calculated by the data processing software of the Zetium. For some samples it was not
possible to give these data, as the values were not originally recorded, and the samples were
returned for reprocessing.

3.3.4 Scanning electron microscopy

The microstructure of samples was investigated via the use of a scanning electron microscope
(SEM). A sample is placed in the vacuum chamber of the SEM and bombarded with accelerated
electrons. There are numerous ways in which the bombarded (imaged) surface can interact with
those electrons, figure 3.8. Of concern in this study are the interactions producing Secondary
electrons (SE), sample electrons that are emitted from the sample in response to the incident

39



gun electrons, and BSE, electrons originally from the gun that have been deflected by the
nucleus of an atom in sample, likelier with ’heavier’ atoms which means that images produced
from BSE will be brighter in regions of the imaged surface where the material is composed
of elements with a larger number of electrons, and X-ray photon emission, produced by the
interaction of an incident electron with a core-shell electron[211]. SEM typically have detectors
for SE and BSE as is illustrated in figure 3.9.

Figure 3.8: Representations of electron-surface in-
teractions [212]

The SEM used was an FEI Inspect F and
F50 at the Sorby research centre at the Uni-
versity of Sheffield. A Zeiss EVO MA 10
was used at JMNM. For the purposes of data
collection during this project, an accelerat-
ing voltage of 20keV and a spot size of 3 -
5 were used (conditions developed to allow
good imaging and data collection for EDX,
described below). Both SE and BSE imaging
modes were used, the former for imaging the
sample surface, similar to optical microscopy,
and the latter for identifying segregation.

3.3.4.1 Energy dispersive X-ray spec-
troscopy

Figure 3.9: Schematic of a typical SEM illustrat-
ing the positions of SE and BSE detectors[213]

Energy dispersive X-ray spectroscopy
(EDX or EDS) relies on the collection of the
characteristic X-rays emitted by the elements
on the surface of the sample in the surface -
beam interaction mentioned in the above sec-
tion (3.3.4) and illustrated in figure 3.8. This
allows for qualitative chemical analysis of the
surface and further investigation of segrega-
tion at the surface. The EDX detector used
was an Oxford Instruments X-Max 80mm2 sil-
icon drift detector for analyses conducted at
the Sorby Centre at the University of Sheffield
and at JMNM. After several trial and error
data collections using a range of accelerating
voltages, we chose to operate the electron gun
at 20keV of accelerating voltage with a spot
size ranging between 4-5. EDX chemical com-
position maps were constructed by the soft-
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ware to investigate the elemental homogeneity across the prepared sample surface. Areas where
segregation was suspected during BSE visual inspection were subject to point spectrum anal-
ysis.

While SEM coupled with EDX analysis was able to illuminate the homogeneity of the sample
and provide qualitative analysis there was an overlap of the elemental peak positions in the
spectra due to the nature of the alloy constituents. Given usage time constraints and the volume
of samples to be characterised SEM-EDX was utilised as a fast way of assessing whether the
distribution of elements throughout the sample was, to a first approximation, uniform and that
areas of very significant segregation did not exist within the sample. This fast scanning involved
taking an EDX element analysis map measurement for 5 minutes using 20keV accelerating
voltage and a spot size of 4. The choice of measurement parameters were a result of trial and
error to identify the most suitable parameters for these particular measurements.

3.3.5 Electron probe microanalysis

Electron probe microanalysis (EPMA) of samples was conducted by Dr. Gareth Hatton at
JMTC, Sonning Common, UK. Dr. Hutton produced at.% distribution maps of imaged surfaces
at low and high magnification which resolved the distribution of elements on the imaged surface,
the homogeneity in mixing, ultimately the degree to which an alloy exhibited a single phase or
multiple phases.

The EPMA used was a Jeol JXA-8500F electron probe microanalyzer, operated at an ac-
celerating voltage of 20keV for 100ms/pixel where each pixel was of side length 1.5µm (low
magnification) and 0.5µm (high magnification) and was carried out on prepared polished sur-
faces of various alloy specimens. The EPMA is fitted with 5 wavelength dispersive spectrom-
eters and one silicone drift diode EDX detector. The EPMA can therefore analyse up to 5
elements simultaneously via wavelength dispersive techniques suitable for the analysis of the
alloys designed in this project [214].

The EPMA functions similarly to SEM with EDX functionality, able to perform chemical
analysis of the imaged surface to about 0.5µm interaction volume, in this study. The minimum
area that can be imaged varies depending on composition. Also, EPMA can map the distribu-
tion of elements in the area imaged to a good level of precision, making it extremely beneficial
for confirming homogeneity. When comparing the EPMA and EDX, the primary benefit of
EPMA is the higher resolution and accuracy involved with EPMA due to the use of wavelength
dispersive technology.

Like EDX, Wavelength Dispersive Spectroscopy (WDS) relies on collecting the characteristic
X-rays emitted by the sample after bombardment by an electron gun. The energy dispersive
spectrometer detects the energy of the characteristic X-ray as emitted by the excited electron
returning to its ground state. In contrast WDS relies on Moseley’s law which states that the
square of the frequency of the characteristic X-ray is directly proportional to the atomic number
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of the emitting element.
While WDS offers a higher resolution in comparison to EDX it can only detect a certain

number of elements at a time. Since wavelength dispersive detectors are built to detect within
certain ranges, several detectors are needed to cover the spectrum of wavelength ranges. De-
pending on the wavelength dispersive detector there might also be significant overlap in the
elements detected. Also, the emitted X-ray might not be within the detection range of the
wavelength dispersive detector. In contract EDX detectors can collect all energies and detect
all elements simultaneously, however the resolution is much lower in comparison to WDS and
we cannot quantify the elemental distribution on the imaged surface.

Of particular concern with EDX is the overlap of the spectra of the PGMs, the wavelength
dispersive spectroscopy, utilised by EPMA, can address the issue of spectrum overlap and is
more suitable for mapping and quantitative analysis. Also, since the maximum number of
elements in any alloy we had was 5 the EPMA provided to us in this study was suitable
for collecting data for at.% elemental distribution maps.It was observed that it can reveal
segregation as low as 1 at.%.

3.3.6 Manufacturability hammer trial

At an early stage of the experimental work on the alloys, it was decided that a quick discrim-
ination between alloys that were highly brittle (and therefore not suitable for manufacturing
processes such as wire drawing) and those with some ductility would be useful. To do this a
very basic hammer trial was developed, which was only performed on the first cycle of success-
fully alloyed laboratory manufactured alloys, e.g. the PtRh-based series of experimental alloys.
Each sample was placed in a cylindrical cavity of 6mm diameter kitted with a snug fitting
punch, flat at both ends. The punch was placed on top of the sample. A hammer was used
to hit the punch. Each trial consisted of 20 impacts, attempting to make each of comparable
energy, samples were inspected after every 5 impacts for shattering. Despite not being accurate
and only providing qualitative data, the hammering trial can give a fair indication about how
a material will perform when being manipulated at room temperature and helped in making
decisions about which alloys to schedule for industrial scale up trials.

3.3.7 Vickers hardness

Vickers hardness indentation is a widely used technique in academia and industry. The
method was developed by Smith et al. [216] with hardness defined as the load needed to create
an impression of a particular size (though in the modern embodiment the load is normally
set and the size of indent measured). A Vickers hardness test is performed on a sample at
constant load using a square-based pyramidal shaped diamond indenter, with the hardness
determined from measurements of the diagonals presented in figure 3.10. The Vickers hardness
number (HV) is the applied load on the sample divided by the surface area of the resulting
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indentation[215].

Figure 3.10: Vickers indenter tip schematic
showing the tip diagonals[215]

Vickers hardness microindentation was per-
formed at Johnson Matthey Noble Metals on a
Future Tech Corporation Model: FM-100 (FM-
100) and at the Department of Materials Sci-
ence and Engineering at the University of Sheffield
on an EMCOTEST DuraScan 70 G5 (DuraScan).
The usual practice at JMNM is to indent with
300gf (HV 3), equivalent to 2.94N converted us-
ing 1kgf ≈ 9.806N equivalency. The samples were
indented in a diagonal direction across the polished
surface of the sample to cover the longest length
across the sample and space the indents as far apart as reasonably possible so that they do not
interfere with neighbouring indents. The FM-100 is manually driven so indents are performed
by the user on manually focused on areas. The best care was taken to take a diagonal across
the sample, 16 - 18 readings were taken. On the DuraScan each sample was indented with
9 - 10 indents equally spaced by the software to account for sample surface size differences.
Indent size analysis was performed by the software once the length of the indent diagonals was
confirmed by the user. An HV number was given per indent and an average was calculated
over all the indents per sample.

3.3.8 Nanoindentation

Nanoindentation was performed on a Hysitron TI Premier in the Department of Materials
Science and Engineering at the University of Sheffield under the guidance of Dawn Bussey.
Nanoindentation was used to investigate the elastic modulus and the hardness of the alloys.
Both these qualities are important in informing how a material will respond to mechanical
processing, and potentially in service.

As a standard, a grid of 49 indents were taken per sample with a load of 100mN per indent.
100mN is a relatively high load in the context of nanoindentation, this was to try to imitate a
microindenter. A high load transducer was used to facilitate that the load as we are interested
in macroscale modulus and hardness. The 49 indent pattern can be seen on figure 3.11. A
dwell time of 30s was used to ensure proper depth penetration. This dwell time ensures that
any time-dependent deformation processes have proceeded to a negligible level, and that the
hardness and modulus recorded will be correctly representative of the sample. A grid pattern
of 49 indents was obtained. The number of indents is sufficient for analysis of the mean reduced
modulus once outliers are excluded.

The analysis procedures used for the nanoindentation data are those introduced by Oliver
et al. [217].
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(a) Pt5Rh11V14Ni35Co35 (b) Pt5Rh20V5Ni35Co35

Figure 3.11: 49 indent grid pattern

3.3.9 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was performed by Dr. Oday Hussein at the De-
partment of Materials Science and Engineering at the University of Sheffield. The instrument
used was a TA Instruments SDT-Q600. DSC was performed in argon and a 20◦C min−1 up to
1400◦C. Readings were taken from the start of heating to the sample reaching room tempera-
ture post-heating. Once 1400◦C was reached the heating system was turned off and the sample
was left to cool in the argon atmosphere. DSC was performed to investigate thermal stability
of samples at the range of 1000◦C and 1200◦C before thermogravimetric analysis (TGA).

The solidus temperature for each alloy was determined from the heat flow vs. temperature
plot of the results. Tangent lines are extrapolated from the steady state part of the curve, and
from the rising/peaking part of the curve. The horizontal axis value of the point at which the
two lines intersect is the solidus temperature.

3.3.10 Thermogravimetric analysis

The investigation of the alloy samples was informed by the investigation carried out in Migas
et al. [218] with consultation from Dr. Claire Utton at the Department of Materials Science
and Engineering, University of Sheffield. Samples of known geometry, 3mm × 3mm × 3mm,
were made by electrical discharge machining (EDM), where possible, otherwise care was taken
to cut the samples as close to the geometry of the ED machined samples as possible. A sample
was placed in an alumina crucible and left in a NETZSCH STA 449 F3 Jupiter to heat up at
a rate of 5◦C min−1 in air until 1000◦C was reached.

Each measurement was checked intermittently for mass gain. If the sample was stable in
the heating up stage then the temperature was held at 1000◦C for 1h or until significant mass
gain was observed when the measurement was checked; if the sample was not stable in air then
the analysis was halted.
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Analysis of the results investigates mass gain during the measurement in air and is informed
by visual inspection in comparison to how the sample looked before the measurement.

3.3.11 Etching and optical microscopy grain size analysis

Etching reveals the underlying microstructure that might not be visible otherwise. A chem-
ical reagent attacks the surface of a ground and polished sample and reveals, for example, the
grain structure (if the etchant and the procedure are appropriate). The grain structure depends
on a number of factors such as cooling and mechanical processing so can be manipulated to
suit the intended use of a metal.

As-cast and annealed industrially manufactured samples were electrolytically etched using
a standard procedure for PGMs at JMNM. Samples were etched in a 10%HCl saturated with
NaCl solution. The current was varied between 0.2A - 1.0A judged according to the sample’s
response to the AC etch. The etched sample was then washed and dried.

Optical images of each sample were taken to examine the revealed microstructure.

σy = σ0 + kyd
−1/2 (3.8)

Etching is primarily important in this project as it reveals the alloy grains and presents
another avenue to investigate the mechanical properties of our alloys. Generally, the smaller
the grain size the stronger the metal, due to the increase in barriers to dislocation motion as slip
planes do not continue across grain boundaries[219]. The Hall-Petch relationship in equation
3.8 describes an inverse proportionality between the average grain diameter, d, and the yield
strength, σy of a metal if σ0 and ky, which are quantities characteristic to a certain material,
are known. This is assuming that the grains are approximately similar in size and not at either
extreme of size.

Since we do not know the quantities σ0 and ky it is reasonable to assume that a small enough
d coupled with variable crystallographic orientations does point to a strong metal.
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Chapter 4

Simulation results and discussion

4.1 Phase diagram DFT simulations

4.1.1 Phase diagram study

The phase diagrams presented in section 3.2.1.1 are presented here as they are referred to
extensively below.

4.1.1.1 PtNi

For the data presented in figure 4.3 and figure 4.7 the parameters outlined in section 3.2.1.1
were employed. Both sets of data were handled in the same manner so the following outline
of the method applies to both PtNi and PtRh; for brevity we only refer to PtNi. PtRh is
presented in section 4.1.1.2. The final energy of the geometry optimised random lattice ordered
108 atom FCC structure was compared against the enthalpy obtained from

expected = cNiENi + cPtEPt (4.1)

where cNi and cPt are the at.% of Ni and Pt, respectively, calculated from the proportion of
the number of atoms of each species in the 108 atom lattice, and ENi are EPt the energy for
the geometry optimised 108 atom single species Ni and Pt lattices, respectively. The expected
energy was subtracted from the calculated energy.

Across the plot we can see that as the alloy tends to more equiatomic proportions that
mixing is more favourable. Of course, this was only performed on one lattice arrangement with
the assumption that this lattice arrangement is representative of a lattice which is fully mixed
with any particualr atom having equal probability of occupying any random atom site. More
random arrangements are needed for each different proportion of atoms of interest to be able
to draw a complete conclusion.

In the Pt Ni phase diagram we can see that the ordered phases PtNi and PtNi3 have a
lower energy than the random lattice arrangements. While the random lattice arrangements
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Figure 4.1: Phase diagram of Pt Rh[195]
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Figure 4.2: Phase diagram of Pt Ni[196]
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are energetically viable it is evident the ordered lattices are the favoured arrangements. With
the current methods we can identify ordered phases that would be favourable from the point
of view of reduced energy only if we know they are there. This method could be expanded
upon via the use of high throughput computational structure searching techniques as a future
project.

Figure 4.3: Enthalpy of DFT calculations with subtracted expected enthalpy of an ideally mixed pair
system of PtNi across a range of at.% in 108 atom randomly arranged FCC cells

(a) Ni3Pt (b) NiPt (c) key

Figure 4.4: Graphical representation of the arrangement of two PtNi ordered structures as shown in
figure 4.2
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Figure 4.5: Groundstate energy of 30 relaxed 108 FCC cells of Pt50Ni50 compared against a relaxed
108 atom cell of the phase NiPt (Tab. 3.4b)

Figure 4.6: Groundstate energy of 30 relaxed 108 FCC cells of Pt25Ni75 compared against a relaxed
108 atom cell of the phase Ni3Pt (Tab. 3.4b)

4.1.1.2 PtRh

As with PtNi (fig. 4.3) the compositions tend to have a lower enthalpy relative to the ex-
pected enthalpy, considering the system to follow ideal mixing, as they tend towards equiatomic
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Figure 4.7: Enthalpy of DFT calculations with subtracted expected enthalpy of a pair system of
PtRh across a range of at.% in 108 atom randomly arranged FCC cells

ratios with a slight favourability towards a higher number of Pt to Rh atoms. Comparing these
results with the phase diagram (also based on calculations, rather than extensive experimental
investigation) in figure 3.3 it does agree as above 0◦C full mixing is energetically favourable
as the equilibrium state. To further confirm this, the energy of a larger number of different
random arrangements per Pt to Rh ratio could be calculated to create a plot, as in figure 4.7
of the mean enthalpy per atomic ratio.

Both figure 4.4b and figure 4.7 show that compositions of varying at.% of Pt:Rh and Pt:Ni
are energetically viable as randomly ordered distributions of the elements concerned on an
FCC crystal lattice. However, with PtNi, figures 4.5 and 4.6 show that the ordered phases of
NiPt and Ni3Pt which are assessed in this work are favoured. This is comparable to the phase
diagram presented in figure 4.2. We would expect this to be the case if the phase diagram were
generated from a similar study of comparing the ordered phases which could possibly be present
to a randomly ordered phase of the same composition was performed. It is noteworthy if the
phase diagram of Pt-Rh is examined at low temperatures (below 0◦C) some ordered phases are
seen. These do not appear to have been observed in experimental work in the literature (which
is limited) and the current modelling, which does not directly assess these ordered systems,
neither supports nor refutes the existence of these phases.

We have shown that with DFT as a tool we can explore, computationally, trends in how
alloys mix and identify whether the arrangement will tend to order or disorder in real life.
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4.2 HEA DFT screening

To construct a method for treating large cells of multi species alloys (HEA), the Pt7Rh23Ni35Co35

was used as a test composition. LDA functionals were used with the norm-conserving pseu-
dopotentials constructed in Ref. [184]. 30 randomly arranged 108 atom site lattices of the
composition were constructed on the same loci with the same lattice parameter, the method
is described in more detail in section 3.2.3. The 30 randomly arranged lattices were compared
against manually ordered arrangements of the same composition.

In figure 4.8 we compare the ground state energy of 30 random FCC lattice arrangements
(e.g. figure 4.9d) for composition Pt7Rh23Ni35Co35 to ordered lattice arrangements. The ordered
lattice arrangements that calculations were performed on are shown in figures 4.9a, 4.9b, 4.9c.
It is evident from figure 4.8 that the ordered compositions labelled ‘1’ and ‘2’ have significantly
higher energy than the 30 randomly arranged compositions and ordered composition ‘3’ which
tends to group the Co and Ni and Pt and Rh atoms together. We cannot conclusively say that
the alloy composition tends to disorder however that appears to be the trend, with the low level
of ordered composition ’3’ suggesting that compositions with some separation of Ni-Co together
and Pt-Rh together would also be possible to attain. Further analysis of this using the methods
suggested in section 4.5 is required to strengthen the confidence in the trend, especially since
the ordered composition ‘3’ falls in the energetically favoured category. To ensure that the
ordered alloys have a high degree of ordering at the level of the atomic nearest neighbours the
average number of the nearest neighbours of each species to each other species was computed.
CASTEP can output the nearest neighbours for all atoms in a lattice. A code was written to
compute the mean nearest neighbours of each species to a different species in the composition.
It was found that the mean number of nearest neighbours of like atoms was much higher in
ordered lattices ‘1’ and ‘2’ in comparison to the lower energy structures. Ordered lattice ‘3’
had a mean number of nearest neighbours to species similar to the numbers in the randomly
arranged structures, showing it was, in fact, a less highly ordered arrangement than ‘1’ or ‘2’.
The results of the mean nearest neighbours calculations are in Appendix A, section A.1.

52



Figure 4.8: Pt7Rh23Ni35Co35 simulations arranged in order of ascending enthalpy
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(a) Ordered 1 (b) Ordered 2

(c) Ordered 3 (d) Lattice arrangement 2 (e) key

Figure 4.9: Ordered lattice arrangements and an example of a random lattice arrangement that were
simulated

4.3 Surface slabs

To assess which the lowest energy plane(s) is (are) we devised a series of steps outlined
below, the results of which are also discussed.

Of the Pt7Rh23Ni35Co35 randomly arranged lattices, the lattice labelled ‘2’ was chosen after
the geometry optimisation, to be cleaved into surface slabs for Miller plane surface analysis.
Surfaces were cleaved in the (0 0 1), (0 1 1), (1 0 1), (1 1 0), and (1 1 1) planes. Metadise[198]
cuts as many surface slabs as there are atoms in a lattice. Since, there are 108 atoms in the
lattice 108 surfaces were generated, of those 108 surfaces per Miller plane 30 were chosen at
random per Miller plane.
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(a) (1 1 1) surface slab, label 72 (b) (0 0 1)

(c) (0 1 1) (d) (1 0 1)

(e) (1 1 0) (f) (1 1 1)

Figure 4.10: Energies of exposed plane surface slabs
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The of the single point energy calculation were manipulated to get the surface energy as
described in section 3.2.3. The geometry of the planes was not optimised.

The results of the cleaved surface slab calculations are displayed in figure 4.10 as a com-
parison of the surface energy of each slab. All the surface energies of the generated slabs are
fairly similar across all cleaved planes and the surface energy difference in any set of planes
is small, the largest difference being ≈0.09eVÅ−2. This indicates that there is unlikely to be
any significantly favoured plane, from energetic concerns, and that a surface would be equally
likely to display any of the considered planes (and by extension, quite probably other planes
not explicitly calculated here). However, the results are inconclusive and more work is needed
to confirm this mixed plane manifestation and whether it it would continue to be the predicted
outcome when we simulate annealing. Extensions of this technique are discussed in chapter 8

The study should be taken further firstly by optimising the geometry of the structures
and comparing it to the bulk lattice in a similar way, the results should then be compared to
the single point calculations. Secondly, the method should be scaled to molecular dynamics
potential based methods or lattice dynamics potential based methods where annealing can be
simulated following energy calculations on the as-cast structure. In this way, we would able
to, we can gauge whether such a phenomenon of mixed surface planes manifests for annealed
structures. The study should also be repeated for larger systems of atoms (e.g. 4× 4× 4). This
was not conducted in this work, as the simulation of crystal structures above was of greatest
relevance to understand the experimental results. Should there be further development looking
as surface sensitive processes, such as catalysis or oxidation (which may be important in possible
applications of these materials if they are found to be processable), then the surface modelling
explored here would become of greater focus for its ability to make predictions relevant to these
behaviours.

Finally, electron backscatter diffraction (EBSD) could be used to investigate the planes that
manifest on a cut surface of the manufactured alloy, when allowed to relax to a stable state (e.g.
by prolonged heating in a stable atmosphere to cause faceting) as a means to experimentally
verify the results.

4.4 Discussion

Overall, DFT has provided results which align with data observed physically and inde-
pendent of this project as it explored in section 4.1. Proceeding with investigations in alloy
Pt7Rh23Ni35Co35 we can see that the random lattice arrangements of the alloy are all at a similar
energy and energetically favourable. The random lattice arrangements are more energetically
favoured compared to the ordered lattice arrangements, which indicates that in a physical in-
vestigation the alloy will tend to mix homogeneously, as is evident in the physical data. This
contrasts with the data we have obtained for the known binary alloys as at certain ratios the
binary alloys have an ordered lowest energy lattice structure. So a there could be a difference
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going from binary to multi component in that multiple components tend to disordered lattice
arrangements. The study does suggest that atoms will want to randomly arrange themselves
at atomic scale, for Pt7Rh23Ni35Co35.

The surface plane energies suggest that the physical manifestation of the similarity in energy
will be a surface structure with many different planes being presented. This could be further
investigated in the future via geometry optimisation of the cleaved slabs concurrently with
EBSD analysis of physical samples.

We have shown that we can simulate the surface slabs of the Pt7Rh23Ni35Co35 HEA for 108
atoms. We can see that some surfaces are of lower energy than others, generally. However,
as mentioned above experimental investigation of the approach would be needed to be able to
compare to physical results.

In devising a good investigation we must also be able to explore negatives. In the way that
we showed that Pt7Rh23Ni35Co35 will tend to a random arrangement on an FCC crystal lattice
and not a highly ordered arrangement, it can also be shown that certain alloys will favour order.
The same procedure that was used to explore the favoured arrangements of Pt7Rh23Ni35Co35

can be used to explore alloy compositions that did not work in the experimental trials (discussed
in the following chapters). In this study, however, we chose to focus our resources on building a
method for simulating HEAs via DFT simulations by studying the alloy Pt7Rh23Ni35Co35 which
did work, thus meaning our simulations had potential value in understanding the real alloys
that were being explored.

4.5 Suggestions on simulating large HEA systems

The calculations used in this investigation were carried out as benchmark tests on simu-
lating 108 atom FCC lattices which consist of multiple elements, using a number of different
approaches to assess their effectiveness for such a purpose. Both LDA and PBEsol work well
and the choice between them depends on the data required. OTF USP is highly effective,
especially for the large atoms (e.g. Pt) we are simulating. Spin polarisation is turned on for the
whole system rather than explicitly stated per atom. EDFT is used for fast convergence. Pulay
density mixing works well too depending on the system, however it requires 100s of SCF itera-
tions, which is wasteful of memory, also even after ≈100 - 300 cycles the ground state energy
calculation might not converge; usually the iteration values will tend to oscillate around con-
vergence instead of converging so the suggestion is system, and convergence criteria dependent.
OTF NCP are generally too rigorous to provide results in < 168h and without multiple restarts
of the calculation. The simulations work well for 16-32 CPU cores. For further simulation of
multicomponent alloys, of the type experimentally investigated here, PBEsol or LDA exchange
correlation functionals, and USP would be recommended, in order to give a suitable balance
between time of calculation, and suitable accuracy to be of assistance in alloy design.
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Chapter 5

Experimental Exploration of Alloys and
Physical Properties

This chapter outlines the alloys designed for experimental exploration in a number of key
systems, with similarities to current alloys used for applications. Results are presented for the
mechanical properties and the high temperature oxidation resistance for all alloys, and this will
be followed in the next chapter (ch. 6) by focussing on the main alloys explored in detail and
discussing their phase formation and microstructure. In the next chapter results for each alloy
will be presented for laboratory scale manufacture and industrial scale manufacture.

