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ABSTRACT

Currently, High Entropy Alloys (HEAS) are attracting interest from many researchers
for alloy design and the development of alloy properties, by creating and exploring alloys made
with multiple metallic elements. Many HEA systems thus far reported reveal various
outstanding material properties, such as mechanical properties, corrosion properties, electrical
properties, etc., which could potentially support current and future applications. Furthermore,
the unexpected microstructure of HEAs is a great motivation for further research to identify

their properties leading to the selection of appropriate applications in industry.

In corrosion studies, most of the work that has been reported has been carried out on
HEAs based on the CoCrFeNi system, with additional alloying elements. This system was
selected as the main alloy system for study here, with additions of inexpensive metallic
elements, Al, Cu, and Sn. The CoCrFeNi-based alloy and three equiatomic HEA alloys,
CoCrFeNiAl, CoCrFeNiCu, and CoCrFeNiSn, were produced by vacuum arc melting.
Corrosion behaviour has been assessed in three different solutions representing different
conditions and pH; 0.6 M NaCl, 0.6 M H2SO4, and 0.6 M NaAIlO: solutions. Chloride solution
was also used to observe tribocorrosion resistance. In addition, phase composition, chemical

composition, microstructure, hardness, and density were examined.

These results indicate that the alloying elements have an effect on the microstructure
of the CoCrFeNi system. The addition of a fifth alloying element, Al, Cu, or Sn, can transform
the structure from a single FCC phase to dual phase. The second phase, Al-Ni-rich, Cu-rich,
and Ni-Sn-rich phases respectively, is formed in each HEA system. In the study of corrosion
behaviour, CoCrFeNiSn shows the highest passivity of all the tested specimens in 0.6 M NaCl
solution, stemming from Cr.O3z and SnO> based oxide films. In acidic and alkaline solutions,
the best corrosion properties with the highest corrosion and transpassive potentials, Ecorr and
Et, which decrease the corrosion sensitivity are observed in CoCrFeNiSn for 0.6 M H2SO4
solution and CoCrFeNiCu for 0.6 M NaAIO2 solution, in both cases occurring as a consequence
of the high quantity of protective Cr.Os film covered on the alloy surfaces. In addition, it can
be found that CoCrFeNiAl has the widest passive region under both acidic and alkaline
solutions, resulting from the formation of Al203 or a mixed (Cr, Al)203 film on the sample
surface. CoCrFeNiSn has higher hardness than CoCrFeNi, resulting from the dual phase
structure, with high hardness in the Ni-Sn-rich phase, but also ductility in the CoCrFeNi phase

which provides a degree of toughness improvement and seems to resist crack propagation,



perhaps contributing to CoCrFeNiSn having better tribocorrosion resistance than CoCrFeNi in
chloride conditions. From all the results outlined above, the creation of high entropy
CoCrFeNiX alloys with inexpensive metallic elements (X) such as Al, Cu, and especially Sn,
reveals a positive effect on the development of corrosion properties in various solutions. These
finding can be a significant spur to drive further development of these materials for diverse

industries in the future.
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CHAPTER 1

INTRODUCTION

Recently, much attention has been paid to the design of new alloys using the concept
of high entropy alloys (HEAs). This route can inspire new discoveries and allow the
development of material properties for use in several application areas, for example
automotive, aerospace, renewable energy, biomaterials, coating materials, and construction [1-
4]. In these areas materials may be sought which offer improved strength, ductility or
toughness, higher temperature capability or resistance to corrosion or wear, for example; all of
which can be offered by HEAs [1-3]. The class of alloys was first defined by Yeh et al. [5] in
the 1990s. HEAs have been widely known since 2004, when the first research papers on such
alloys were published, with perhaps some work predating this (for example, in his book [5],
Yeh claims to have been working on such alloys since 1995). It shows the combination of many
metallic elements in equiatomic and also non-equiatomic (but still relatively similar) ratios to
form single or multiple phase alloys [1-4,6]. Because of this perhaps unexpected behavior, and
the intriguing properties shown, there has been increasing research in both the design of new

alloys and to identify and understand material properties shown by these new HEA systems.

Currently, the issue of material damage resulting from corrosion attack is still of interest
to many scientists, who search for both the solution to and prevention of this problem.
Corrosion in materials leads not only to risk to human life during the working operation, but
also is the cause of economic harm in the industrial sector [7]. In 1978, the first assessment of
the economic impact caused by corrosion in the United States estimated that the cost was $300
billion a year. By 1995 this had been reduced to $139 billion, stemming from technological
changes brought about with greater understanding of the corrosion process [7]. However, the
corrosion cost rapidly jumped from an estimated $276 billion in 1998 to $1,000 billion in 2013,
due to the increase in both direct and indirect costs of corrosion in the industrial and domestic
sectors. For example, the cost of research and technology required for corrosion control are
direct costs, and the indirect costs are related corrosion management, for example by inspection
and maintenance, or the damage caused by corrosion itself [8,9]. As a result of this, corrosion
has been a major topic in materials research and development for a considerable time. More
recently this study has encompassed HEAs, in the hope that these alloys may provide an

alternative way to solve current corrosion issues.



Many HEA systems have been explored to some extent and reported in the literature.
One particularly common set of examples are those involving the 3d transition elements, in
particular based on the CoCrFeNi system. In its quaternary equiatomic form, it forms a single
solid-solution phase with FCC structure [10,11] and can display some attractive properties,
such as relatively high levels of ductility, strength, and corrosion resistance [10,11]. This
system therefore is suitable as a base system for the development of enhanced corrosion
properties by the addition of further alloying elements. In the previous research, there have
been a number of studies that attempt to do this, and report the effect of various alloying
elements on the corrosion properties in the main CoCrFeNi alloy. The addition of noble
metallic elements and high-passivating metallic elements, such as Al, Cu, Mo, and Ti, has been
found to affect the corrosion properties and oxide films formed in this system [1,2,12,13]. Some
of these, Mo and Ti, have shown a positive effect on the corrosion resistance in chloride
solution, as a consequence of the efficiency of oxide films that are formed in resisting such
attack [1,2,12,13]. Other elements, Al and Cu, have poor capability to resist chloride. This
comes about as the passive films formed are unstable or thin (nanoscale) [1,2]. In addition to
the effect on corrosion, the inclusion of these other elements will also change other properties
of CoCrFeNi. For example, the addition of equiatomic Al (forming CoCrFeNiAl) leads to a
rise in the hardness and compressive strength, due to the change of stable phase from FCC to
BCC and the increased solid solution strengthening that takes place [14]. As another case,
CoCrFeNiTi has both good corrosion resistance in chloride-containing solution and high
tensile strength, resulting from the homogeneous precipitation of Ni-Ti intermetallic phases

which form nanoparticles [12,13].

From such studies, it is clear that it is possible to form both good mechanical and
corrosion properties by using HEAs (though it is also clear it is equally possible to fail to reach
good properties in both these respects). In general, these materials may allow an increase in the
corrosion resistance, hardness, and tribocorrosion properties, and it is clear that the route of
adding different fifth elements to equiatomic CoCrFeNi permits many variations in structure,
microstructure and chemical properties to be probed, while maintaining some consistency in
the systems under study, and avoiding highly exotic (and expensive) elements which would

make such alloys a less attractive solution for industry.

This work began with the intention to explore porous structures made from High
Entropy Alloys, to seek to exploit their mechanical behavior in different ways. A base 4

component alloy, CoCrFeNi was chosen as this features in many reported HEAS, and has been
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studied in its own right. Additions to this were made of aluminium, as this changes the FCC
structure of the base alloy to BCC, or copper, as this results in two phase FCC material, and of
Sn as the limited information available suggested that it would produce an intermetallic [1-
4,10,11,14]. The range of alloys would therefore be expected to show different behaviours due
to the different structures. Processing of porous metals is complex however, and one route
requires a “space holder” material to retain the pore spaces. High temperature soluble space
holders are rare, with an example being sodium aluminate (NaAlO-), which dissolves in water
under alkaline conditions, and work was commenced on the effect of high pH environments on
various HEAs based on the CoCrFeNi system, as a well-known base for many HEA
compositions. It was soon found however that infiltration into the space holder at the required
temperatures was not possible with available equipment, and, as the behaviour revealed under
NaAlO; solution was seen to be interesting, the focus of the work was shifted to study the
corrosion behaviour of the alloys specifically in more detail, with examination under NaCl and
H>SO4 solutions to provide complementary pH information to that gained with sodium

aluminate study.

The aims of the work presented in this thesis therefore are to investigate the changes in
corrosion resistance, hardness, and tribocorrosion properties of the main equiatomic CoCrFeNi
alloy and three component HEA systems derived from this, by taking equiatomic CoCrFeNi
and adding different fifth alloying elements, Al, Cu, and Sn, in equiatomic ratio. The objectives

are as below:

e To verify the reported high corrosion resistance of high entropy alloys, over a range of
example systems and corrosion conditions in the different solutions; NaCl-neutral
solution, H.SOg4-acidic solution, and NaAlO2-alkaline solution.

e To understand the origin of these effects in terms of desirable formulations and
microstructures, leading to low-corrosion alloys.

e To observe the effect of pH (both strong acid and high alkaline solutions) on the
passivity of oxide films during uniform corrosion of the main HEA and with the
addition of alloying elements Al, Cu, and Sn.

e By characterizing the corrosion properties, microstructural and hardness changes
induced by the added elements, and their behaviour under tribocorrosion, to evaluate
their potential for applications exposed to mechanical wear in the presence of corrosive

environment with chloride attack.
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Figure 1.1: Schematic diagram of the PhD research plan.

Overall this thesis consists of five chapters. The introduction is presented first in the
chapter one to outline the background and aims of this PhD research. Chapter two discusses
recent research relevant to the study, with special attention paid to, corrosion, hardness, and
tribocorrosion, of high entropy alloys and conventional alloys. After that, the research
methodology is shown in chapter three, which is divided into two sections; materials and
experiments. Details are given regarding raw materials, sample preparation methods, and the
experimental techniques (listed, in Figure 1.1). The experimental results are presented and
discussed in chapter four. Chapter four consists of three sections; firstly, the physical and
chemical characteristics of main alloys, CoCrFeNi, CoCrFeNiAl, CoCrFeNiCu, and
CoCrFeNiSn, in as-cast form. These includes chemical composition, phase composition,
microstructure, and hardness. The second section discusses the corrosion properties of these
alloys in several aqueous solutions, NaCl, H2SO4, and NaAIO: solutions, at room temperature.
This section is based on two research papers; “the corrosion behaviour of CoCrFeNi-x (X = Cu,
Al, Sn) high entropy alloy systems in chloride solution”, published in Corrosion Science and
another, “The corrosion resistance of CoCrFeNi-x (x = Al, Cu, Sn) high entropy alloys in
different solutions (H2SO4 and NaAIO:; solutions)”, which is to be submitted. The last section
discusses the “improved tribocorrosion resistance by addition of Sn to CrFeCoNi high entropy
alloy”, a paper published in Metals. Finally, the overall conclusion is summarized in chapter
five, giving the outcome of this research, including suggestions for relevant future work that

could be pursued to take these investigations further.



CHAPTER 2

LITERATURE REVIEW

2.1 High entropy alloys

2.1.1 The discovery of HEAs

As the historical timeline of material evolution in Figure 2.1 suggests, metals have been

continuously developed from ancient times to the modern era [15]. Pure metals, gold and

copper, were first used, since at least 10,000 BC. Alloys were probably accidentally formed

involving Cu, such as Cu-As, Cu-Zn, and Cu-Sn alloys in the Bronze Age. In later times,

mechanical properties have been the initial demand behind the development of many alloys for

example, steels, super alloys, Ti alloys, Zr alloys, etc.

Subsequently, the concept of multiple component alloys was introduced; generally

highlighting that some alloys with multiple components do not produce as many phases as

would be allowed for the degrees of freedom they represent under the Gibbs phase rule [15].
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Figure 2.1: A diagram associating material evolution with historical periods [15].



(b)

Figure 2.2: A schematic diagram of the general concept of multiple equiatomic alloys; a)
before mixing (representing a relatively low configurational entropy situation) and b) the
formation of random solid solution structure (with an increased degree of configurational

entropy) after mixing [16].

Although the discovery and naming of HEAS took place in recent years, multi-metallic
element alloys without a clear main element were first studied by Achard in the 18th Century
[5]. As mentioned by Yeh et al. [5], the German scientist Franz Carl Achard reputedly also
worked on such alloys, though direct publications arising from his work have only one book
on the record (Recherches sur les propriétés des alliages métalliques, published in 1788). Many
scientists have more recently attempted to define a class of alloys of this type in many different
ways. One of the most well-known examples is Yeh et al. in 2004 giving the definition that it
requires mixing of a minimum of five elements in equimolar or near-equimolar ratios (5-35
at% of each) to form solid solutions [5,17,18], Cantor et al. in 2004 referred to the formation
of equiatomic multicomponent alloys from six to nine metallic elements with a resulting high
mixing entropy [5, 17,18], and Miracle et al. in 2014 proposed that the definition of HEAs
should be based on the change of mixing entropy relative to a random solid solution as it
follows the ideal concept of mixing entropy [5]. Currently, there are several popular terms for
referring to multiple element alloys such as ‘high entropy alloys’ (HEAs) and ‘multi-principal
element alloys’ (MPEAs), as found in the current publications [18,19], with others such as
Complex Concentrated Alloys (CCAs) used [18]. In this thesis the definition of Yeh is used
when describing alloys as high entropy alloys. It revealed that equimass multi-element alloys

could form from the combination of five to seven elements. The interest in multiple element



alloys was reawaken by the discoveries of Yeh and Huang in the 1990s [5,20], who introduced
the term high entropy alloys [15]. Subsequently, the term HEAs as Yeh’s concept has come to
be used for referring to alloys which are formed by mixing five or more metallic elements in
either equiatomic/near-equiatomic ratios or in amounts ranging between 5 to 35 at.%
[15,16,21]. This can lead to the formation of unique structures, with a single solid-solution
phase (as in Figure 2.2) or multiple phases. In either case there can be unusual properties, for
instance, magnetic and electric properties, mechanical properties, wear properties, corrosion
properties, and lightweight [6,21] which of course could promote the use of such alloys in
several applications, for example, areas including biomaterials, electronic devices, vehicle
components, energy storage devices, and turbine blades have all been suggested as possible
application areas for HEAs [1,15,21]. Thus, the determination of HEA systems in this work
was applied as follows Yeh's concept.

2.1.2 Phase composition in HEA systems

The initial approach taken to interpret HEAs made reference to thermodynamics. As
described through thermodynamic theory, the phase composition in HEA structures can be
interpreted by reference to thermodynamic variables. The constituent phases in the HEA
structures were initially interpreted with a focus on the mixing entropy (4Sm) [6,15]. This
variable relates to how the level of disorder is increased in a multi-component system when
transitioning from a fully demixed or partitioned to an ideally mixed state. The calculation of

mixing entropy can be made by a relatively simple and well-known equation [22,23].
AS,, = —RY" X;InX; Equation 1

where ASr, is the mixing entropy of the system (J/K mol), n is the number of elements, R is the
gas constant (8.314 J/K mol), and X is the mole fraction of the Xij component. It is noteworthy
that this equation is however applicable to two component systems of ideal gases, and it may

not therefore be suited to multicomponent solid alloys.

Yeh's report in 2004 [6] used the fact that ASm will increase in alloys with additional
elements to interpret the ASm value as the vital parameter in the evolution of constituent phases
in HEA structures, as shown in Figure 2.3 and Table 2.1 [15,20]. Increased entropy of mixing
under the random arrangement of multi-element alloys affects the formation of phases in the
HEA structures and could possibly cause the enhancement of HEA properties. Applying

Equation 1 to the mixing of five elements in the solid state, would give a ASy value of 13.37



J/K.mol, and in Yeh’s interpretation this is taken as the lowest requirement to create HEAs.
The theory states that in such a case the entropy of mixing is sufficiently high to counterbalance
the enthalpy of mixing in most alloy systems and hence lead to favourable Gibbs free energy
change for generating single-phase solid solutions. Since being put forward by Yeh et al., this
has widely been used to refer to the component-based definition of HEA systems [18,20].

Further to the formation of a single phase, mutual solid solubility in multi-metallic
elements may increase the probability of creating unique phases, not discovered before. This
also applies to alloys that form multiple phases, and unique phases could arise which are either
ordered or disordered; solid solution phases, body-centered cubic (BCC), face-centered cubic
(FCC), and hexagonal closed-packed (HCP) structures [15].
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Figure 2.3: The relationship of the number of elements and the mixing entropy for equiatomic

alloys during the state of random solubility [20].

Table 2.1: The values of mixing entropy in equiatomic alloys with additional elements up to 13 [15].