As will be discussed below, of the alloys in the PtRh cycle of design Pt7Rh23Ni35Co35,
Pt5Rh20V5Ni35Co35 and Pt5Rh11V14Ni35Co35 were selected for industrial scale up. There are
several reasons for alloys not being selected for this further stage after the initial experimental
exploration in the laboratory; either they did not alloy, i.e. did not mix in the melted state
in the hearth or were visibly not homogeneously mixed when the samples were prepared for
characterisation, were not manufacturable, or did alloy but when assessed were not single phase.
All compositions that contained Ag in the PtRh cycle of design did not alloy, i.e. mix when
melted in the hearth. Given the criteria used all alloys were expected to alloy into single
phase structures, therefore a new criterion outlined in section 6.3 was devised. The criterion
was devised by inspecting the three successful alloys in this cycle. Further discussion of the
updated criteria can be found in and section 6.5 and 6.6

5.1 Presentation of results

This chapter discusses the mechanical criteria used for each of the alloy production cycles
and briefly discusses why the alloys were chosen from these for further industrial scale trials.
The chapter is then divided into results presentation followed by discussion. Below there are
some more detailed comments with regard to the presentation of results for several specific
techniques. The results for the mechanical properties are presented and discussed together for
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all alloys at both laboratory and industrial scale. The thermal analysis results are presented
and discussed in the same section for all alloys.

Below follows some considerations on the manufacture procedure and the subsequent char-
acterisation techniques and procedures.

Discussion of the alloy microstructure supported by data from XRD, XRF, SEM, EDX, and
EPMA is found in the following chapter (ch. 6).

Before the presentation of the mechanical properties and of the characterisation of the
microstructure in the next chapter (ch. 6) the alloys selected for industrial scale manufacture
and testing are presented on table 5.1. Several alloys made in the laboratory manufacture
stage were not considered for industrial scale manufacture due to visual inspection of the cross-
section revealing a speckled macroscopic structure, which was taken as a rapidly-observable
sign that there was macroscopic segregation in the manufactured alloy, and therefore that the
alloy was less likely to be suitable for further investigation, as it did not apparently form a
well-mixed alloy readily. Some results obtained from the alloys not selected are presented
and discussed briefly in section 5.2, giving additional details of why these example alloys were
not considered suitable for further investigation. These are, fig. 5.1 which is an SEM-EDX
map of the alloy Pt9Rh35Ni21Cu35, XRD data for alloy Pt5Rh5V31Cr24Mo35 are presented in
figure 5.3a, and an SEM-EDX map of Pt5Rh25V5Ni35Cu35 is presented in figure 5.2. The figures
are accompanied by explanation of why the alloys were not chosen for industrial trials.

As well as these initial observations, backed up by the investigation of particular example
alloys were not the only criteria applied in deciding which alloys should be examined further
in the work, and a number of other considerations were involved in the selection of alloys for
industrial scale trials. The reasons for selection or rejection are briefly described in table 5.1.
While there were a number of alloys that could have been taken forward for further trials, there
was capacity for up to 5 alloys to be trialled under industrial conditions, and so some selection
was necessary.

5.2 Initial screening of alloys

Table 5.1 summarises the characterisation for each alloy made at laboratory scale. Charac-
terisation at laboratory scale involved assessing whether the alloy melted homogeneously in the
arc melter, whether there was macroscopic homogeneity in the sample, XRD, the EDX map
and a ductility test conducted as a hammer test. A check (3) signifies that the characterisation
step was passed successfully, while a cross (7) signifies that the characterisation step was not
passed successfully, consequently, the characterisation of the alloy was halted. Certain alloys
are accompanied by notes indicating why they were chosen or not. The alloy compositions
selected for industrial scale trials are indicated in bold.
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Alloy Homogeneous
melt

Macroscopic ho-
mogeneity

XRD EDX Map Hammer
test

Notes

Pt9Rh35Ni21Cu35 3 3 3 7 3 Fig. 5.1
Pt7Rh23Ni35Co35 3 3 3 3 3 Generally suitable properties, sig-

nificant PGM reduction from ex-
isting alloys

Pt35Rh35Ni5Ag25 7

Pt5Rh25Ni35Cu35 3 7

Pt5Rh25Ni35Co35 3 3 3 3 3 Similar to Pt7Rh23Ni35Co35

Pt35Rh35V22Ag8 7

Pt35Rh35V5Ag25 7

Pt5Rh20V5Ni35Co35 3 3 3 3 3 Comparable with
Pt7Rh23Ni35Co35 with V ad-
dition, V desirable to explore in
high temperature applications

Pt35Rh35V5Ag20Cu5 7

Pt5Rh10V15Cu35Co35 3 7

Pt5Rh15V35Ni10Co35 3 7

Pt5Rh11V14Ni35Co35 3 3 3 3 3 Comparable with
Pt7Rh23Ni35Co35, higher V
addition than Pt5Rh20V5Ni35Co35

Pt5Rh5V31Cr24Mo35 3 3 7 3 7 Fig. 5.3a
Pt5Rh25V5Ni35Cu35 3 3 3 7 Fig. 5.2
Pt21Rh34V5Ag32Cu8 7

Pt17Rh30V14Ag30Re9 7

Ir35V14Fe16Cu35 7

Ir32V10Co34Cu24 7

Ir32Fe9Ni35Cu24 3 7

Ir35Fe10Pd22Pt33 3 7

Ir35V15Fe10Cu35Ag5 7

Ir12Fe33Co20Ni30Pt5 3 3 3 3 Very low PGM content, compable
with some existing Fe-based al-
loys with PGM additions

Ir35Rh28Pd27Pt5Au5 7

Ir35Rh28Pd27Ag5Pt5 7

Ir35Co5Ni5Rh35Pt20 3 3 3 3 Similar to some existing Ir-Rh al-
loys

Ir35Fe5Rh35Pt25 3 3 Alloy less attractive for scale up
due to high PGM content, char-
acterisation was halted

Ir35Rh35Pd20Pt10 3 3 Alloy less attractive for scale up
due to high PGM content, char-
acterisation was halted

Ir35Co17Ni13Rh35 3 3 Alloy less attractive for scale up
due to high PGM content, char-
acterisation was halted

Table 5.1: Alloys for both PtRh and Ir alloy series manufactured in the laboratory and the reasons
for their selection for industrial scale manufacture and testing, compositions indicated in bold are the
alloys subsequently selected for industrial scale trials

The EDX map of alloys Pt9Rh35Ni21Cu35 and Pt5Rh20V5Ni35Cu35 are shown in figures 5.1
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and 5.2, respectively, to show why the alloy was not chosen for industrial scale trials. Addition-
ally, the XRD data for the alloy PtrRh5V31Cr24Mo35 are not consistent with an FCC crystal
structure.

The 5 alloys chosen for industrial scale manufacturing trials were Pt7Rh23Ni3Co35 for how
it performed in the laboratory scale characterisation. The two low and medium content V
alloys, Pt5Rh20V5Ni35Co35, Pt5Rh11V14Ni35Co35, were chosen due to interest from industry for
assessing V containing alloys for high temperature applications. Furthermore, there would
be a direct comparison between the wo alloys due to the components being the same with a
the content being different. The addition of Fe in an alloy for high temperature applications
together with low PGM content was of interest to industry so alloy Ir12Fe33Co20Ni30Pt5 was
chosen for industrial scale manufacturing trials. Finally, a high PGM content alloy was chosen,
Ir35Rh35Co5Ni5Pt20.

These 5 alloy samples, as made up in the laboratory, were then taken forward for further tests
at industrial scale. The scalability of the alloys at industrial level was assessed by comparing
the results of the characterisation employed at laboratory scale with the equivalent at industrial
scale. The mechanical properties were assessed by nanoindentation and Vickers hardness, DSC,
TGA and oxidation resistance.

Figure 5.1 shows the EDX map of alloy Pt9Rh35Ni21Cu35 at 6000x magnification.

(a) SE image (b) Pt (c) Rh

(d) Ni (e) Cu

Figure 5.1: EDX map of Pt9Rh35Ni21Cu35 at 6000x magnification

We see from the map that despite there being uniform distribution across the sampled area
that there is segregation. The segregation is particularly noticeable in Pt, Rh, and Cu. This is
a reason why Pt9Rh35Ni21Cu35 was not selected for industrial scale trials. Another reason for
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not selecting the alloy is that other alloys were of higher interest to industry.

Figure 5.2 is an EDX map of Pt5Rh20V5Ni35Cu35 taken at 6000x magnification. Note that
there is no data for Cu.

(a) SE (b) Pt (c) Rh

(d) V (e) Ni

Figure 5.2: EDX map of Pt5Rh20V5Ni35Cu35 at 6000x magnification

There is some noticeable segregation in figure 5.2, particularly in Rh. More noticeable is
the low content of Pt which is lower than would be expected. There is no data for Cu as no
Cu was detected in the sampled area. An interpretation of the data would be that Pt and Cu
are segregating from the other constituent elements. This is why this alloy was not selected for
industrial scale trials.

Displayed on figure 5.3a is the XRD data collected for alloy Pt5Rh5V31Cr24Mo35.
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(a) XRD data for Pt5Rh5V31Cr24Mo35

We see from the peak positions that the XRD data displayed in figure 5.3a are not consistent
with an FCC crystal structure. This, together with the brittleness exhibited in the alloy made
it an unsuitable candidate for industrial scale trials as manufacturability of the alloys is very
important.

5.3 Mechanical properties

To assess the laboratory manufactured alloys from the PtRh cycle of manufacture a simple
hammer test was devised and performed. The test was intended to provide a rapid indication
of ductility and deformation behaviour at room temperature. The details of the hammer test
are summarised in section 3.3.6 in the Methods (sec. 3) and in the section below, 5.3.1. The
results for the PtRh alloys chosen to be trialled for industrial manufacture are presented in
section 5.3.1 followed by a short discussion. The hammer test was not performed on the alloys
from the Ir laboratory manufacture cycle due to time constraints and industrial manufacture
trial expedition.

Nanoindentation and Vickers Hardness indentation were performed on all industrially man-
ufactured alloys to obtain more quantitative information on the mechanical behaviour. The
results are presented and discussed briefly below in section 5.3.2.
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5.3.1 Manufacturability test

A crude manufacturability trial was performed on the single phase candidate alloys from
the laboratory manufacture cycle focusing on PtRh based alloys. The Ir based alloys were not
subjected to the same hammering test due to the expedition of the industrial manufacturing
trials, and a reduced set of alloys which needed to be selected from.

While the hammer test performed on these alloys is a qualitative technique, the results were
obtained rapidly and gave good indication of the desired properties, with a good capability to
identify alloys which would not show enough plasticity to be suitable for deformation processing,
as was necessary at the time. A rigorous and quantitative test for this behaviour would be tensile
testing or three point bend testing. However, the material available from the single button arc
melted casts made for first exploration of alloying was insufficient to manufacture trial samples
of a suitable size (not withstanding the fact that multiple samples to allow repeats in these
tests to get reliable values) for either technique.

The results of the manufacturability trial are summarised on table 5.2.

Initial After 20 hammerings
Sample Thickness (mm) Diameter(mm) Thickness (mm) Diameter(mm)

Pt5Rh11V14Ni35Co35 5.76 11.45 5.26 11.65
Pt5Rh20V5Ni35Co35 4.53 11.27 3.82 11.54
Pt7Rh23Ni35Co35 5.78 10.77 5.11 10.79

Table 5.2: Laboratory scale manufacturability trial results on single phase candidate samples after
20 hammerings

All candidates performed well in the trial and deformed smoothly without any cracking.
This indicates that all candidates are likely to be ductile and capable of being cold worked, at
least to some extent.

5.3.2 Indentation

Data for the nanoindentation results of the alloys and the Vickers Hardness results of the
alloys are presented below.

The values obtained via nanoindentation give the reduced modulus which is related to the
Young’s modulus via

E = (1− ν2)

/(
1

Er

− (1− ν2
i )

Ei

)
(5.1)

where E is the Young’s modulus, Er is the reduced modulus of the sample, Ei is the Young’s
modulus of the indenter, ν is the Poisson’s ratio of the material and νi is the Poisson’s ratio
of the indenter[220]. From the formula we can see that the reduced modulus value which is
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measured results from the deformation of the sample being indented and the deformation of
the indenter (which is a substantial amount less for most materials, as the indenter is diamond)
combined, being a function of both. The diamond indenter tip is assumed to be perfect in
its material properties (although a calibration for the indenter shape and the deviation from
the ideal Berkovitch three sided pyramid is regularly carried out), given that the repeated
indentations will not have caused any significant damage below the surface, with a Poisson’s
ratio of, νi = 0.07, and a Young’s Modulus of, Ei = 1140GPa. For alloys a good approximation,
given that the Poisson’s ratio of PGM is usually in range 0.3-0.4, is assumed to be ν = 0.32.

The calculated, "rule-of-mixtures" (ROM) elastic modulus arises from doing a simple atomic
ratio elastic modulus summation for the alloy, i.e.

E =
N∑
i

ciEi (5.2)

where ci is the atomic percentage of the alloying constituent i and Ei is the respective elastic
modulus for each component.

5.3.2.1 Nanoindentation

Alloy State Reduced
Modulus
(GPa)

Elastic
Modulus
(GPa)

ROM Elas-
tic Modu-
lus (GPa)

ROM
Reduced
Modulus
(GPa)

ROM
Elastic
Modulus
(XRF
data)

Pt7Rh23Ni35Co35 As cast 202.96±0.97 221.40 218.16 200.51 214.13
Annealed 197.70±1.14 214.47 214.46

Pt5Rh20V5Ni35Co35 As cast 215.17±0.45 237.80 212.95 196.54 209.96
Annealed 221.14±0.84 245.98 209.92

Pt5Rh11V14Ni35Co35 As cast 212.45±0.71 234.11 199.72 186.32 Inconclusive
XRF data

Annealed 226.56±0.96 253.50 197.35
Ir35Rh35Co5Ni5Pt20 As cast 299.63±1.27 364.21 335.10 281.57 348.51

Annealed 300.89±1.09 366.29 353.97
Ir12Fe33Co20Ni30Pt5 As cast 202.74±0.89 221.11 243.19 219.11 242.94

Annealed 207.97±0.98 228.08 240.20

Table 5.3: Reduced and elastic modulus results, both experimental from nanoindentation, and also
predicted by the Rule of Mixtures (ROM) for the nominal and XRF measured compositions.
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(a) Full scale graph

(b) Scaled graph to show error associated with measurement

Figure 5.4: Comparison of the reduced moduli obtained experimentally (nanoindentation) for as-
cast and annealed alloys compared to the ROM elastic modulus converted to a reduced modulus from
table 5.3. As the experimental error in the data is so low, a scaled graph is also included to allow this
level to be seen.

The errors for the data presented in figure 5.4 are the standard error associated with each
set of measurements performed on a particular sample. The standard error is the standard
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deviation, σ, divided by the square of the number of data points, N .

err =
σ√
N

(5.3)

where the σ is

σ =

√∑N
i=1(x−x̄)2

N − 1
(5.4)

In most cases, the elastic modulus obtained via nanoindentation is / 15% different from the
value obtained via the ROM (atomic ratio summation). Of course, ROM for Young’s modulus
is a very rough estimation, which can be confounded by many factors, such as the formation
of more than one phase, but it is a type of assessment that is easily carried out and highly
appropriate to apply in the type of alloy design procedures used to predict the modulus prior
to the creation of alloys.

Overall, the results from the nanoindentation of the alloys for as-cast and annealed samples
are consistent in comparison to each other across all alloys given what we know about changes
in the modulus of elasticity with heat treatment. However, some unexpected effects, such as the
moduli increasing post heat treatment are discussed below. This evidences the homogeneity in
the mixing of the alloys. The elastic moduli extrapolated from the reduced moduli, along with
the hardness results from the nanoindentation of Pt7Rh23Ni35Co35, Pt5Rh20V4Ni35Co35, and
Pt5Rh11V14Ni35Co35 are consistent with the deformation behaviour exhibited in the laboratory
samples (section 5.3.1).

We can see in table 5.3 that the difference in reduced modulus between as-cast and annealed
is very small, in most alloys, although this converts to a larger difference in the modulus of
elasticity, although the changes are in fact still very small. In the results for Pt7Rh23Ni35Co35

the reduction in modulus after heat treatment are which is indicated may be due to the relief
of residual stresses, present in the samples as the result of dimensional change during the
solidification process. Such stresses could contribute to the resistance to elastic deformation in
the as-cast state and then be relieved by the heat treatment.

The results for Ir35Rh35Co5Ni5Pt20 show that there was no change in the sample after heat
treatment, this again might be due to the uncontrolled nature of the cooling, both in the hearth
and after heat treatment in the furnace.

We observe an increase in the modulus of Pt5Rh20V5Ni35Co35, Pt5Rh11V14Ni35Co35,
Ir12Fe33Co20Ni30Pt5. While small, this could result from changes in the grain structure of the
samples. The majority of metallic materials show elastic anisotropy in the cystalline form, so
if there was a preferred grain orientation or texture, as may result from growth in casting, it
could be that a preferential orientation in the sample presented lower resistance to the elastic
deformation caused by the indenter. Changes to the grains during heat treatment, such as
recrystallisation or simple grain growth, might alter this and so change the effect. This process
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could result in an apparent modulus increase, or decrease as observed earlier, depending on the
orientation of the texture in the sample, of the test, and how the sample structure evolved.

Comparing the results for the change in modulus with data for binary PGM alloys obtained
from the PGM Database, there is some evidence for an increase in the modulus of PGM alloys
post annealing[221]. However, the as-cast modulus falls within ranges that also include the
modulus after annealing. Likewise, sometimes annealing does not affect the modulus. Also, we
do not know what the annealing parameters were in this literature database. Control of the
modulus of an alloy via annealing is a very intricate process depending on a lot of parameters
and for this study we did not try to control for these parameters. Rather, heat treatment
was utilised as a homogenisation procedure after casting. It must also be remembered that,
although the differences between samples pre and post anneal were greater than the standard
error found in the experiments, the absolute differences are not great and indicates that any
changes are only minor effects.

Finally, nanoindentation is a nanoscale technique and as such is potentially subject to
the influence of local variations and defects in the material. Larger samples (which could
be obtained in further work from the industrially-cast ingots) would allow the machining of
specimens suitable for tensile testing, which would give a better measure of this behaviour at
a scale more appropriate for the likely applications.

5.3.2.2 Hardness

The Vickers Hardness indentation procedure is outlined in section 3.3.7. The Vickers Hard-
ness indentation results, presented on table 5.4, show changes in the macroscale hardness of
the alloys post heat treatment. Such results are to be expected given that, in general, it is
likely that heat treatment changes the microstructure and defect structure of the alloy, how-
ever, more data are needed across many samples to be able to conclusively link the changes to
specific developments of microstructural features.
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Alloy State Nanoinden-
tation
Hardness
(GPa)

Vickers
Hardness
(HV)

HV con-
verted to
Hardness
(GPa)

Pt7Rh23Ni35Co35 As cast 2.85±0.02 178.00 1.75
Annealed 2.93±0.02 166.00 1.63

Pt5Rh20V5Ni35Co35 As cast 3.50±0.01 200.46 1.97
Annealed 3.76±0.01 183.30 1.80

Pt5Rh11V14Ni35Co35 As cast 4.45±0.02 231.20 2.27
Annealed 5.02±0.01 257.00 2.52

Ir35Rh35Co5Ni5Pt20 As cast 5.34±0.04 309.90 3.04
Annealed 5.30±0.02 256.00 2.51

Ir12Fe33Co20Ni30Pt5 As cast 3.28±0.02 231.20 1.65
Annealed 3.41±0.01 257.00 1.61

Table 5.4: Vickers hardness and nanoindentation hardness results

The hardness of Pt7Rh23Ni35Co35 increases after heat treatment, in one measurement (which
is the same trend seen in the changes in the modulus), while it decreases in the Vickers hardness.
This, and the relatively small differences in each case suggest that there is no major change in
the hardness in this alloy; the heat treatment time and temperature are probably not enough
to induce any major changes in the microstructure, at least to the extent that it contributes
to strength. For Ir35Rh35Co5Ni5Pt20 the hardness also remains approximately the same, to 0.1,
although there is a decrease in Vickers hardness, to a relatively large extent. The hardness
and Vickers Hardness of Pt5Rh11V14Ni35Co35 and Ir12Fe33Co20Ni30Pt5 both increase after heat
treatment, which suggests evolution in the structure. Grain growth, and reduction in dislocation
density are likely with heat treatment at sufficient temperature, but both of these would lead to
reductions in hardness. It could be that there is the formation of fine second phases, or ordering
in the structure, which would see hardness increases, or even, in this kind of alloy, that a more
even distribution of the elements (i.e. the removal of segregation) may see improved solid
solution strengthening throughout the material. In Pt5Rh20V5Ni35Co35 the hardness increases
but the Vickers Hardness decreases after heat treatment, these changes are both relatively
small, and may not indicate an underlying real change in the material.

While, nanoindentation and Vickers Hardness indentation provided an insight to the char-
acteristics of the alloys and how the alloy changes after heat treatment there are better char-
acterisation techniques to assess the modulus of elasticity. Other complementary techniques
would be tensile testing and three-point beam bending.
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5.4 DSC, TGA and oxidation resistance

5.4.1 DSC

Figure 5.5 shows scatterplots of DSC data obtained for all 5 alloys. Positive heat flow
corresponds to exothermic processes and the opposite direction for endothermic.We see that
all DSC plots follow a similar heating pattern where there is steady heat flow up to 1100 -
1300◦C followed by a rapid rise in heat flow, indicating the start of a phase transition. The
heating stage was only carried out up to 1400◦C due to the capabilities of the equipment, which
is why the phase transition was not completed in the results shown. As expected from the
compositions, these alloys evidently have a high liquidus temperature.
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Figure 5.5: DSC of all 5 industrially manufactured alloy samples

In the heating phase there are no notable phase transitions observed and any deviations from
linearity in heat flow are small and most likely due to the lag between the temperature reached
by the calorimeter and the temperature the sample would be at. Alloys Ir35Rh35Co5Ni5Pt20,
Pt5Rh11V14Ni35Co35, Pt5Rh20V5Ni35Co35 and Pt7Rh23Ni35Co35 have similar responses to heat-
ing, a partial phase transition is observed between 1200◦C and 1400◦C (which is the highest
temperature possible in the DSC used), leading to the assumption that a full phase transition
would take place if the samples were heated further. It is likely that this transition is melting,
and the part captured corresponds to the lower part of the melting range (the solidus and the
lower part of the solid-liquid tow phase region).

DSC was performed in an inert atmosphere of argon to determine the response of the
industrially manufactured alloys to heating and give limits to set the conditions on how to
perform the TGA study. The range of interest for TGA is 1000◦C - 1200◦C, temperatures
typical for the applications PGM alloys are used at. It is also important to study the alloys’
oxidation behaviour in the solid state, not when molten, and study of the DSC curves indicates
that the onset of melting (i.e. the solidus) is, for all of the alloys, above 1000◦C.

For the intents of the study we can see that the alloys are stable, conservatively, up to at least
1000◦C, informing the temperature at which to perform TGA. The measured solidus (table 5.5)
for all alloys is approximately 1250◦C. The exothermic peak, machine cut-off, and dip observed
at 1400◦C indicates, as discussed above, that melting begins at a temperature below 1400◦C,
but completes at some point thereafter. While we cannot determine the liquidus, the calculated
solidus and the exothermic peak continuing beyond 1400◦C indicates that the liquidus will be
closer to the melting points of the pure constituent elements.
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Alloy Solidus (◦C)

Pt7Rh23Ni35Co35 1265
Pt5Rh20V5Ni35Co35 1266
Pt5Rh11V14Ni35Co35 1264
Ir35Rh35Co5Ni5Pt20 1250
Ir12Fe33Co20Ni30Pt5 1266

Table 5.5: Values for the solidus for each alloy calculated from the DSC curves

5.4.2 TGA

Data of the % mass gained per sample and the mass gained per unit surface area per sample
is plotted against at.% for V and PGM content (fig. 5.7). Figures 5.6a and 5.6b show the mass
gain during heating to 100◦C and when held at a constant temperature of 1000◦C for 1h.
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Figure 5.6: TGA of alloys heated to 1000◦C (a) and held (b) for 1 hour

The plots show that the greater the V content at at.% then the greater the mass gained. The
alloy with the highest V content begins readily oxidising during ramp, whereas a lower V content
in Pt5Rh20V5Ni35Co35 means that the oxidation does not begin until around 100 min. The
alloy containing a high at.% of Fe, Ir12Fe33Co20Ni30Pt5 performs better than the V containing
alloys; although Fe is more susceptible to oxidation than the PGMs, inspection of an Ellingham
diagram shows that vanadium has a more favourable reaction with oxygen. It is therefore logical
that this component, when present in high amounts, dominates the oxidation behaviour.

It is clear that the absence of V in Pt7Rh23Ni35Co35 and the high PGM content of Ir35Rh35Co5Ni5Pt20

make them more suited to high temperature uses in air as the mass gain is minimal.
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Figure 5.7: Mass gained per surface area during TGA trials with respect to V and PGM at.% content

As it displayed mid-range oxidation resistance, had a relatively low PGM content (just 17 at
%), and had a sufficiently high solidus, we studied the mass gain of Ir12Fe33Co20Ni30Pt5 heated
to 1200◦C, held at 1200◦C for 22h. Both the higher temperature and increased time made this
a more demanding test of the oxidation resistance of the alloy. The mass gain in this study was
≈19mg with a mass gain of ≈14mg gained during the heating stage. The data are displayed in
figure 5.8.
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Figure 5.8: Mass gain, mass per unit area gain and temperature against time for Ir12Fe33Co20Ni35Pt5
up to 1200◦C

5.4.3 Discussion

The calculated solidus temperatures of the annealed alloys indicate that all alloys would
be good candidates for conventional high temperature applications and would remain solid.
However, for certain high temperature applications the atmosphere of operation would affect
the suitability of an alloy.

Analysis of the TGA results will help determine which alloys are suitable for operation un-
der potentially oxidising conditions. It is very clear that the V addition greatly influences mass
gain during heating in air (fig. 5.7), in that it increases the mass gained at high temepratures
in air. We have 3 alloys of increasing V content, Pt7Rh23Ni35Co35, Pt5Rh20V5Ni35Co35 and
Pt5Rh11V14Ni35Co35. Pt7Rh23Ni35Co35 gained 0.0182kg m−2, while Pt5Rh20V5Ni35Co35 gained
0.0443kg m−2 which is more than double from Pt7Rh23Ni35Co35 just with the addition of 5%
V, and Pt5Rh11V14Ni35Co35 0.0820kg m−2 which is more than 4 times the mass per area gained
by Pt7Rh23Ni35Co35. When held at 1000◦C the V containing alloys continue to gain mass
at a faster rate than the other alloys. Ir12Fe33Co20Ni30Pt5 has comparable PGM content to
Pt5Rh11V14Ni35Co35, 17% vs. 16%, respectively, even with a high Fe content, Ir12Fe33Co20Ni30Pt5
gained less than half of the mass per unit area than Pt5Rh11V14Ni35Co35, and less mass per unit
area than Pt5Rh20V5Ni35Co35, despite Pt5Rh20V5Ni35Co35 having 25% PGM content. Interest-
ingly, when heated to 1200◦C, Ir12Fe33Co20Ni30Pt5 performs comparably to standard ferritic
stainless steels SUS430, B443NT and B445J1M. The stainless steels were placed in an al-
ready hot TGA furnace and heated for 120min to 1200◦C) in an analysis performed by Cheng
et al. [222]. During the isothermal stage of the TGA at 1200◦C Ir12Fe33Co20Ni30Pt5 gains
6.677mg cm−2 (fig. 5.8) in 120 minutes while SUS430, B443NT and B445J1M gain ≈80mg cm−2,
≈18mg cm−2 and ≈6mg cm−2, respectively[222]. So Ir12Fe33Co20Ni30Pt5 could be a good alter-
native for applications requiring steel like alloys. Of course, the PGM content here is low and
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the Ir and Pt are minor additions, with the dominant elements being Fe, Ni and some Co; it is
not therefore surprising that the behaviour is comparable to some steels, as the highest alloying
levels in some stainless steels can approach these ratios of elements (though it would be rare for
the iron content of a steel overall to be so low). Also, increasing PGM content has an inverse
relationship to mass gain per unit area as we can see in figure 5.7. Ir35Rh35Co5Ni5Pt20 gains
minimal mass per unit area during heating and virtually zero during the isothermal stage of
the analysis. While Pt7Rh23Ni35Co35 does gain some mass per unit area it also performs well at
the isothermal stage of the analysis, at 1000◦C. As expected, PGM content is correlated with
good oxidation resistance, though it is noteworthy that Ir12Fe33Co20Ni30Pt5 with a relatively
low PGM content still shows reasonable resistance to oxidation. In this alloy it may be that
the generally well mixed nature of the alloy, and the fact that where there is microsegregation
where Fe is accompanied by Ir and Ni by Pt, allows the beneficial effect of the PGM to be seen.
It should also be noted that the Ni content of the alloy is high and that this can be correlated
with oxidation resistance in alloys.

78



Chapter 6

Microstructure and Phase formation of
Selected Alloys

6.1 Presentation of results

The alloys that the thesis is focused on are then presented in this chapter including the
results obtained by XRD, XRF, optical images after etching, SEM and EDX, and EPMA. For
each technique the section is divided into results at the laboratory scale and results at the
industrial scale. Results are explained and discussed briefly in each results section, for the
purpose of understanding the phase makeup, origin and stability of the microstructures in each
of these alloys. Discussion is presented with each set of results followed by a short overall
discussion about the alloy.

The simulation results, which included findings related to one of these alloys, were presented
in the simulation results chapter 4.

Also included in this chapter are the results obtained in a short manufacture cycle exploring
novel alloys from the general systems of interest with significant content of silver. We present
results and discussion on trialling a criterion for identifying single phase multiprincipal compo-
nent alloys based on silver within the HEA design criteria, as in the work to be discussed, the
presence of silver was found to confound the parameters used for initial selection.

Discussion and evaluation of the alloy prediction methods used is also given, followed by
a comparison of the alloys at laboratory scale and industrial scale. The chapter ends with a
discussion on the potential fields of application for these alloys.

6.1.0.1 Industrial scale manufacture results

Note that the alloy samples presented here, which are described as being the results of
industrial scale up trials have been manufactured at JMNM in a procedure outlined in sec-
tion 3.1.2.1. Samples were cut from 1kg ingots, the annealed samples were heat treated after
being cut rather than the whole ingot being heat treated.
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6.1.1 XRD

At the laboratory scale XRD analysis was performed on all alloys that appeared to have
alloyed homogeneously. For Ir35Rh35Co5Ni5Pt20 and Ir12Fe33Co20Ni30Pt5 only data for the as-
cast alloys were collected due to expediting the industrial manufacture trial part of the project.

The background signal for the patterns on most of these alloys varies due to the mounting
medium being changed and the use of 2 different machines to collect data during downtime on
the main machine. Each case contributes differently to the amount and shape of the background,
but nevertheless the main peaks in the pattern due to the crystalline metallic structure can
be distinguished as a crystalline phase of FCC structure (due to the systematic position of the
peaks and the absences when these are indexed), however, there are a small number of peaks
that are not consistent with these patterns, and that might be secondary phases, mounting
medium artifacts, preparation inconsistencies and inadequacies, or environmental factors or
interferences; of these, the presence of some other crystalline phases in relatively small amounts
in the region of analysis is the most likely.

XRD results for all alloys, as-cast and annealed, are presented for the industrial scale man-
ufactured alloys. No direct comparison phases were identified. All alloys are consistent to some
degree with an FCC crystal phase; as is expected, when manually indexed, most alloys are, in
fact, FCC as they present all the peaks indicative of an FCC crystal phase. An example of the
indexing can be found on figure 3.6.

6.1.2 XRF

At the laboratory scale XRF analysis was only performed on PtRh alloys. The two cy-
cles of alloy design were performed several months apart. Two alloys of potential interest for
applications were selected from the Ir-cycle for industrial scale up trials. XRF analysis on
the Ir alloys was deemed unnecessary as the SEM and EDX data of laboratory manufactured
Ir35Rh35Co5Ni5Pt20 (fig. 6.45, 6.46) and Ir12Fe3Co20Ni30Pt5 (fig. 6.56) indicated that the alloys
had mixed uniformly with some segregation between the dendrites and that there were no areas
of segregation on a large scale, or to a large extent.

The results for all alloys show some contrast in the wt.% analysed by XRF, but overall the
change in wt.% is not so stark that it would be considered that a good level of mixing had
not occurred in alloying. It is important to note that the area analysed is dependent on the
aperture chosen so we cannot conclude that the wt.% distribution on the surface is exactly as
presented. We can, however, conclude that the surface prepared for analysis is overall fairly
homogeneous and close to the intended composition to be manufactured.

At the industrial scale XRF results are presented for all alloys made at JMNM for as-cast and
annealed samples. XRF was used to determine homogeneity and consistency in composition
across samples from the same ingot. The part of the sample and the overall area analysed
ultimately depends on the shape of the sample as that informs the aperture used. XRF data
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collected might be affected by a number of factors such as sample preparation, and cleanliness.
Overall, we see that the as-cast and heat treated samples of each alloy are very similar to

each other, with no large differences in the wt.%. There are some bigger differences in alloys
Pt5Rh11V14Ni35Co35, Ir35Rh35Co5Ni5Pt20, and Ir12Fe33Co20Ni30Pt5, around 3-4wt.%. Still, the
results do indicate homogeneity in the region of the ingot which they came from for all samples.

6.1.3 Optical microscopy

Optical microscopy images were obtained of etched as-cast and annealed samples of each
industrially manufactured alloy. The samples were etched using the procedure described in
section 3.3.11. Depending on how the etchant attacked the surface some grains are visible,
some are not. Dimensions of some of the visible grains are provided for illustrative purposes
of how the microstructure responded to heat treatment. However, there are insufficient data
to provide reliable information about the approximate grain size, to an extent where statistical
methods can be usefully employed.

6.1.4 SEM and EDX

While SEM-EDX is a very powerful technique that is able to produce high resolution atomic
distribution maps on imaged surfaces, in this study it was used in a manner to provide a quick
technique to be able to determine which samples would be of interest to industry, i.e. which
samples appeared to have a uniform elemental distribution across the imaged surface, and to aid
with microstructure interpretation, by indicating which elements tended to be found associated
with each other, and which were more likely to separate. Due to the large number of samples
that needed to be assessed for each manufacture cycle, data was collected for approximately
5min for each sample. It is recognised that this is a low collection time, and that as a result
the amount of counts recorded for each spot on the image will be low. As a result, it is not
appropriate to use the images presented here for high confidence or quantified assessments of
composition distribution.

For the laboratory manufactured alloys SEM and SEM-EDX were performed on 3 differ-
ent machines, depending on what was available at which site (Sheffield, JMNM) so there are
inconsistencies in the style in which the data are displayed due to differences in software used
to acquire the data on different machines. SEM data are displayed per alloy, where data
is available, for both as-cast and annealed. For laboratory produced Ir35Rh35Co5Ni5Pt20 and
Ir12Fe33Co20Ni30Pt5 only as-cast data was obtained due to the need for expediting the industrial
manufacture trials.

Secondary and backscatter electron SEM images are displayed per alloy followed by SEM-
EDX maps of that alloy for as-cast and annealed, where data are available. Where alloys
have been etched, the corresponding data and some grain size and dendrite size analysis are
provided, depending on how the etchant attacked the surface. It is important to note that where
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grains and dendrites are analysed the goal is not to reach a conclusion about the crystal growth
in these alloys since insufficient data have been collected and applications would not require
particular as-cast microstructures as most would involve significant mechanical deformation in
shaping. Showing the appearance of the microstructure, however, will provide an appreciation
of it.

Overall, the alloys appeared to be well mixed and the elemental distribution appeared
uniform and homogeneous at the scales investigated across the prepared surfaces of the samples
for all alloys imaged. Do note, however, that the penetration depth in this form of imaging
is strongly correlated to the accelerating voltage. The accelerating voltage for most of these
analyses was 20kV, while the penetration depth depends on many factors, among them the
composition of the material, it is important to consider there could be a tendency to homogenise
compositions over the depth of the analysis penetration mapped via EDX, nevertheless, little
difference is seen in lateral measurements on this length scale.

The SEM-BSE images are presented to give an idea of the microstructure and cooling
behaviour of these alloys. In most alloys, the dendrite structure changes or disappears post
heat treatment, as would be expected if the temperature and time have reached levels high
enough to cause significant atomic motion. All alloys appear fairly uniform under SEM-BSE.

EDX maps are displayed below, accompanied by an SEM-BSE photo, per alloy per heat
treatment state. The spot size varied from 4-5 and an accelerating voltage of 20kV was used.

The maps show a very homogeneous distribution of elements across the areas imaged, al-
though the peak positions in the spectra do overlap for some constituent elements, e.g. Pt and
Ir, and Ni and Co.

The overlapping spectra do show that the fast EDX does not possess the appropriate reso-
lution to resolve these particular elements to a good degree of accuracy, due to the short data
collection time, so the apparent homogeneity might also be due to the incorrect element being
detected.

6.1.5 EPMA

Below we present results for EPMA performed on the laboratory scale manufactured PtRh
based alloys. All EPMA data collection and analysis was performed by Dr.Gareth Hutton at
JMTC. Each EPMA section is split into alloys with low and high magnification data per alloy
per heat treatment state. Overall, the laboratory scale alloys appear very homogeneous with
only a small degree of segregation observed, ≈1-2 at.% per alloy. Also, it appears that heat
treatment helps further homogenise the alloy and the dendrite growth appears more regular
and uniform.

In the industrially manufactured alloys the distribution of elements in the alloys appears
very homogeneous with only a small degree of segregation observed, ≈1-2 at.% per alloy in
Pt7Rh23Ni35Co35 and Pt5Rh20V5Ni35Co35, slightly more segregation is observed in Pt5Rh11V14Ni35Co35
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compared to the laboratory scale alloy, probably due to differences in the mixing in the arc
melter and the quantity of the material used and made. The Ir alloys are homogeneous in wt.%
across the area analysed. However, there is more segregation than expected, ≈ 1− 5at.%in the
as-cast and post heat treatment analyses of the Ir alloys. This could be for a number of reasons,
but the primary cause may be the manufacture and homogenisation procedures. In comparison
to the laboratory scale manufacture, it seems that 1000◦C works better in homogenising the
alloy.

6.2 PtRh criteria and alloys chosen

The PtRh binary is the basis of a number of commercial PGM alloys. For the identification
of novel alloys based on containing PtRh at any at.%, the criteria of δ ≤ 4%, −20kJ mol−1 ≤
∆Hmix ≤ 10kJ mol−1 and −10kJ mol−1 ≤ ∆Hmix ≤ 5kJ mol−1 were used. The reason for
choosing a tighter range for ∆Hmix within the first quoted wider range was to identify alloys
that possessed a ∆Hmix value near zero which might not have been clearly identified within
the wider range . We wanted to explore enthalpies that ranged from the very negative to fairly
positive and around zero to investigate the effect, if any this would have on the resulting alloy
when manufactured. Since the alloys were to be based on PtRh, the compositions would be the
form PtRhXY and PtRhXYZ, for quaternary and quinary, respectively, were X, Y and Z are
placeholders for any of {V,Cr,Co,Ni,Cu,Mo,Ag,W,Re}, which was the full list of considered
elements, the total possible number of compositions screened in this case was 36 × 11462 and
84×553401, for quaternary and quinary respectively, ≈ 47×106. We explored all possible at.%
combinations within the range 5-35at.% per component and did not choose compositions based
on a lower limit for ∆Smix, where 1.5R is sometimes considered to be the lowest threshold for
ensuring random ordering within the resulting alloy, arising from the entropy of mixing, ∆Smix,
for a composition with equiatomic constituents[44]. Alloys were selected based on those having
a good chance of forming under these criteria, having similarities to current commercial alloys
in some respects, and also to explore alloys with similarities to each other to give a change of
systematic learning. The alloys selected using these criteria and the reasons for the choice are
in table 3.2.

6.3 Ir and IrRh criteria and alloys chosen

In the PtRh investigation, Ag containing compositions did notalloy well (in most cases seen
by the elements not mixing in the liquid state); the reasons for this are discussed further in
section 6.5. For the Ir and IrRh investigation the search ranges for the criteria were kept
the same. Permutations were IrWXY(Z) and IrRhXY(Z) for [V, Cr, Fe, Co, Ni, Cu, Nb,
Pd, Ag, Re, Pt, Au], table 3.3. An additional criterion was explored with the limits set as
ckcl∆HCD − cicj∆HAB ≤ 2kJ mol−1 for every pair of elements a composition contained. The
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choice for the criterion was informed by examining the ∆Hmix of alloys that mixed successfully
and homogeneously from the study outlined in section 6.2 (tab. 3.2). The criterion, however,
was not successful in predicting single phase alloys and compositions suffered from the same
problems encountered in the PtRh investigation. What was observed from both investigations
was that alloys which appeared to be single phase had a small difference in the ∆HAB across
pairs in the composition, all of which had negative or very small positive ∆HAB values.

Alloys Ir35Rh35Co5Ni5Pt20 and Ir12Fe33Co20Ni30Pt5 were chosen for industrial scale manu-
facture due to being assessed as single phase and being of mixtures of elements that were,
from availability, cost and handling requirements, of interest to industry. Ag containing alloys
did not alloy completely during manufacture. Also, the rate of success was lower than the
previous cycle of alloy identification and selection; several alloys appeared single phase but
there were small but significant degrees of segregation observed in several alloys that alloyed
homogeneously during manufacture.

The results of this cycle informed a further consideration to take into account when trying to
design single phase HEA. If we consider the ∆HAB of pairs, i.e. binary alloys, which fully alloy
substitutionally, if we alloy elements which alloy as binaries successfully then we would increase
the likelihood of designing a single phase multiprincipal component alloy. An investigation was
designed based on the incorporation of Ag into HEA alloys of this type, and is expanded in
section 6.5.

6.4 Alloy results & discussion

Note that the amorphous phase showing in the 30 − 40° range in some of the XRD data
which is presented in this section of the chapter is due to the mounting medium which was
clear resin.

6.4.1 Pt7Rh23Ni35Co35

6.4.1.1 XRD

XRD patterns are displayed in figures 6.1 and 6.2. The lattice parameters obtained from the
XRD data are presented in table 6.1. The average lattice parameter and the lattice parameters
for ordered structures obtained from simulations are displayed on table 6.2.

Manufacture scale As-cast (Å) Annealed (Å)

Laboratory 3.628 3.604
Industry 3.647 3.644

Table 6.1: Lattice parameter for Pt7Rh23Ni35Co35 obtained from XRD data sets at different stages
of manufacture and processing
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Lattice parameter (Å)

Average from DFT 3.606
Ordered 1 3.661
Ordered 2 3.625
Ordered 3 3.616

Table 6.2: Lattice parameter for Pt7Rh23Ni35Co35 obtained from averaging over the lattice parame-
ters obtained from geometry optimisations on the randomly arranged lattices compared to geometry
optimisations on the ordered lattices (sec. 4.2, fig. 4.9)

Figures 6.1 and 6.2 show the XRD data collected for the laboratory manufactured samples
and industry manufactured samples, respectively. Both figures display the individual data for
as-cast and annealed samples and a normalised comparison of the two. Generally, all data is
consistent with a pattern characteristic of an FCC crystal structure.
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Figure 6.1: XRD of laboratory manufactured Pt7Rh23Ni35Co35

For the laboratory manufactured samples, the XRD patterns before and after heat treatment
match, indicating the alloy solidified into an equilibrated, or close to equilibrated, state, to the
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resolution of the patterns collected. On appearance, patterns appear to match the relative
peak positions which result from an FCC crystal structure. The peaks are strong which can
indicate that the alloy is in a form with a strong regular (i.e. crystalline) arrangement. The
lattice parameters obtained from indexing the XRD peaks show that the lattice parameter is
consistent up to 0.1Å. The data are from two different samples, manufactured independently
of each other so there is a consistency in lattice parameter.

Comparing the lattice parameters obtained from the laboratory samples and the industrially
manufactured samples we can, again, see a consistency at 0.1Å. However, the industrially
manufactured samples are consistent with each other to an even higher degree of precision,
0.01Å. The industrially manufactured samples were obtained from the same 1kg ingot so the
consistency across the lattice parameter indicates that there is consistency and homogeneity
across the ingot.

Observing the normalised data in figure 6.1c we can see that the peak intensity for the
(1 1 1), (2 0 0) and (2 2 0) become sharper, which may be due to a decrease in localised residual
strains from casting, or due to a reduction in segregation in the phase.
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Figure 6.2: XRD of Pt7Rh23Ni35Co35 manufactured @ JMNM

Discussion
The XRD data between the as-cast and annealed industrially manufactured samples seem
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to agree as peaks are present in the same positions for the patterns in both samples. The XRD
data for the industrially processed samples are also in agreement with the laboratory scale data,
especially noting the higher degree of noise in the data from the laboratory processed samples,
in comparison with the industrial scale data.

In figure 6.2c we can see that the peaks for (1 1 1) planes maintain the same appearance
and general shape following heat treatment whereas the peak corresponding to (2 2 0) becomes
sharper and more intense, which may indicate an increase in grain size, reduced strain, or seg-
regation following heat treatment. Conversely, peaks (2 0 0), (3 1 1) and (2 2 2) become smaller
and wider indicating a decrease in grain size following heat treatment. It could be that there
are some uneven and irregular changes in grain size, leading to complex changes in sample
response. In particular, it is likely that the grain size is quite large in both as cast and heat
treated conditions, and therefore the XRD assessment probably only samples a relatively lim-
ited number of grains; changes in the specific orientation of these grains, as may result from
changes in overall grain size, or even from random sample-to-sample variation, could result in
changes to peak intensity from differences in the bias of the orientations sampled.

Figures 6.1a and 6.2a look different but the peak positions and identified planes are identical.
There are a few possible reasons for the differences. Firstly, the amorphous peak due to the
resin mounting medium of the sample measured for figure 6.1a might be overlapping with the
signal from the (1 1 1) plane. Also, the amorphous XRD trace might be contributing to the
increase of the baseline of the scan above zero. The measurements taken for the industrial
scale alloys were over a longer period of time with a longer dwell time at each data point which
would result in a higher resolution XRD graph. It is also possible that the differences in the
sampled grain population discussed above may be a cause.

Additionally, we also have to consider the differences in the scale of the samples and the
contribution this has on the cooling rate, both for as-cast and for the heat treated samples.
For these reasons we would expect the granularity of the samples to vary across the 4 different
types of sample preparations. Given that the samples have a consistent crystal structure across
them as indicated by the identified peaks and that the lattice parameters are fairly consistent
between laboratory scale and industrial scale, the alloy Pt7Rh23Ni35Co35 was scaled successfully
(i.e. did not show any significantly different phase formation behaviour between the two sets
of samples), according to XRD data.

Accounting for all the above mentioned factors there is consistency in the composition across
laboratory scale and industrial scale as indicated by XRD. The peaks share the same positions
and indicate a FCC crystal phase. XRD data indicates that the composition is a stable FCC
crystal phase, at least across the manufacture and heat treatment conditions explored; while
not covering every set of conditions, the range which is explored indicates a good probability
that the phase seen is a stable one, at least as the majority phase of the alloy.
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6.4.1.2 XRF

The quantitative XRF data for the laboratory manufactured alloys are given in tables 6.3a
and 6.3b in the as-cast and annealed states, respectively. Likewise, the XRF data for the
industry manufactured alloys are presented in figure 6.4a and b.
Laboratory scale

XRF (.wt%) at.% at.%→wt.%

Pt 18.22±0.9 7 17.40
Rh 23.11±1.0 23 30.15
Ni 25.77±0.7 35 26.17
Co 28.5±0.8 35 26.28

(a) As-cast

XRF (.wt%) at.% at.%→wt.%

Pt 20.39 7 17.40
Rh 24.20 23 30.15
Ni 28.52 35 26.17
Co 26.89 35 26.28

(b) Annealed (no absolute error)

Table 6.3: XRF of laboratory scale manufactured Pt7Rh23Ni35Co35

The quantitative XRF data, given in tables 6.3a and 6.3b, show some minor differences in
the wt.% distribution across the surfaces measured with XRF, approximately 1-2.5% across all
samples. This suggests that there is homogeneity across different samples given the proximity
of the wt.% between as-cast and annealed, indicating that the alloy samples solidify homo-
geneously. However, there are some differences between the intended, nominal composition
and the measured composition. This suggests that there might be areas of segregation in the
as-cast alloy, or that there may be some loss of certain elements during the manufacturing
process (though none of these is expected to display high volatility). The same is observed in
the annealed sample, which may indicate that 700◦C might not be a high enough temperature
to adequately homogenise the sample. Additionally, the lower than expected presence of Rh
and the higher than expected presence of Ni is also observed in areas of segregation in the data
obtained from EPMA (fig. 6.9, 6.10) where areas of high Ni are lower in Rh in the interdendritic
matrix.

However, the distribution of elements is overall consistent across as-cast and heat treated
samples. This indicates that the sample solidifies to a stable crystal structure which agrees
with the observations made from the XRD data.
Industrial scale
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XRF (.wt%) at.% at.%→wt.%

Pt 19.42±0.3 7 17.40
Rh 23.09±0.4 23 30.15
Ni 26.59±0.2 35 26.17
Co 30.64±0.3 35 26.28

(a) As-cast

XRF (.wt%) at.% at.%→wt.%

Pt 19.30±0.3 7 17.40
Rh 23.76±0.4 23 30.15
Ni 26.66±0.2 35 26.17
Co 30.07±0.3 35 26.28

(b) Annealed

Table 6.4: XRF of industrial scale manufactured Pt7Rh23Ni35Co35

Discussion
The agreement of industrial scale XRF wt.% data across the samples characterised is very

strong, which is to be expected given that the samples came from the same 1kg ingot, and
that the mixing of the elements within this larger ingot should be better than in the smaller
scale laboratory melts. The presence of a higher than expected level of Co and lower than
expected Rh is inconsistent with the data found from EPMA (fig. 6.11, 6.12), however both
areas sampled would have been different and there might be variations in elemental distribution
across relatively large distances across the sample. However, there is agreement of laboratory
scale and industrial scale results, especially considering that the laboratory scale alloys are
two different samples and the ingot cut-offs are the same sample this is further evidence to
homogeneous solidification being a feature of this alloy.