N 1 2 3 4 5 6 7 8 9 10 11 12 13

ASm 0 0.69R 1.1R 139R 161R 1.79R 195R 2.08R 22R 23R 24R 229R 257R

As a corollary to this effect, increase in entropy of mixing could contribute to
decreasing the probability of forming complex structures or intermetallic compounds, and thus
increasing the probability of generating solid-solution alloys for HEAs as compared with
conventional alloys, according to the Gibbs phase rule and the Gibbs free energy of mixing
(4Gm) [2,15]. The number of phases seen in HEAS is often less than the estimation arrived at

by the Gibbs phase rule. This is suggested to stem from high mutual solubility of most metallic



elements in the liquid state with the increased entropy of mixing. This can reduce the number
of phase components in the process of formation, specially considering the effect of the
suggested low diffusivities of multiple elements in HEA systems [15]. Thus, as a high mixing
entropy may prevent intermetallic phases forming [8] this variable has been used for the

assessment of phase composition in HEA systems.
P+F=C+1 Equation 2
AG,, = AH,, — TAS,, Equation 3

where P is the number of phases, C is the number of components at constant pressure in an
equilibrium system, F is the number of degrees of freedom, AGn is the Gibbs free energy of
mixing (kJ/mol), T is the absolute temperature (K), AHm is the mixing enthalpy (kJ/mol), and
ASm 1s the mixing entropy (kJ/K mol).

As well as the entropy of mixing (4Sm) [24-28], there are four other variables that are
also commonly used, consisting of the enthalpy of mixing (4Hm) [24-28], the atomic size
difference (o) [24-28], the electronegativity difference (4y) [15,29], and the valence electron

concentration (VEC) [22,27-30], calculated as in the equations below.

=401 =i AH X X; Equation 4
=100/, ¢;(1 — 1;/7)? Equation 5

Ay = JXM, ci(x; — %)? Equation 6
VEC = Y-, ¢;(VEC); Equation 7

where n is the number of elements, X; is the mole fraction of the X; component, and X; is the
mole fraction of the Xj component, AH,, is the mixing enthalpy of the system (kJ/mol), AH,,, ;;
is the mixing enthalpy of atomic couples (kJ/mol), &'is the atomic size difference (%), ci is the
molar ratio, rj is the atomic radius of the ith element, 7 is the average atomic radius, Ay is the
electronegativity difference (%), xi is the Pauling electronegativity of the ith element, x is the
average electronegativity, VEC is the valence electron concentration, (VEC); is the valence

electron concentration of the ith element.

As reported by Liang and Fetzer [29], these parameters can be divided into two groups.
The first group of o, Ay, and VEC are three parameters indicated by the Hume-Rothery Rules,

which are intended to identify solid solubility by looking for similarity in crystal structure,
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valence electrons, atomic size difference, and electronegativity in binary alloys [15,29]. The
second group of AHy and ASy are two parameters calculated from thermodynamics [29]. Each
parameter has been used to try to explain phase formation in HEA systems as follows. ASm is
an initial thermodynamic parameter calculated under the concept of the high mixing entropy
for creating equiatomic alloys with 5 or more elements [29]. Increased mixing entropy may
restrain the formation of intermetallic phases, and is thus included in the assessment of the
stability of disordered solid-solution phases in HEA systems [15,29]. AHn indicates the
favourability of mixing, which is required to form a disordered solid solution [29]. & can be
used to evaluate the formation of a solid solution in binary alloy systems, and is extended to
the formation of disordered solid-solution phase in HEA systems, and Ay is also used in this
way [29]. The VEC value can be related to the crystallographic structure that forms in a HEA
system [22,29]. In addition, recent work by Calvo-Dahlborg and Brown [19] highlights two
variables developed from the Hume-Rothery rules; the ratio of itinerant electrons to atoms (e/a)
and the average radius, with which they followed the approach of creating a self-organizing
map. These parameters are used to identify the region where alloys are stable, and make
predictions of properties and phases in the HEA system. This work found that e/a has higher
accuracy than VEC for estimating the phase composition, due to the impact on pseudogap
formation through the interference phenomenon, as reported by Mizutani and Sato [31].
However, the limitation of the e/a approach is that the method required to accurately calculate
this value for a multicomponent alloy is complicated. It may require a first-principles full-

potential linearized augmented plane wave (FLAPW)-Fourier calculation [31].

Once these parameters have been calculated there are several criteria which can be
applied, those introduced by Zhang et al. [24,32], Guo et al. [25,26,30], Ren et al. [33], and
Chen et al. [27] as summarised in Table 2.2. These criteria can be used to make predictions and
attempt to design alloys, and to interpret the microstructures observed in HEAs. However, these
criteria do not give exact results which can explain correctly the observations in all reported
HEA systems. Other complicating factors include the processing method, the mutual solubility

of particular components of the alloys, etc.
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Table 2.2: Various criteria introduced for the interpretation of HEA systems.

Reference Criteria for evaluation Phase prediction
Zhang et al. (2008) [24] 20< AHm <5 Simple solid solution
phases
12<ASm<17.5
0564
AHm>-15 Disordered solid
solution phases
0<4.6
Guo and Liu (2011) [25] 22<AHm <7 Solid solution phases

11 <ASm<19.5

0<06<85
49 < AHn<-5.5 Bulk metallic glasses
7<ASm<16
0>9
Guo et al. (2011) [30] VEC > 8 FCC phases
6.87<VEC<8 FCC+BCC phases
VEC < 6.87 BCC phases
Guo et al. (2013) [27] -11.6 < AHn < 3.2 Solid solution phases
0<6.6
AHm < -12.2 Amorphous phases
0>6.4

Out of these rules

Intermetallic phases

Ren et al. (2013) [33] AHn > -8.8 Solid solution phases
0<2.77
Chen et al. (2019) [27] Ay <10 Solid solution phases
Ay>10 Compound phases
Calvo-Dahlborg et al. ela<1.53 FCC or HCP phases
(2021) [31] ela>1.88 BCC phases
153 <ela<1.88 FCC+BCC phases or

intermetallic phases




2.1.3 Production routes for HEAs

HEAs can be produced by a wide range of methods, as reported in previous literature.
This diversity stems from the development of new HEA formulations, which uses many
processing methods, such as vacuum arc melting (e.g. for CoCrFeNiAl, CoCrFeNiCu, and
CoCrFeNiMn [28,34]), spark plasma sintering (SPS) (for CoCrFeNiMn [35]), and laser
cladding of AlICoCrFeNiSix-HEA coatings [36].

Component elements

N

Solid mixing Liquid mixing Gas mixing
Mechanical Arc melting, Bridgman solidification, Sputter,PLD,
alloying Laser cladding, LENS ALD,MBE

\ )

!

High Entropy Alloys

Figure 2.4: The processing routes of HEAs as classified by the mixing states [37].

As classified by Zhang et al. in Figure 2.4 [37], HEA manufacturing methods can be
organized by the mixing states during the HEA fabrication operation. They can be divided into
three groups; solid state mixing, liquid state mixing, and gas state mixing [37]. Firstly, solid
state mixing refers to the processing techniques where elements are mixed in solid form to form
HEAs, for example, mechanical alloying. Such HEAs are then formed into bulk samples by
using mechanical forces such as forging and compacting [37]. Secondly, liquid state mixing is
the formation of HEAs via the combination of metallic elements in the liquid state. For most
alloys when all elements are melted at high temperature, each element can be mixed together
to form a homogeneous alloy. Examples of this group of methods include vacuum arc melting,
Laser Enhanced Net Shape (LENS), Bridgman solidification, and laser cladding [37]. Lastly,

gas state mixing is the group of fabrication routes with the mixing of metallic elements in

12



vapour state, such as sputter deposition, atomic layer deposition (ALD), and pulse laser
deposition (PLD) [37].
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Figure 2.5: The number of scientific papers published regarding HEAs between the years
2002 and 2020 (data generated using the Web of Science on April 17th, 2023, for
publications using the term "high entropy alloys™) [38].

Figure 2.5 shows the number of scientific papers published regarding HEAs produced
by different methods in the last twenty years (2002—2020) in peer-reviewed journals, using the
data generated from the Web of Science [38]. It revealed a rising trend in the amount of
scientific papers published on HEA research each year, from 2 papers in 2002 to 1,689 papers
in 2022 [38]. It has been caused by the materials development in terms of technology,
manufacturing process, etc. for supporting the emergence and growth of various industries. In
the HEA production routes, Yeh et al. (2004) initially used sputtered film deposition to produce
HEAs [6]. However, melting and casting methods are most popularly used for the formation
of HEAs. Murty et al. [15] report that approximately 75% of scientific papers, published from
2004 to 2013, used melting and casting for forming bulk alloys. It is also observed that there is
a trend for increase in the HEA fabrication by casting route each year [15], possibly reflecting

some scaling up investigations on these alloys.
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Arc melting is a conventional method, and is the most popular of the methods in the
scientific literature for preparing bulk HEA samples [15,37]. Figure 2.6 shows the main
components of an arc melter which consists of a melter, a casting mould, and a casting hearth
[37]. HEA samples are melted and homogeneously mixed in the liquid state with re-melting
five or more times [15,37,39,40]. The temperature may be up to 3,000 °C during the heating
step [1,15,41], and this is followed by rapid cooling under the argon environment (this inert

gas used to restrict oxidation on the sample surface [39,42]).

Figure 2.6: An arc melter and a casting set with a copper casting mould and a copper hearth.

Arc melting involves rapid solidification, and this can restrain the process of secondary-
phase precipitation, and thus (if samples are observed in the as-cast state) it may increase the
chances of observation of single solid-solution phase alloys [15,37], even if these are not the
stable phase. The technique also has limitations, such as not being suitable to form alloy
systems which contain high vapour pressure elements, for example Mg, Mn, and Zn. The
evaporation of these elements can lead to change of chemical composition [1,15,41].
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Figure 2.7: XRD results showing a) CoCrFeNi (AM) produced by arc melting and b)
CoCrFeNi (SPS™) produced by spark plasma sintering [43].
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Figure 2.8: The effect of the different processing methods on corrosion potential (Ecorr) and
pitting potential (Epit) of CoCrFeNi alloys in chloride solution (3.5 wt.%) at ambient

temperature; spark plasma sintering (SPS”) and arc melting (AM) [11,43,44].

Another significant aspect of the choice of processing method used to form HEAs is
the impact it will have on the HEA properties. Each fabrication method affects the phase
components and the HEA microstructures, which will affect both chemical and physical
properties. For example, the use of spark plasma sintering and arc melting to form CoCrFeNi
have been shown to affect the phase structures and corrosion properties as shown in Figures
2.7 and 2.8 [11,43,44]. The CoCrFeNi samples from arc-melting contain a single CoCrFeNi

FCC phase, while samples which were produced by spark plasma sintering consist of two

15



phases, the major FCC phase and minor Cr-o intermetallic phase in a structure of complex
tetragonal form, as presented in Figure 2.7 [43]. This difference between the two processing
routes can result in dissimilar properties, for example the corrosion values of the corrosion
parameters, Ecorr and Epit (the corrosion potential and the pitting potential). The CoCrFeNi alloy
produced by arc melting has been found to have higher values of Ecorr and Epit than nominally
the same alloy formed by spark plasma sintering due to the formation of Cr-c phases in the
CoCrFeNi structure in the latter [43]. This phase leads to a decrease in the quantity of Cr in the
major CoCrFeNi FCC phase produced by SPS, which affects the capability of the protective
Cr203 film to inhibit the corrosion attack [2,43]. Therefore, the loss of Cr from the major

CoCrFeNi phase is a vital reason for poorer corrosion properties in this alloy.
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2.1.4 HEA in structural and functional applications
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Figure 2.9: The impact of technological advance in HEAs and their manufacturing processes
on the diverse applications [45].

Currently, many HEA systems have been explored to improve their properties and
overcome the limitations of conventional alloys for use in several applications, for example in
automotive, aerospace, defense, energy, electronics components, and medical devices [45].
Figure 2.9 shows the classification of suggested fields for HEA applications which consists of
two root categories; structural and functional approaches.
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For structural applications for HEAs the focus is for development of alloy structures
and defects to increase the properties, such as mechanical behavior at high temperature,
cryogenic temperatures, high hardness, an also associated properties such as low density,
corrosion resistance, etc. [45,46]. Success with these goals could lead to the substitution of
some traditional alloys by HEAs. Design of alloys to have the correct microstructures is done
by calculating data related to phase transformations, phase equilibria, phase stability, and other
thermodynamic data [47]. An example of such development for a structural application is
equiatomic AICoCrFeNiTi which has relatively high ductility, hardness, strength, and wear
resistance [45,48]. This has been used as a coating on S235 steel substrate approximately 210
pum in thick, deposited by thermal spraying. This HEA consists of a matrix phase of ordered
B2/BCC structure and two minor phases of disordered A2/BCC and Al2/centred cluster
structures. The substrate hardness of S235 steel is not reported in this paper, but the hardness
value of this grade of steel was found to be about 183 (HV0.1) in Liu and Janssen's report [49].
An increase in the microhardness of samples coated with AICoCrFeNiTi of approximately 730
(HVO0.1) was observed, without any cracks resulting from the brittle behaviour being seen on
the wear tracks after wear testing under different tribological tests; ball-on-disk, oscillating
wear, and scratch tests, as shown in Figure 2.10 [48]. Thus, this alloy may be suitable for

ballistics, cutting tools, and wear-resistant coatings [45,48].

(a)

~
o

200 pm
Figure 2.10: A SEM image showing a wear track in an AICoCrFeNiTi coating on a S235
steel substrate [48].

In the functional application of HEAs, many HEA systems have unique properties, such
as high capacitance, magnetic behaviour, superconductivity, and shape memory behavior.

These could prove useful in, for example, computer memory and storage, solid state hydrogen
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storage, thin film transistors, and superconductors [45,50]. (NbTa)o.67(HfTiZr)o.33 is an example
of a HEA for a functional application, as it presents superconductivity under pressure [50].
Generally, the characteristic of superconductors is an appearance of zero electrical resistance
below a critical transition temperature (T¢), Figure 2.11 [51,52]. (NbTa)o.67(HfTiZr)o.33, which
contained a BCC phase, can increase T for the transition to superconducting state as pressure
is applied. T is at a temperature of 7.7 K at ambient pressure and 10 K at a pressure of
approximately 60 GPa. Further increases of pressure saw T¢ slowly drop, reaching 9 K at a
190.6 GPa, Figure 2.12 [50,51]. This may stem from unusual electronic states in HEAs [50,51].
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Figure 2.11: The relationship between temperature and electrical resistivity in
superconductors and normal, non-superconducting metals [52].
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Figure 2.12: The superconducting transition temperature (T¢) in the (NbTa)o.67(HfTiZr)o.33
system over an applied pressure range of 0 to 190.6 GPa [51].
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HEAs have been explored in research for potential applications in different fields, as
shown above. Some HEA systems may be focused for the replacement of current conventional
alloys in specific industrial sectors, such as in biomaterial applications [53], for example dental
and orthopedic implants. These components are conventionally materials like stainless steel,
shape-memory alloys, CoCrMo alloys, Ti alloys, and Mn alloys [53,54]. Ti-6Al-4V and Ti-
6AIl-7NDb alloys are particularly applied as implant biomaterials due to their high strength and
good corrosion resistance. However, some of the alloying elements, Al and V, may cause toxic
effects on living tissues and organs in humans [53]. Ti-based HEAs may allow the required

properties to be achieved with alternative alloying elements.

Examples of candidate alloys include (MoTa)o2NbTiZr, which has good mechanical
properties with high strength and ductility, and when tested in a mouse model, toxic effects on
the surrounding muscle tissue were not found [55]. TiZrHfNbTa has good bio-corrosion
behavior with a low corrosion rate of 10~ mm/year in Hank's solution and excellent
biocompatibility in vitro examinations with good cell viability, adhesion, and proliferation of
the pre-osteoblasts (MC3T3-E1) [56]. TisoZra0Hf10Nb2oTaio has good mechanical properties
for hard tissue implants, as the Young's modulus is low (which brings it closer to the bone) and
it has high strength and ductility. It also has good biocompatibility in tests with human gingival
fibroblasts with excellent cell adhesion, proliferation, and low toxicity [57].

Such research demonstrates the capacity for consideration of HEAs to lead to new
alloys as candidates for different applications. As with all alloys though, the pathway to
industrial adoption is long, and in the biomaterial filed there is currently a lack of clinical tests
of these alloys for actual applications. Experiments in both in vivo and in vitro conditions will

be required before use on an industrial scale will be considered [53,54].
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2.1.5 The CoCrFeNi-base alloy of many HEA systems

High-entropy alloys

Low-entropy alloys
(traditional)

AS__ <R

conf—

Figure 2.13: The classification of alloys based on the calculation of mixing entropy [15].