6.4.1.3 Optical micrographs

Optical micrographs from this point are presented for the industry manufactured alloys in
the as-cast and annealed states. Samples were prepared and etched as described in sections 3.3.1
and 3.3.11, respectively.

Optical micrographs for Pt7Rh23Ni35Co35 are presented in figure 6.3a and b, respectively. In
table 6.5 we present a grain size analysis of the visible grains for figures 6.3a and b, respectively.

Note that figures 6.3a and b were obtained using different data acquisition equipment and
software, hence the variation in image quality, resolution and magnification.

The grains in figures 6.3 take on a generally elongated shape both in the as-cast and annealed
samples.
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(a) As-cast etched sample optical image taken
with a digital optical microscope @ JMNM

(b) Annealed sample optical image at 5x magnifi-
cation taken at Sheffield

Figure 6.3: Pt7Rh23Ni35Co35 optical images of industrial scale manufactured as-cast and etched and
annealed and etched samples

Length
(µm)

1 203
2 106
3 474
4 521
5 586
6 369

(a) Figure 6.3a grain analysis

Distance
(µm)

1 1381
2 452
3 864
4 986

(b) Figure 6.3b grain analysis

Table 6.5: Grain sizes for the optical micrographs of industrially manufactured Pt7Rh23Ni35Co35

The optical micrographs (fig. 6.3) show that the alloy solidifies with a conventional crystal
structure; the as cast grains are columnar, perhaps indicating that the barrier to nucleation
is fairly high, or at least that the melt is clean. The annealed grains maintain their size and
take on a more equiaxed appearance. However, the grains appear to not be in a consistent
configuration across any of the samples, likely to be a result of the inhomogeneous cooling rate,
and a non uniform structure as would be expected in any cast ingot.

While the data are not sufficient to draw any conclusions, we can see some evidence that the
grain size increases after heat treatment. This would be expected as there is no indication from
DSC of any phase changes, and the diffusive motion of atoms at the annealing temperature
could permit grain boundary motion and the growth of larger, lower energy grains. The larger
grain size after heat treatment is also consistent with the increased sharpness of some peaks in
the data presented for XRD. However, in XRD we observed grain size variation according to
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the peak widths. While we see that the grains after heat treatment are larger we can also see
a high variation in grain size across the samples.

It must be noted that we have insufficient data from optical microscopy, comparing the data
we have we can understand the microstrutures presented and what general microstructure the
alloy samples and the preparation tend to.

6.4.1.4 SEM-EDX

The SEM data for the laboratory and industrially manufactured alloys are displayed in
figures 6.4, and figures 6.5 and 6.6,respectively. The EDX data for the industrially manufactured
alloys can be found in figures 6.7 and 6.8, for the as-cast and annealed states, respectively.
Laboratory scale Figure 6.4a is a backscatter image of the s-cast laboratory manufactured
Pt7Rh23Ni35Co35, the image shows no distinguishing features however some degree of contrast is
noticeable. While figure 6.4b is a secondary electron image of the same alloy and after annealing
and etching which shows a “crocodile skin”-like cellular dendritic structure.

(a) BSE image of as-cast Pt7Rh23Ni35Co35 at 6000x magnification
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(b) SE image of etched and annealed Pt7Rh23Ni35Co35 at ≈500x
magnification taken at JMNM by Harry Macpherson

Figure 6.4: SEMmicrographs of laboratory manufactured Pt7Rh23Ni35Co35 at different surface prepa-
rations

Distance
(µm)

approximate
dendrite
size(µm)

1 315 35
2 190 32
3 174 28
4 161 27

Table 6.7: Figure 6.4b dendrite analysis

Comparing figure 6.4b with the data from EPMA measurements (fig. 6.10) we can see that
the intercellular matrix is rich in Nii, which would therefore likely to have been rejected in
front of the growing solid. The cellular dendritic structure exposed from the etching will be
due to the etchant attacking the Ni rich region of the sample to a greater, i.e. the material
with higher levels of Ni, and less of the other elements, is more susceptible to the etchant.
Comparing the at.% distribution of the of the constituent elements as shown in the EPMA
data, the interdendritic matrix is Ni rich whereas the cell-like dendrites are richer in Pt and
Rh, Co is more present in the dendrite matrix but the difference in at.% between dendrite
and matrix is only 2̃%. Comparing the data with the as-cast EPMA data, the information is
similar, i.e. Ni rich matrix, Pt and Rh rich dendrite cells and fairly uniform distribution of Co.
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The resolution of the EDX map data collected was not of appropriate degree to reveal
anything in addition to or complementary to the EPMA data show below in figures 6.9 and 6.10
so the data has been omitted.
Industrial scale

In figure 6.5 we see two BSE images of as-cast industry manufactured Pt7Rh23Ni35Co35 taken
at 100x and 1000x magnification. The dendritic structure in figure 6.5a is mixed into regions
of laminar, cellular and ‘tree-like’ dendrites, whereas the region imaged in figure 6.5b is a very
uniform cellular structure.

(a) 100x magnification (b) 1000x magnification

Figure 6.5: As-cast BSE images of industrially manufactured Pt7Rh23Ni35cO35

The SEM BSE images of the annealed industry manufactured Pt7Rh23Ni35Co35 samples are
displayed in figure 6.6. We can see a generally uniform and equiaxed grain structure and some
contrast in figure 6.6a, conversely, while smaller grains are noticeable in the area imaged in
figure 6.6b they are generally more uniform.
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(a) 200x magnification (b) 800x magnification

Figure 6.6: Annealed BSE images of industrially manufactured Pt7Rh23Ni35cO35

Comparing the as-cast with the annealed SEM images we can see that heat treatment has
apparently removed the cellular dendritic structure that was visible. The as-cast microstructure
is composed of large, laminar, grains with varying dendritic structure inside them. It appears
that heat treatment might not have affected the grain size particularly, but the grains in the
annealed sample do appear to be more equiaxed. Given that the choice of measurement area
was not controlled the differences in grain structure might be due to the measurement being
performed in a different area of the sample. Furthermore, there may not be a consistent
grain size throughout the sample, which might mask changes in the grain size or shape. An
inconsistent grain size might be the result of the uneven and uncontrolled cooling inside the
furnace after heat treatment. Nevertheless, the cellular dendritic structure with segregation
was seen throughout the as cast sample, and is absent in the images of the heat treated sample,
indicating that the conclusion that these features are removed by the thermal exposure is robust.

Generally, the elemental distribution in figures 6.7 and 6.8 is uniform with no observable
segregation in any of the elements.
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(a) BSE (b) Pt (c) Rh

(d) Ni (e) Co

Figure 6.7: 800x magnification EDX map of as-cast Pt7Rh23Ni35Co35
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(a) BSE (b) Pt (c) Rh

(d) Ni (e) Co

Figure 6.8: 400x magnification EDX map of annealed Pt7Rh23Ni35Co35

The elemental distribution maps in figures 6.7 and 6.8 show a very uniform distribution of
elements across the area imaged, with some small areas of segregation. This contrasts with
the BSE images that accompany them as the images would appear to clearly show areas of
lighter element concentration and heavier element concentration in the dendrites. It is likely
that these differences do exist, but the rapid nature of these maps means that the noise level in
the elemental maps is not low enough for the changes in composition to be discerned. The BSE
images reveal that there is some segregation across the elemental distribution of the sample.

Comparing the observations with the EPMA data in figures 6.11 and 6.12 we can see that
Ni is in fact once again segregating from Pt and Rh, which is not observed in the EDX data,
for the reasons discussed above.

6.4.1.5 EPMA

EPMA data for the as-cast and annealed samples of the laboratory and industry manufac-
tured alloys are displayed on figures 6.9 and 6.10, and 6.11 and 6.12.
Laboratory scale

There is noticeable minor segregation in all elements in both as-cast and annealed samples
of the laboratory manufactured alloys. We see that there is a uniform distribution in Co and
that Ni is visibly segregating from Pt and Rh in the industrially manufacture samples.
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(a) Low magnification

(b) High magnification

Figure 6.9: EPMA of as-cast Pt7Rh23Ni35Co35
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(a) Low magnification

(b) High magnification

Figure 6.10: EPMA of annealed Pt7Rh23Ni35Co35
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The EPMA results presented in figure 6.9 show that there is a small degree of segregation of
≈ 2−3% where Ni is segregating away from Pt and Rh. Co appears to be uniformly distributed
with a small indication of segregation. The EPMA results for the annealed alloy in figure 6.10
show the Ni and Co to be more even and homogeneous across the alloy. There is strong evidence
for the presence of a small PtRh phase although it is not, however, as strong as in the as-cast
sample. Overall, the annealed alloy is more homogeneous, as is expected.
Industrial scale

In figure 6.11 we see that Ni is visibly segregating from Pt and Rh, Co, however is uniformly
distributed across the imaged area. Similarly, in figure6.12 we see that Ni is segregating from
Pt and Rh, there is a small degree of non uniformity in the distribution of Co compared to the
as-cast sample.

(a) Low magnification
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(b) High magnification

Figure 6.11: EPMA of as-cast Pt7Rh23Ni35Co35, samples taken from a 1kg ingot

(a) Low magnification
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(b) High magnification

Figure 6.12: EPMA of annealed Pt7Rh23Ni35Co35, samples taken from a 1kg ingot

Discussion
EPMA results for the as-cast sample (fig. 6.11) are similar to what was observed in the

laboratory scale characterisation, with an evident PtRh segregation into the dendrites, however,
Ni is also present at some level in the dendrites. An interaction of what is observed in the
laboratory scale data and what is observed here might indicate that the dendrites have a higher
content of PtRhNi while Co is very evenly distributed across the samples during cooling and
crystallisation. This is not the case for the heat treated samples which are in better agreement
with the laboratory scale data, expected as the two alloys will have different casting conditions,
but the heat treatment is the same, meaning they should be converging on the same state. A
weak PtRh phase separating from Ni, Pt does appear to be distributed more evenly, though.

Evident from figure 6.12, the heat treatment appears to have homogenised the alloy as the
range in the distribution of Rh and Ni across the area imaged appears to have decreased after
heat treatment. This is not observed in the laboratory scale data. As a result, heat treatment
at 1000◦C would further promote homogenisation in an industrial setting.

6.4.1.6 Further Discussion of Alloy Structure

Concerning XRD indexing via database match search the alloys do not match any structures
from the PDF4+[203] or the COD so the phases are unique to the alloy. The alloys appear to
form as a stable FCC crystal structure. The segregation to the interdendritic regions, and its
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diminishing extent on heat treatment is suggestive of solidification-induced microsegregation,
rather than the formation of distinct phases. Heat treatment at a higher temperature, 1000◦C,
promotes homogeneity better than at a lower temperature.

Simulation results, discussed earlier support what is observed, that the composition favours
a disordered arrangement, as is displayed in figure 4.8. The lattice parameter obtained from
averaging over all the lattice parameters obtained for the simulations on disordered structures
matches the lattice parameters obtained from physical data to 0.1Å. We can see that DFT
calculations can predict a lattice parameter close to values obtained from physical data, which
is further evidence that they are able to accurately capture reality in alloys of this type. Ad-
ditionally, we have to consider that the DFT calculations explored structures where the lattice
positions were disordered in the way it would ideally manifest in the real world. However, we
have seen from characterisation data that the mixing in the real alloys (at least in the as-cast
forms) is far from ideal and we observe areas of segregation. Inspecting the lattice parameters
obtained from the ordered structures we can see that they vary across a range of 0.5Å. We
obtained a larger lattice parameter from the more highly ordered structure 1. As the order in
the ordered structures decreases the lattice parameter tends closer to what is obtained for the
ideal mixing case. Given observations of the physical lattice parameter we can see that all the
lattice parameters obtained from DFT data match the lattice parameters obtained from real
data to 0.1. This might be another indication that our real alloy might follow the ideal mixing
case.

Also, surface slab simulations reveal that no particular plane is significantly more favoured
than another, which would be consistent with the observation of the mixed grains on the surface
of the alloy but further characterisation, such as EBSD along with very careful development of
an equilibrium surface, required to confirm this. Simulation results for Pt7Rh23Ni35Co35 have
been discussed in sections 4.2 and 4.3.

The differential scanning calorimetry (DSC) of the annealed alloy suggests that the melting
point is somewhere above 1400◦C and a phase change might be happening between ≈ 1250◦C−
1400◦C. TGA suggests that Pt7Rh23Ni35Co35 will not readily oxidise in the presence of O2

in air, unless exposed to temperatures above 1200◦C. When kept at a constant temperature
of 1000◦C for an hour there is minimal mass gain observed. Where oxidation does occur,
O is probably binding to Ni, this can be investigated via XRD, and the simulation methods
outlined in section 4.5 and chapter 8. The nanoindentation (tab. 5.3) and Vickers microhardness
indentation (tab. 5.4) results suggest a ductile material as the material indents with ease no
cracking is observed. Also, this interpretation of the data is in agreement with the qualitative
data from the hammering test performed on the laboratory scale as-cast alloy. The mechanical
property data across the samples are in agreement which is further evidence for homogeneity
across the samples.
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6.4.2 Pt5Rh20V5Ni35Co35

6.4.2.1 XRD

The lattice parameters calculated from the XRD data presented in figures 6.13 and 6.14 are
presented in table 6.8.

Manufacture scale As-cast (Å) Annealed (Å)

Laboratory 3.627 3.623
Industry 3.647 3.647

Table 6.8: Lattice parameter for Pt5Rh20V5Ni35Co35 obtained from XRD data sets at different stages
of manufacture and processing

Discussion
Comparing the lattice parameters obtained from both scales of manufacture we can see

consistency across same scale samples. This evidences that the samples solidify in a stable
FCC crystal structure; this is seen to be stronger for the industrially manufactured alloy since
it was heat treated at a higher temperature than the laboratory manufactured alloy, 700◦C
vs. 1000◦C. The lattice parameter determined for the industrially manufactured alloy has
about a 0.02Å difference from the laboratory manufactured alloys. From this good agreement
and unchanging nature of both the structure type and the lattice dimensions, we can see that
the alloys solidify to a stable crystal structure. The lattice parameter seems to be closer to the
lattice parameters of the FCC constituent elements than the lattice parameters of the BCC
constituent elements[223]], which would be expected as the structural arrangement of similar
size atoms into a BCC structure will alter the lattice parameter compare to that of an FCC
arrangement.

Figures 6.13 and 6.14 show the XRD data collected for the laboratory manufactured samples
and industry manufactured samples, respectively. Both figures display the individual data for
as-cast and annealed samples and a normalised comparison of the two. We see that the data
generally agree with FCC crystal structures with some noticeable minor peaks in all the data.
Particularly, in figure 6.13a all peaks have a close double. In general, alloys tend to share the
same peak positions in both as cast and industry manufactured.
Laboratory scale
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(c) Comparison of normalised XRD data for as-cast and annealed samples

Figure 6.13: XRD of laboratory manufactured Pt5Rh20V5Ni35Co35

Discussion
The indexed XRD data show that in the as-cast state there are two distinct, but very

close peaks for each set of lattice planes and 4 distinct, yet very close peaks for lattice place
(2 2 0). The reason for the peaks could be a very similar secondary phase. This could result
if certain elements are strongly segregated from the growing phase on solidification, and the
phase-separate structure is retained on further cooling. The observations could indicate that
the different phases are present in different quantities or regions of different size as the peaks
are distinct but vary in height (although no further analysis of this has been performed). These
additional phases are not observed in the annealed sample which would imply that annealing
homogenised the sample chemically.

Comparing the normalised peak heights between as cast and annealed we can see that
there is a change in peak height and width for all planes. This may reflect underlying preferred
orientations in the region of the material being analysed, with different orientations dominating
in each case, either due to the presence of large grains, or to there being an overall preferred
orientation. While it is not possible to say conclusively, either or both of these factors could be
affected by heat treatment, although the differences could be simply due to the location where
the measurements were made and the material thus sampled. Note that as-cast and annealed
samples examined to reach these conclusions are not from the same original cast sample in this
case, though the processing of each (except for the heat treatment) used the same conditions.
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Industrial scale
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(c) Comparison of normalised XRD data for as-cast and annealed samples

Figure 6.14: XRD of Pt5Rh20V5Ni35Co35 manufactured @ JMNM

Discussion
The XRD data for as-cast and annealed conditions in this alloy appear very similar. Both

exhibit an unidentified peak which does not appear to part of the main (indexed) series of peaks
in the patter. This peak is located at approximately 44°. This could be due to a very weakly
present secondary phase or an impurity carried over from the manufacturing procedure. From
the indexed peaks, the lattice parameter calculated is the same for these two samples, which is
to be expected due to the samples being from the same 1kg ingot.

The modulus of elasticity (tab. 5.3) increases after heat treatment, although only by a very
small degree, which (although distinguishable with the calculated error for the tests) is probably
not a significant change. The hardness (tab. 5.4) decreases, as would be generally expected after
a heat treatment, giving the opportunity for grain growth and reduction of dislocation density.

The intensity of different peaks varies in the normalised XRD patterns, which probably
relates to changes in the overall texture of the microstructure examined, either from sampling
location to sampling location, or possibly of the material on a more global scale, due to the
heat treatment.

6.4.2.2 XRF

The quantitative XRF data for the laboratory manufactured alloys are given in tables 6.9a
and 6.9b in the as-cast and annealed states, respectively. Likewise, the XRF data for the
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industry manufactured alloys are presented in figure 6.10a and b.
Laboratory scale

XRF (.wt%) at.% at.%→wt.%

Pt 15.36 5 13.17
Rh 20.59 20 27.8
V 3.06 5 3.44
Ni 29.50 35 27.74
Co 31.26 35 27.85

(a) As-cast (no absolute error)

XRF (.wt%) at.% at.%→wt.%

Pt 14.64 5 13.17
Rh 21.86 20 27.8
V 2.97 5 3.44
Ni 30.05 35 27.74
Co 30.48 35 27.85

(b) Annealed (no absolute error)

Table 6.9: XRF of laboratory scale manufactured Pt5Rh20V5Ni35Co35

Industrial scale

XRF (.wt%) at.% at.%→wt.%

Pt 14.96±0.3 5 13.17
Rh 21.29±0.3 20 27.8
V 3.06±0.1 5 3.44
Ni 28.28±0.2 35 27.74
Co 32.11±0.3 35 27.85

(a) As-cast
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XRF (.wt%) at.% at.%→wt.%

Pt 14.79±0.3 5 13.17
Rh 21.49±0.3 20 27.8
V 3.19±0.1 5 3.44
Ni 28.29±0.2 35 27.74
Co 32.23±0.3 35 27.85

(b) Annealed

Table 6.10: XRF of industrial scale manufactured Pt5Rh20V5Ni35Co35

Discussion
The XRF data across as-cast and annealed for both scales of manufacture is presented in

tables 6.9 and 6.10. The data are consistent with each other, varying only slightly in wt.%
measured for each element. This implies that the composition scales well and that in both
scales the resulting alloys are fairly homogenous in the as-cast state.

In both scales of manufacture and both as-cast and heat treated states we observe a higher
wt.% in Ni and Co and a lower wt.% in Rh than the nominal, designed composition. Comparing
this with EPMA results in figures 6.25, 6.25b and 6.26b we can see that areas of higher Ni
presence, i.e. the interdendritic matrix, are complemented by areas of lower Rh presence.
Likewise, there is a higher concentration of Rh and a lower Ni concentration in the dendrites.
However, the same observation cannot be made about Co concentration, which is very uniformly
distributed across the area imaged, and it would in any case not be expected that these very
small scale differences, seen over the order of microns in the EPMA, would have an influence
on the XRF results, where the examined zone is of the order of millimetres.

Overall, we observe a consistent elemental distribution across different samples. However,
we can see that it is quite different from the expected elemental distribution. The difference
in expected elemental distribution and measured might be due to macrosegregation across the
scale of the sample, or possibly due to loss of certain elements during the manufacturing process.
This could occur in a relatively consistent manner by volatilisation of the elements with higher
vapour pressure for example. Elements that are less prone to evaporation would in the process
become enriched in the final alloy.

6.4.2.3 Optical micrographs

Optical micrographs for Pt5Rh20V5Ni35Co35 are presented in figure 6.15a and b, respectively.
In table 6.11 we present a grain size analysis of the visible grains for figure 6.15a and b,
respectively.

Note that figures 6.15a and b were obtained using different data acquisition equipment and
software, hence the variation in image quality, resolution and magnification.

The grains look elongated and similar in size across both images.
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(a) As-cast etched sample optical image taken
with a digital optical microscope @ JMNM

(b) Annealed sample optical image at 5x mag-
nification taken at Sheffield

Figure 6.15: Pt5Rh20V5Ni35Co35 optical images of as-cast and etched and annealed and etched
samples

Length
(µm)

1 1166
2 1021
3 1757
4 57

(a) Figure 6.15a grain analysis

Distance
(µm)

1 1440
2 953
3 1802

(b) Figure 6.15b grain analysis

Table 6.11: Grain sizes for the optical micrographs for industrially manufactured Pt5Rh20V5Ni35Co35

Discussion
Optical microscopy data shows that the heat treatment did little to change the grain struc-

ture or alignment. In both as-cast and annealed states the grains are elongated but have an
irregular orientation in reference to other grains.

As for other alloys, there are some changes in peak intensity in the XRD traces, which are
likely to be due to differences in the particular grains being assessed in each case; the structure
on the other hand remains the same on heat treatment, consistent with the absence of any
observed change in the microstructure. There is a slight, and probably not significant, change
in the elastic modulus, which is also in line with this alloy being largely unaltered by the heat
treatment performed.

Of course, we do not have enough optical micrograph data to be able to draw firm conclusions
from. However, comparing with data from XRD and nanoindentation we can see what the
microstructure might tend to, and that it is broadly stable under the conditions explored.
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6.4.2.4 SEM-EDX

The SEM backscatter data for the as-cast and annealed laboratory manufactured alloys are
displayed in figures 6.16a and b, and figures 6.18a, and b, respectively. For the industrially
manufactured alloys, the SEM backscatter image data are displayed in figures 6.20 for the
as-cast sample and 6.21 for the annealed sample.

The EDX data for the laboratory manufactured alloys can be found in figures 6.17 and 6.19,
for the as-cast and annealed states, respectively. EDX data for the industry manufactured alloy
are displayed in figures 6.22 and 6.23 for as-cast and annealed, respectively.
Laboratory scale

In figure 6.16a we see a bse image of as-cast Pt5Rh205Ni35Co35 with some visible dendrites
which take on a cellular structure. Figure 6.16 is quite uniform without any distinguishable
features that are associated with microstructure.

(a) BSE image of as-cast Pt5Rh20V5Ni35Co35 at
≈1800x magnification

(b) BSE image of as-cast Pt5Rh20V5Ni35Co35 at
6000x magnification

Figure 6.16: BSE images of as-castPt5Rh20V5Ni35Co35

In figure 6.17 we see an edx map of as-cast Pt5Rh205Ni35Co35. The constituent elements in
the alloy appear to be uniformly distributed across the imaged area, however we can see some
segregation visible in Pt and V.
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(a) SE image (b) Pt (c) Rh

(d) V (e) Ni (f) Co

Figure 6.17: EDX map of as-cast Pt5Rh20V5Ni35Co35 taken at 6000x magnification

Figures 6.18a and b show bse images of annealed Pt5Rh205Ni35Co35. In both a and b we see
a very distinctive regular, cellular dendritic pattern.

(a) BSE image of annealed
Pt5Rh20V5Ni35Co35 at 250x magnification

(b) BSE image of annealed
Pt5Rh20V5Ni35Co35 at 1000x magnifica-
tion

Figure 6.18: BSE images of annealed Pt5Rh20V5Ni35Co35

The EDX map of annealed Pt5Rh205Ni35Co35 is in figure 6.19. We see the same cellular
dendritic pattern in the secondary electron image. We see that there is some segregation in Pt
and V compared to the other elements where the distribution is generally more uniform.

114



(a) SE image (b) Pt (c) Rh

(d) V (e) Ni (f) Co

Figure 6.19: EDX map of annealed Pt5Rh20V5Ni35Co35 taken at 3000x magnification

Discussion
Both as-cast and annealed samples appear very uniform under SEM-BSE imaging (fig. 6.16

and 6.18). The as-cast samples, in particular, appear to show a very uniform microstructure,
although that could also be due to the high magnification used in collecting the data, and the
small region observed as a result. However, the annealed sample is displaying a very regular
pattern of hive-like matrix, with a crocodile skin pattern where we can see some segregation.
There appears to be a higher concentration of heavier elements in the cells and a higher concen-
tration of lighter elements in the matrix between them, as the cells appear lighter in colour in
the backscattered electron images. Comparing these observations to the EPMA data we can see
that they agree, there is a higher concentration of Ni in the matrix and higher concentration of
Rh and Pt in the cells. Likewise, the EDX data for the as-cast sample, displayed in figure 6.17,
shows generally uniform distributions of all elements across the imaged surfaces with some
segregation observed, particularly in V and Pt. This sparseness in the signal collected for V
and Pt might be due to the lower content of V and Pt in the alloy, coupled with the relatively
short collection times, as discussed before. Better EDX maps were required to explore the
segregation. Longer collection times would produce results with higher confidence, however in
this work the assessment of the compositional variation is made based on the EPMA results.
Industrial scale

Figures 6.20 and 6.21 show BSE images of as cast and annealed industry manufactured
Pt5Rh20V5Ni35Co35. We see in figure 6.20 that the dendrites follow a ‘tree’-like pattern mixed
with a more regular cellular pattern. In figure 6.21 we see can see the grains of the alloy with
different contrasts but no dendrites.
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(a) 200x magnification (b) 800x magnification

Figure 6.20: As-cast BSE images of industrially manufactured Pt5Rh20Vi5Ni35Co35

(a) 400x magnification (b) 800x magnification

Figure 6.21: Annealed BSE images of industrially manufactured Pt5Rh20Vi5Ni35Co35

In figure 6.22 we see an EDX map of as-cast industry produced Pt5Rh20V5Ni35Co35. The
elemental distribution in the maps fairly uniform with some very small areas of elemental
concentration. Similarly the elemental distribution is very uniform in the EDX map of annealed
industry produced Pt5Rh20V5Ni35Co35 in figure 2.23.
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(a) BSE (b) Pt (c) Rh

(d) V (e) Ni (f) Co

Figure 6.22: 300x magnification EDX map of as-cast Pt5Rh20V5Ni35Co35

(a) BSE (b) Pt (c) Rh

(d) V (e) Ni (f) Co

Figure 6.23: 400x magnification EDX map of annealed Pt5Rh20V5Ni35Co35

Discussion
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SEM-BSE images show microstructural variation in the as-cast sample. The as-cast sample
shows dendrites of several different apparent structures, some elongated, some cell-like. This is
probably due to the change in cooling rate across the 1 kg ingot with different regions in the
image having experienced slightly different thermal histories on cooling. The cell-like dendrite
growth on the upper right of figure 6.20a is reminiscent of the growth observed in figure 6.18
of the laboratory scale annealed sample. The cooling rate for the laboratory scale samples
would have been higher due to the smaller size so the variation in dendrite growth is likely due
to a low cooling rate in such a large ingot. EDX data for the as cast sample shows uniform
distribution of elements on the surface imaged. However, the BSE image accompanying the
elemental distribution map shows that there are areas of concentration of heavier elements and
areas of concentration of lighter elements. Heat treatment appears to have homogenised the
composition sufficiently that it has removed the dendrites from the imaged sample, in contrast
with the laboratory scale samples where heat treatment made the dendrites more regular, this
is likely due to the different heat treatment conditions, due to the choice of different annealing
temperatures (700◦C for the laboratory sample annealing and 1000◦C for the industrial scale
sample annealing). This suggests that 1000◦C is a better heat treatment temperature for
promoting homogeneity, which would be expected as the higher temperature would significantly
increase the mobility of atomic species by diffusion. The backscattered images would suggest
there is some separation of light and heavy elements in the annealed sample, however, EDX
map data indicates otherwise, presenting a very uniform distribution. The differences in what
is observed in the EDX maps and the accompanying BSE images is likely to be due to the
short measurement time, with the BSE images giving a more accurate representation of the
true situation.A longer time of measurement would provide better resolution data.

6.4.2.5 EPMA

EPMA data for the as-cast and annealed samples of the laboratory and industry manufac-
tured alloys are displayed on figures 6.24 and 6.25, and 6.26 and 6.27.
Laboratory scale

Figure 6.24 shows a cellular dendrite structure both at low and high magnification. At low
magnification the elements appear to be uniformly distributed across the imaged surface with
small degrees of segregation, and a higher degree of segregation in Rh of approximately 1-2%.
At high magnification there is more noticeable segregation in Pt, Ni and Rh.
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(a) Low magnification

(b) High magnification

Figure 6.24: EPMA of as-cast Pt5Rh20V5Ni35Co35

Figure 6.25 has a similar cellular dendrite structure, where Co is very uniformly distributed
across the imaged surface and Ni is segregating from Pt, Rh and V.
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(a) Low magnification

(b) High magnification

Figure 6.25: EPMA of annealed Pt5Rh20V5Ni35Co35

Industrial scale In figure 6.26, we see that the elemental distribution is fairly uniform across
the imaged area both at low and high magnification. Co and V are very uniformly distributed
across the imaged surface with no or minimal segregation. We see that Ni is segregating into
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the dendrites and away from Pt and Rh which are segregating together out of the dendrites.

(a) Low magnification

(b) High magnification

Figure 6.26: EPMA of as-cast Pt5Rh20V5Ni35Co35, samples taken from a 1kg ingot

The elemental distribution in figure 6.27 is uniform across the area imaged at both low and
high magnification. There are some noticeable areas of minor unevenness and some fuzziness
in Pt, in particular, but overall all elements are uniformly distributed.
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(a) Low magnification

(b) High magnification

Figure 6.27: EPMA of annealed Pt5Rh20V5Ni35Co35, samples taken from a 1kg ingot

Discussion
For the laboratory manufactured alloys, EPMA data (fig. 6.24 and 6.25) show that there

is, indeed, segregation, particularly in Rh out of the dendrites in the as-cast sample, like in
Pt7Rh23Ni35Co35. However if we inspect ∆HAB in figure B.1 (section B.1) all ∆HAB for Rh and
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the other components is negative. The rejection of Rh from the dendrites is more evident in the
high magnification EPMA (Fig. 6.24b). Like with Pt7Rh23Ni35Co35 there seems to be a PtRh
phase separating from the Ni, V and Co, which are all very uniformly distributed, however.
The EPMA for the annealed sample shows that V is to a small degree being rejected from the
dendrites and into the region described by the dendritic matrix, the segregation for Pt, Rh and
V is very small 0.5-2 at.%, with Ni being slightly higher at ≈ 3at.%. It is evident that annealing
at 700◦C does little to promote homogenisation and removal of the dendritic structure evident
in the elemental distribution. Despite the segregation in the dendrites, the overall elemental
distribution across the imaged surface is generally uniform with the segregation observed in the
dendrites varying by 3-5at.%.

EPMA data for the industrially manufactured as-cast alloy (fig. 6.26) shows a similar be-
haviour as with the laboratory manufactured alloys. Pt and Rh are being rejected out of the
dendrites on solidification, with Ni being preferentially incorporated into them. In contrast,
the annealed EPMA data shows uniform distribution of elements across the area imaged, this
might imply that to achieve true uniformity in Pt5Rh20V5Ni35Co35, the sample needs to be
heat treated at temperatures higher than 700◦C (laboratory) and closer to 1000◦C (industrial).
The EPMA data are higher resolution than the EDX data so studies in the heat treatment
with EPMA characterisation would illuminate whether the alloy is more uniform after heat
treatment at 1000◦C.

It is evident that we need to heat treat alloys at a higher temperature to promote homogene-
ity. The observations made on the heat treated industrially manufactured sample (fig. 6.27)im-
ply that the alloy is very likely to be single phase post heat treatment.

6.4.2.6 Further Discussion of Alloy Structure

DSC results are similar to Pt7Rh23Ni35Co35, and the alloy, Pt5Rh20V5Ni35Co35, is stable
as a solid at 1000◦C. TGA, shows that there is more mass gained than in Pt7Rh23Ni35Co35,
probably due to the addition of V, and the reactivity of this element with oxygen. Comparing
Pt5Rh20V5Ni35Co35 with Pt5Rh11V14Ni35Co35 which has a higher V content and the highest
overall mass gain, it is evident that the presence of V has a linearly positive relationship to
the mass gained (fig. 5.7). The mechanical property results show consistency across samples,
a minimal rise in the modulus is observed during annealing. The elastic modulus extrapolated
from the reduced modulus results are not in agreement with the expected, empirical formulae
(ROM) deduced results but that is unsurprising as these calculations are an approximation.
Overall, the mechanical data does imply that the alloy is ductile and workable when assessed
with the results of the laboratory scale crude manufacturability test.
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6.4.3 Pt5Rh11V14Ni35Co35

6.4.3.1 XRD

The lattice parameters for Pt5Rh11V14Ni35Co35 were calculated from the XRD pattern data
in figures 6.28 and 6.29. The lattice parameters are displayed on table 6.12.

Manufacture scale As-cast (Å) Annealed (Å)

Laboratory 3.607 3.607
Industry 3.623 3.618

Table 6.12: Lattice parameter for Pt5Rh11V14Ni35Co35 obtained from XRD data sets at different
stages of manufacture and processing

Discussion
There is very strong agreement in the lattice parameters obtained from the laboratory scale

alloys, between different assessments on different samples, and those values are also consistent
with those found from samples of alloy made in the scaled up trials. There is a difference
between the alloys from the different manufacturing routes of up to 0.1Å. The reason for these
small differences might be due to the precision of measuring out the constituent elements.
Nevertheless, from the data presented for the lattice parameters we can see that the alloy does
scale to industry with semblance to the laboratory scale.

Figures 6.28 and 6.29 show the XRD data collected for the laboratory manufactured samples
and industry manufactured samples, respectively. Both figures display the individual data for
as-cast and annealed samples and a normalised comparison of the two.
Laboratory scale

In figure 6.28 XRD data for the laboratory manufactured samples of Pt5Rh11V14Ni35Co35 is
presented. Figure 6.28 a, b, and c are for the as-cast, annealed, and a normalised comparison
of the two, respectively.

In figure 6.28a we see that there is an artefact from the clear resin mounting medium that
adds an amorphous hump and background to the data. The data is noisy but relevant peaks,
however, are distinguishable as, and consistent with, peaks generally associated with an FCC
crystal phase. The same peaks are prominent in figure 6.28b together with some minor peaks.
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(c) Comparison of normalised XRD data for as-cast and annealed samples

Figure 6.28: XRD of laboratory manufactured Pt5Rh11V14Ni35Co35

Discussion
We observe an amorphous hump and background in the as-cast alloy measurement at 30-

40°, this is due to the mounting medium being resin, and this material giving an additional
background signal in the measurement. While relatively easy to discount from the analysis, the
additional background could have contributed to the distortion of the XRD data and might
have hidden some peaks that were due to the sample under analysis. By looking at the clear
peaks present in the patterns, have identified peaks that are at angles consistent with an FCC
crystal structure.

We can see that the annealed alloy also has peaks corresponding to a FCC crystal structure.
However, there are also some unindexed faint peaks which could also be an impurity, or a
second phase present in a small amount. Lattice plane (3 1 1) appears to have two peaks. Since
the peaks are so close to each other the peaks are very likely to be the result of small scale
compositional differences in the examined plane.

Comparing the normalised as-cast and annealed XRD data we can see that the peak posi-
tions align with each other. The contribution of the amorphous resin to the as-cast XRD data
is making it difficult to discern whether the background and the size of the peaks is due to the
alloy or the resin. Overall the alloy does appear FCC but with some of the peaks being observed
to split, and the generally high level of the background it is not possible to be confident that
there are no other phases present.
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Industrial scale
In figure 6.29 XRD data for the industrially manufactured samples of Pt5Rh11V14Ni35Co35

is presented. Figure 6.29 a, b, and c are for the as-cast, annealed, and a normalised comparison
of the two, respectively.

The XRD data for the as-cast sample are 3 distinct peaks and do not resemble peaks
characteristic of any simple crystal structure. The data for the annealed sample show 2 distinct
peaks and a small wider mound tht might be a peak.
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(c) Comparison of normalised XRD data for as-cast and annealed samples

Figure 6.29: XRD of Pt5Rh11V14Ni35Co35 manufactured @ JMNM

Discussion
XRD data for the industrially manufactured alloys are very inconclusive, some peaks are

not indexable, indicating the presence of a secondary phase or a complex phase together with
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the FCC crystal structure. The presence of peaks also changes post heat treatment, one of the
expected peaks is absent and noisier non indexable peaks are more apparent in the scan plot.

Comparing the laboratory manufactured alloy with the industrially manufactured alloy we
can see the appearance of similar planes at the same 2θ positions but the data is not sufficient to
be able to draw conclusive remarks. This might be due to the uneven cooling of the industrially
manufactured samples as both the ingot and the cut-off were much larger than any sample
made in the laboratory. Perhaps further heat treatment would either promote the appearance
of hidden secondary phases or homogenise the alloy.

6.4.3.2 XRF

The quantitative XRF data for the laboratory manufactured alloys are given in tables 6.13a
and 6.13b in the as-cast and annealed states, respectively. Likewise, the XRF data for the
industry manufactured alloys are presented in figure 6.14a and b.
Laboratory scale

XRF (.wt%) at.% at.%→wt.%

Pt 13.62 5 14.06
Rh 10.56 11 16.32
V 9.97 14 10.28
Ni 30.18 35 29.61
Co 29.89 35 29.73

(a) As-cast (no absolute error)

XRF (.wt%) at.% at.%→wt.%

Pt 15.70 5 14.06
Rh 11.52 11 16.32
V 8.79 14 10.28
Ni 29.96 35 29.61
Co 34.03 35 29.73

(b) Annealed (no absolute error)

Table 6.13: XRF of laboratory scale manufactured Pt5Rh11V14Ni35Co35

Industrial scale
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XRF (.wt%) at.% at.%→wt.%

Pt 13.34±0.7 5 14.06
Rh 8.16±0.5 11 16.32
V 8.61±0.4 14 10.28
Ni 28.58±0.7 35 29.61
Co 28.26±0.8 35 29.73

(a) As-cast

XRF (.wt%) at.% at.%→wt.%

Pt 15.60±0.8 5 14.06
Rh 11.44±0.7 11 16.32
V 10.27±0.5 14 10.28
Ni 30.84±0.7 35 29.61
Co 31.86±0.9 35 29.73

(b) Annealed

Table 6.14: XRF of industrial scale manufactured Pt5Rh11V14Ni35Co35

Discussion
In the laboratory scale manufacture data the results between as-cast and annealed conditions

are fairly similar, given the data came from different samples. Both samples have a much lower
Rh content than expected. The annealed laboratory sample has a much higher Co content than
expected. The same is true for the industrially manufactured alloy, both as-cast and annealed
samples exhibit the same Rh depletion. Also, the data between industrial samples indicates
that there is a redistribution of elements after heat treatment since some of the element wt.%
results are closer to the expected wt.% distribution.

However, comparing the laboratory manufactured samples with the EPMA results they do
not agree. The EPMA data for both as-cast and annealed show a higher than expected content
of V and a slightly lower but very close to expected content of Rh. The same is true for the
industrially manufactured samples.

There is some agreement between XRF and EPMA data but EPMA indicated a more
uniformly mixed sample than XRF does. Perhaps, the XRF measurement was affected by
external factors we could not control for, or it may be that the differences in these results is
due to the different scale they examine; EPMA, looking at a small amount of material, may
find one without particular variations away from the expected level, but XRF, which examines
at a larger scale, might detect some overall departures from the nominal condition.
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6.4.3.3 Optical micrographs

Optical micrographs for Pt7Rh23Ni35Co35 are presented in figure 6.30a and b, respectively.
In table 6.15 we present a grain size analysis of the visible grains for figure 6.30a and b,
respectively. The grains are fairly large and have an irregular and long shape, dendrites are
also noticeable in the images and they appear cellular and bubble-like.

(a) as-cast 5x magnification (b) annealed 5x magnification

Figure 6.30: Pt5Rh11V14Ni35Co35 optical images of as-cast and etched and annealed and etched
samples

Length
(µm)

1 1975
2 496
3 790

(a) Figure 6.30a grain analysis

Length
(µm)

1 1259
2 1328
3 1340
4 476
5 882
6 282

(b) Figure 6.30b grain analysis

Table 6.15: Grain sizes for the optical micrographs for industrially manufactured Pt5Rh11V14Ni35Co35

Discussion
The optical micrographs (fig. 6.30) show that the grains in the as-cast sample and the

annealed sample are generally columnar. After heat treatment, however, we can see that the
grains are becoming more equiaxed and larger, but also that this transition does not follow a
regular pattern. The reason for the change in grain shape and size is probably the different
heat treatment temperatures, allowing different changes to take place, and also the slower, but
still uncontrolled, cooling in the furnace after heat treatment.
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It is difficult to translate these observations in these images into an understanding of the
grain structure change for the whole alloy, and it is also difficult to interpret how these changes
may impact the other properties of the material. As a result, we must note that these optical
micrographs are presented to give us an idea of the microstructure rather than an extensive
and detailed view of it.

6.4.3.4 SEM-EDX

The SEM backscatter data for the as-cast and annealed laboratory and industry manufac-
tured alloys are displayed in figures 6.31a and b, and figures 6.34 and 6.35, respectively.

The EDX data for the laboratory manufactured alloys can be found in figures 6.32 and 6.33,
for the as-cast and annealed states, respectively. EDX data for the industry manufactured alloy
are displayed in figures 6.36 and 6.37 for as-cast and annealed, respectively.

The images in figure 6.31 show a fairly uniform surface. The grains visible in figure 6.31b
are cellular in shape and do not exhibit much size variation.

(a) BSE image of as-cast Pt5Rh11V14Ni35Co35 at ≈200x magnifi-
cation
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(b) SE image of etched and annealed Pt5Rh11V14Ni35Co35 at
≈400x magnification taken at JMNM by Harry Macpherson

Figure 6.31: SEM of annealed and etched Pt5Rh11V14Ni35Co35 @JMNM

Distance
(µm)

approximate
grain

size(µm)
1 292 97
2 439 110
3 1035 207
4 486 122

Table 6.16: Figure 6.31b dendrite analysis

The EDX map in figure 6.32 shows a uniform distribution across all constituent elements.
Some degree of segregation is noticeable, most prominent in Pt and Co.

133



(a) SE image (b) Pt (c) Rh

(d) V (e) Ni (f) Co

Figure 6.32: EDX map of as-cast Pt5Rh11V14Ni35Co35 taken at 6000x magnification

Segregation is noticeable in the EDX map in figure 6.33 in Pt. Some small degrees of
segregation are exhibited in V, Rh, Ni and Co but these elements are more uniformly distributed
across the imaged area.

(a) BSE image (b) Pt (c) Rh

(d) V (e) Ni (f) Co

Figure 6.33: EDX map of annealed Pt5Rh11V14Ni35Co35 taken at 3000x magnification

The are dendrites visible in both figure 6.34a and 6.34b. The dendrites are a combination

134



of columnar and cellular bubbles. In figures 6.35a and 6.35b we see similar dendrites, however,
they are more laminar in shape.

(a) 200x magnification (b) 800x magnification

Figure 6.34: BSE images of as-cast Pt5Rh11V14Ni25Co35

(a) 200x magnification (b) 400x magnification

Figure 6.35: BSE images of annealed Pt5Rh11V14Ni35Co35

The elemental distribution in both figures 6.36 and 6.37 is fairly uniform across the imaged
surfaces. There are some areas where there is noticeable concentration of elements but there is
not visibly stark segregation in any of the elements in either figure.
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(a) BSE (b) Pt (c) Rh

(d) V (e) Ni (f) Co

Figure 6.36: 800x magnification EDX map of as-cast Pt5Rh11V14Ni35Co35
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(a) BSE (b) Pt (c) Rh

(d) V (e) Ni (f) Co

Figure 6.37: 400x magnification EDX map of annealed Pt5Rh11V14Ni35Co35

Discussion
The SE data shows a crocodile skin-like regular pattern in the annealed laboratory manu-

factured sample. The grain size appears small, probably due to the size of the sample allowing
it to cool relatively rapid, despite the cooling in the furnace.

Laboratory manufactured EDX data shows a very even and uniform distribution of each of
the elements, although there appear to be areas of higher Pt distribution, albeit at quite low
signal in the images, probably due to the lower at.% of Pt in comparison to the other constituent
elements. Comparing it to the EPMA data we can see that most elements are indeed fairly
uniformly distributed but Pt is segregating away from V, where Pt is in the dendrite cells and
V is rejected from the dendrites as they grow.

The industrially manufactured as-cast BSE images show a laminar dendritic structure, which
is also observed in the EPMA maps (fig. 6.40). The structure changes from dendritic and
laminar to laminar cells after heat treatment, also observed in the EPMA maps. The presence
of cells after heat treatment might indicate that the alloy needs a higher temperature for
full heat treatment homogenisation. The industrially manufactured alloy EDX maps are even
throughout with no discernable clustering or segregation. This is probably due to the fast EDX
collection process (5min duration for the whole image to be collected ). Were the collection
time for EDX longer we might be able to observe the segregation and clustering we observe in
the laboratory data and in the EPMA data.
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6.4.3.5 EPMA

EPMA data for the as-cast and annealed samples of the laboratory and industry manufac-
tured alloys are displayed in figures 6.38 and 6.39, and 6.40 and 6.41.

The EPMA data displayed in figure 6.38 shows a cellular dendrite structure at low and
high magnification. Ni is uniformly and evenly distributed across the imaged surface. There is
some noticeable granularity in the evenness of the distribution of Rh but it is also uniformly
distributed. V is diffusing into the dendrites while Co and Pt appear to be diffusing out of the
dendrites.

The EPMA of the annealed Pt5Rh11V14Ni35Co35 sample in figure 6.39 shows a very uniform
distribution at low magnification. At high magnification it appears that there is a cellular
dendrite structure present with some minor segregation into and out of the dendrites. Ni and
Rh are evenly distributed and V appears to be more present in the dendrites while Co and Pt
are more concentrated in the cells.

138



(a) Low magnification

(b) High magnification

Figure 6.38: EPMA of as-cast Pt5Rh11V14Ni35Co35
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(a) Low magnification

(b) High magnification

Figure 6.39: EPMA of annealed Pt5Rh11V14Ni35Co35

In figure 6.40 we see that at low magnification Ni and Rh are very uniformly distributed.
At high magnification, though, there is some noticeable minor segregation in Ni and Rh. Both
at low and high magnification, Pt and Co are diffusing out of the dendrites and V is diffusing
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into the dendrites.

(a) Low magnification

(b) High magnification

Figure 6.40: EPMA of as-cast Pt5Rh11V14Ni35Co35, samples taken from a 1kg ingot

The EPMA image of the annealed Pt5Rh11V14Ni35Co35 sample displayed in figure 6.41 shows
an elongated, cellular dendrite structure. At low magnification Co is very uniformly distributed
across the imaged area, as is Rh even though theres is some minor segregation into the dendrites.
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At low magnification Co is more present out of the dendrites and Rh diffuses into the dendrites
at a small degree. At low and high magnification we see that V and Ni are diffusing into the
dendrites while Pt is diffusing out of the dendrites.

(a) Low magnification

(b) High magnification

Figure 6.41: EPMA of annealed Pt5Rh11V14Ni35Co35, samples taken from a 1kg ingot

Discussion
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Laboratory scale EPMA shows segregation between V and PtCo, into the dendrites and out
of the dendrites respectively. Also, the at.% of V in the imaged region is higher than expected
indicating uneven mixing. Ni is uniform throughout and not separating from Rh or Pt as was
observed in Pt7Rh23Ni35Co35 and Pt5Rh20V5Ni35Co35.

The same is evident in the annealed sample but the elemental distribution is better aligned
to what is expected of the intended composition, as is overall more homogeneous.

The ∆HAB for all pairs in the alloy is negative, and some of these indicate the formation
of very stable binary compounds is possible (i.e. ∆HPtV = −45 ∆HVRh = −29). It would,
therefore, be expected that if there is segregationclustering particular elements together, that
the strong binary enthalpy pairs would form intermetallic phases but V is very evenly distributed
and is not observed clustering with Pt or Rh.

The same is observed in the industrially manufactured samples, with Pt and Co separating
from V, in the as-cast and annealed samples. A high magnification inspection shows that Ni
is to a very small degree present in the same areas that V is, as is Rh. Overall, the elemental
distribution is very even, though.

6.4.3.6 Further Discussion of Alloy Structure

As with the other two PtRh based alloys, the results for the manufacturability trial on
Pth5Rh11V14Ni35co35 indicate that it is to some extent ductile and can be worked, this is con-
sistent with observations made during the collection of data from the mechanical trials on the
industrially manufactured samples as the as-cast and annealed samples were indented with ease
and without cracks. The hardness data, as with Pt5Rh23Ni35Co35 and Pt5Rh20V5Ni35Co35, indi-
cates that the alloy can be deformed, when compared against standard data[221, 224]. There is
some increase in modulus between as-cast and annealed samples (≈10GPa)s but the results are
consistent when compared and indicate homogeneous mixing in the alloy overall. The DSC data
shows that the alloy responds to heating similarly to Pt7Rh23Ni35Co35 and Pt5Rh20V5ni35Co35.
However, it shows the highest amount of weight gain in TGA in air; this is probably due to the
high V content. TGA shows the weight gain follows a similar pattern to Pt5Rh20V5Ni35Co35,
the rate of weight gain is steady and increases at ≈170min. The performance of the alloy when
heated in air is not ideal and the performance is even worse when considering the mass gain
during the 1h hold at 1000◦C. Overall, the alloy gains the most mass per unit surface area
of any of these alloys and there appears to be a trend indicating a directly proportional rela-
tionship of increasing mass gain per unit surface area to increasing V content when comparing
Pt7Rh23Ni35Co35, Pt5Rh20V5Ni35Co35 and Pt5Rh11V14Ni35Co35 (fig. 5.7).

6.4.4 Ir35Rh35Co5Ni5Pt20

6.4.4.1 XRD
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The lattice parameters for Ir35Rh35Co5Ni5Pt20 were calculated from the data presented in
figures 6.42 and 6.43, and are presented on table 6.17.