There are many discovered HEA systems up to now. Equiatomic CoCrFeNi is one of
the most popular systems, used as four-component base alloy to produce HEA systems when
mixed with other alloying elements, such as Al, Cu, Mo, Mn, and Ti, to investigate the
development of HEA structures and properties [58]. As the criterion of Yeh in Figure 2.13
[15,59], CoCrFeNi, which has an ASmix value of 1.39R, is classified in the group of medium
entropy alloys by mixing Co, Cr, Fe, and Ni together. Most frequently, this alloy is produced
by arc melting to form a single solid-solution phase of CoCrFeNi with FCC structure, shown
by XRD analysis giving a pattern consistent with an FCC structure, and SEM micrographs
showing a uniform structure, Figure 2.14 [44,60]. In addition, this alloy has also shown many
good materials properties, especially mechanical and corrosion properties, due to a single phase
composition and a uniform structure [10,61,62]. The reported CoCrFeNi properties are

summarised in Table 2.3.
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Figure 2.14: a) The SEM micrograph of CoCrFeNi and b) The XRD pattern of CoCrFeNi (FCC:
face-centered cubic phase, and IM: intermetallic phase) [60].
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Table 2.3: A summary table of some of the reported CoCrFeNi properties.

Materials properties The measured value as reported in previous works  References

Micro-hardness 150 HV for an as-cast sample [61]

272 HV at an undercooling temperature of 300 K

Yield strength 155 MPa [62]
Ultimate tensile 472 MPa

strength

Elongation 59%

Corrosion resistance -0.46 Vsne (Ecorr), 0.035 pA/cm? (icorr), and 0.31 Vse [11]
(0.6 NaCl solution) (Epit)

Corrosion resistance -0.081 Vshe (Ecorr), 15.8 pA/cm? (icor), and 1.017 [10]
(0.5 H2SO4 solution)  Vshe (Ev)

Many researchers have selected CoCrFeNi-based alloys to explore the microstructural
changes on addition of a fifth metallic element. The microstructure of the equiatomic
CoCrFeNi alloy, created by arc melting, is a single FCC solid solution phase. To help
understand this, the binary equilibrium phase diagrams of the elemental pairs in CoCrFeNi
alloys can be considered: Co-Cr, Co-Fe, Co-Ni, Cr-Fe, Cr-Ni, and Fe-Ni, Figures 2.15-2.20.
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Figure 2.15: The binary equilibrium phase diagram of Co-Cr [63].
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Figure 2.16: The binary equilibrium phase diagram of Co-Fe [63].
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Figure 2.18: The binary equilibrium phase diagram of Cr-Fe [63].
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Figure 2.19: The binary equilibrium phase diagram of Cr-Ni [63].
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Figure 2.20: The binary equilibrium phase diagram of Fe-Ni [63].

While the binary phase diagrams alone do not reveal all the potential interactions that

can occur in multicomponent alloys, they can be a useful guide to what phases could be

expected. The phase diagrams in Figures 2.15-2.20, reveal the possible formation of six

different phases when the binary systems are considered at an equal atomic ratio (50:50) of the

two metallic elements. Notably, while some correspond to single phase solid solutions, this is

not the case in all of the systems. The expected phases at the 50:50 atomic ratio are;

Co-Cr system: a mixture of eCo phase (hexagonal P6s/mmc space group) and
o phase (tetragonal P4>/mnm space group), found at a temperature below
approximately 1000 °C (Figure 2.15).

Co-Fe system: o phase (cubic Pm3m space group), found at a temperature
below approximately 740 °C (Figure 2.16).

Co-Ni system: (aCo,Ni) phase (cubic Fm3 m space group), found at a
temperature below approximately 800 °C (Figure 2.17).

Cr-Fe system: (aFe,Cr) phase (cubic Im3 m space group), found at a
temperature below approximately 440 °C (Figure 2.18).

Cr-Ni system: a mixture of y' phase (orthorhombic Immm space group) and
(Cr) phase (cubic Im 3 m space group), found at a temperature below

approximately 590 °C (Figure 2.19).
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e Fe-Ni system: a mixture of (aFe) phase (cubic Im3m space group) and FeNis
phase (cubic Pm3m space group), found at a temperature below approximately
347 °C (Figure 2.20).

Evidently, some alloying to form solid solutions is possible in this system, and all of
the elements display some (often quite significant) solid solubility. It is not the case however
that there is complete solid solubility across the whole system, while the observations of the
phase structure of CoCrFeNi suggest that a single phase solid solution involving all elements
is formed.

As well as being interesting in its own right, CoCrFeNi is frequently used as a precursor
for observing phase transformation or microstructure change in HEAs when adding the fifth
element into the HEA system. Many CoCrFeNi-based HEA systems have been studied such as
CoCrFeNiAl, CoCrFeNiCu, CoCrFeNiSn, among other examples, and these will be introduced

next.
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Figure 2.21: SEM images showing the microstructure of CoCrFeNiAl forming;
a) a single-phase [64] and b) a multiple-phase structure [65].

Figure 2.21 shows arc melted CoCrFeNiAl. The two reports shown here indicate
different microstructures which have been seen, single multiple-phase structures. When a
single phase is seen, it has an ordered BCC-structure (B2), Figure 2.21a, as observed in [42]
and [64]. In some studies however, SEM-EDS analysis at a high resolution at the surface of a
cast ingot (where the cooling rate would be expected to be more rapid) reveals a complicated
microstructure consisting of an Al-Ni-rich phase formed as dendrites with Cr-Fe-rich phases
in the interdendritic region and at grain boundaries [42], Figure 2.21b. Hsu et al. [66] reported
that this is a combination of a major BCC-phase and a minor B2-phase while a main FCC-
phase and a minor B2-phase are found by Kao et al. [67]. Overall, it seems that the addition of
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Al promotes an increase of BCC phase, and possible second phase formation, as compared to
the CoCrFeNi alloy.

We can again explore the binary phase diagrams to attempt to account for this. Below
the additional binary equilibrium phase diagrams required for the addition of Al are given,
Figures 2.22-2.25.
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Figure 2.22: The binary equilibrium phase diagram of Al-Co [63].
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Figure 2.23: The binary equilibrium phase diagram of Al-Cr [63].
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Figure 2.25: The binary equilibrium phase diagram of Al-Ni [63].

These diagrams indicate the possibility of forming four additional phases at the
equiatomic ratios for binaries in the CoCrFeNiAl system. The expected phases at the 50:50
atomic ratio are;

e Al-Co system: AlCo phase (cubic Pm3m space group), found at a temperature below

approximately 1640 °C (Figure 2.22).
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e AI-Cr system: aAlsCrs phase (trigonal R3m space group), found at a temperature
below approximately 1080 °C (Figure 2.23).
e Al-Fe system: a mixture of FeAl phase (cubic Pm3m space group) and FeAl, phase
(triclinic P1 space group), found at a temperature below approximately 700 °C (Figure
2.24).
e AI-Ni system: AINi phase (cubic Pm3m space group), found at a temperature below
approximately 1638 °C (Figure 2.25).
These observations show a greater likelihood of the formation of intermetallic
compounds between these elements and aluminium, though solid solution to some extent is
still possible in all of the systems (notably however the other elements have little solubility in

Al). It therefore appears logical that the addition of Al may disturb the CoCrFeNi alloy, and

lead to the formation of a second phase.

' 100um ! X 100pum . 100um !

Figure 2.26: EDS images showing the Cu segregation on the CoCrFeNiCu surface;
a) a SEM image of CoCrFeNiCu, b) EDS mapping of Cr, ¢) EDS mapping of Fe,
d) EDS mapping of Co, e) EDS mapping of Ni, and f) EDS mapping of Cu [68].

Figure 2.26 shows the arc-melted CoCrFeNiCu microstructure, which consists of two
phases, a minor Cu-rich phase of FCC structure, along the interdendritic regions and a major
phase, also of FCC structure, mostly consisting of CoCrFeNi [68]. Once again the binary phase

diagrams with copper can be observed, Figures 2.27-2.30.
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Figure 2.27: The binary equilibrium phase diagram of Co-Cu [63].
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Figure 2.28: The binary equilibrium phase diagram of Cr-Cu [63].
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Figure 2.29: The binary equilibrium phase diagram of Cu-Fe [63].
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Figure 2.30: The binary equilibrium phase diagram of Cu-Ni [63].

These diagrams show the possibility to form four additional phases in the equiatomic
pairs from the CoCrFeNiCu system. The expected phases at the 50:50 atomic ratio are;
e Co-Cu system: a mixture of (¢Co) phase (hexagonal P6z/mmc space group) and (Cu)

phase (cubic Fm3m space group), found at a temperature below approximately 422 °C
(Figure 2.27).
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e Cr-Cu system: a mixture of (Cu) phase (cubic Fm3m space group) and (Cr) phase
(cubic Im3m space group), found at a temperature below approximately 1076 °C
(Figure 2.28).

e Cu-Fe system: a mixture of (aFe) phase (cubic Im3m space group) and (Cu) phase
(cubic Fm3m space group), found at a temperature below approximately 760 °C (Figure
2.29).

e Cu-Ni system: (Cu,Ni) phase (cubic Fm3m space group), found at a temperature below
approximately 1270 °C (Figure 2.30).

Here it is noteworthy that in most cases multiple phases have formed, and indeed for
all of the constituents except for Ni, there is extremely limited solid solubility with Cu. It is
therefore reasonable that the microstructure seen in two phase, with the copper the dominant

element in the second phase.

Figure 2.31: SEM images showing the microstructure of CoCrFeNiSn [69].

Figure 2.31 presents the microstructure of arc-melted CoCrFeNiSn. There is a dendritic
structure, consisting of an FCC CoCrFeNi phase (enriched in Co, Cr and Fe) and an
orthorhombic Ni-Sn-rich phase [69]. The binary equilibrium phase diagrams to describe this

system are shown in Figures 2.32-2.35.
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Figure 2.32: The binary equilibrium phase diagram of Co-Sn [63].
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Figure 2.33: The binary equilibrium phase diagram of Cr-Sn [63].
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Figure 2.35 The binary equilibrium phase diagram of Ni-Sn [63].

The phase diagrams show the possibility to forming four additional phases in the

equiatomic binaries of the CoCrFeNiSn system. The expected phases at the 50:50 atomic ratio

are;

Co-Sn system: CoSn phase (hexagonal P6/mmm space group), found at a temperature

below approximately 965 °C (Figure 2.32).
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e Cr-Sn system: a mixture of (Cr) phase (cubic Im3m space group) and (BSn) phase
(tetragonal 141/amd space group), found at a temperature below approximately 232 °C
(Figure 2.33).

e Fe-Sn system: FeSn phase (hexagonal P6/mmm space group), found at a temperature
below approximately 607 °C (Figure 2.34).

e Ni-Sn system: a mixture of o’Ni3Sn; phase (orthorhombic Cmcm space group) and
NisSns phase (monoclinic C2/m space group), found at a temperature below
approximately 409 °C (Figure 2.35).

This shows that the interaction with tin is likely to produce additional phases in the
system, as there are a number of intermetallics that can form, and limited solid solubility. Of
the available phases which can form there are monoclinic, orthorhombic and hexagonal
structures (and other intermetallic phases exist in some of the phase diagrams away from the
equiatomic composition).

2.2 Structural properties of HEAs and conventional alloys

This part of thesis will focus on literature regarding three particular properties of HEAs

and relevant conventional alloys; the hardness, corrosion, and tribocorrosion properties.

Knowledge and advanced data on these are used in other chapters, especially in designing and

planning the experimental work, and the results and discussion parts.

2.2.1 Hardness

Stress, ¢

— Yield point, start of plastic region

~«+—— Elastic region:
o=Ee

Strain, e

Figure 2.36: A schematic diagram of a compressive stress-strain curve in solid materials [70].
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Hardness is one of structural properties of solid materials which refers to its ability to
resist plastic deformation (permanent shape change), as in Figure 2.36 [70], when load is
applied to the material’s surface [71,72]. It also affects the tribological behaviour and can be
related to other mechanical properties, such as ductility, fatigue resistance, and strength
[71,72]. Thus, this is an essential, and easily accessible, property to consider for material design

and use in a diverse range of applications in both industrial and domestic sectors.

Figure 2.37: Comparison of three indent scales for hardness testing in polycrystalline

materials; a) macroscale, b) microscale, and c) nanoscale indentations [71].

In the hardness measurement, there are typically three scales for the hardness
indentation, macro-, micro-, and nanoscale tests, Figure 2.37. It is determined with the ISO
14577-1 standard under the consideration of load range as in Table 2.4 [71,73]. Macro-
indentation hardness testing is examined by the applied load to the indenter between 2 N < L
< 30,000 N [73]. Six methods, Meyer, Brinell, Rockwell, Vickers, the International Rubber
Hardness (IRHD), and Shore Durometer, are commonly used for macro-hardness testing in
research and industry, with different methods preferred for different material types [71]. Micro-
indentation hardness testing consists of two hardness tests, micro-Vickers and micro-Knoop,
and it is operated under a lower applied load than 2 N and generally has an indent depth down
to 0.2 um. A diamond indenter can penetrate the sample surface with a pyramid shape in Figure
2.38 [71]. The other methods of micro-hardness testing are Buchholz and Micro-IRHD tests
[71]. Lastly, nano-indentation hardness testing is not at a specified load range but its indent
depth should be less than 0.2 um [71]. The two main methods for nanoscale hardness tests use
either a Berkovich pyramid or a cube corner indent shape. The projected area of a Berkovich
indent is the same as the Vickers indent, while the cube-corner indent shows the shape of three-
sided pyramid with a centreline-to-face angle of 34.3°, the same shape as the corner of a cube
[71].
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Table 2.4: The 1SO 14577-1 standard for the scales of hardness tests [73].

Testing scale Load range; L (N) Penetration range; h (um)  Sample size

Macroscale testing 2 <L < 30,000 Not specified Large

Microscale testing L<2 h>0.2 Medium

Nanoscale testing Not specified h<0.2 Small
Knoop Vicker

Shown in Figure 2.39 [71], the micro-hardness Vickers test is probably the most popular
method on a laboratory scale. The size of indent produced under load of a pyramidal diamond
indenter is used for calculating the hardness value by the equation below [71]. The testing
condition of micro-Vickers indentation is L < 2 N (the load range), h > 0.2 um (the penetration
range), t ~ 2-8 s (the time for the initial test force), and t ~ 10-15 s (the dwell time for the
maintained test force) [71,73].
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L 2,186 L -2y = L -2 i
HV = - = psin—= 1.8544012 (kgf.mm™°) = 0.1891d2 (N.mm™=) Equation 8

where HV is the micro-hardness Vickers values; kgf.mm, L is the indenter load applied on the
sample surface; kgf, A is the indented surface area; mm?, d is the length of diagonal distance
determined from a corner point to an opposite corner point on the surface area of actual indent;
mm. If the applied load is in the unit of N, the number of 9.8065 should be used to divide for
this equation and HV can be reported in the unit of N.mm? or MPa. However, like all
indentation based methods, there are concerns with the indentation size effect (ISE). It has been
found that different test loads give different values of hardness in Vickers tests [74,75], due to
the different size of indent produced. There are two types of ISE; normal ISE and reversed ISE.
Firstly, normal ISE is a lower hardness value with increasing load, which particularly occurs
in brittle materials. Secondly, reversed ISE is an increasing hardness value with load, that more

frequently is seen in ductile materials [74,75].

A collection of typical hardness results from several alloys is shown in Table 2.5.
Conventional alloys, such as Al, Fe, Ni, Ti alloys and stainless steels, reveal a wide range of
hardness values from 111 HV to 800 HV, reflecting the diverse range of microstructures and
deformation characteristics in these systems [76]. For example, the Al 2024 sample has the
lowest hardness value (111 HV) in Table 2.5 as its main phase is FCC structured, allowing
many slip systems and relatively easy deformation. On the other hand, the highest measured
hardness value (800 HV) in the same table is the M2 steel which has several hard and brittle
secondary phases such as the martensite phase, austenite phase, and fine-scale carbides. Where
similar materials display a range of reported hardness values, this is likely to be due to
microstructural differences arising from different thermomechanical histories; the amount, size
and distribution of structural elements like second phases and grain boundaries, as well as other
dislocations and point defects, will all affect dislocation mobility and the hardness value

determined.
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Table 2.5: The hardness values of conventional alloys collected from previous research.