Manufacture scale As-cast (Å) Annealed (Å)

Laboratory 3.827 N/A
Industry 3.814 3.812

Table 6.17: Lattice parameter for Ir35Rh35Co5Ni5Pt20 obtained from XRD data sets at different
stages of manufacture and processing

Discussion
The lattice parameter for the laboratory manufactured sample and the industrially man-

ufactured ingot cut offs, displayed on table 6.17, is very close. The lattice parameter for the
industrially manufactured samples for as-cast and annealed are virtually identical at 0.002Å
difference, this might indicate homogeneous mixing in the sample manufacture process. The
lattice parameters for both the laboratory manufactured sample and industrially manufactured
samples are both within the range between the lattice parameters for Rh and Ir, 3.803Å and
3.839Å, respectively. This is probably due to Rh and Ir being the elements present at the
highest at.% content.

Figure 6.42 shows the XRD data collected for the laboratory manufactured sample (the
industrial manufacture of the selected alloys was expedited so there was no heat treatment
performed on the composition at this stage). Figure 6.43 displays the industry manufactured
samples. The individual data for as-cast and annealed samples and a normalised comparison
of the two are displayed in the figure.

There are 5 peaks present in figure 6.42, the peaks are consistent with the what is charac-
teristic of an FCC crystal structure.
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Figure 6.42: XRD of laboratory manufactured as-cast Ir35Rh35Co5Ni5Pt20

There are 6 peaks and 5 peaks which agree with an FCC crystal structure in as-cast and
annealed industry manufactured Ir35Rh35Co5Ni5Pt20, respectively. Both as-cast and annealed
share minor peaks and a wide mound at ≈ 42◦.
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Figure 6.43: XRD of Ir35Rh35Co5Ni5Pt20 manufactured @ JMNM

Discussion
Inspecting the XRD data for the laboratory as-cast Ir35Rh35Co5Ni5Pt20 (fig. 6.42) it appears

that there is no strong indication of any intermetallic phases, the indexed peaks are sharp and
narrow compared to the background. The peak positions and indexed peaks indicate an FCC
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crystal phase but whether the alloy is single phase or multiphase is inconclusive due to some
noise in the data and unindexed peaks.

The data for the industrially manufactured samples shows that they are in agreement with
each other, exhibiting the consistent peaks in consistent positions. There is a peak in both
at ≈55° and some small peaks between 70° and 80° that cannot be indexed, possibly minor
secondary phases or artifacts due to surface impurities or impurities present in the casting
crucible. Both share a hump between 40° and 50°, which might be due to the background
rather than secondary phases. The annealed alloy does not show a visible peak corresponding
to (4 0 0) lattice planes and the background noise is stronger.

We can see that the peak intensity changeswhich may be due to changes in the local orienta-
tions or textures examined, as discussed before for other alloys. From the optical micrographs
we can see that the as-cast sample does exhibit a grain size variation, as does the annealed
sample but at different grain size magnitudes.

Overall, the data agree with an FCC crystal structure as the main phase in this alloy.

6.4.4.2 XRF

The quantitative XRF data for the industry manufactured alloys are given in tables 6.18a
and 6.18b in the as-cast and annealed states, respectively.

Note that XRF data was not collected for the laboratory manufactured alloy due to the
decision to expedite the industrial manufacture.

XRF (.wt%) at.% at.%→wt.%

Ir 51.01±1.0 35 45.40
Rh 18.56±1.0 35 24.30
Co 1.89±0.2 5 1.99
Ni 2.33±0.2 5 1.98
Pt 25.92±1.0 20 26.33

(a) As-cast

XRF (.wt%) at.% at.%→wt.%

Ir 52.31±1.0 35 45.40
Rh 15.09±1.0 35 24.30
Co 1.81±0.2 5 1.99
Ni 1.71±0.2 5 1.98
Pt 28.18±1.0 20 26.33

(b) Annealed

Table 6.18: XRF of industrial scale manufactured Ir35Rh35Co5Ni5Pt20
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Discussion
XRF data for the industrially manufactured as-cast and annealed alloy samples show some

differences, of the order of several percent. There are significant differences in the wt.% content
of Rh across the two samples. Moreover, the sample wt.% content is very different from the
nominal in the amount of both Ir and Rh.

Comparing with the EPMA data (fig. 6.51, 6.52), however, we can see that the Ir is close
to the expected content but we can see that the Rh is indeed lower than expected, as with the
XRF data. We can see that Rh is segregating from Ir in both as-cast and annealed samples.
Examination of the Rh-Ir phase diagram shows that, although they show mutual solid solubility
at high temperatures, below about 1500◦C there is a miscibility gap, and the two elements show
little solid solubility at room temperature. This is very similar to what we observe with the
XRF data, where the Ir content is higher than expected and the Rh is lower than expected.
Since the data came from sample cut offs, we would expect so see high variation in mixing and
inhomogeneity across the 1kg ingot.

6.4.4.3 Optical micrographs

Optical micrographs for Pt7Rh23Ni35Co35 are presented in figure 6.44a and b, respectively.
In table 6.19 we present a grain size analysis of the visible grains for figure 6.44a and b,
respectively.

Note that figures 6.44a and b were obtained using different data acquisition equipment and
software, hence the variation in image quality, resolution and magnification.

In figure 6.44a we see that the grain structure is irregular. Some grains are small and
equiaxed while others are large and elongated. The different types of grain appear to be
separated into their own areas rather than being spread around. In fugure 6.44b we see that
the grains are more regular in size.

(a) as-cast (b) annealed 5x magnification

Figure 6.44: Ir35Rh35Co5Ni5Pt20 optical images of as-cast and etched and annealed and etched
samples
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Length
(µm)

1 326
2 41
3 18
4 16
5 10

(a) Figure 6.44a grain analysis

Distance
(µm)

1 1440
2 953
3 1802

(b) Figure 6.44b grain analysis

Table 6.19: Grain sizes for the optical micrographs for industrially manufactured Ir35Rh35Co5Ni5Pt20

Discussion
The grain growth in the alloy is uneven which is to be expected given the rate of change of

the cooling rate across the 1kg ingot. In contrast to the as-cast alloy, the annealed alloy does
appear to have a more even grain size across most of the sample, it also looks a lot like the
grains revealed under BSE SEM in the laboratory manufactured alloy (fig. 6.45a). A similar
grain structure is apparent in fig. 6.48, while the as-cast alloy (fig. 6.47) shows uneven grain
growth consistent with a difference in cooling rate across the sample, which would result from
the size of the ingot in the case of a 1kg melt, with the first material to solidify cooling rapidly,
but the solidification rate decreasing towards the ingot centre.

Comparing the microscopy data with the XRD data, we can see that the change in grain
structure could be the reason behind the shift in peak intensities in the annealed sample XRD
data (fig. 6.43). As elastic behaviour is not strongly dependent on grains the difference in grain
size is not seen to affect the modulus of elasticity.

Again, we cannot draw firm conclusions using just the presented images but having com-
pared them with the XRD data and the elastic modulus change we can see what the microstruc-
ture tends to be like in this alloy.

6.4.4.4 SEM-EDX

The EDXmap data for the as-cast sample of the laboratory manufactured alloy of Ir35Rh35Co5Ni5Pt20

are displayed on figures 6.45 and 6.46. Note that no annealed samples were produced due to
the industrial scale manufacture being expedited.

The backscatter SEM images of the industry manufactured alloy are displayed on figures 6.47
and 6.48 for as-cast and annealed, respectively. Likewise, the EDX map data for the samples
are displayed in figures 6.49 and 6.50.
Laboratory scale

In figures 6.45 and 6.46 we see that all elements are uniformly spread across the imaged
surface. However, there is noticeable segregating in and out of the dendrites, this is more visible
in figure 6.46 in Ir, Co, Ni and Pt.
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(a) BSE (b) Ir (c) Rh

(d) Co (e) Ni (f) Pt

Figure 6.45: EDX map of as-cast Ir35Rh35Co5Ni5Pt20 taken at 200x magnification

(a) BSE (b) Ir (c) Rh

(d) Co (e) Ni (f) Pt

Figure 6.46: EDX map of as-cast Ir35Rh35Co5Ni5Pt20 taken at 800x magnification at a grain interface

Discussion
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EDX maps (fig. 6.45, 6.46) show the elemental distribution with some areas of segregation
evident, particularly in Pt, and with this being more prominent in the annealed map (fig. 6.46).
The grain and dendritic growth appears regular in the BSE images, probably due to the fast
cooling rates given the small size of the laboratory manufactured alloy sample.

In the as-cast alloy, the distribution of Co, Ni and Ir appears uneven, with some spotting
in the map, which correlates in general terms with the underlying dendritic structure revealed
by the BSE image. This is very likely to be due to segregation of these elements during
solidification.

In fig. 6.46 there appears to be some uneven deposition of Pt, with it being present at
higher concentration in the interdendritic regions. Ir and Co are seen to favour the interior
of the dendrites. Ni appears to be segregating away from Ir, Co and Pt, while Rh has a very
uniform distribution. Above the scale of the dendrites however the overall distribution of the
elements appears even, indicating that suitable mixing of the elements took place.
Industrial scale The as-cast sample in figure 6.47 does not appear to have a regular grain
pattern or dendrite structure. Figure 6.48 We see that the dendrite structure is more regular
and that the grains appear to not have a specific shape but are of similar size.

(a) 400x magnification (b) 800x magnification

Figure 6.47: BSE images of as-cast Ir35Rh35Co5Ni5Pt20
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(a) 200x magnification (b) 400x magnification

Figure 6.48: BSE images of annealed Ir35Rh35Co5Ni5Pt20

Discussion
We can see the presence of different types (principally delineated by different scales and

degrees of branching) of dendritic growth across the as-cast sample. This is probably due to
the difference in cooling rate across the sample due to the large size of the 1kg ingot.

The heat treatment has not done much to remove the evidence of dendritic growth but
the dendritic structure may appear more even and regular. The heat treatment temperature
probably needed to be higher to fully homogenise the sample.

In figure 6.49 we see that all elements are uniformly distributed across the imaged surface
but that there is some segregation, particularly in Ir, Co, Ni and Pt. There is some diffusion
in and out of the dendrites, most noticeable in Ir and Pt.
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(a) BSE (b) Ir (c) Rh

(d) Co (e) Ni (f) Pt

Figure 6.49: 400x magnification EDX map of as-cast Ir35Rh35Co5Ni5Pt20

We see that the elements are uniformly distributed in figure 6.50 but with some segregation.
The segregation is more noticeable in Pt, Ni and Co, in particular.
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(a) BSE (b) Ir (c) Rh

(d) Co (e) Ni (f) Pt

Figure 6.50: 200x magnification EDX map of annealed Ir35Rh35Co5Ni5Pt20

Discussion
EDX data (fig. 6.49, 6.50) is rather faint, but does show similar segregation of Pt as with the

laboratory scale alloy. Pt seems to be segregating from Ir in both as-cast and annealed samples
but more starkly in the as-cast sample. There is noticeable segregation in all elements in both
as-cast and annealed samples that, from the correspondence with the dendritic structure, looks
like solidification segregation.

The segregation is confirmed in inspecting the EPMA data as there is a stark contrast in the
composition of the dendrites and the cells described by the dendrites. The strong compositional
differences seen are probably indicative of there being multiple phases, with the main one having
an FCC structure.

6.4.4.5 EPMA

EPMA data for the as-cast and annealed samples of the industry manufactured alloys are
displayed on figures 6.51 and 6.52.
Industrial scale In figure 6.51 we see that there is segregation and diffusion in and out of the
dendrites. Ir is diffusing out of the dendrites and away from the other elements while the other
elements are more concentrated in the dendrites. The same is observed in figure 6.52, where Ir
is segregating from the other elements.
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(a) Low magnification

(b) High magnification

Figure 6.51: EPMA of as-cast Ir35Rh35Co5Ni5Pt20, samples taken from a 1kg ingot
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(a) Low magnification

(b) High magnification

Figure 6.52: EPMA of annealed Ir35Rh35Co5Ni5Pt20, samples taken from a 1kg ingot

Discussion
In the data presented above, the Pt content of the examined region is much higher than

the overall nominal composition of the alloy. There could be a number of reasons for this,
including human error in weighing the raw materials, uneven mixing of raw materials pre
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melting, or uneven mixing during melting. In the as-cast and annealed alloy, it appears that Ir
is segregating from the rest of the components. It is evident that Ir might not alloy well with
the rest of the components, which would probably be expected as examination of the binary
phase diagrams shows that at room temperature the degree of mutual solid solubility is low
with all of the components, except for Ni. However, the ∆HAB for most Ir pairs in this alloy
does not support this as it is negative. A reason for this might be ∆HRhIr = 1, which could be
introducing the segregation in Ir since areas of high at.% of Rh are depleted in Ir and vice versa
(fig. 6.51, fig. 6.52). This coupled with the other elements possibly having a higher affinity for
Rh might be the reasons for segregation.

Moreover, the similarity in the segregation in the as cast and annealed alloy samples indi-
cated that the heat treatment temperature was, perhaps, too low to promote homogenisation.

6.4.4.6 Further Discussion of Alloy Structure

DSC data shows that the alloy is very stable to phase transformations and at temperatures
up to 1400◦C, an incomplete phase transformation, probably tending towards melting is ob-
served between 1150 - 1400◦C, however the appropriate equipment to explore this further was
not available. Out of all the alloys, Ir35Rh35Co5Ni5Pt20 responded the best to heating up to
1000◦C in air as is evident by the TGA data, gaining virtually no mass per unit surface area.
It also performed well in the isothermal part of the study where it appears to have gained no
mass from the air. In figure 5.7 it is evident that Ir35Rh35Co5Ni5Pt20 having a high PGM at.%
content does not react with air at temperatures up to 1000◦C.

Overall, there is evidence of a simple FCC crystal phase in this alloy, especially in the
laboratory manufacture stage, however, the data are inconclusive. In studying the industrially
manufactured alloy, there appear to be inconsistencies with what is expected from the intended
composition and the composition results from the XRF characterisation in Ir and in Rh, with
the characterised surface having a lower wt.% content in Rh by ≈6 - 9wt.% and higher wt.%
in Ir at ≈6 - 7wt.%. This might be due to insufficient mixing in melt or due to the positive
pairwise enthalpy of RhIr, ∆HRhIr = 1kJ mol−1, the influence of the pairwise enthalpy on the
overall alloying behaviour is discussed further in section 6.6.1

6.4.5 Ir12Fe33Co20Ni30Pt5

6.4.5.1 XRD

The lattice parameters for the laboratory and industrially manufactured samples were cal-
culate from the data displayed in figures 6.53 and 6.54. The lattice parameters are displayed
on table 6.20.
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Manufacture scale As-cast (Å) Annealed (Å)

Laboratory 3.631 N/A
Industry 3.638 3.637

Table 6.20: Lattice parameter for Ir12Fe33Co20Ni30Pt5 obtained from XRD data sets at different
stages of manufacture and processing

Discussion
The lattice parameter for the laboratory manufactured sample and the industrially man-

ufactured samples are in very good agreement with each other. Moreover, the industrially
manufactured sample has virtually the same lattice parameter after heat treatment, indicat-
ing that the composition is stable. Interestingly, the lattice parameter is close to the lattice
parameter of the PGM constituents rather than the more abundant Fe, Co and Ni in the
composition[223]. This is probably due to the atoms of Pt and Ir being larger and therefore
distorting the lattice.

Figure 6.53 shows the XRD data collected for the laboratory manufactured sample (the
industrial manufacture of the selected alloys was expedited so there was no heat treatment
performed on the composition at this stage). Figure 6.54 displays the industry manufactured
samples. The individual data for as-cast and annealed samples and a normalised comparison
of the two are displayed in the figure.
Laboratory scale The XRD data displayer in figure 6.53 is very noisy. Nevertheless, there
are two identifiable peaks. In figure 6.54, the peaks present, and their spacing, for both as-cast
and annealed samples are consistent with an FCC crystal structure.
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Figure 6.53: XRD of laboratory manufactured as-cast Ir12F33Co20Ni30Pt5

Industrial scale
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Figure 6.54: XRD of Ir12Fe33Co30Ni30Pt5 manufactured @ JMNM

Discussion
The as-cast laboratory manufactured Ir12Fe33Co20Ni30Pt5 alloy has a very noisy XRD pat-

tern, likely due to the low number of counts collected for the pattern generally, meaning that
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the peaks are indistinct (fig. 6.53). However the two peaks (1 1 1) and (3 1 1) and their positions
agree with the general peak positions and lattice planes associated with FCC structures.

Comparing the laboratory scale XRD trace with the industrial manufactured XRD traces
for as-cast and annealed samples (fig. 6.54), the peaks determined to be corresponding to the
(1 1 1) and (3 1 1) lattice planes are in the same 2θ position as with the laboratory scale as-cast
alloy. The peak positions in the industrial scale XRD traces and the lattice planes associated
with them agree with an FCC crystal structure, however, it is evident that there might be a
small presence of other phases.

Comparing the as-cast and annealed industrially manufactured sample we can see that the
peaks determined to be corresponding to the (1 1 1) and (2 2 0) lattice planes are more prominent
after heat treatment, while the (2 0 0) has become very small. The data indicates that the alloy
has relatively large grains, an their orientation is affecting the intensity distribution in the
patterns. We have insufficient data from the optical micrographs to compare and confirm this
to a high degree of precision, though the grains observed in these alloys generally are large,
as would be expected for cast material. If we look at the elastic moduli before and after heat
treatment we can see that they are fairly similar, which implies there has not been a radical
transformation of the alloy structure on heat treatment, consistent with what is observed.

Heat treatment apears to have removed some unidentifiable peaks from the as-cast to the
annealed form of the alloy. Perhaps, the heat treatment homogenised the alloy and removed
faint secondary phases.

6.4.5.2 XRF

The quantitative XRF data for the industry manufactured alloys are given in tables 6.21a
and 6.21b in the as-cast and annealed states, respectively.

Note that XRF data was not collected for the laboratory manufactured alloy due to the
decision to expedite the industrial manufacture.

XRF (.wt%) at.% at.%→wt.%

Ir 28.42±1.0 12 28.60
Fe 20.80±0.7 33 22.85
Co 16.70±0.6 20 14.62
Ni 22.42±0.7 30 21.83
Pt 11.07±0.7 5 12.10

(a) As-cast
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XRF (.wt%) at.% at.%→wt.%

Ir 26.74±0.4 12 28.60
Fe 22.46±0.3 33 22.85
Co 16.97±0.2 20 14.62
Ni 21.61±0.2 30 21.83
Pt 12.13±0.2 5 12.10

(b) Annealed

Table 6.21: XRF of industrial scale manufactured Ir12Fe33Co30Ni30Pt5

Discussion
The XRF data presented above indicates that the mixing in the hearth was homogeneous.

The as-cast and annealed wt.% distribution for the components only varies by 1-2wt.%. It is
possible that if the whole ingot was homogenised then the alloy would present an even better
elemental distribution across the bulk.

Comparing the XRF with the EPMA data we can see that they agree with regards to
distribution but the EPMA data shows significant segregation across the imaged surface. Of
course, XRF will give the elemental distribution of the area sampled, which is at a larger scale
than the EPMA analysis, but will not give indication of segregation or otherwise.

Overall, the XRF data shows that the composition solidifies to a stable, homogeneously
mixed alloy.

6.4.5.3 Optical micrographs

Optical micrographs for Pt7Rh23Ni35Co35 are presented in figure 6.55a and b, and c and d,
respectively. In table 6.22 we present a grain size analysis of the visible grains for figure 6.55d.

In figure 6.55 we see that the as-cast sample exhibits many different types of dendrite
structures separated by the grain interfaces. In the annealed sample image in figure 6.55d we
can make out more of the grain structure. The grains appear to be small and equiaxed among
larger ones.
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(a) as-cast 5x magnification (b) as-cast 5x magnification

(c) as-cast 10x magnification (d) annealed 5x magnification

Figure 6.55: Ir12Fe33Co20Ni30Pt5 optical images of as-cast and etched and annealed and etched
samples

Distance
(µm)

1 212
2 54
3 219

Table 6.22: Figure 6.55d grain analysis

Discussion
The optical micrographs reveal stark dendrite interfaces, where dendrites growing with

different orientations, and different scales meet. This is probably due to different growth con-
ditions in different regions of the cast, due to cooling rate changes, and also may be affected by
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the angle at which the imaged section meets the different dendrites present. Considering the
amount of alloy (1kg) manufactured this is a very reasonable assumption to make.

Heat treatment appears to have removed most of the dendrite structure but not all. This
indicates that the sample might need to be heat treated for a longer period of time or at a
higher temperature to achieve full homogenisation. Evidence of the grain structure is visible in
figure 6.55d; this appears to be fairly irregular in size but not vastly different.

6.4.5.4 SEM-EDX

The EDXmap data for the as-cast sample of the laboratory manufactured alloy of Ir35Rh35Co5Ni5Pt20

are displayed on figure 6.56. Note that no annealed samples were produced due to the industrial
scale manufacture being expedited.

The backscatter SEM images of the industry manufactured alloy are displayed on figures 6.57
and 6.58 for as-cast and annealed, respectively. Likewise, the EDX map data for the samples
are displayed in figures 6.59 and 6.60.
Laboratory scale

The elemental distribution in the EDX Map in figure 6.56 is fairly uniform across the imaged
surface without any areas of large segregation. There is some noticeable segregation, though,
in every element and in Ir, in particular. Ir seems to be diffusing away from the other elements.

(a) BSE (b) Ir (c) Fe

(d) Co (e) Ni (f) Pt

Figure 6.56: EDX map of as-cast Ir12Fe33Co20Ni30Pt5 taken at 800x magnification

Industrial scale In figure 6.57 we see different types of dendrite structures, either thin and
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short or wide and long. There is an area of different dendrite growth separated by an interface
at the top of figure 5.57a.

The dendrite structure exhibited in figure 6.58 appears more uniform and even. There is
some disparity in the thickness and length of the dendrites but the dendrite growth is quite
uniform.

(a) 100x magnification (b) 800x magnification

Figure 6.57: BSE images of as-cast Ir12Fe33Co20Ni30Pt5

Both figures 6.59 and 6.60 show uniform distribution of elements across the imaged areas.
In both there is some noticeable patches that point to segregation in and out of the dendrites.
This is particularly noticeable in Ir.

(a) 200x magnification (b) 800x magnification

Figure 6.58: BSE images of annealed Ir12Fe33Co20Ni30Pt5
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(a) BSE (b) Fe (c) Ni

(d) Pt (e) Co (f) Ir

Figure 6.59: 400x magnification EDX map of as-cast Ir12Fe33Co20Ni30Pt5

(a) BSE (b) Fe (c) Ni

(d) Pt (e) Co (f) Ir

Figure 6.60: 400x magnification EDX map of annealed Ir12Fe33Co20Ni30Pt5
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Discussion
The laboratory scale alloy has a fairly uniform elemental distribution as revealed in the

EDX map in figure 6.56. Some minor segregation is observed in the laboratory manufactured
alloy but the distribution is very uniform. However, the dendritic structure of the BSE image
indicates segregation. Perhaps if the measurement time was longer we would have obtained a
map that highlights this segregation. The uniform dendritic growth with fine scale revealed
by the BSE image indicates that the rate of cooling was high as would be expected given the
mass, and consequent size, (5g) of the laboratory produced sample.

The as-cast industrially manufactured sample SEM images (fig. 6.57) further highlight in-
terfaces in dendritic growth. This is probably due to the uneven cooling rate in the hearth and
the large size of the ingot. The annealed sample (fig. 6.62) shows a more uniform dendritic
growth, similar to the fast cooled as-cast sample. The uniformity in the dendritic growth of the
annealed sample may of course be due to the particular locations viewed in the imaging process,
but may also be a systematic feature, due to the development of the structure on heat treat-
ment, and the more rapid redistribution of material across the short distances needed where the
dendritic structure was at fine scale. However, the continued presence of the dendritic struc-
ture indicates that the heat treatment length was too short or the heat treatment temperature
was too low. The EDX images of the industrially manufactured alloys are consistent with the
results previously discussed, some segregation is apparent in the constituents with lower at.%
content, Pt and Ir.

6.4.5.5 EPMA

EPMA data for the as-cast and annealed samples of the industry manufactured alloys are
displayed on figures 6.61 and 6.62.

The EPMA map of as-cast industry manufactured Ir12Fe33Co20Ni30Pt5 in figure 6.61 shows
that the elements are segregating in and out of the dendrites. This segregation is most stark
in Ir and Pt which appear to be segregating away from each other. Co is fairly uniformly
distributed across the imaged area, Ni seems to be segregating with Pt to a small degree and
Fe appears to be segregating with Ir to a small degree.
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(a) Low magnification

(b) High magnification

Figure 6.61: EPMA of as-cast Ir12Fe33Co20Ni30Pt5, samples taken from a 1kg ingot

Segregation is present in the EPMAmap of annealed industry manufactured Ir12Fe33C20Ni30Pt5
figure 6.62. There is a high degree of segregation of Ir and Pt from each other. Fe seems to be
segregating with Pt while Ni and Co are segregating with Ir.
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(a) Low magnification

(b) High magnification

Figure 6.62: EPMA of annealed Ir12Fe33Co20Ni30Pt5, samples taken from a 1kg ingot

Discussion
The segregation indicated in the BSE images is very evident in the EPMA elemental dis-

tribution maps. The EPMA data for the as-cast industrially manufactured sample (fig. 6.61)
reveals that the alloy is homogeneously mixed, as the composition of each element averaged
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across the imaged area is consistent with the target composition for the alloy. This is also ob-
served in the XRF data. The segregation in and out of the dendrites at the scale examined by
EPMA is very obvious, though. Some elements are segregating away from others, namely there
are areas of higher Ir and Fe content and lower Pt and Ni content, and vice versa. Interestingly,
Co is very evenly distributed across the whole surface imaged, with <1% difference in at.%
between dendrites and interdendritic region.

The same observations are true in the annealed sample(fig. 6.62). This indicates that
the heat treatment length was too short or the heat temperature was too low to promote
homogenisation, or that this alloy does not tend towards a single phase in its stable form. The
absence of structural development towards a clear two phase microstructure also suggests that,
even if this is the case, the heat treatment temperature is not sufficiently high. More studies
into the appropriate heat treatment temperature are needed.

6.4.5.6 Further Discussion of Alloy Structure

The TGA data reveal that the alloy very readily begins to gain mass in air (oxidise) and
continues to steadily gain mass when held at 1000◦C. The DSC data for this sample are very
different from the rest of the alloys, as it appears that not as much thermal energy is required
to produce a phase change in the alloy. The alloy is very likely to be ductile and workable as it
indents with ease without any cracks observed, the calculated elastic moduli from the reduced
moduli nanoindentation data for as-cast and annealed do agree to an extent with the ROM
elastic moduli calculated from the XRF wt.% to at.% conversion and the expected elastic ROM
modulus from the at.% content input, there are discrepancies which can be explained by the
empirical nature of the methods used to calculate the expected data from the content input
at.% and wt.%.

6.5 Silver

In both the design cycles the alloys which contained silver did not alloy to any extent,
i.e. did not mix in the molten state in the hearth resulting to samples such as those shown
in figure 6.63; these samples do not have the smooth, regular structures of alloys which have
formed a homogenous melt, and despite all the elements exceeding their liquidus temperatures
and transforming to the molten state, they have regions where different elements or parts of the
alloy seem to have remained separate. All this is despite the alloy compositions being within
the accepted criteria for HEA formation, and this behaviour is evidently a concern for the alloy
design approach. If it is systematically making incorrect predictions with regard to alloys with
silver, then it is likely that there is an important factor in the metallurgical nature of silver
that contributes to the process, but is not captured by the approach. Further study of silver
alloys of the types examined here may help understand what this factor is and perhaps provide
improved routes for prediction.
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While it helps to ensure melting, the fact that that the argon arc melter can reach tempera-
tures of 3500◦C and the reduced pressure of 0.7bar may be one reason why the silver containing
alloys to have not been able to form a stable mixture in the melted state. Taking Pt35Rh35V5Ag25

into consideration all element melting and boiling points (table.3.1) are within a suitable range
and can be melted together in terms of the temperatures needed under standard conditions, but
given the lower pressure in the arc melter silver could have vaporised before forming a stable
melt. That is likely the case for compositions such as Ir35Rh28Pd27Ag5Pt5 where the boiling
point of silver is in fact lower than the melting point of iridium. While the dynamic nature of
the heat application in the arc melter, and the possibility to physically position the elements
in the hearth in ways to minimise such material loss, a better route to alloying compositions
such as Ir35Rh28Pd27Ag5Pt5 would be to create a master alloy. However, this can introduce
difficulties with elements that can show volatility, like silver, as it will need to be taken to the
molten state multiple times, and can lead to accumulating more significant departures from the
nominal composition. Nevertheless, with higher production volumes and established protocols
to target the correct composition, this may be a viable route for industrial production of the
alloys.

The boiling point change with lower pressure would present some problems in such alloys.
However, these would be likely to present as compositional variances with respect to silver, and
perhaps failure of alloying due to the evaporated silver impairing the function of the arc melter.
Here, where the elements appear to have been molten but not to have mixed, there could be
other effects also at play. One consideration is the pairwise enthalpy between constituents in
compositions containing silver. From table B.1 we can see that for both example compositions
mentioned above silver only has a negative pairwise enthalpy of mixing with palladium and
platinum.

Once the pairwise enthalpy criterion was identified as a result of the PtRh and Ir studies,
a study was devised to try to identify whether we can alloy silver with some of the selected
elements within the full scope of this project (tab. 3.1). The pairwise enthalpy pairs for the
selected elements are shown in table 6.23. For the study we selected elements that, according
to previous experience with the PtRh and Ir studies should alloy, using a criterion of ∆HAB ≤
2kJ mol−1 in addition to the general criteria of low δ, δ ≤ 4%, and −20kJ mol−1 ≤ ∆Hmix ≤
10kJ mol−1. The alloy compositions manufactured for this study are shown in table 3.4.
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V Ni Cu Rh Pd Ag Re Ir Pt Au
V x -18 5 -29 -35 17 -13 -34 -45 -19
Ni -18 x 4 -1 0 15 2 -2 -5 7
Cu 5 4 x -2 -14 2 18 0 -12 -9
Rh -29 -1 -2 x 2 10 1 1 -2 7
Pd -35 0 -14 2 x -7 6 6 2 0
Ag 17 15 2 10 -7 x 38 16 -1 -6
Re -13 2 18 1 6 38 x -3 -4 20
Ir -34 -2 0 1 6 16 -3 x 0 13
Pt -45 -5 -12 -2 2 -1 -4 0 x 4
Au -19 7 -9 7 0 -6 20 13 4 x

Table 6.23: ∆HAB for element constituents in the alloys summarised on table 3.4, modified from [225]

Figure 6.63: Example of the visual appearance of 2 alloys containing Ag

6.5.1 Silver results

Composition

Ag25Cu5Pd35Pt35

Ag30Pd35Pt35

Ag35Pd5Pt25Au35

Ag35Pd30Au35

Table 6.24: Silver compositions based on the pair elements highlighted in green in table 6.23, as used
in a study on the pairwise enthalpy criterion
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This subsection concerns a study of testing the pairwise enthalpy criterion by trying to
alloy silver successfully. The silver alloy compositions are presented in table 6.24. The sam-
ple compositions were a result of taking into consideration the elements which had favourable
pairwise enthalpy with silver and with each other, as presented in table 6.23. The study was
an effort in ensuring that silver alloyed successfully, in contrast with the results of the previous
studies concerning PtRh and IrRh, where the silver containing alloys resulted in structures
similar to the ones presented in figure 6.63. When the silver samples designed were being man-
ufactured in the hearth they mixed successfully in the liquid state and formed uniformly shaped
masses. The samples were subsequently prepared using the preparation technique described in
section 3.3.1. The alloys were visibly uniform so we continued with SEM-BSE and EDX based
characterisation to investigate the degree of alloying.

SEM-BSE and EDX were chosen as the only characterisation method for this study. As
outlined above, the study was intended to show that if one were to apply binary substitutional
alloy formation H-R rules, using the pairwise enthalpy criterion, to HEA formation rules then
the resulting alloy would be successfully formed. As the intent was not to create alloys of
particular value for end applications, the further characterisation steps were not needed.

Below the EDX maps show that despite the alloys appearing successfully alloyed when
prepared for characterisation they did not form single phase materials, and indeed, may not
have properly mixed on a fine scale. Heat treatment and homogenisation of these alloys was
not performed but if one wanted to assess and investigate that and the mixed stability in the
future then it is a worthy task to be pursued.

In figure 6.64 we see that there is some segregation in and out of the dendrites, Ag is
diffusing into the dendrites while Pt is mostly uniformly distributed. The distribution of both
Pt and Cu is patchy and they are not as present in the imaged area as one would expect from
the atomic concentration. Additionally, Pt appears to be segregating in a similar pattern to
Ag.
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(a) BSE image (b) Ag (c) Pd

(d) Pt (e) Cu

Figure 6.64: EDX map of as-cast Ag25Cu5Pd35Pt35 taken at 3000x magnification

The EDX maps of Ag25Cu5Pd35Pt35 (figs. 6.65, 6.66) show an area where there is stark
segregation and an area composed solely of Pt. In figure 6.65 we see that one area is mostly
composed of Ag and Pd, with a small degree of both in the other area. Pt has predominantly
segregated from Ag and Pd but is present to a small degre in the AgPd area. Cu appears
to be uniformly distributed across the imaged area. Figure 6.66 shows an area which is only
composed of Pt.
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(a) BSE image (b) Ag (c) Pd

(d) Pt (e) Cu

Figure 6.65: EDX map of as-cast Ag25Cu5Pd35Pt35 taken at 3000x magnification

(a) BSE image (b) Pt

Figure 6.66: EDX map of as-cast Ag25Cu5Pd35Pt35 taken at 3000x magnification showing an area of
the alloy where only Pt is present

The EDX maps of Ag30Pd35Pt35 are in figures 6.67, 6.68and 6.69. Figure 6.67 shows an area
where there is an interface between a dendrite structure and a heavier element area. Figure
6.68 shows the dendrite structure and figure 6.69 shows an area of only Pt. In figure 6.67 we
see that Ag and Pd are diffusing from Pt. In the AgPd area there is further segregation as
Ag is segregating from Pd into the dendrites. Pt is fairly evenly distributed across the imaged
area.

In figure 6.68 we see a dendrite structure where Ag is segregating into the dendrites and Pd
and Pt are unofrmly distributed across the imaged area.
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(a) BSE image (b) Ag (c) Pd

(d) Pt

Figure 6.67: EDX map of as-cast Ag30Pd35Pt35 taken at 3000x magnification

(a) BSE image (b) Ag (c) Pd

(d) Pt

Figure 6.68: EDX map of as-cast Ag30Pd35Pt35 taken at 3000x magnification
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(a) BSE image (b) Pt

Figure 6.69: EDX map of as-cast Ag30Pd35Pt35 taken at 3000x magnification showing an area of the
alloy where only Pt is present

Figures 6.70, 6.71 and 6.72 show the EDX maps of Ag35Pd5Pt25Au35. We see areas of stark
segregation in figure 6.70 and 6.72. In figure 6.70 We see that Ag, Pd and Au are segregating
from Pd. Similarly, in 6.72 Pd is segregating to an area and there is no Pt present. In figure
6.71 we see a fairly even and uniform distribution but without the expected count from some
of the elements.

(a) BSE image (b) Ag (c) Pd

(d) Pt (e) Au

Figure 6.70: EDX map of as-cast Ag35Pd5Pt25Au35 taken at 3000x magnification
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(a) BSE image (b) Ag (c) Pd

(d) Pt (e) Au

Figure 6.71: EDX map of as-cast Ag35Pd5Pt25Au35 taken at 3000x magnification

(a) BSE image (b) Ag (c) Pd

(d) Au

Figure 6.72: EDX map of as-cast Ag35Pd30Au35 taken at 3000x magnification

6.5.2 Discussion

It should be noted that the Ag alloys explored in this section (formed from the elements in
green in table 6.23) are different from those explored in Section 5.2, and that the discussion
below relates to the particular series of Ag alloys developed under the new criteria (table 6.24).
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The alloys presented in figures 6.64-6.72 are a stark contrast to the inhomogeneous, not alloyed
masses of material presented in figure. 6.63. This indicates that the improved criteria have
avoided some fundamental incompatibilities in the behaviour of some of these elements. It is
clear that such incompatibility can exist; examination of the Ag-Ni phase diagram for example,
shows the formation of immiscible liquids. However, single phase alloys (as encountered in
some of the other systems explored earlier) do not seem to have formed as can be seen in
figures 6.65, 6.66, 6.67, 6.69, 6.70 and 6.72. Although some of these images (e.g. 6.65 or 6.70)
show structures which could be multiphase alloys or segregation, as seen before, many show,
as the scale examined, clear separation. This could be due to the formation of two phase
microstructures with a scale on the order of hundreds of microns, or incomplete mixing in
the liquid state, on a fine scale. Particularly, Pt is found not to homogenise well with the
other elements. Inspecting figure 6.72 it is evident that Ag35Pd30Au35 is the most promising
composition in terms of homogeneity across the sample and the most likely candidate of those
studied to be able to form a fully homogeneous alloy at equilibrium given the correct heat
treatment.

There are several potential reason for the inhomogeneity. Firstly, the ∆HAB ≤ 2 criterion
employed in the selection process might need to be stricter, for example, ∆HAB ≤ 0 as with the
H-R rules for binary alloys; the ∆HAB values for Ag binaries are presented on table 6.23. In
the case of Ag25Cu5Pd35Pt35 the origin of the separation could be the big differences in ∆HAB

of CuPd and CuPt binaries in comparison with AgCu and PdPt. Another reason could be the
rapid speed of the process, as, while fast cooling could aid retention of a mixed structure, if the
alloy lacks fluidity (as could be the case with the high temperature components of the alloys),
it may be that proper mixing in the liquid state was not achieved. Other refinements of the
criteria used could include, the melting point and boiling point overlap effects at pressures lower
than ambient pressure. Another source of uncertainty is the melting procedure, where there is
no direct control over the temperature, heat is generated by completing the circuit between arc
tip and constituent elements.

A further study of this exploring the suggested additional design factors and a study explor-
ing the homogenisation of these alloys is necessary. This could be achieved by using different
alloying techniques to argon arc melting or using a master alloy which is closer to the melting
point of silver and ensures no overlap between melting and boiling point.

6.6 Alloy prediction methods

6.6.1 Empirical prediction criteria

We know that the binary systems of the PGM are very well studied and proven in the
majority of cases to dissolve easily and readily with each other[225]. PGM ore is usually made
of different naturally occurring binary PGM alloys[1, 9]. With this information it was important
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to try to alloy them into multiprincipal component alloys given the resources provided to us by
JMNM.

With the PtRh) based alloys we have identified 3, Pt7Rh23Ni35Co35, Pt5Rh20V5Ni35Co35,
Pt5Rh11V14Ni35Co35, very interesting alloys that are virtually single phase as-cast and after
heat treatment at 700◦C and 1000◦C, found using the H-R extrapolation criteria outlined in
section 2.2.2 and section 3.1.1. The compositions were identified without any adjustments to the
criteria, and 3

17
compositions, ≈ 18%, 10

17
, ≈ 59%, alloyed to a uniform mass. Considering that

the compositions that did not form uniform masses were the Ag containing compositions, the
original unmodified criteria seem able to identify with a reasonable chance of success interesting
compositions that will alloy. If we probe the ∆HAB of the binaries (fig. B.1, section B.1) in
the successfully synthesised compositions apart from VCu, CoCu and NiCu which are slightly
positive, all other pair enthalpies are negative. All the pair enthalpies in the industrially scaled
single phase candidates are negative but not extremely apart from the V pair enthalpies. The
other successfully synthesised alloys that are not single phase have Cu as a common component.
A reason for the successful synthesis may be that while the Cu pair enthalpies are positive they
are still under 10kJ mol−1 and it has been reported by Miracle et al. [63] that high entropy
alloys might be best defined at high temperatures in melt. It is noteworthy that Cu addition
also introduces second phase into other HEA systems, such as in CoCrFeNiCu, as observed, for
example, by Otto et al. [98], Lin et al. [226], Munitz et al. [227], and Shang et al. [228]. It is
likely that this also occurs due to the more positive pair enthalpies of mixing with the other
elements. For the Ag containing compositions, it is evident that there is a strong connection
between successful synthesis and small pair enthalpies, especially pair enthalpies below 0.

The modified criteria for the Ir containing alloys involved requiring ∆HAB between all pairs
of the components of compositions to be under a certain value (usually 2-10kJ mol−1) before
the criteria of δ ≤ 4% and −10kJ mol−1 ≤ ∆Hmix ≤ 5kJ mol−1 were applied. The desired
result would be that all alloy compositions would melt into a homogeneous mass and that
some if not most of the alloys would be single phase post heat treatment. However, the Ag
containing alloys once again did not melt homogeneously. Alloys with VCu, CoCu, FeCu and
NiCu did alloy into homogeneous masses but were visibly not well mixed when cut. The Pd
containing alloy, Ir35Rh35Pd20Pt10, did melt well but was not single phase, probably due to the
pair enthalpies between Pd and the other components being positive, ∆HRhPd = 2kJ mol−1,
∆HPdIr = 6kJ mol−1, ∆HPdPt = 2kJ mol−1. Ir35Rh35Co5Ni5Pt20 and Ir12Fe33Co20Ni30Pt5 did
melt well and appeared to be single phase when analysed by SEM-EDX at laboratory scale,
however the industrial scale results, which experience slower cooling rates due to larger ingot
sizes, show that the alloys both exhibit an FCC crystal phase with some extra peaks in the
XRD signal. Also, the EPMA data show segregation in and out of the dendrites, this is
further discussed in section 6.4.4.6 and section 6.4.5.6. Particularly for Ir35Rh35Co5Ni5Pt20

where regions of high Rh at.% are depleted in Ir, interestingly regions of high Ir at.% are not
without Rh but the Rh is lower. The pair enthalpy of RhIr is positive, ∆HRhIr = 1kJ mol−1, in
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Ir35Rh35Co5Ni5Pt20 and could be the reason for this and this can be supported in figures 6.51
and 6.52 where areas of high Ir at.% are low in Rh and vice versa. For Ir12Fe33Co20Ni30Pt5 all
pair enthalpies are negative so the pair enthalpies indicate towards a single phase. The EPMA
data (fig. 6.61, fig. 6.62) that the segregation is minimal, ≈1 - 2%, for Ni, Co, Fe, and Pt, with
Ir having a segregation of ≈1 - 4%, so the presence of unexpected peaks in the XRD could
be due to insufficient mixing and insufficient heat treatment duration or temperature to allow
sufficient mobility of the atoms.

Using ∆H ≤ 2kJ mol−1 as a criterion, Ag containing ternary and quaternary alloy com-
positions were identified and manufactured at laboratory scale. In comparison to previous
laboratory trials these alloy compositions did alloy to uniform masses so the criterion did work
successfully in achieving the desired result. The alloys appear uniformly mixed but not com-
pletely alloyed, which might be due to insufficient liquid state mixing of the melt in the hearth
or the positive ∆HAB of CuAg, ∆HCuAg = 2kJ mol−1. Both reasons are evidenced by how well
alloyed Ag30Pd35Pt35 appears under SEM-EDX (fig.6.69) but there appears to be a region of
solely Pt which is most likely due to uneven fluid mixing in the hearth. The previous failed
attempts at alloying with silver were most likely due to the pairwise enthalpy factor not being
considered at that earlier stage, or not applied at the right level for those systems, rather than
another factor for those alloys.

The alloys Pt5Rh20V5Ni35Co35 and Pt5Rh11V14Ni35Co35, mix uniformly, however they have
the most stark difference in the pairwise enthalpy, where ∆HPtRh = −2, ∆HPtV = −45,
∆HPtNi = −5, ∆HPtCo = −7, ∆HRhV = −29, ∆HRhNi = −1, ∆HRhCo = −2, ∆HV Ni = −18,
∆HV Co = −14, ∆HNiCo = 0. There is a 45kJ mol−1 difference between the highest pairwise
enthalpy and the lowest pairwise enthalpy. So we cannot suggest a lower limit, however we
do suggest that when inspecting pairwise enthalpies to be aware of such stark differences. As
an estimate, we will suggest that pairwise enthalpies not differ by 50kJ mol−1 or more, which
makes the lower limit -50kJ mol−1, however the lower limit could be at a higher enthalpy and
requires further investigation to find a precise value, or indeed determine if the identification
of a precise value is possible.

We have shown that if ∆HAB ≤ 0 for all pairs in a composition then the resulting alloy will
tend to want to mix uniformly and tend to a single phase crystal structure, provided good fluid
mixing in the melt during manufacture and a small δ are achieved. This is also supported in
the paper of Sohn et al. [229] where they found that ∆HAB does play a role in phase formation
in similar alloys. Ref.[229] did focus on PGM based HEA as did we so we cannot be certain
that this criterion will work for other systems, however the evidence overwhelmingly supports
it since most the alloys that were scaled for industrial manufacture had only relatively small
additions of PGM in comparison to the other components. However, we can compare with what
we know of single phase high entropy alloys. CoCrFeMnNi is virtually single phase in most
cases, although breaks down in some conditions, such as long term heat treatments at moderate
temperature[94]. Looking at the pairwise enthalpies for the constituents of CoCrFeMnNi we

181



can see that ∆HCrMn = 2kJ mol−1, ∆HCrFe = −1kJ mol−1, ∆HCrCo = −4kJ mol−1, ∆HCrNi =

−7kJ mol−1, ∆HMnFe = 0kJ mol−1, ∆HMnCo = −5kJ mol−1, ∆HMnNi = −8kJ mol−1, ∆HFeCo =

−1kJ mol−1, ∆HFeNi = −2kJ mol−1 and ∆HCoNi = 0kJ mol−1. The data for CoCrFeMnNi
does agree with our proposed pairwise criterion as do the data from Ref[229]. Moreover, as
with the alloys developed in this work, which exhibit a main phase of FCC crystal structure,
sometimes accompanied by secondary phases, the CoCrFeNiMnNi alloy has been shown to
exhibit precipitation due to heat treatment[94]. Of course, we do suggest that the criterion
be explored in many other systems to confirm validity, but conclude that this is the optimum
approach for alloy design of this type. Furthermore, as ∆HAB is insensitive to composition,
and the overall δ and molten metal flow properties which influence mixing in the liquid state
are relatively weakly influenced by stoichiometric changes, the inference would be that alloys
found by this method are likely to be stable over a moderate range of compositions, rather than
being a very specific ratio with narrow margins of error. This opens the possibility of further
iterations of alloy development after the initial search and verification step, where relatively
minor (of the order of a few percent) adjustments to compositions are made to fine tune the
properties to match requirements.

6.6.2 Predictive power of DFT

We have seen that DFT is a very powerful prediction tool, able to show trends that align
with physical results. In these studies we used DFT to calculate the ground state energy of
PtRh and PtNi and showed that, assuming a random lattice arrangement of atoms on an FCC
lattice, the more the ratios of atoms tended to equiatomic the more energetically favoured they
were, as would be expected for ideal mixing. This agrees with the accepted phase diagram for
PtRh, which is complete solid solubility, but not for PtNi, where intermetallic compounds are
known to form. This of course derives from the fact that in DFT alternative structures need
to be explicitly considered. By repeating calculations for ordered structures, we also showed
that known ordered phases of PtNi are more energetically favoured than the disordered lattice
arrangements at those atomic ratios. The DFT results did agree with the phase diagrams
constructed from physical data so we can trust the validity of DFT as implemented here in
being a powerful screening tool.

Using DFT we calculated the ground state energy for 30 disordered lattice arrangements
of Pt7Rh23Ni35Co35 on a 108 atom FCC lattice and 3 ordered phases. We saw by compari-
son of random structures with possible ordered forms that the disordered phases tended to be
more energetically favoured. If we compare the results to physical data we see that the alloy
Pt7Rh23Ni35Co35 does mix well into a homogeneous alloy, showing only minor segregation pro-
vided it is mixed well in the melt. Therefore, DFT is potentially a powerful tool to determine
whether an alloy will tend to mix or not, though the factor of the time required to undertake
the calculations needs to be considered.
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Additional criteria that could be added to DFT for screening HEA are screening of ordered
arrangements, which we do in this study and addition of known intermetallic phases to an
otherwise disordered lattice. Efforts should be made towards screening 4× 4× 4 supercells (i.e.
256 for an FCC lattice). Also, we have shown how to calculate the energy of a cleaved surface.
Efforts should be put towards relaxing these surfaces and performing reaction calculations such
as oxygen adsorption for oxidation characteristics.

6.7 Laboratory vs. industrial manufacture

Where the laboratory scale EPMA data show minimal segregation, 1-2at.% on the imaged
surfaces in alloys Pt7Rh23Ni35Co35, Pt5Rh20V5Ni35Co35 and Pt5Rh11V14Ni35Co35. The segre-
gation in the industrially manufactured alloys is in the range of 1-6at.% when imaged with
EPMA. Where we can compare directly, that is the PtRh alloys, this is a difference of ≈ 5at.%.
Considering the difference is between 5g and 1000g of material, that is the laboratory manufac-
tured alloys are 0.5% the mass of the industrially manufactured alloys and that they will have
had very different casting and solidification conditions as a result, this difference is not very
significant. The uniformity in the mixing of the alloy is established when the melted compo-
nents mix, therefore the minor segregation on the scale of the casting could be due to uneven
mixing in the arc melter in both cases, the amount of material in the 1000g ingot amplifying
the necessity for mixing.

Heat treatment of the laboratory manufactured alloys does not appear to change the alloys
towards more uniformity. Overall, the industrially manufactured alloys do not appear very
different from the as-cast ingot after heat treatment at 1000◦C, although we have observed
homogenisation in some of the alloys after heat treatment at 1000◦C, most successfully with
Pt5Rh20V5Ni35Co35 Given that these are high melting point alloys, it could be that heat treat-
ment at higher temperatures might be needed to allow for rearrangement of the distribution of
the elements towards a more uniform distribution. For heat treatment to have a rapid effect on
the structure the accepted standard is to heat treat at 0.75-0.8Tm, table 6.25 suggests such heat
treatment temperatures based on a rule of mixtures estimated Tm from equation 2.9. The heat
treatment is intended to homogenise the structure so should be performed either in a vacuum
furnace or a controlled inert atmosphere such as Ar, and may be required to have a duration
of several hours to have the proper effect.
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ROM Tm(K) 0.8Tm(K) 0.8Tm(◦C) Indicative heat
treatment

temperature (◦C)

Pt7Rh23Ni35Co35 1881 1505 1232 1250
Pt5V5Ni35Co35 1882 1506 1233 1250
Pt5Rh11V14Ni35Co35 1877 1502 1229 1250
Ir35Rh35Co5Ni5Pt20 2325 1860 1587 1600
Ir12Fe33Co20Ni30Pt5 1900 1520 1247 1250

Table 6.25: ROM calculated temperatures from equation 2.9 and suggested heat treatment temper-
atures based on industry standard of 0.75-0.8Tm for annealing in vacuum or Ar

Overall, the evidence does show that all 5 of the alloys can be combined to uniform mixtures
provided the appropriate measures are taken during manufacture and that the conclusions
reached on the small 5g laboratory samples are consistent with the 1kg industrially produced
material.