Alloy Grade Phase composition Hardness (HV) Reference
Al alloys AISi10Mg FCC phase 114 HVO0.3 [77]
Al-12Si Major dendritic FCC phase 135 HVO0.1 [78]
Minor eutectic phases
Al 2024 FCC phase 111 HVO0.2 [79]
Fe alloys H13 Major ferrite phase 581 HV0.5 [80]
Minor austenite phase
M2 steel Martensite phase 800 HV0.05 [81]

Austenite phase
Fine-grain carbides

420 SS Major martensite phase 515-688 [82]
Minor austenite phase HVO0.5
Ni alloys IN625 Matrix FCC phase 316 HVO0.1 [83]

Carbides (NbC,TiC)
Hexagonal NiCrNb phase

IN718 FCC-y phase 365 HVO0.1 [84]

IN939 FCC-y phase 450 HV0.5 [85]
Tialloys Ti-6Al-4V B+a phase 335 HVO0.2 [86]

Ti-24Nb-4Zr-8Sn  BCC-B phase 219 HV5 [87]
Stainless  SS 304 Major austenite phase 168 HV0.5 [88]
steels Minor ferrite phase

SS 316L Matrix austenite phase 176-213 HV5  [89]

Table 2.6 shows the hardness of a range of reported HEA systems. This also shows the
influence of alloying elements, such as Al, Cu, Nb, Mo, Ta, and Ti, on hardness where these
are added to the main CoCrFeNi system on which many explored HEAs are based. It shows a
wide range of hardness values from 120 HV to 747 HV caused by the significant changes in
microstructure that occur with different alloying elements (CoCrFeNi, AlxCoCrFeNi,
CoCrFeNiCux, CoCrFeNiNbxMoy, CoCrFeNiTax, CoCrFeNiTix, CoCrFeNiMn, CoCrFeNiV,
and AlCoCrFeNbxNi). Without these additions, an as-cast CoCrFeNi sample, produced with
the arc melting technique, has a relatively low hardness value of 120 HV. It consists of a single
solid-solution phase of FCC structure with significant ductility [90,91]. However, its hardness
can be improved by the addition of other metallic elements as reported previous research in
Table 2.6.
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Table 2.6: The hardness values of HEASs collected from previous research.

HEA Phase composition Hardness (HV) Reference
CoCrFeNi FCC phase 120 HV5 [90]
AlogCoCrFeNi BCC phase 527 HV5
CoCrFeNiCu Major FCC phase 169 HV0.3 [68]
Minor FCC Cu-rich phase
CrFeCoNiNDb FCC phase 652 HV10 [92]
HCP phase
Nb-rich precipitate
CrFeCoNiMo SC phase 604 HV10
FCC phase
CoCrFeNiTao.75 FCC phase 550 HV0.5 [91]
CozTa/ Laves phase
CoCrFeNiTios FCC phase 515 HV1 [93]
(Ni,Ti)-rich phase (R phase)
(Cr,Fe)-rich phase (o phase)
(Ti,Co)-rich/ Laves phase
CoCrFeNiMn FCC phase 170 HV0.25 [94]
CoCrFeNiV Disordered FCC phase 524 HV0.25
o-Tetragonal phase
CoCrFeNiAlosTios  FeCr BCC phase 601 HV0.05 [95]
AIl-Ni-Ti BCC phase
o-Tetragonal phase
CrFeCoNiNbgsMoos FCC phase 533 HV10 [92]
HCP phase
AlosCoCrFeosNiTios BCC phase 730 HV1 [96]
FCC phase
o phase
Ordered BCC phase
AlosCoCrFe1sNiTios BCC phase 430 HV1
FCC phase
Ordered BCC phase
AICoCrFeNbosNi BCC phase 747 HV0.5 [97]
(CoCr)Nb/ Laves phase
AICoCrFeNiV BCC phase 649 HV1 [98]
CoCrFeNiMnV Disordered FCC phase 650 HV0.25 [94]
o-Tetragonal intermetallic phase
CoFeNiVMo FCC phase 625 HV1 [99]

CoMozNi intermetallic phase
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Figure 2.40: The influence of Al addition on the phase transformation and hardness in the
AlxCoCrFeNi system [90].

For the addition of Al, the Alo9CoCrFeNi system with Al at a molar ratio of 0.9, shows
the highest hardness [90]. The transformation of phase structure from FCC phase to BCC phase
in AlxCoCrFeNi occurs with increase of Al content, Figure 2.40 [90]. In addition, it is found
that the formation of BCC phase, which contains the spinodal structure with alternating
interconnected phases, may be an important reason for the increase in hardness for this HEA
[90]. In the case of the Cu addition, increasing Cu content (x = 0-1.0 at.%) in the as-arc melted
and cast CoCrFeNiCuy system leads to increase in the measured hardness values from 136 HV-
169 HV. This may be caused by an increase in the amount of the second Cu-rich phase, and a
grain size reduction as a result, although this hypothesis has not been tested with experimental
data from the alloy [68]. For the mixing of Nb and Mo elements, both of them added in the
CoCrFeNi-x system can lead to a higher hardness [92]. The as-arc melted CoCrFeNiNb sample
has higher hardness value than the CoCrFeNiMo sample, resulting from a greater volume
fraction of the dendritic CoCrFeNiNDb structure [92]. In contrast, the simultaneous addition of
Nb and Mo elements into the CrFeCoNiNbgsMoo s system leads to a decrease in hardness due

to the decrease in volume fraction of the dendritic structure [92].

As reported by Jiang et al. [91], hardness can be enhanced (and ductility reduced, as
commonly results) with Ta addition. As-cast CoCrFeNiTax samples have microstructures

which change from an initial phase of FCC structure to a multiple phase of FCC and Co.Ta-
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Laves phases in the hypereutectic microstructure when the molar ratio of Ta is 0.5 and 0.75
[91]. Consequently, the increase of Laves phases in HEA structures can result in increasing
hardness and reduction of ductility, Table 2.7 [91].

Table 2.7: The effect of volume fraction of Laves phase on hardness and plastic strain in the
CoCrFeNiTax system [91].

Alloys Plastic strain g, (%)  Vickers hardness (HV) Volume fraction
of Laves phase (%)

Ta00 >50 141 0
Ta01 >50 180 3.1
Ta02 >50 277 16.5
Ta03 30 365 34.7
Ta04 22.6 492 37.5
Ta05 19.7 498 55
Ta075 0 550 59

For the impact of Ti on the as-arc melted CoCrFeNiTix samples, a higher hardness and
a lower ductility occurs with increasing Ti content [93]. The formation of solid-solution
strengthening in the matrix phase of FCC structure and three hard secondary phases, which
consist of o, R, and Laves phases, can contribute to this [93]. By the addition of Mn and V to
the main CoCrFeNi system, two HEAs, CoCrFeNiMn and CoCrFeNiV, were formed by arc
melting. Mn does not increase the hardness but it gives a better ductility due to its structure as
a single FCC phase alloy [94]. On the other hand, V can lead to a higher hardness resulting

from the formation of o-Tetragonal phase, but this leads to brittle behaviour [94].
2.2.2 Corrosion properties

Corrosion is currently one of the major material problems, occurring under natural or
man-made conditions and leading in the worst cases to the loss of human life and economic
damage. Corrosion resistance as a property can refer to the electrochemical ability of materials,
especially metals, and the products which are the results of interactions between their surfaces
and other species they encounter, to resist corrosion attack in different solutions or
environments [2]. The electrochemical system during the corrosion process of metals contains
half-cell reactions regarding the electron transfer [100]. A transfer of metal electrons into the
electrolyte occurs at the interface between the metal surface and solution (the anodic site) when
it is dissolved in the media. The anodic reaction relates to the oxidation of metal, leading to the

flow of its ions into an electrolyte, while the cathodic reaction involves the reduction of species
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at the cathodic side. Electrons liberated from the anodic reaction are consumed at the cathode

surface, as summarized in the equations below [100].
M - M™ + ne~ (anodic reaction)
M™ +ne” - M (cathodic reaction)

These reactions are important for the formation of protective passive film through the
oxidation reaction at the interface. The metal surface (M) interacts with oxygen to generate a
metal oxide layer (MOy) on its surface. This nano-film directly affects the corrosion resistance

of metals, as shown in an equation below [100].
M + nH,0 - MO, + 2nH* + 2ne~

There are two major parameters (internal and external parameters), which have an effect
on the assessment of the corrosion resistance of metals. The former is an influence of the metal
itself, such as the phase composition in the metal structures, in that a single phase usually has
better corrosion resistance. For example, this effect of different phase structures has been seen
in AlxCoCrFeNiTiix (x =1, 0.8, 0.5) exploring the corrosion behavior when immersed in 3.5
wt.% NaCl solution [101]. AlCoCrFeNi (x = 1, Ecorr; -0.27 V) contains a single BCC phase,
and has higher corrosion potential (Ecorr) in 3.5 wt.% NaCl solution than the two other alloys
tested in this system, AlogCoCrFeNiTio.2 (Ecorr; -0.69 V) and AlosCoCrFeNiTios (Ecorr; -0.32
V), which both consist of FCC and BCC phases, Figure 2.41 [101]. This shows the influence
of phase composition in HEA systems on corrosion properties. External parameters on the other
hand are factors such as the specific solutions, the concentration of those solutions, and the
environmental temperature [2]. An example of the effect of this is the observation of corrosion
resistance of AlosCoCrFeNiTio2 alloy under different test solutions; 3.5 wt.% NaCl solution
and 0.5 NaOH solution [101]. This HEA has high corrosion resistance (Ecorr; -0.27 V) in 0.5
NaOH solution while the corrosion properties are poor (Ecorr; -0.69 V) in 3.5 wt.% NaCl
solution, Figure 2.41 [101]. This effect shows that the specific solution (an external parameter)

is extremely important for corrosion properties.
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Figure 2.41: a) XRD patterns of as-cast HEA samples and Linear polarization curves of
HEAs after corrosion testing in b) 3.5 wt.% NaCl solution and c¢) 0.5 NaOH solution [101].

The most common way to measure the corrosion behaviour is by the electrochemical
Potentiostat technique. This induces a corrosion reaction between samples and testing
solutions, and then measures the corrosion parameters such as Ecorr, icorr, POlarization resistance
(Rp), and corrosion rate (CR) [2]. The polarization curve shows the relationship of applied
electrode potential (E) and detected current density (i) in Figure 2.42. Three regions are usually
found in the corrosion measurement which are: i) the active region, ii) the passive region, and
iii) the transpassive region [102].
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Figure 2.43: The analysis of Tafel slopes to calculate Ecorr and icorr [103].

Firstly, the active region describes the conditions under which a corrosion cell operates
when the metal surface contacts the solution. The anodic and cathodic reactions begin at the
interface. It can be referred to as uniform corrosion, when metals are dissolved in an electrolyte

[102]. As in Figure 2.43 [103], both anodic and cathodic current densities are measureable with
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the increase of potential values. Tafel slopes are measured to lead to the calculation of icorr in

Alcm? using the Stern-Geary equation [102,104].

balbel _
T 2.303(bg+|bcl) Equation 9

. B .
feorr = ) Equation 10

where B is the Stern-Geary constant; V, ba is the anodic Tafel slope; V/decade, b is the cathodic
Tafel slope; V/decade, icorr is the corrosion current density; pA/cm?, and Ry is the polarization

resistance; Q.cm?.

From the equations above, the value of icorr is used to calculate the corrosion rate (CR),
according to the ASTM G102-89 standard [104].

CR = 3.27 x 10—3"“’%EW Equation 11

where CR is the corrosion rate; mm/y, pis the density; g/cm?, and EW is the equivalent weight.

Figure 2.43 presents schematically the analysis of Ecorr and icorr On the diagram of
potential (E) against current density (i); the well-known Evans diagram [105]. The graph links
to theories such as the mixed potential and electrochemical polarization to obtain the value of

Ecorr and icorr.

During the 1930s, the mixed potential theory was proposed by Wagner and Traud [105].
This theory consists of two simple assumptions; firstly, any electrochemical reaction can form
with two or more partial oxidation and reduction reactions at the anode and cathode. Secondly,
electric charges cannot accumulate while an electrochemical reaction progresses. This means
that spontaneous electric-charge accumulation will not occur in the metal immersed in an
electrolyte. This requirement leads to the outcome that the total rate of oxidation and reduction
reactions must be equal during corrosion in the system of electrically separated metals [105].
The concepts of this theory can be used to predict the corrosion tendency and describe many
materials and a diversity of environmental effects on the corrosion behaviour observed
[105,106].

An example in Figure 2.44 [107] is the Evans diagram for an iron electrode immersed
in an acidic solution. Shifting the potentials of both anodic and cathodic reactions by icorr can

lead to Ecorr being obtained, with the possible anodic and cathodic reactions as below. This
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graph presents a non-equilibrium system in which the corrosion current is produced and

maintained by dynamic reactions [107].
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Figure 2.44: The Evans diagram for a mixed electrode state in the system of iron electrode

and acidic solution [107].

In addition, measured data can link a corroding electrode and icorr Values by determining

icorr With a perturbation signal on the electrode in an electrochemical polarization experiment.

In this measurement, an electrode is polarized from its steady-state mixed potential Ecorr (which

is not the equilibrium potential), to a new electrode potential (E) using a potentiostat. A

response to the current applied is found in the overpotential in Equation 12 [107]. This can be

modified to any value desired. The measured data between potential and current (or log i) are

generally displayed as polarization curves, as in Figure 2.45. This shows the electrochemical

polarization experiment in the system of the iron electrode in an acidic solution, including a

comparison between the experimental polarization diagram and the Evans diagram [107].
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Nn=E—E. Equation 12

where 7 is the overpotential; V, E is the new electrode potential; V, and Ecorr is the corrosion

potential; V.
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Figure 2.45: The comparison of an Evans diagram and experimental polarization curves in

the system of an iron electrode and acidic solution [107].

Both the polarization curve and the Evans diagram can be used to explain the process
of metal corrosion in mixed electrodes. The two diagrams are related but different. In Figure
2.45, it is the Evans diagram with simplified plots between the anodic and cathodic reaction
curves in an electrochemical system of metals and acid. On the other hand, the behaviour
between potential and current density of the applied current or potential in an electrochemical
experiment is described following the polarization curves. The combination of the polarization
curves in the anodic and cathodic reactions with the Evans diagram under a relatively high-
polarization region is generally known as the Tafel region [107]. This is related to the Tafel
technique where the extrapolation of the polarization curve can determine the values of Ecorr
and icorr. Besides, Tafel slopes lead to the calculation of icorr following the Stern-Geary equation

in Equations 9 and 10.

Secondly, the passive region indicates the ability of oxide film, forming at the metal

surface, to resist the corrosion attack (passivity) [102]. It shows a range, the passive zone,
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before this protective film will break down. The applied potential increases through this zone
but the current density remains constant. In addition, many metals, such as aluminum,
chromium, copper, iron, nickel, tin, titanium, etc., can form an oxide or passive film on the
metal surface to protect against corrosive attack. This protective behaviour in passive layers

stems from the phenomenon of passivity [108,109].
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pH
Figure 2.46: The simplified potential-pH equilibrium diagram in the system of the iron and
water [108].

In previous research in the 1920s, the study of passivity in metals was used to promote
the advance in engineering materials, especially the improvement of stainless steel, to
understand the essential role of alloying elements and composition ratios in the determining
properties of passive layers in metals and alloys [108]. In the thermodynamic approach,
passivity can be seen in the equilibrium potential-pH (Pourbaix) diagram in Figure 2.46 [108].
Such a diagram can estimate the stable and unstable states of metals, ions, and oxides. These
are separated by the chemical property of solution with pH values and electrochemical property
of metals with potential values [109]. This diagram consists of three regions, corrosion,
immunity, and passivation, in aqueous solutions. It is similar to the equilibrium phase diagrams
in terms of indicating the expected thermodynamic outcome under certain conditions
[108,109]. The immunity zone refers to where the material remains in the original form and
corrosion will not occur, Gibbs free energy change (4G) > 0. The principle of cathodic

protection is to create potential conditions such that metal remains in the immunity region.
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Secondly, the corrosion or active area is where the material is corroded, 4G < 0. Thirdly, the
passivity region is the area where the material is sealed by corrosion products or passive films.

These can resist the progress of the corrosion reaction, 4G < 0 [109].
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Figure 2.47: The potential-pH equilibrium diagram for a) water, b) copper, c) iron, and d)
aluminium at 25 °C containing; white region (immunity), grey region (passivity), and dark

region (activity) [110].
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Figure 2.48: The potential-pH equilibrium diagram for cobalt and water at 25 °C [111].
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Figure 2.49: The potential-pH equilibrium diagram for chromium and water at 25 °C [112].
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Figure 2.50: The potential-pH equilibrium diagram for nickel and water at 25 °C [113].
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Figure 2.51: The potential-pH equilibrium diagram for tin and water at 25 °C [114].

The Pourbaix diagram of water consists of three areas; the first zone is the reduction to
form hydrogen gas, the second zone is water stability, and the third zone is the decomposition
of water to become oxygen gas. This diagram is used to consider the stable and unstable areas
of metals immersed in the aqueous solution, as how the water behaves has a great effect on

possible corrosion processes [110].

An example is that the water stability region is used to overlay with the potential-pH of
metals in Figures 2.47-2.51 [110-114]. Overlaying of two areas containing stabilities of water

and metal is under the condition that water would not rather spontaneously decompose during
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the contact of the metal surface and solution. Figure 2.47b shows the narrow area of copper
stability, Cu.O and CuO, in aqueous solution (approximately pH 7-pH 13). This metal can be
oxidized easily in acid (approximately pH<7) and reduced in strongly alkaline solutions
(approximately pH>13) [110]. In the case of iron, it is sensitive to acid (approximately pH <8),
while it has high corrosion resistance in alkaline solution (approximately pH>8), Figure 2.47c
[110]. Figure 2.47d presents the narrow region of aluminium stability forming Al2Os3 in the
aqueous solution (approximately pH 4-pH 9) [110], similar to the stability of cobalt which has
a narrow region to form Co(OH). and Co304 (approximately pH 9-pH 13) in Figure 2.48 [111].
The chromium stability in Cr(OH)s or Cr.O3 form has a large area in aqueous solution
(approximately pH 5-pH 12). It is unstable in acids below pH 5, Figure 2.49 [112]. Nickel is
highly sensitive to acids below pH 9, and there is a narrow region of metal stability, Ni(OH)>
or NiO, in aqueous solution (approximately pH 9-pH 13), Figure 2.50 [113]. The tin stability
has a large region at an approximate pH value of 1 to 12 in aqueous solution. Sn(OH)4 or SnO>
can form in this area. In contrast, tin is unstable in the strongly acidic and alkaline solutions
(approximately pH<1 and pH>12), Figure 2.51 [114].

As above, it indicates that tin has the most stability when in contact with aqueous
solution out of these example metals (iron, chromium aluminium, cobalt, copper, and nickel),

indicated by the largest area of metal stability of those discussed above.

Thirdly, the transpassive region refers to an initial point for the breakdown of oxide
films. The transpassive potential (E:) is measured at the change point of current density when
a consistent value turns to a high value rapidly. It means that the protective film has lost the
ability to resist the corrosion attack with the breakdown of passive film [80]. It may correspond
to the breakdown potential of water or the pitting potential (Ep). Ep can refer to the potential at
which a sudden increase in the current density occurs, as a result of a passive-film breakdown

on the metal surface in the anodic area [105].

The electrochemical reaction between the metal and its environment leads to corrosion.
This can cause failure of metal parts or increase the sensitivity to damage by other mechanisms.
There are many different corrosion types with unique corrosion forms in Figure 2.52 [115]. For
example, general corrosion, intergranular corrosion, pitting corrosion, stress-corrosion
cracking, selective leaching corrosion, crevice corrosion, etc. These can be classified by the
nature of the metallic corrodents, corrosion mechanism, and the surface appearance of the

corroded metallic region [2,115,116]. Some corrosion forms relevant to this work are
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presented, for example, general corrosion, galvanic corrosion, pitting corrosion, and selective

leaching corrosion.
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Figure 2.52: Several corrosion forms in metals [115].
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General (or uniform) corrosion refers to a corrosion process with a relatively uniform
thinning on the metal surface, without an appearance of localized attack, Figure 2.53 [115].
This form is the most common type of corrosion in metals due to the uniform chemical attack.
It can occur in solutions, the atmosphere, soil, and during service under normal conditions.
Corrosion is seen as a single penetration. In contrast, uniformly thinned traces after a corrosion
attack can be observed by cross-section tests [115,116]. A familiar example is the formation of
rust on steel under the air. The change in the environment can also lead to an increase in
corrosion attack. Examples of conventional alloys exhibiting uniform corrosion are many
steels, Cu alloys, Mg alloys, and Zn alloys [115]. Generally, this corrosion type can form on
the metal surface with uniform microstructures and homogeneous chemical compositions. Its
corrosion process proceeds on the metal surface by environmental attack unrestrictedly and
uniformly. The corrosion interaction can change the mode of metallic deterioration away from

general corrosion [115].

In addition, the mechanism of general corrosion at the microlevel is the electrochemical
reaction between adjacent, closely spaced micro-cathodic and micro-anodic areas. Thus,
general corrosion may be considered a type of localized electrolytic attack arising consistently
over the metal surface. It can be found in a binary alloy system having phases with different
corrosion potential. One phase will become anodic to the other phase. Hence an electrolytic
cell is produced when a suitable electrolyte is present [115].
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Figure 2.53: Steel tubes in the boiler-feedwater system undergoing general corrosion [115].

Galvanic corrosion, Figure 2.54, is one form of corrosion type occurring when two
dissimilar materials (metallic or non-metallic types) are in electrical contact with each other
and exposed to the environment [115,116]. It generally stems from the contact between two
dissimilar conducting materials immersed in an electrolyte which is a conducting fluid, or it

may be caused by similar conducting materials in contact with dissimilar electrolytes.

The mechanism of galvanic corrosion is the reaction of a galvanic cell with an anode
and cathode, and the electrically coupled system, to create a galvanic current which flows at
the interface reaction due to different potential between the two materials [115]. The galvanic
couple contains an anodic site, which is a corroded material to release electrons dissolving in
the electrolyte or forming metal oxides, and a cathodic site which gains electrons and releases
hydrogen to the electrolyte to reduce oxides. Both reactions at the contacting area must proceed
simultaneously to create galvanic corrosion. The anodic reaction with dissolution or oxidation
in metals leads to the flow of electrical current from the more anodic site to the other more
cathodic site via the electrolyte, like a galvanic couple of steel in the anode and broken mill
scale in the cathode, Figure 2.55 [115].
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Figure 2.54: The formation of galvanic corrosion is found in a ray lamp of a distillation
column which occurred at the interface between a stainless steel AISI 410 plate in contact

with a carbon steel bolt in an environment with hydrocarbons contaminated with salts [116].
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Figure 2.55: The galvanic corrosion from a couple of steel and broken mill scale [115].

Pitting corrosion, Figure 2.56 [116], is one form of localized corrosion that is an
important cause of metallic damage with corrosion attack on the passivated protected area in
the metal surface [115]. It can stem from specific anions in the electrolytes. For instance,
chloride ions attack the oxide film at microscopic scale [116]. An example of other causes of
pitting corrosion are a locally inhomogeneous metallic surface, locally losing passivity, a
rupture of protective oxide films, and discontinuous organic coating [115]. This is one of the
most dangerous corrosion forms characterized by holes, also called pits. Metal failure stems
from perforation by a pitting attack. Pitting is not only difficult to detect but also can form

rapidly on the metal surface. These factors can lead to unpredicted loss of function in metals
[115].
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All conventional engineering metals or alloys are sensitive to pitting corrosion. The
pitting mechanism proceeds when the anodic site forms on the local surface of metals with a
remaining area on the metal surface as the cathode site following highly localized changes in
the contacting area leading to an accelerated localized attack [115]. The initiation of a passive-
film breakdown or the local breakdown of inhibitor-produced protection in the pitting form
usually occurs on clean metallic surfaces. The propagation of pits starts at small and widely
separated sites which have proceeded with little or no general corrosion, as a high ratio of the
cathode-to-anode region. Subsequently, the penetration step progresses more rapidly than when
pits are formed with numerous amounts and close together, as an increase in the anode area
[115].
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Figure 2.56: Pitting corrosion formed on AISI 316 stainless steel in 3.5 wt.% NaCl solution [116].

Selective leaching corrosion is also known as dealloying or parting when applied to
noble metals. It occurs with the removal of one element or a phase with less noble elements
from the alloy, which has different electrochemical potentials from other alloy components,
caused by a corrosion reaction under a corrosive environment [115,116]. This corrosion form
can lead to microstructural change of the original alloy. A porous structure can be observed on
the alloy surface when removing an element or phase from the initial alloy surface, Figure 2.46
[115]. There are many types of selective leaching corrosion, such as dezincification in Cu-Zn

alloys, denickelification in Cu-Ni alloys, and graphitic corrosion in cast iron [115,116].

Selective leaching corrosion has several theories regarding its mechanism. There are
two prominent mechanisms. Firstly, an alloy containing two elements or phases can dissolve,
and then a dissolved element re-plates on the alloy surface. Secondly, one element or phase
selectively dissolving from an initial alloy and releasing the more noble elements with higher

57



potentials in a porous metallic form [115]. An example of selective leaching observed in Cu-
Zn alloys is dezincification. The proposed reaction mechanisms of dezincification are given

below.
CuZn — Cu?" + Zn?* + 4 (dissolution)
Cuzn + Cu* — Cu(Cu) + Zn?* (plating)

Initially, both Cu and Zn elements are dissolved in the dissolution step. Subsequently,
Cu (ii) ions move to deposit on the alloy surface, replacing Zn. It results in a porous structure
containing a Cu-rich phase on the surface with depleting Zn [116].

Figure 2.57: An etched cross-sectional image of Cu-Zn alloy showing the dezincification [116].

Corrosion is a specific electrochemical reaction between metals and electrolytes. This
work pays attention to the diversity of the general test electrolytes, such as NaCl solution,
H2S04 solution, and NaOH solution. NaOH data was used to replace the NaAlO; data (NaAlO:
being considered as a possible leachable space holder phase for porous metal production; in
this route the high surface area porous metal must survive extended periods in concentrated
solutions during processing) due to a lack of information on corrosion testing of the relevant
metals/alloys in NaAlO: solution. It also includes different types of metallic samples such as
pure metals, conventional alloys, and HEAs. The corrosion properties of some elements or
alloys in several test solutions are resented in Tables 2.8-2.13.
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Table 2.8: The corrosion properties of conventional alloys in chloride solution at room

temperature.
Alloy Grade NaCl Ecorr Icorr EvEp Reference
concentration (Vagagcl) (HA/cm?)  (Vagiagel)
Al Pure grade 0.6 M -0.87 11.16 - [117]
(VscE)
Cu -0.24 7.84 - [118]
(Vsce)
Sn 0.35M -0.59 0.29 - [119]
(Vsce)
Cualloys Cu5wt.%Ni 0.6 M -0.21 15.80 - [120]
Cul0wt.%Ni -0.27 18.31 - [121]
Ni alloys Ni7wt.%Mo -0.59 0.52 - [122]
Nil5wt.%Mo -0.55 0.14 -
Ni20wt.%Mo -0.59 0.58 -
Ni25wt.%Mo -0.56 0.82 -
Tialloys Ti-6Al-4V -0.21 2.57 1.19 [123]
Steels AISI 1045 -0.71 3.07 - [124]
A36 -0.54 2.92 -0.45 [125]
Stainless  SS 304 -0.06 0.11 0.66
steels SS 316L -0.27 0.21 0.47 [126]
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Table 2.9: The corrosion properties of conventional alloys in acidic solution at room

temperature.
Alloy Grade H2SO4 Ecorr icorr EvEp Reference
concentration (Vagage) (HA/CM?)  (Vagager)
Al Pure grade 1M -0.68 56 - [127]
(VscE)
Cu -0.12 2.5 -
(Vsce)
Ni alloys  Ni3at.%Mo 1M -0.20 69.00 1.01 [128]
Ni5at.%Mo -0.27 78.00 1.01
Ni6at.%Mo -0.20 220.00 1.01
Ni9at.%Mo -0.23 642.00 1.01
Tialloys Ti-6Al-4V 05M -0.65 3.02 0.48 [123]
Steels AISI 1018 -0.46 300.00 - [129]
A36 -0.25 204.00 1.60 [125]
Stainless  SS 304 -0.10 11.60 1.17
steels SS 316L -0.39 380.00 - [130]

Table 2.10: The corrosion properties of conventional alloys in alkaline solution at room

temperature.
Alloy Grade NaOH Ecorr icorr Ev/Ep Reference
concentration (Vagagcl) (HA/cm?)  (Vagiagel)
Al Pure grade 0.1M -1.55 435.4 - [50]
(Vsce)
Cu 0.1M -0.48 34.4 - [51]
(VscE)
Nialloys Nillwt%Mo 05M -0.39 708.00 - [131]
Nil5wt.%Mo -0.43 406.00 -
Ni23wt.%Mo -0.38 493.00 -
Tialloys Ti-6Al-4V 1M -0.17 0.17 1.28 [123]
Steels Q235 1M -0.88 0.67 - [132]
Stainless  SS 304 15M -0.43 0.46 - [133]
steels
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Tables 2.8-2.10 show examples of corrosion properties for several conventional alloys.
Some of these alloys, such as steels, stainless steels, Cu alloys, Ni alloys, and Ti alloys, are
reported in three solutions, chloride, acidic, and alkaline solutions. Each alloy has specific
corrosion properties depending on the type of solution as reported in the results in these
summary tables. For example, SS 304 which is one of most popular alloys for use in
applications subject to corrosion is reported for all three solutions. As in Table 2.8, this alloy
has the highest corrosion resistance in 0.6 M NaCl solution with high Ecorr (-0.06 Vag/agcr) and
low icorr (0.11 pA/cm?), while poorer corrosion properties are found in both 0.5 M H2SOq4
solution from a low Ecorr Value (-0.10 Vagiager) and the highest icorr value (11.60 pA/cm?), and
1.5 M NaOH solution from the lowest Ecorr Value (-0.43 Vagiagel) and a high icorr Value (0.46
HA/cm?) [125,133] in Tables 2.9 and 2.10. These results indicate that the Cr,O3 formed on the
surface of this alloy is a stable layer for inhibiting the chloride attack, but its stability decreases
in acidic and alkaline solutions. The corrosion behaviour of SS 316L in NaCl and H2SO4
solutions is similar to SS 304. It has good corrosion resistance in chloride solution, while poor
corrosion properties are detected in acidic solution. The corrosion properties of this alloy
depend on the ability of protective Cr20z film [126,130].

In addition, a difference in chemical composition between SS 316 and SS 304 affects
their properties. SS 316 consists of 16% Cr, 10% Ni, and 2% Mo while SS 304 contains 18%
Cr and 8% Ni. The Mo addition promotes more corrosion resistance in the chloride
environment. It can form the passive film in the repassivation process to resist pitting corrosion.
It is likely to decrease the critical passivation current and the number of pitting holes, as well
as increase pitting potential [134,135]. The Ni content in stainless steel can lead to an increase
in formability and weldability due to changing to an austenitic structure. SS 316 has high Mo
and Ni contents, resulting in better properties with high corrosion resistance, formability, and
weldability than SS 304. In contrast, it is more expensive than SS304 [125,126,130,133]. As
mentioned above, SS 304 immersed in a solution containing chloride has the highest corrosion
resistance in Table 2.8. It has a high corrosion potential and low corrosion current density
leading to high efficiency in resisting the chloride attack. This result is similar to Table 2.9 in
acidic solution, while Ti-6Al-4V alloy tested in alkaline solution has the highest corrosion
resistance with the highest Ecorr value (-0.17 Vagagcr) and the lowest icorr value (0.17 pA/cm?)
in Table 2.10 [122].
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Table 2.11: The corrosion properties of HEASs in chloride solution at room temperature.

HEA NaCl concentration  Ecorr Icorr E/Ep Reference
(Vagage)  (HA/CM?)  (Vagage)

Alo3CoCrFeNi 0.6 M -0.15 0.08 0.51 [136]
AlosCoCrFeNi -0.18 0.25 0.43
Alo.7CoCrFeNi -0.23 0.43 0.10

FeCoNiCr -0.22 0.03 0.36 [11]
FeCoNiCrCuos -0.25 0.72 0.14
FeCoNiCrCu -0.29 1.32 0.13
CrMnFeCoNi -0.30 0.11 0.02 [125]
(CoCrFeNi)ggMos -0.15 0.40 1.04 [137]
(CoCrFeNi)esMo -0.23 0.24 1.01
(CoCrFeNi)e7Mo3 -0.45 6.61 1.10

Table 2.12: The corrosion properties of HEASs in acidic solution at room temperature.

HEA H2SO4 concentration  Ecorr Icorr Ev/Ep Reference
(Vagage)  (HA/CM?)  (Vagage)

CoCrFeNi 05M -0.08 15.8 - [10]

Alo.25CoCrFeNi -0.10 16.7 -

AlosCoCrFeNi -0.08 13.4 -

AICoCrFeNi -0.09 13.1 -

CuCraFe;NioMnz 1M -0.93 2.09 - [138]

Cu2CrFe2NiMn2 -1.10 40.20 -

CrMnFeCoNi 05M -0.33 8.96 0.91 [125]

(CoCrFeNi)goMoz -0.25 34.10 0.41 [137]

(CoCrFeNi)esMoz -0.25 28.00 0.44

(CoCrFeNi)g7Mo3 -0.23 15.40 0.52
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Table 2.13: The corrosion properties of HEAs in alkaline solution at room temperature.