6.8 Potential for application

All alloys taken forward for industrial scale manufacture show indications of ductility in
mechanical tests, and therefore there is a basis to anticipate that these alloys could be drawn
at room temperature. Nevertheless, the degree of plastic deformation that would have to
be supported for a wire drawing operation is very high, and the simple hammering test is
not able to capture behaviour under equivalent circumstances, so further investigation, for
example by compression tests of samples, would be needed. DSC data show that all 5 alloys
perform well during heating up to 1400◦C in an inert, Ar, atmosphere, and do not go through
melting below 1200◦C Of the 5 alloys, 3 perform very well in terms of oxidation behaviour
when heated to 1000◦C in air and very well when held at that temperature for 1h. These
3 alloys are therefore very suitable based on this criteria for high temperature uses. Such
applications might include thermocouples, for the higher PGM content alloys, ignition spark
plugs, and use in glass manufacture, specifically as Ir12Fe33Co20Ni30Pt5 which at least in terms
of oxidation shows good resistance, and is heavily thrifted compared to a pure PGM alloy has
a comparable Tm to pure Pt (fig. 3.1). Further tests, commencing with plastic deformation
trials to lead to wire drawing, could be used to investigate these further. Due to the oxidation,
and indeed the nature of the oxides which could be potentially formed, there would be less
desirability in using the vanadium-containing alloys for applications where oxidation was a
risk. The Ir12Fe33Co20Ni30Pt5 alloy specifically could find applications where reduced cost (due
to the more heavily thrifted PGM) would be desirable. Pending further investigation, we would
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suggest that Pt7Rh23Ni35Co35 and Ir35Rh35Co5Ni5Pt20 only be considered for high temperature
applications in air or oxygen heavy atmospheres as they responded the best to heating in air.
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Chapter 7

Conclusions

We designed alloys with the following criteria:

• high temperature application compatibility

• simple crystal structure

• cold workability

• lower PGM content than conventional PGM alloys

to achieve these criteria we chose elements that had high melting points to include in our high
throughput composition investigation. We used two design rules from the HEA extrapolated
Hume-Rothery rules:

• δ ≤ 4%

• −22kJ mol−1 ≤ ∆Hmix ≤ 10kJ mol−1

Throughout our investigation these design rules were continually revised according to observa-
tions made upon characterisation of certain alloy compositions which had resulted from em-
ploying these rules. We explored 29 alloys in this work in ternary, quaterary and quinary PGM
containing systems, 25 of which were identified as candidates for industrial scale manufacture.
We have identified a factor that influences single crystal phase formation, and an be used to
guide alloy design, as, ∆HAB ≤ 0, and tested it by manufacturing Ag based alloys at laboratory
scale with some success. The phase formation criterion is also assessed in the alloys chosen to
be manufactured at industrial scale and found to be successful, and note that the same criteria
seems effective in some other alloys of the HEA type. We suggest that the phase formation
criterion be explored further in systems not based on PGM.

Of the alloys identified, 5 were deemed of industrial interest and were scaled to industrial
quantities (which is castings of around a kilogram for alloys of this type). The alloys were found
to be single phase FCC even at industrial scale. Of the 5 alloys, 4 alloys fully obeyed the novel
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phase formation criterion we identified as −50kJ mol−1 ≤ ∆HAB ≤ 0, that is a 16% success
rate considering the 25 alloys which were designed for the possibility of industrial interest. The
alloys appear single phase, or at least to consist of a dominant phase with some minor phases
or segregation, when characterised in both laboratory and industrial scale.

Of the 5 alloys, all 5 alloys are promising for high temperature uses in controlled atmo-
spheres, based on the properties assessed here, and 3 of the 5 alloys are very promising for high
temperature uses in air, due to their resistance to oxidation.

We further confirmed the validity of DFT as a screening tool by demonstrating the agree-
ment between experimental and simulated results, both in well-established binary alloys, and
one of the novel multicomponent alloys developed here. We explored and suggested methods
and parameters of treating HEA compositions via DFT as a screening tool before manufacture
and of creating surface slabs for reaction calculations. DFT is a good tool for trend based
analysis and computational screening is a good tool for physical resource management and re-
duction, provided an appropriate balance can be struck between the accuracy needed and the
computational time and resources required.
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Chapter 8

Future Work

The binary enthalpy contribution to influencing the formation and stabilisation of PGM
HEA is discussed in sections 6.5, 6.3, 6.5.2 and supported by observations made by Freuden-
berger et al. [49]. There is more work to be done in confirming that the binary enthalpy terms,
and a balancing of the binary enthalpy terms, does stabilise the alloy as it would a binary alloy.
Studies should be expanded to include non-PGM containing systems as both our studies and
the one by Freudenberger et al. [49] were exclusively on purely PGM or PGM based systems.

The work performed in these studies has provided a holistic view of design, development and
investigations into PGM HEA, however it has left the investigators with a few questions. As
mentioned in section 4.3 the simulated surface slabs show that the as-cast Pt7Rh23Ni35Co35 does
not exhibit a favouring of any plane. This observation can be taken further, adopting a mixed
simulation-experimental characterisation approach, and expanded beyond PGM HEA. For the
preliminary work we propose that samples of Pt7Rh23Ni35Co35 be made up at small scale (≈5-
20g), those samples should be divided to as-cast and annealed. The annealing process should
follow the one described in section 3.1.2.3, and should allow the surface to adopt energetically-
favoured orientations (it would therefore need to be done under a very clean vacuum, and have
a long duration). Samples should should then be characterised by EBSD. This investigation
will be complemented by further DFT simulations on the surface slabs of the alloy, including
geometry optimisation and cleaving slabs from different bulk lattice arrangements. Once the
geometry of each slab is optimised by DFT, annealing should be simulated using a static, force-
field, atomistic simulation based approach, however, it should be noted that parametrising a
force field for an HEA is not a simple process and requires extensive data on the particular
HEA. The study can include efforts towards simulating the as-cast alloy and the annealed alloy
at room temperature. The methods and workflows developed in the suggested project should
be expanded to include other systems. This should be extended to larger systems of the order
of 1000s of atoms.

The EBSD investigation could also be combined with XRD data analysis to investigate
further how grain orientations and texture are translated into peak intensity.
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Also, the investigations performed in this project and suggested above could and should be
expanded to alloys not containing PGM. This is to investigate the criterion of ∆HAB proposed
in this study for combining elements into single phase high entropy alloys, and whether it
works well on non-PGM containing combinations. The simulations of surface slabs should be
performed on other systems as well.

We have shown that the HEA bulk cells and surface slabs can be simulated reliably as
108 atom lattice systems. The systems should be expanded to larger sets of atoms and the
simulations benchmarked for performance. The systems should also be scaled to classical dy-
namics based simulation approaches and beyond. Further, the reliable simulation of surface
slabs means we can adopt a mixed simulations-experimental characterisation based approach
to oxidation by performing surface slab adsoprtion of O2 complemented by TGA investigations
in alloys.

Efforts should be taken towards a mixed simulations-experimental approach to designing,
identifying, and exploring alloys with certain properties for intended uses and as replacement
materials for conventional critical materials. The need for reducing the use of, and finding
alternatives to, critical materials is discussed in section 2.1.2, a mixed modelling-experimental
approach not only addresses the need to reduce the consumption of the alloys but addresses it
head-on by reducing the amount of resources required as part of the investigation.

Finally, a more extensive study into the effect of heat treatment on these alloys should be
performed. We have seen that the heat treatment length and temperature affect all these alloys
differently so they should also all be studied individually. Extensive care should be taken in the
parameters for the design of experiment, and the study should also be targeted and informed
by the identification of specific target applications for each alloy.
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Appendix A

Supplementary information on simulations

A.1 Mean nearest neighbours analysis

Pt

Arrangement 2 Pt has 1.14 Pt 2.71 Rh 5.57 Ni and 2.57 Co nearest neighbours on average
Arrangement 25 Pt has 0.86 Pt 1.57 Rh 4.29 Ni and 5.29 Co nearest neighbours on average
Arrangement 17 Pt has 0.57 Pt 2.00 Rh 4.86 Ni and 4.57 Co nearest neighbours on average
Arrangement 1 Pt has 0.57 Pt 2.57 Rh 4.29 Ni and 4.57 Co nearest neighbours on average
Arrangement 5 Pt has 0.29 Pt 2.57 Rh 4.29 Ni and 4.86 Co nearest neighbours on average
Arrangement 21 Pt has 0.86 Pt 2.57 Rh 4.57 Ni and 4.00 Co nearest neighbours on average
Arrangement 28 Pt has 1.14 Pt 2.29 Rh 3.57 Ni and 5.00 Co nearest neighbours on average
Arrangement 8 Pt has 1.43 Pt 2.57 Rh 5.00 Ni and 3.00 Co nearest neighbours on average
Arrangement 9 Pt has 0.00 Pt 2.86 Rh 4.71 Ni and 4.43 Co nearest neighbours on average
Arrangement 18 Pt has 0.86 Pt 2.14 Rh 4.43 Ni and 4.57 Co nearest neighbours on average
Arrangement 3 Pt has 2.00 Pt 2.14 Rh 4.57 Ni and 3.29 Co nearest neighbours on average
Arrangement 27 Pt has 0.29 Pt 2.57 Rh 4.14 Ni and 5.00 Co nearest neighbours on average
Arrangement 19 Pt has 0.57 Pt 3.00 Rh 4.71 Ni and 3.71 Co nearest neighbours on average
Arrangement 11 Pt has 1.14 Pt 2.71 Rh 4.14 Ni and 4.00 Co nearest neighbours on average
Arrangement 24 Pt has 0.86 Pt 2.29 Rh 4.71 Ni and 4.14 Co nearest neighbours on average
Arrangement 14 Pt has 0.29 Pt 3.00 Rh 4.43 Ni and 4.29 Co nearest neighbours on average
Arrangement ordered 3 Pt has 1.71 Pt 4.57 Rh 2.86 Ni and 2.86 Co nearest neighbours on average
Arrangement 6 Pt has 0.57 Pt 2.43 Rh 4.57 Ni and 4.43 Co nearest neighbours on average
Arrangement 20 Pt has 0.29 Pt 2.57 Rh 5.43 Ni and 3.71 Co nearest neighbours on average
Arrangement 4 Pt has 0.29 Pt 2.14 Rh 5.00 Ni and 4.57 Co nearest neighbours on average
Arrangement 23 Pt has 0.86 Pt 3.14 Rh 4.43 Ni and 3.57 Co nearest neighbours on average
Arrangement 13 Pt has 1.43 Pt 2.86 Rh 3.29 Ni and 4.43 Co nearest neighbours on average
Arrangement 29 Pt has 0.29 Pt 2.57 Rh 4.86 Ni and 4.29 Co nearest neighbours on average
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Arrangement 0 Pt has 0.29 Pt 2.57 Rh 4.29 Ni and 4.86 Co nearest neighbours on average
Arrangement 16 Pt has 0.57 Pt 2.29 Rh 4.14 Ni and 5.00 Co nearest neighbours on average
Arrangement 15 Pt has 0.86 Pt 3.29 Rh 3.43 Ni and 4.43 Co nearest neighbours on average
Arrangement 22 Pt has 0.29 Pt 2.86 Rh 4.00 Ni and 4.86 Co nearest neighbours on average
Arrangement 26 Pt has 0.86 Pt 2.86 Rh 4.14 Ni and 4.14 Co nearest neighbours on average
Arrangement 12 Pt has 0.86 Pt 3.00 Rh 4.71 Ni and 3.43 Co nearest neighbours on average
Arrangement 10 Pt has 0.57 Pt 3.00 Rh 4.57 Ni and 3.86 Co nearest neighbours on average
Arrangement ordered 2 Pt has 3.14 Pt 5.43 Rh 0.57 Ni and 2.86 Co nearest neighbours on average
Arrangement ordered 1 Pt has 3.71 Pt 3.71 Rh 1.00 Ni and 3.57 Co nearest neighbours on average

Table A.1: Mean nearest neighbours analysis for Pt for 32 arrangements of Pt7Rh23Ni35Co35

Rh

Arrangement 2 Rh has 0.76 Pt 2.40 Rh 4.12 Ni and 4.72 Co nearest neighbours on average
Arrangement 25 Rh has 0.44 Pt 2.64 Rh 4.40 Ni and 4.52 Co nearest neighbours on average
Arrangement 17 Rh has 0.56 Pt 3.12 Rh 4.32 Ni and 4.00 Co nearest neighbours on average
Arrangement 1 Rh has 0.72 Pt 2.64 Rh 4.00 Ni and 4.64 Co nearest neighbours on average
Arrangement 5 Rh has 0.72 Pt 2.88 Rh 4.00 Ni and 4.40 Co nearest neighbours on average
Arrangement 21 Rh has 0.72 Pt 2.80 Rh 4.28 Ni and 4.20 Co nearest neighbours on average
Arrangement 28 Rh has 0.64 Pt 3.04 Rh 4.68 Ni and 3.64 Co nearest neighbours on average
Arrangement 8 Rh has 0.72 Pt 2.80 Rh 3.68 Ni and 4.80 Co nearest neighbours on average
Arrangement 9 Rh has 0.80 Pt 3.04 Rh 4.40 Ni and 3.76 Co nearest neighbours on average
Arrangement 18 Rh has 0.60 Pt 3.20 Rh 4.08 Ni and 4.12 Co nearest neighbours on average
Arrangement 3 Rh has 0.60 Pt 2.88 Rh 4.48 Ni and 4.04 Co nearest neighbours on average
Arrangement 27 Rh has 0.72 Pt 3.84 Rh 3.96 Ni and 3.48 Co nearest neighbours on average
Arrangement 19 Rh has 0.84 Pt 3.04 Rh 3.84 Ni and 4.28 Co nearest neighbours on average
Arrangement 11 Rh has 0.76 Pt 3.44 Rh 4.20 Ni and 3.60 Co nearest neighbours on average
Arrangement 24 Rh has 0.64 Pt 3.04 Rh 3.96 Ni and 4.36 Co nearest neighbours on average
Arrangement 14 Rh has 0.84 Pt 2.48 Rh 4.16 Ni and 4.52 Co nearest neighbours on average
Arrangement ordered 3 Rh has 1.28 Pt 4.16 Rh 4.32 Ni and 2.24 Co nearest neighbours on average
Arrangement 6 Rh has 0.68 Pt 2.72 Rh 4.16 Ni and 4.44 Co nearest neighbours on average
Arrangement 20 Rh has 0.72 Pt 2.56 Rh 4.48 Ni and 4.24 Co nearest neighbours on average
Arrangement 4 Rh has 0.60 Pt 2.56 Rh 4.48 Ni and 4.36 Co nearest neighbours on average
Arrangement 23 Rh has 0.88 Pt 2.40 Rh 4.40 Ni and 4.32 Co nearest neighbours on average
Arrangement 13 Rh has 0.80 Pt 2.96 Rh 4.40 Ni and 3.84 Co nearest neighbours on average
Arrangement 29 Rh has 0.72 Pt 2.64 Rh 4.20 Ni and 4.44 Co nearest neighbours on average
Arrangement 0 Rh has 0.72 Pt 3.44 Rh 3.92 Ni and 3.92 Co nearest neighbours on average
Arrangement 16 Rh has 0.64 Pt 3.12 Rh 4.28 Ni and 3.96 Co nearest neighbours on average
Arrangement 15 Rh has 0.92 Pt 2.24 Rh 4.32 Ni and 4.52 Co nearest neighbours on average
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Arrangement 22 Rh has 0.80 Pt 2.72 Rh 4.32 Ni and 4.16 Co nearest neighbours on average
Arrangement 26 Rh has 0.80 Pt 2.56 Rh 4.40 Ni and 4.24 Co nearest neighbours on average
Arrangement 12 Rh has 0.84 Pt 2.56 Rh 3.84 Ni and 4.76 Co nearest neighbours on average
Arrangement 10 Rh has 0.84 Pt 2.08 Rh 4.32 Ni and 4.76 Co nearest neighbours on average
Arrangement ordered 2 Rh has 1.58 Pt 4.00 Rh 2.67 Ni and 3.75 Co nearest neighbours on average
Arrangement ordered 1 Rh has 1.04 Pt 6.00 Rh 2.72 Ni and 2.24 Co nearest neighbours on average

Table A.2: Mean nearest neighbours analysis for Rh for 32 arrangements of Pt7Rh23Ni35Co35

Ni

Arrangement 2 Ni has 1.03 Pt 2.71 Rh 4.00 Ni and 4.26 Co nearest neighbours on average
Arrangement 25 Ni has 0.79 Pt 2.89 Rh 4.11 Ni and 4.21 Co nearest neighbours on average
Arrangement 17 Ni has 0.89 Pt 2.84 Rh 3.84 Ni and 4.42 Co nearest neighbours on average
Arrangement 1 Ni has 0.79 Pt 2.63 Rh 4.26 Ni and 4.32 Co nearest neighbours on average
Arrangement 5 Ni has 0.79 Pt 2.63 Rh 4.47 Ni and 4.11 Co nearest neighbours on average
Arrangement 21 Ni has 0.84 Pt 2.82 Rh 3.79 Ni and 4.55 Co nearest neighbours on average
Arrangement 28 Ni has 0.66 Pt 3.08 Rh 4.00 Ni and 4.26 Co nearest neighbours on average
Arrangement 8 Ni has 0.92 Pt 2.42 Rh 4.16 Ni and 4.50 Co nearest neighbours on average
Arrangement 9 Ni has 0.87 Pt 2.89 Rh 4.05 Ni and 4.18 Co nearest neighbours on average
Arrangement 18 Ni has 0.82 Pt 2.68 Rh 4.21 Ni and 4.29 Co nearest neighbours on average
Arrangement 3 Ni has 0.84 Pt 2.95 Rh 3.63 Ni and 4.58 Co nearest neighbours on average
Arrangement 27 Ni has 0.76 Pt 2.61 Rh 3.89 Ni and 4.74 Co nearest neighbours on average
Arrangement 19 Ni has 0.87 Pt 2.53 Rh 3.89 Ni and 4.71 Co nearest neighbours on average
Arrangement 11 Ni has 0.76 Pt 2.76 Rh 4.05 Ni and 4.42 Co nearest neighbours on average
Arrangement 24 Ni has 0.87 Pt 2.61 Rh 4.37 Ni and 4.16 Co nearest neighbours on average
Arrangement 14 Ni has 0.82 Pt 2.74 Rh 4.37 Ni and 4.08 Co nearest neighbours on average
Arrangement ordered 3 Ni has 0.53 Pt 2.84 Rh 4.26 Ni and 4.37 Co nearest neighbours on average
Arrangement 6 Ni has 0.84 Pt 2.74 Rh 4.05 Ni and 4.37 Co nearest neighbours on average
Arrangement 20 Ni has 1.00 Pt 2.95 Rh 3.89 Ni and 4.16 Co nearest neighbours on average
Arrangement 4 Ni has 0.92 Pt 2.95 Rh 3.37 Ni and 4.76 Co nearest neighbours on average
Arrangement 23 Ni has 0.82 Pt 2.89 Rh 3.95 Ni and 4.34 Co nearest neighbours on average
Arrangement 13 Ni has 0.61 Pt 2.89 Rh 4.37 Ni and 4.13 Co nearest neighbours on average
Arrangement 29 Ni has 0.89 Pt 2.76 Rh 3.95 Ni and 4.39 Co nearest neighbours on average
Arrangement 0 Ni has 0.79 Pt 2.58 Rh 4.53 Ni and 4.11 Co nearest neighbours on average
Arrangement 16 Ni has 0.76 Pt 2.82 Rh 4.26 Ni and 4.16 Co nearest neighbours on average
Arrangement 15 Ni has 0.63 Pt 2.84 Rh 4.79 Ni and 3.74 Co nearest neighbours on average
Arrangement 22 Ni has 0.74 Pt 2.84 Rh 3.95 Ni and 4.47 Co nearest neighbours on average
Arrangement 26 Ni has 0.76 Pt 2.89 Rh 3.95 Ni and 4.39 Co nearest neighbours on average
Arrangement 12 Ni has 0.87 Pt 2.53 Rh 4.32 Ni and 4.29 Co nearest neighbours on average
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Arrangement 10 Ni has 0.84 Pt 2.84 Rh 4.05 Ni and 4.26 Co nearest neighbours on average
Arrangement ordered 2 Ni has 0.11 Pt 1.73 Rh 6.32 Ni and 3.84 Co nearest neighbours on average
Arrangement ordered 1 Ni has 0.19 Pt 1.84 Rh 7.46 Ni and 2.51 Co nearest neighbours on average

Table A.3: Mean nearest neighbours analysis for Ni for 32 arrangements of Pt7Rh23Ni35Co35

Co

Arrangement 2 Co has 0.47 Pt 3.11 Rh 4.26 Ni and 4.16 Co nearest neighbours on average
Arrangement 25 Co has 0.97 Pt 2.97 Rh 4.21 Ni and 3.84 Co nearest neighbours on average
Arrangement 17 Co has 0.84 Pt 2.63 Rh 4.42 Ni and 4.11 Co nearest neighbours on average
Arrangement 1 Co has 0.84 Pt 3.05 Rh 4.32 Ni and 3.79 Co nearest neighbours on average
Arrangement 5 Co has 0.89 Pt 2.89 Rh 4.11 Ni and 4.11 Co nearest neighbours on average
Arrangement 21 Co has 0.74 Pt 2.76 Rh 4.55 Ni and 3.95 Co nearest neighbours on average
Arrangement 28 Co has 0.92 Pt 2.39 Rh 4.26 Ni and 4.42 Co nearest neighbours on average
Arrangement 8 Co has 0.55 Pt 3.16 Rh 4.50 Ni and 3.79 Co nearest neighbours on average
Arrangement 9 Co has 0.82 Pt 2.47 Rh 4.18 Ni and 4.53 Co nearest neighbours on average
Arrangement 18 Co has 0.84 Pt 2.71 Rh 4.29 Ni and 4.16 Co nearest neighbours on average
Arrangement 3 Co has 0.61 Pt 2.66 Rh 4.58 Ni and 4.16 Co nearest neighbours on average
Arrangement 27 Co has 0.92 Pt 2.29 Rh 4.74 Ni and 4.05 Co nearest neighbours on average
Arrangement 19 Co has 0.68 Pt 2.82 Rh 4.71 Ni and 3.79 Co nearest neighbours on average
Arrangement 11 Co has 0.74 Pt 2.37 Rh 4.42 Ni and 4.47 Co nearest neighbours on average
Arrangement 24 Co has 0.76 Pt 2.87 Rh 4.16 Ni and 4.21 Co nearest neighbours on average
Arrangement 14 Co has 0.79 Pt 2.97 Rh 4.08 Ni and 4.16 Co nearest neighbours on average
Arrangement ordered 3 Co has 0.53 Pt 1.47 Rh 4.37 Ni and 5.63 Co nearest neighbours on average
Arrangement 6 Co has 0.82 Pt 2.92 Rh 4.37 Ni and 3.89 Co nearest neighbours on average
Arrangement 20 Co has 0.68 Pt 2.79 Rh 4.16 Ni and 4.37 Co nearest neighbours on average
Arrangement 4 Co has 0.84 Pt 2.87 Rh 4.76 Ni and 3.53 Co nearest neighbours on average
Arrangement 23 Co has 0.66 Pt 2.84 Rh 4.34 Ni and 4.16 Co nearest neighbours on average
Arrangement 13 Co has 0.82 Pt 2.53 Rh 4.13 Ni and 4.53 Co nearest neighbours on average
Arrangement 29 Co has 0.79 Pt 2.92 Rh 4.39 Ni and 3.89 Co nearest neighbours on average
Arrangement 0 Co has 0.89 Pt 2.58 Rh 4.11 Ni and 4.42 Co nearest neighbours on average
Arrangement 16 Co has 0.92 Pt 2.61 Rh 4.16 Ni and 4.32 Co nearest neighbours on average
Arrangement 15 Co has 0.82 Pt 2.97 Rh 3.74 Ni and 4.47 Co nearest neighbours on average
Arrangement 22 Co has 0.89 Pt 2.74 Rh 4.47 Ni and 3.89 Co nearest neighbours on average
Arrangement 26 Co has 0.76 Pt 2.79 Rh 4.39 Ni and 4.05 Co nearest neighbours on average
Arrangement 12 Co has 0.63 Pt 3.13 Rh 4.29 Ni and 3.95 Co nearest neighbours on average
Arrangement 10 Co has 0.71 Pt 3.13 Rh 4.26 Ni and 3.89 Co nearest neighbours on average
Arrangement ordered 2 Co has 0.50 Pt 2.25 Rh 3.55 Ni and 5.70 Co nearest neighbours on average
Arrangement ordered 1 Co has 0.64 Pt 1.44 Rh 2.38 Ni and 7.54 Co nearest neighbours on average
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Table A.4: Mean nearest neighbours analysis for Co for 32 arrangements of Pt7Rh23Ni35Co35
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Appendix B

Supplementary material

B.1 Pairwise Enthalpy

(a) Part 1
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(b) Part 2

Figure B.1: Binary enthalpy of mixing table from ref. [225]
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