HEA NaOH Ecorr Icorr EvEp Reference
concentration  (Vagagc))  (HA/ecm?)  (Vagiager)

Al>CrFeCuNiTi 1M -0.82 0.12 - [132]
Al>CrFeCoosCuNiTi -0.82 0.13 -
Al>CrFeCo1.0CuNiTi -0.61 0.0003 -
Al>CrFeCo15CuNiTi -0.85 0.20 -
Al>CrFeCo20CuNiTi -0.83 0.03 -

Co15CrFeNiisTios -0.75 0.09 0.45 [139]
C015CrFeNi15TiosMo0o.1 -0.59 0.11 0.45
C015CrFeNiy15TiosMoos -0.87 0.16 0.45
Co15CrFeNi15TiosMoo s -0.80 0.25 0.45

Alo.sCoCrFeNi Alo.7CoCrFeNi
(a1) Electrolyte (b1) Electrolyte
cr Passive film cr cr CI'\ / \ Passive film
Cr-depleted BCC phase : Cr-depleted BCC phase
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Figure 2.58: The corrosion mechanism of Alo.s.07CoCrFeNi in 0.6 M NaCl solution at room

temperature [136].
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Some measurements have been made of the corrosion properties of HEAs, presented in
Tables 2.11-2.13. These are again examined in the different solutions, chloride, acidic, alkaline
solutions, at room temperature. The effect of alloying elements on corrosion properties of
HEAs is observed. As in Table 2.11, Al, Cu, Mn, and Mo are alloying elements added to the
main CoCrFeNi systems for the investigation of corrosion behaviour in chloride solution
[11,125,136,137]. The additions of Al and Cu have a negative effect on the development of
corrosion properties in the CoCrFeNi system. The increase of Al in AlxCoCrFeNi leads to a
decrease in corrosion resistance with lower Ecorr and Ep values, and higher icorr Values. This
stems from the loss Cr proportion in the BCC phase leading to the reduction of protective Cr203
film formation under the medium chloride condition as in Figure 2.58 [136]. In the case of Cu
addition, the corrosion resistance of CoCrFeNiCuy is poorer when the Cu content is higher. A
high Cu proportion can give rise to the formation of Cu segregation at the interdendritic region.
An unstable oxide film is formed on the Cu-rich region and, being two phases, it is easy to
corrode by galvanic corrosion [11]. On the other hand, Mn and Mo additions in the main
CoCrFeNi system lead to an increase in the corrosion properties [125,137]. CrMnFeCoNi
coated on the substrate provides higher corrosion resistance, especially the region of uniform
corrosion, with high Ecorr (-0.30 Vagagct) and low icorr (0.11 pA/cm?). However, it has been
found that a coating of CrMnFeCoNi has a narrow passive region and it is sensitive to pitting
corrosion [125]. For the addition of Mo, the passivity of (CoCrFeNi)100-xMox alloys increases
with Mo content, with a large passive zone. Nevertheless, the highest Mo ratio in
(CoCrFeNi)97Mo3 decreased corrosion resistance with low Ecorr (-0.45 Vagiagel) and high icorr
(6.61 pA/cm?). The loss of Cr content from the matrix FCC phase occurs, due to the formation
of o phase with Cr-Mo structure in the interdendritic region, including two phases in HEA
structures which easily undergo galvanic corrosion [137]. In addition, it is also found that an
increase in the Mo content can promote higher hardness and strength in HEAs due to the
formation of BCC phase containing high Mo and Cr. It indicates that the Mo addition, as a
BCC stabilizer, can improve the mechanical properties in the CoCrFeNi-based HEA, while
corrosion properties can be decreased when the Mo content is above 3 wt.% [137]. As shown
in Table 2.11, Alo3CoCrFeNi tested in 0.6 M NaCl solution is the most corrosion-resistant of

all HEAs in Table 2.11, with high corrosion potential and low corrosion current density.

Table 2.12 shows the corrosion behaviour of HEAS in acidic solution. The influence of
alloying elements, Al, Cu, Mn, and Mo, is observed. The Al addition to AlxCoCrFeNi alloys

has no observable effect on the region of uniform corrosion. The Ecorr and icorr Of all HEA
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systems have similar values. However, the increase of passive current density (ipass) is detected
with increased Al content, resulting from the formation of porous Al-oxide film on the HEA
surfaces [10]. In the Cu addition to CuCrzFezNizMn; and Cu2CrFe2NiMn; alloys, high Cu
content leads to the phase formation changing from a single FCC phase to a dual phase
(BCC+FCC). A difference in phase content between interdendritic regions and the dendrities
can give rise to poor corrosion properties due to galvanic corrosion, Figure 2.59 [138]. An
addition of Mn was attempted, for A36 steel coated with 2 mm thick CrMnFeCoNi. This led
to an increase in corrosion resistance, with higher Ecorr (-0.33 Vagiagel) and lower icorr (8.96
pA/cm?), due to the formation of an oxide film during the immersion in acidic solution [125].
In addition, the increase in the Mo content in (CoCrFeNi)ioo-xMoyx alloys leads to the
enhancement of corrosion resistance. High Ecorr (-0.23 Vagiager) and E: (-0.52 Vagiager), and
low icorr (15.40 pA/cm?) were found with more Mo in (CoCrFeNi)s7Mos, due to the formation
of stable Cr and Mo oxides, reducing the dissolution rate in active zones. [137]. It is also found
that the extensive passive zone with high Mo content may be caused by Molybdate anions,
MoO.%, promoting the re-passivation of oxide films, similar to SS 316 [130,137]. For Table
2.12, AlpsCoCrFeNi is the best HEA system to inhibit corrosion attack in 0.5 M H2SO4

solution, comparing all HEAs in this table.
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Figure 2.59: SEM images of a) CuCrzFe2Ni>Mnz and b) Cu2CrFe2NiMn, alloy after corrosion

testing in 1 M H2SO4 solution at room temperature [138].

Lastly, the corrosion resistance of HEAS in alkaline solution is shown in Table 2.13.
The impact of Co and Mo additions on the corrosion properties of HEAS has been investigated.
Al>,CrFeCoxCuNiTi alloys have been used as coatings on the surface of Q235 steel. This steel
is a commercial grade for plain-carbon steel with approximately 0.2 wt.% of carbon content. It
is mostly used in engineering structures and infrastructure construction, stemming from good
weldability, good forming ability, and also good mechanical properties [132].
Al>CrFeCoxCuNiTi shows better corrosion properties than pure Q235 steels with reduced icorr
value from 0.12 pA/cm? in Al,CrFeCuNiTi to 0.03 pA/cm? in Al,CrFeCo,0CuNiTi. Three
elements, Cr, Co, and Ni, show good ability to form a dense layer of metal oxides, inhibiting
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the acidic corrosion attack [132]. For the Mo addition to Co15CrFeNi1sTiosMoxalloys, the Mo
content affects the decrease in corrosion properties compared the same system without Mo.
High icorr (0.25 pA/cm?) and low Ecorr (-0.80 Vagager) Values are found in the system with Mo
(Co1s5CrFeNi1sTiosMoo.s), resulting from the decrease in dominant elements, Co, Ni, and Ti,
which play a vital role in the creating protective oxide films [139]. As mentioned above, it can
be concluded that the highest corrosion resistance immersed in 1 M NaOH solution in Table
2.13 is found with Co15CrFeNi1sTiosMoo.1 with low corrosion current density (0.11 pA/cm?)
and high corrosion potential (-0.59 Vagagcl).

2.2.3 Tribocorrosion properties

Applications of tribocorrosion
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Figure 2.60: The application relating with tribocorrosion properties [140].

Under conditions of high wear and aggressive environment, such as under submarine
and fluid conditions, severe material degradation may occur [141]. In such situations
tribocorrosion properties (the resistance to wear and corrosion combined) will be important. It
can refer to several mechanisms of surface deterioration of materials, such as abrasion, erosion,
and friction as wear parameters, and chemical reaction and electrochemical effects at the
interface between materials and electrolyte solution [140,142]. As in Figure 2.60, this property
needs to be considered for diverse industrial applications, for example, biomaterials,

transportation, chemical processing, gas and oil, etc. [140,142].
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Figure 2.61: Five contact modes for tribocorrosion tests [140].

In tribocorrosion tests, the interaction between the sample surface and the media surface
directly affects the degradation behaviour of materials. The selection of contact modes for
testing needs to be correct [140]. There are five contact modes, Figure 2.61, which link with
corrosion on the sample surface and lead to the formation of tribocorrosion. For example, a
fretting mode is a reciprocating movement of a certain amplitude below 500 pm. A rolling
mode is found in ball bearings (where tribocorrosion often occurs). Lastly, an impingement
mode occurs with small particle contact, which can result in the formation of erosion corrosion
in fluid [140].

Tribocorrosion tests operate with two systems; wear and corrosion. In addition, other

complementary instruments are used to analyse the tests, such as electrochemical impedance
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spectroscopy (EIS), to identify the tribocorrosion mechanism between passive layers on the
contact surface, including oxide-film properties or characteristics formed on the engagement
region. These tests are carried out before and after the wear or sliding step to observe the change
of oxide-film properties [140].
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Figure 2.62: The common components of tribocorrosion experimental setups [140].

In the operation of a tribocorrosion system, the temperature is controlled and recorded,
as are the main tribocorrosion parameters, the normal force (F;), friction force (Fx) and the
value of coefficient of friction (COF). The cell consists of three electrodes; a reference
electrode; such as standard calomel electrode (SCE) and Ag/AgCl electrode, a counter
electrode; a platinum wire, and a working electrode; testing samples as in Figure 2.62
[140,142]. Subsequently, tribocorrosion parameters, such as COF, current, and potential, can

be calculated using the equations below [143-145].

We =Wy + AW, Equation 13

Cyw = Cy + ACy, Equation 14

T=W:+Cy Equation 15

or T =Wy, + AW, + ACy, Equation 16

where T is the total material loss rate; mm/year, W, and Cy, are the total material loss due to

mechanical wear and corrosion respectively, Wo is the mechanical wear in absence of corrosion
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calculated from wear tests at cathodic potential, Co is the corrosion material loss rate in the
absence of wear, which is normally treated as being negligible for passive metals and alloys,
AW, is the change in wear rate due to corrosion; mm/year, and AC,, is the change in corrosion

rate due to wear; mm/year.

In addition, the change in corrosion rate (4Cy,), the wear rate in mm/year, and the

specific wear rate (K) can be calculated from Equations 17-19:
AC,, = kiwth Equation 17

where iw: is the flowing current from wear track during abrasion; pA/cm?, k is a constant

(3.27 x 1073); mm.g/uA.cm.year, M is the equivalent weight; g/mol, and p is the density;

glem®,
Wear rate (mm/year) = 87:;)1/ Equation 18
4 .
K =— Equation 19
dL

where A is the surface area of the wear track, t is the test time, K is the specific wear rate;
mm3/N.m, V is the wear volume of material loss; mm?3, L is normal load; N, and d is the total

sliding distance; m.

In addition, the identification of the dominant tribocorrosion parameter between wear
and corrosion effects, is calculated from the ratio of ACw/AW,, following the standard ASTM
G119-09, Table 2.14 [143].

Table 2.14: The criteria for considering dominant mechnism in tribocorrosion testing [143].

Condition Dominant mechanism
ACwW/ AW < 0.1 Corrosion effect
0.1 <ACWAW <1 Both effects of corrosion and wear
ACwW/ AW > 1 Wear effect

There are examples of previous work regarding the tribocorrosion properties of both
conventional alloys and HEAs. Several conventional alloys have been studied for
tribocorrosion performance, for example, stainless steels, Co alloys, and Ti alloys. SS 304

shows the typical effect of applied potential on total material loss (Vt) in 0.5 M NaCl solution.
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High applied potential during tribocorrosion testing induces an increase in Vi as in Table 2.15.
It stems from the increase of applied potential leading to weakening of passive films and easy
pitting corrosion. The increase of pitting products induces a higher volume loss during wear.
However, a decrease of COF is found with increasing applied potential, probably due to the
lubricating effect of oxide on the sample surface. The oxide film formation during contact

intervals can potentially resist the weight loss of material with mechanical wear [146].

Table 2.15: The summary of detected volume loss of SS 304 in 0.5 M NaCl solution [146].

Applied potential Measured total volume Pure mechanical Wear-induced Corrosion-induced
(mV(SCE)) loss V4 (mm?3) wear V,, (mm3) corrosion AV, (mm?) wear AV,, (mm?3)
-550 0.01766 0.01766 0 0

OCP (—458) 0.022733 0.01766 0.0053 —-0.000227

-320 0.03698 0.01766 0.0250 —0.00568

—-200 0.06017 0.01766 0.0351 0.00741

In the example of Co alloys, CoCrMo is one of the most popular alloys to use for
biomedical implant materials. CoCrMo alloys exist with different carbon contents, either low
carbon (LC) CoCrMo alloy or high carbon (HC) CoCrMo alloy. These have both been tested
and compared with SS 316L for corrosion behaviour. For the concentration of 0.36 wt.% in
NaCl solution at 37°C, LC CoCrMo alloy has the lowest average coefficient of friction (COF)
in all alloys at 0.65, while SS 316 and HC CoCrMo alloy have higher COF values at 0.77 (SS
316) and 0.79 (HC CoCrMo). lon release measured by ICP shows that LC CoCrMo alloy has
the lowest Cr ion release. This shows that this alloy may form a strong passive layer in this
solution [147]. Furthermore, Ti6AI4V alloy is also popular to examine in artificial seawater
and pure water. In order to investigate the tribocorrosion behaviour of Ti6Al4V alloy and SS
316, an experiment was carried out by using a pin-on-disk test rig under different test solutions
with artificial seawater and pure water. It was found that both Ti6Al4V alloy and SS 316 have
lower wear loss in seawater than in pure water. Wear weight loss due to corrosion is
accelerated. It is considered that stress corrosion cracks may form due to chloride attack acting
with wear processes to promote micro-crack propagation on the sample surfaces. In addition,
Ti6AIl4V alloy is more highly resistant to wear damage than SS 316 [148].

Tribocorrosion resistance in HEAs has recently received attention, and is appearing in
published scientific papers. An example is an AICoCrFe coating on the surface of Al substrate
by the laser additive manufacturing method, which was assessed in 0.6 M NaCl solution. The
effect of one of the laser processing parameters, the laser fluence, was investigated over a range
of 17.0, 19.1, 21.2 J/mm? Coating with AICoCrFe shows an increase in tribocorrosion
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properties [149]. The coated sample produced with a laser fluence of 19.1 J/mm? can reduce
the wear volume loss from 0.11 mm?3 to 0.01 mm?® compared with pure Al substrates, as in
Figure 2.63. This is suggested to be due to a high level of phase stability achieved with the
correct ratio of HEA phase to intermetallic phase [150], although the fundamental benefit of
the coating must also come from increased mechanical properties and chemical resistance over

the pure Al substrate.
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Figure 2.63: The diagram showing a comparison of tribocorrosion properties between coating
with and without AICoCrFe on the Al substrate [150].

It is also found that another HEA has good tribocorrosion properties when used as a
coating. An SS 304 substrate was coated by AIFeCrNiMo and tested in artificial seawater. This
coating shows a decreased COF which is lower than pure SS 304. Low friction in the HEA
coating is consistent with low volume loss as observed in wear tracks in Figure 2.64. The
formation of BCC phase leads to increase in tribocorrosion resistance with solid solution
strengthening, including the passive film formed on the HEA surface [151].
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Figure 2.64: The comparison of tribocorrosion properties between coating with and without
AlFeCrNiMo on the SS 304 substrate; a) COF vs time and b) wear volume loss [151].

In addition, VAITiCrCu was produced as films deposited on a SS 304 substrate.
Tribocorrosion properties of this coating are examined in three solutions, 0.6 M NaCl, 0.5 M
H>SO4, and 1 M NaOH solutions, at room temperature. The HEA coating has the best
tribocorrosion resistance in alkaline solution with the lowest COF, resulting from the formation
of stable oxide film and the inhibition of pitting corrosion from SO4% ions. In contrast, this
alloy shows poor tribocorrosion properties in both chloride and acidic solutions due to the

unstable oxide film leading to oxide removal during the wear process [27].

In summary, the type of materials that have here been described under the term “HEAs”
are potentially attractive alloys, covering undoubtedly many alloys not yet discovered, and the
full properties of many reported alloys not known. This chapter has summarised vital
information on the theories, fundamental knowledge, and related research publications to
design the experiments and provide the supporting evidence for the work that will be described

in the results and discussion chapters. It can be concluded that;

e As reported in previous research, the alloying elements affect the alloy phase and
microstructures, which in turn alter properties such as hardness, corrosion properties,
and tribocorrosion resistance. As particular examples, Al, Cu, and Sn can make
different such alterations to the base structure of the four component system CoCrFeNi,
and are inexpensive metallic elements, applied in a wide range of industries. This makes
them attractive candidates for further study.

e The formation of different phase composition in HEAs can be interpreted by several

criteria, without there being a universally applied method for this. Common criteria are
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parameters from thermodynamics and the Hume-Rothery Rules, which are easily
applied in a wide range of different HEA systems.

e Some HEA systems which were previously studied, CoCrFeNiAl, CoCrFeNiCu, and
CoCrFeNiSn will require further investigation, to cover the details of the corrosion
mechanisms and also the species of oxide film formed, as this is often the critical part
in determining the behaviour with regard to these corrosion and wear properties.

o CoCrFeNiSn has less existing information than CoCrFeNiAl and
CoCrFeNiCu. The one previous publication providing data regarding
the microstructure and phase composition suggests its properties are
interesting to explore.

o CoCrFeNiAl and CoCrFeNiCu have been studied for properties
including hardness and corrosion, but have not been explored in a range
of test solutions.

e There are several methods for producing alloys like HEAs. Arc melting is indicated as
an efficient method to form a homogeneous mixture sample and is easy to use to create
basic sample shapes by casting.

The literature reported here is an essential knowledge basis for the experimental design and
investigation of new or existing HEA systems to determine new properties. It is noteworthy
that tribocorrosion properties of HEAs are currently very little explored.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 An overview of the approach

This PhD project aims to explore the corrosion, tribocorrosion, and hardness properties
of a series of different HEASs; the alloys under investigation have been chosen to display
different types of microstructure sometimes present in these alloys, which will be described in
more detail later on. As shown in Figure 3.1, the whole PhD experimental process can be
divided into three experimental investigations. The work of these will be described, and then

the operation of each technique will be described in detail.

In the first period, the main equiatomic system and metallic elements that could be
added to this were selected from a suitable HEA system, which was anticipated to have good
corrosion properties. Previous research indicates that the CoCrFeNi alloy has high corrosion
resistance, and can act as the main system, while Al, Cu, and Sn are inexpensive metals, which
have high passivation tendency, forming stable oxide films [152-154]. Four alloy systems are
therefore addressed in this project; CoCrFeNi (as the main system), CoCrFeNiAl (adding Al),
CoCrFeNiCu (adding Cu), and CoCrFeNiSn (adding Sn). All samples were produced by
vacuum arc melting to melt and cast, with the density analyzed between these steps. In addition,
there also are two commercial grades of stainless steel, SS304 and SS316, which were selected

to be compared with HEA samples.

In the second period, HEA ingots were prepared for corrosion and other tests. Before
corrosion testing, the prepared sample surfaces were analyzed by X-Ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), and Energy Dispersive x-ray Spectroscopy (EDS).
After that, corrosion samples were made and the corrosion behaviour of the samples in NaCl,
H2S04, NaAIO: solutions was analyzed by the Potentiostat technique, before being retested
with SEM, cross-sectional SEM, EDS, and X-ray Photoelectron Spectroscopy (XPS).

In the final stage, samples were prepared for hardness and tribocorrosion testing.
Firstly, the phase fraction of multiphase samples and the hardness were measured. Then the
best performing HEA system, with high hardness and good corrosion resistance, was selected
for tribocorrosion testing under 0.6 M NaCl solution. Post-testing, samples were evaluated via
SEM, EDS, and Stylus profilometry which was used for wear volume measurement.
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The experimental methods are discussed in detail below, under the four categories;
selection and interpretation of HEA systems, raw material and solution preparation, HEA

sample preparation, and HEA properties characterization.

CoCrFeNi CoCrFeNiAl

CoCrFeNiCu CoCrFeNiSn
|

Raw material preparation

Cutting/weighing/cleaning
metallic pieces

Produce HEA ingots
Vacuum arc melting technique
Melting/casting processes

HEA sample preparation

Corrosion samples
Tribocorrosion samples

Characterize HEA properties

Five major categories for testing
|

Chemical Phase Corrosion Tribocorrosion

Physical

analysis analysis analysis analysis analysis
Microstructure Chemical composition Phase composition Corrosion behaviour Tribocorrosion
Density I(Bulk)samples/ oxide Phase fraction Passive resistance behaviourfresistance
ayers
Hardness Y

Figure 3.1: Schematic diagram of whole PhD research experimentation.
3.2 Selection and interpretation of HEA systems

From information regarding HEAs in the literature, the 4-element system, Co, Cr, Fe,
and Ni, was selected as the main HEA system, stemming from having good corrosion resistance
and single phase character. Three alloying elements, Al, Cu, and Sn, which are inexpensive
elements and have good passive film formation, are added into the system as a dependent
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variable to observe the development of HEA properties, such as corrosion behaviour, hardness,

and tribocorrosion resistance. As the main HEA system was determined to be only one phase,

this aim is to observe clearly the impact of alloying elements on the microstructure change, and

the effect of this on the properties.

Subsequently, Table 3.1 shows the alloy specification for four alloy systems;
CoCrFeNi, CoCrFeNiAl, CoCrFeNiCu, and CoCrFeNiSn alloys. These are at equiatomic ratios
with 25:25:25:25 for the four elements of CoCrFeNi and 20:20:20:20:20 for the five elements
of CoCrFeNiAl, CoCrFeNiCu, and CoCrFeNiSn. The equivalent weight percentage, which

was used to calculate quantities by weighing in alloy production, is also given.

Table 3.1: The chemical composition of four alloy systems (compositions were selected in

atomic percent ratios, and the conversion to weight percentage was calculated using the
atomic masses; 26.98 (Al), 58.93 (Co), 52.00 (Cr), 63.55 (Cu), 55.85 (Fe), 58.69 (Ni), and
118.71 (Sn)).

_ Elements
Alloy systems Units i
Co Cr Fe NI Al Cu Sn
_ at% 25 25 25 25
CoCrFeNi
wit% 26.14 23.06 24.77 26.03
) at% 20 20 20 20 20
CoCrFeNiAl
wit% 23.34 20.60 22.12 23.25 10.69
_ at% 20 20 20 20 20
CoCrFeNiCu
wit% 20.39 17.99 19.32 20.31 21.99
_ at% 20 20 20 20 20
CoCrFeNiSn
wit% 17.12 15.11 16.23 17.05 34.49

There are five thermodynamic variables which are commonly used in reports in the

literature for initial HEA system design. These consist of the enthalpy of mixing (4Hm), the

entropy of mixing (4Sm), the atomic size difference (), the electronegativity difference (4y),

and the valence electron concentration (VEC). Here these are used not for alloy design, but as

a means to interpret and rationalise the phase composition observed in the alloys explored. The

parameters can be calculated by Equations 1 and 4-7. 6, Ay, and the VEC are three indicators,

featuring in the Hume-Rothery rules for binary solution formation, which identify solid

solubility by looking for similarity in the crystal structure, valence electrons, atomic size

difference, and electronegativity. AHm and ASy are two further thermodynamic parameters
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which have gained particular attention for the explanation of phase formation in HEA systems.

These were discussed in the literature review, and the relevant parameters for the alloys of

interest here were calculated and are summarised in Tables 3.2-3.4.

Table 3.2: The fundamental variables to calculate the five thermodynamic variables for HEA
systems [30,155,156].

Metallic elements

Atomic radius (A)

Electronegativity

Valence electron

concentration

B7Sn

Co
Cr
Fe
Ni
Al
Cu

1.25
1.25
1.24
1.25
1.43
1.28
1.41

1.88
1.66
1.83
191
1.61
1.90
1.96

9
6
8
10

11

Table 3.3: The values of mixing enthalpy of different atomic couples (kJ/mol) for HEA

systems [155].

Metallic .

[ Cr Fe Ni Al Cu Sn
Co -4 -1 0 -19 6 0
Cr 0 -1 -7 -10 12 10
Fe 0 -2 -11 13 11
Ni 0 -22 4 -4
Al 0 - -
Cu 0 -
Sn 0
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Table 3.4: The calculation of five thermodynamic variables for the interpretation of HEA

systems.

AHm ASm o AX
HEA systems VEC

(kJ/mol) (J/K mol) (%) (%)
CoCrFeNi -3.75 11.53 0.35 9.67 8.25
CoCrFeNiAl -12.32 13.38 5.69 12.06 7.20
CoCrFeNiCu 3.20 13.38 1.08 9.22 8.80
CoCrFeNiSn 0.32 13.38 5.69 10.30 7.40

3.3 Raw material and solution preparation
3.3.1 Raw material preparation

Table 3.5: The fundamental data of raw materials and conventional alloys.

Manufacturing  Purity

Metals Metal types Commercial forms )
companies (%)
Co Element Cobalt foil Alfa Aesar, UK 99.95
Cr Element Chromium cube Alfa Aesar, UK 99.95
Fe Element Iron slug Alfa Aesar, UK 99.95
) ) ) Advent Research
Ni Element Nickel foil 99.95
Materials, UK
Al Element Aluminum rod Goodfellow, UK  99.95
Cu Element Copper foil Alfa Aesar, UK 99.95
o Advent Research
Sn Element Tin foil ) 99.95
Materials, UK
Advent Research
SS304 Alloy SS304 rod ) -
Materials, UK
Advent Research
SS316 Alloy SS316 rod ) -
Materials, UK

For the selection of HEA systems, seven metallic elements were required for producing
the samples, and two conventional alloys were needed for comparison in the corrosion
experiment. Raw materials were composed of Al, Co, Cr, Cu, Fe, Ni, and Sn at 99.95% purity
or better, as shown in Table 3.5. All metallic elements were prepared for 8 g of the total weight
of HEA compositions, by cutting, grinding by grit paper, weighing, and ultrasonic cleaning
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with isopropanol solution for 10 min. Furthermore, two conventional pre-alloyed samples of
stainless steel grade 304 and 316 (SS304 and SS316), shown in Table 3.5 were prepared by the

same steps for use as a comparison in corrosion testing.
3.3.2 Solution preparation

Table 3.6: The fundamental data of chemicals used in the electrochemical experiments.

) Chemical Commercial Manufacturing _
Chemicals ) Concentration
formula forms companies
Sodium aluminate NaAlO; Powder Sigma-Aldrich, UK  Technical grade
) ) Ajax Finechem, )
Sodium chloride NaCl Powder ) 99.5% (Purity)
Australia
o ] Ajax Finechem,
Sulfuric acid H2S04 Solution ] 98%
Australia

In this work, three types of solution were prepared for the corrosion experiment and
one solution for tribocorrosion testing. As presented in Table 3.6, three chemicals were
obtained for the electrochemical experiments. Firstly, 0.6 M NaCl solution was prepared for
both corrosion and tribocorrosion experiments. Sodium chloride powder, which was a solute,
was weighed to 7.02 g and poured into a volumetric flask. Deionized water was poured to
obtain 200 ml of solution. Then this solution was stirred by a magnetic stirrer until fully
dissolved. Secondly, 0.6 M H2SO4 solution was prepared from the initial solution of 2.5 M
sulfuric acid. 48 ml of initial sulfuric solution was diluted by mixing with deionized water to a
final solution volume of 200 ml. Lastly, 0.6 M NaAIlO: solution was prepared in the same way
as the chloride solution, but with a different weight of solute. 9.84 g of sodium aluminate was
dissolved in deionized water to make 200 ml of solution. In addition, the pH values of all
solutions were measured using a Bench pH Meter (STARTER 3000, OHAUS, USA) after the
preparation step.

3.4 Vacuum arc melting

Arc melting was used to create samples (MAM1 arc melter, Edmund Buehler,
Germany), in Figure 3.2. There are four main systems in the melter; the heating system to melt
or cast metals, the vacuum system to achieve low pressure and feed argon gas, the water cooling

system to cool down after the heating process, and the suction system which is an extra part
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required for the casting process. This technique can be divided into two steps; melting and

casting, and this affects the type of hearths used.

In the melting process, all components to be placed inside the chamber and melting
hearth were cleaned by isopropanol and vacuumed to remove any contaminants on the
equipment surface. Vacuum cleaning was a suitable way to eliminate small metal fragments
and other particles which cannot be cleaned completely by wiping with isopropanol. After
cleaning, weighed out pieces of the required metallic elements were placed on the copper
melting hearth with the lowest melting point element placed first, and the highest melting point
element on the top. A Ti getter was used to trap further contaminants (especially oxygen) during
melting, and was placed in the central hole of hearth; this would be melted first in the alloying
operation. The cooling system and vacuum system were connected to the melter. The vacuum
chamber was prepared by evacuating air three times, each followed by feeding argon to 3 x 10°
Pa pressure, then the pressure was reduced from approximately 20 Pa (1.5 x 107! torr) to below
approximately 8 x 107 Pa (6.0 x 107 torr), and the cooling water system turned on, while
increasing argon pressure to 7 x 10° Pa. Subsequently, the Ti getter was melted to eliminate
residual oxygen gas inside the vacuum chamber and the contents of each hole in the hearth
were rapidly melted. All metallic elements were combined together in this process, flipped and
re-melted five times to improve homogeneity. Finally, the ingot was cooled down for 5 min,
removed from the chamber, cleaned with isopropanol in an ultrasonic bath and weighed.

For the casting process, the alloyed ingot was placed on the central hearth which
contained a cylindrical copper mould of 0.6 cm of diameter. This hearth was connected with a
casting tube to the suction system. However, due to good flowability of the alloys, the
application of a partial pressure environment was not required to cause the mould to be filled,

and all steps of the casting process were the same as the melting process.
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3.5 HEA sample preparation
3.5.1 Corrosion samples

All corrosion samples were prepared according to Figure 3.3. The specimens were cut
as cylinders 0.6 cm in diameter x 1 cm height. The sample surface was prepared by grinding
from a low number of grit paper down to a high number of grit paper; P280, P400, P800, P1200,
and P2500, then polishing with 1 um diamond suspension. After ultrasonic cleaning with
isopropanol, corrosion specimens were electrically connected by a copper wire inserted in a
glass tube and later cold mounted by epoxy resin (Struers Ltd., Canada) in cubic silicone
moulds 2 cm width x 2 cm length x 2 cm height [157]. The exposed area of 0.28 cm? was the

location of any interaction between the sample surface and the electrolyte.
3.5.2 Tribocorrosion samples

Figure 3.4 shows the process of tribocorrosion sample preparation. Cylindrical HEA
samples were cut to approximately 1 cm height and mounted with epoxy resin (Struers Ltd.,
Canada) in cylindrical silicone moulds of 4 cm diameter. Subsequently, the upper and lower
sample surfaces were ground with grit papers, P280, P400, P800, P1200, P2500 and P4000
respectively, and finely polished by using 1 pm grain-size diamond suspension to produce a
final specimen height of 0.6 cm. Before the last step for ultrasonic cleaning with isopropanol,
the epoxy mount of the samples was reshaped by re-grinding from cylinders to cuboids of 2
cm width x 2 cm length. The exposed area of the sample to the solution was 0.28 cm? in each
case. These samples were also reused for tribocorrosion, by re-grinding and polishing, to
reduce the sample size down to 3 mm in height. This was required so that they would be the

right size to place in the tribocorrosion cell.
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3.6 Property characterization
3.6.1 Physical analysis
3.6.1.1 Microstructure analysis by SEM

The sample microstructure was monitored using SEM (Inspect F50, FEI, USA) in both
secondary electron (SE) and backscattered electron (BSE) modes. Before SEM analysis, all
samples in the as-cast and prepared for testing conditions were cleaned by isopropanol in an
ultrasonic bath for 10 min and dried in air. The parameters shown in Table 3.7 were used. The
choice of different values of accelerating electron voltage depended on the analytical mode
used in SEM. The SE mode was applied to analyze topography with a surface signal. The
analysis of atomic number and topographical information showing phase differences was
carried out by the BSE mode with a bulk signal. For this reason, the BSE mode needed higher
energy electrons than the SE mode, and was thus set with a higher value of accelerating electron
voltage than the SE mode.

Table 3.7: The set parameters for SEM analysis.

Accelerating electron voltage ) Working distance
SEM modes Spot size
(kV) (mm)
SE 5 3.5-4.0 9.5-10.8
BSE 20 3.5-4.0 9.5-10.8

A Y
WD mag B HFW mode bias SEM Mode curr
ETD 5.00kV 40mm 10000x 20.7 ym SE 0V Field-Free 1.6 nA

Figure 3.5: A cross-sectional SEM image of CoCrFeNiSn prepared using the FIB-SEM technique.
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In addition, samples were also analyzed to determine the cross-sectional microstructure
following the formation of a section by Focused lon Beam milling (FIB; Helios NanoLab G3
UC, FEI, USA), as shown in Figure 3.5. This technique permits site-specific imaging of the
sub-surface morphology in samples, by removing material allowing a plane at right angles to
the polished surface to be examined. It can provide vital information relevant to corrosion, such
as the direction of corrosion in relation to the microstructure, the corrosion depth, and
information useful in determining the corrosion mechanism. This work was carried out by Dr
Le Ma, Dept. Materials Science & Engineering, the University of Sheffield, UK. Initially, the
sample surface was prepared by sputtering (Q150T ES, Quorum, UK) a gold coating of 10 nm
thickness. In the chamber, corrosion-related features were identified for further exploration,
and platinum was deposited where milling was not wanted on the sample surface. To perform
milling, Ga* ions with beam current of 0.8 nA-1.6 nA were used. HEA samples were fixed on
a stage and tilted to an angle of 52 degrees between ion beam and plane surface of the samples.
Finally, the cross-sectional microstructure made visible by the milling process was imaged by
SEM.

3.6.1.2 Density balance

As-melted samples were cleaned by an ultrasonic bath with isopropanol and dried in
air, and the density was measured using density balance equipment (MS104S/01 NewClassic
MF, Mettler Toledo, Switzerland). The density was assessed at room temperature using
Archimedes' principle. Each alloy was assessed three times with different samples. Density
was calculated as the equation below [158];

A -
Psample = 75 (pliquid - pair) + Pair Equation 20

where psample is the density of the sample; g/cm?, piiquid is the density of the liquid used which
was water; g/cm?, pair is the density of air; 0.0012 g/cm?®, A is the sample’s weight in air; g, and
B is the sample’s weight in liquid; g.
3.6.1.3 Micro-indentation
As-cast samples were cold mounted with epoxy resin (Struers Ltd., Canada) and surface
prepared by grinding with grit papers from P280 up to P2500 and polishing by using 1 pum
diamond suspension. The surfaces were cleaned by isopropanol in an ultrasonic bath for 10

min and dried in air. They were hardness tested by using a Vickers micro-indentation hardness
indenter (DuraScan 70, emco-TEST, Struers, Austria). Indents were performed under HV0.5
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(500 gf) for dwell time of 15 s in the series measurement testing mode. Each sample was

measured by at least 10 indents.
3.6.1.4 Nano-indentation

As-cast CoCrFeNiSn samples contained two phases; FCC-CoCrFeNi and hexagonal-
NixSny phases. The hardness of the CoCrFeNiSn sample was measured over small volumes
by Nano-indentation (Hysitron, T1 Premier, USA), in order to analyze the hardness of each
phase separately. Samples not exceeding 10 mm height were prepared during the same step as
the micro-indentation testing with the cold mounting method, and followed the same protocols.
The resulting sample was stuck to an aluminum sample stub with adhesive and laid on a sample
holder platform inside a chamber. A Berkovich pyramid diamond indenter was placed in
contact with the sample surface and loaded, with the depth of penetration sensed carefully, and
used to deduce the contact area at a given load and thus measure the local hardness. Before
testing, the calibration of the area profile of the indenter tip was performed with different loads
on fused quartz (as a standard material with well-defined characteristics), fitting an area
function to produce the correct hardness value across the different loads, and therefore depths.
A polycarbonate sample was used for calibration of the X-Y sample platform and the optical
resolution, to ensure indents were placed in the regions identified by the in-built optical
microscope. Single-indent mode was selected to test the local hardness of different phases, by
positioning the indents well within the visible regions of each phase. Ten indents in total were
recorded for each phase, with a load of 2,000 uN applied for a dwell time of 10 sec./indent.
The collected data are fitted with a function by the Hysitron software, which calculates the

hardness and Young's modulus values.
3.6.2 Chemical analysis
3.6.2.1 EDS-SEM

The chemical composition of samples was analysed by using SEM (Inspect F50, FEI,
USA) combined with an EDS detector (Oxford Instruments, UK). Samples were monitored in
BSE mode and linked to EDS system under the operation of AZtec software for chemical
analysis. A beam spot size of 1 um and an accelerating electron voltage of 20 kV were used,
for both point and area measurements. The point mode gave a quantitative assessment of the
relative amounts of different elements, whereas the area measurements were carried out in a

mapping mode, producing images for each element of interest showing its distribution.
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3.6.2.2 Oxide and chemical composition investigation by XPS

XPS (PHI5000 Versa Probe Il, Ulvac-PHI, Japan) was used for the chemical analysis
of any oxide film on the sample surfaces in each system after the corrosion properties were
tested. This work was supported by Dr Narong Chanlek, a beamline scientist at the Synchrotron
Light Research Institute, Thailand. Before the operation, the sample surface was cleaned using
Ar sputtering, controlled not to exceed 10 nm in depth for removing any contamination present,
such as a carbon layer or dust on the sample surface [159]. An X-ray beam size of 100 um
diameter was set on the analysis area. The XPS data were analyzed following procedures
specified in the ULVAC PHI PHI5000 VersaProbe manual [160] and the database for fitting
curves was taken from the Handbook of X-ray Photoelectron Spectroscopy [161]. In addition,
the relative atomic concentration of each element at the surface was analyzed by this technique,
calculated as below [136,162].

Aj

X; =100 ST Equation 21
4, = L Equation 22
SiK

where X; is the atomic percent of each element, A; is the adjusted elemental intensities, J; is the
measured intensity of each elemental composition, K is the kinetic energy, S is the relative
sensitivity which is determined from the XPS measurement, i is each element, and n is the

amount of elements.
3.6.3 Phase analysis
3.6.3.1 XRD

The phase composition of HEAs was characterized via XRD (D2 PHASER, Bruker,
USA). The X-ray source used was Cu-Ka1 with the wavelength of 1.54060 A. As-cast samples
were first prepared by grinding with grit papers from P280 up to P2500 and polishing with 1
pm diamond suspension. The surfaces were cleaned by isopropanol in an ultrasonic bath for
10 min and dried in air. Samples were placed on the sample holder and set into the XRD
chamber, then scanned over a range of 26 angles from 20° to 100° at a scan rate of 2 °/min and
a step size of 0.02 °/step. Subsequently, the XRD data was exported, as a RAW V4 text *.txt
file to analyzed by EVA software in the ICDD PDF-4+ database.
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Furthermore, additional data (phase fraction, space group, and lattice parameter) of the
diffraction pattern peaks attributed to the Ni-Sn and FCC phases in the CoCrFeNiSn system
were determined by the Rietveld refinement method. This analysis was carried out on the XRD
peaks via GSAS software combined with the EXPGUI interface. This analysis was conducted

by Dr Zhao Y Leong, Dept. Materials Science & Engineering, the University of Sheffield, UK.
3.6.3.2 Image analysis by ImageJ software

BSE images which were recorded by SEM were analysed to determine the phase
fraction in each system by using ImageJ software over a number of images. This is a public
domain image processing program based on Java, which can be downloaded from
https://fiji.sc/. Initially, images of size approximately 100 um x 86 um were recorded at a
resolution of 1023 x 884 pixels. Images were set a scale according to the true scale bar. The
brightness and contrast of images were adjusted with the Fast Fourier Transform (FFT) and
Threshold functions in the software, and then the phase fraction was measured using the
Analyze Particles algorithm. This average value was calculated from five randomly-positioned

images, recorded for each HEA system under investigation.
3.6.4 Corrosion analysis

The corrosion testing in this work was divided into two parts; the first was performed
during a research visit at the Department of Materials Engineering, Faculty of Engineering,
Kasetsart University, Thailand, and the second was carried out at Department of Materials

Science and Engineering, Faculty of Engineering, the University of Sheffield, UK.

In the first part, the corrosion behaviour of samples was studied by electrochemical
analysis (PGSTAT302N Autolab, Metrohm Autolab, the Netherlands). All of the HEA samples
and the conventional alloys used for comparison were analysed by the Linear polarization curve
technique with three electrolytes, NaCl solution, H2SO4 solution, and NaAlO> solution, all of
0.6 M concentration. Testing was carried out at room temperature and each alloy was tested at
least three times [136]. Three electrode cells were used for the corrosion study. The working
(WE), counter (CE) and reference electrodes (RE) were the prepared specimen, a platinum
electrode, and Ag/AgCI reference electrode, respectively. The Open Circuit Potential (OCP)
was set up for operation for 30 min before the next step. The scan rate used for the linear
polarization was 1 mV/s [43] and the potential was scanned from -0.9 V to +1.3 V with respect

to the OCP obtaining a stable value [163]. The range of applied potential for corrosion testing
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in this work was adapted and modified from [164,165], where it was used to study CoCrFeNi
and CoCrFeNiAl in 0.6 M NaCl solution. This potential range for corrosion testing was used
for all samples examined here; CoCrFeNi-based alloy, three HEA systems, and two grades of
stainless steel. The corrosion parameters were analyzed after data collection by Nova 1.11.2
software according to the method detailed in Appendix A. As shown in Figure 3.6, the
systematic approach was used to obtain precise value for the Tafel slopes (ba and bc) by using
several data points at around £100 mV away from the value of Ecorr. In addition,
Electrochemical Impedance Spectroscopy (EIS) was employed to investigate the status of the
oxide layer and the polarization resistance (Rp) of the sample surfaces. HEA samples were
tested with three electrolytes using the same Linear polarization curve technique. The
frequency was scanned from 100 kHz to 0.01 Hz with a perturbation amplitude of 10 mV and
then EIS data were analyzed by Nova 1.11.2 software.

A)

Figure 3.6: The approach used to determine the Tafel slopes.

In the second part, CoCrFeNi and CoCrFeNiSn alloys were analyzed for corrosion
resistance in freshly prepared 0.6 M NaCl solution by using a VersaSTAT 3F Potentiostat
Galvanostat (Princeton Applied Research, USA) to control the potential for corrosion testing.
The corrosion cell included three electrodes; a Saturated Calomel Electrode (SCE) as a
reference electrode, a platinum wire as a counter electrode, and the sample being tested as a
working electrode. The volume of solution in the cell container was approximately 100 mL.
The Potentiodynamic curves, which were repeated twice, were measured from -0.25 V to 1.3
V with respect to the OCP at a scan rate of 0.5 mV/s. This potential range for corrosion testing

was used for the two HEA systems which were examined using this method; CoCrFeNi and
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CoCrFeNiSn. Corrosion parameters were calculated by using CView software. Meanwhile,
Electrical Impedance Spectroscopy (EIS) was used to evaluate the electrical resistance at the
interface between an exposed metal surface and solution over the range of low to high
frequency values. These EIS results can determine the polarization resistance in the low-
frequency range, solution resistance in the high-frequency range, and the capacitance of the
double layer. These are essential parameters to identify the tribocorrosion mechanism between
passive layers on the contact surface and oxide-film properties formed on the interface.
Polarization resistance can be referred to as a polarizing electrode. When a specimen
(electrode) is polarized, it can lead to the flow of current through electrochemical reactions
occurring on the specimen surface. It corresponds with the protective ability of oxide films in
alloys. High polarization resistance can cause superior corrosion resistance, while poor
corrosion resistance stems from inferior polarization resistance in alloys [166]. Solution
resistance (electrolyte resistance) is an essential factor in the EIS technique. It occurs when
voltage is passed from the working electrode to the reference electrode in the electrolyte
solution. lons in the solution perform as resistors to impede electron flow. The resulting voltage
is recorded by the reference electrode. This electrode is used to measure the solution resistance
with a comparison of the input and output voltages. However, solution resistance can be
calculated by fitting experimental EIS data to an equivalent circuit [166]. Double layer
capacitance can be defined as the polarization of ionic charge at the specimen surface in the
EIS system. It is formed as ions from the solution adsorb onto the specimen surface, occurring
at the interface between the specimen and its surrounding electrolyte solution. An insulating
space acts to separate the charged electrode from the charged ions on the order of angstroms.
A capacitor can be formed by charges being separated. Because of this, an uncovered metal
immersed in an electrolyte solution will act like a capacitor [166]. The corrosion rate was then
calculated from the value of polarization resistance as Equations 10 and 11. All samples were
tested with the same solution at room temperature. The frequency range was 100 kHz to 15
mHz with a perturbation amplitude of 10 mV at 10 points per frequency decade. The ZView
software was used to model the data with an appropriate equivalent circuit. The equivalent
circuit model in this work is properly selected using an analysis of passive metallic materials,

as discussed in section 4.5.2.

According to the ASTM G102-89 standard [104], the vital corrosion parameters of

HEAs were calculated as Equations 9-11.

91



3.6.5 Tribocorrosion analysis

The tribocorrosion experiment was assisted by Dr Righdan Mohsen Namus,
Department of Materials Science and Engineering, Faculty of Engineering, the University of
Sheffield, UK. HEA samples were analyzed for tribocorrosion properties in freshly prepared
0.6 M NaCl solution, using a tribocorrosion cell in a TriboLab multifunctional wear test
equipment (Bruker, USA). This controls the temperature and records the main tribocorrosion
parameters, the normal force (Fz), friction force (Fx) and the value of coefficient of friction
(COF). The cell consisted of three electrodes; a SCE as a reference electrode, a platinum wire
as a counter electrode, and the HEA sample as a working electrode. The volume of the cell was
approximately 100 mL for containing testing solution.

Reciprocating sliding wear tests were carried out using a ball on plate configuration,
which conformed to ASTM G133. The counterpart was an alumina ball with 4 mm diameter
and 99% purity (Oakwase Ltd., UK), loaded at 0.5 N. Tribocorrosion tests were carried out at
room temperature with 5 Hz sliding speed and 2 mm stroke length, giving 20 mm/s linear
sliding speed. The testing time was 3 h, to give in total 108,000 strokes and 216 m sliding
distance. Tests further used either -0.9 V cathodic potential or OCP. In both conditions, 30
minutes was allowed in the solution under the test conditions before wear began, a time which
was found to be sufficient to allow the OCP to stabilize. All tests were repeated twice and

showed high reproducibility.

After tribocorrosion testing, the wear volume of the sample surface was determined by
using Stylus profilometry (Dektak 150, Veeco, USA). A series of cross section profiles along
the wear track were taken and the cross section area was measured. The volume of the wear
track (Viota) Was then calculated by multiplying the average cross section area by the stroke
length. Other tribocorrosion parameters were calculated using the standard formula as
Equations 13-19 [143,144].

The driving force for this material loss is the galvanic couple that forms between the
depassivated surface (wear track) and the still passivated one (the rest of the surface).
Espallargas et al. [167] suggested a new experimental setup to calculate this effect using a zero-
resistance ammeter (ZRA), though here we have used the galvanic coupling model suggested
by Vieira et al. [168], which has been applied to different materials by Papageorgiou and

Mischler [169], to calculate the current flowing from the wear track (i) as the following:
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A
(Ecorr_Ewt+ac_bc log (Aipt))

bc

logi,: = Equation 23

where: E,; is sliding potential, a. and b, are Tafel constants calculated from the cathodic
branch of the potentiodynamic curve [170]. A,,. and A,, are the surface area of the wear track

and the passive surface respectively.
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CHAPTER 4

Results and Discussion
4.1 Results: characterization of as-cast CoCrFeNi and HEA samples
4.1.1 Phase composition analysis

To understand the phase composition, XRD analysis was conducted, Figure 4.1.
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Figure 4.1: The XRD patterns of the four as-cast samples examined.

As shown in Figure 4.1, the analysis of the XRD results indicates that the CoCrFeNi
alloy consists of a single solid solution FCC phase, with, as expected, peaks consistent with
Cro.25Fe0.25C00.25Nio 25 (ICDD card number: 04-018-7506). The addition of a fifth alloying
element either leads to the evolution of a second phase or unresolved nano-precipitates,
resulting in a multiphase structure where the phases have different crystal structures. In the first
HEA system, the Al addition transforms the crystallographic phase structure from FCC to BCC
(1CDD card number: 04-018-5047). CoCrFeNiAl can form the B2-ordered BCC phase as the
major phase in this alloy. Another phase that could be present is the Al-Ni-rich (BCC) phase

as a minor phase, possibly an intermetallic compound present as fine particles [42,171]. These
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nano-precipitates with Al and Ni richness can be detected in the dendritic segregation region
[42]. The XRD technique does not detect this phase, which could be due to the low volume
fraction and fine nanoparticles. Most probably, particles only a few nanometers in size may
make it difficult to resolve from the Cu-Ka radiation wavelength via XRD analysis. However,
EDS analysis at high resolution can show a structure consistent with an Al-Ni-rich phase
present after corrosion testing in 0.6 M NaCl solution (section 4.3.2). For the second and third
HEA systems, Cu and Sn additions lead to the formation of a two phase structure; CoCrFeNiCu
shows segregation of elemental Cu (ICDD card number: 04-009-2090) from the major FCC
phase present in CoCrFeNi, and CoCrFeNiSn retains the FCC structure of CoCrFeNi and
introduces a secondary hexagonal phase with similar XRD peak positions to Ni15.1.635n (ICDD
card number: 04-017-6375 and 04-016-8768).
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Figure 4.2: Rietveld refinement of as-cast CoCrFeNiSn sample.

Table 4.1: Refined structural parameters of as-cast CoCrFeNiSn sample.

Lattice parameter  Phase fraction

Phase Space group Crystal structure (A) )

FCC Fm3m (No.225) Cubic 3.602 38

NiSn P6s/mmc (N0.194) Hexagonal 4.142 (a,b) 62
5.205 (c)

In addition, Rietveld refinement analysis of the pattern from CoCrFeNiSn, Figure 4.2,
is consistent with it being composed of two phases, as shown in Table 4.1. A major phase, 62%
of the phase fraction, is a hexagonally structured Ni-Sn rich phase with P6z/mmc space group.

A minor phase, 38% of the phase fraction, is a cubic (FCC) structure with Fm3m space group.
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4.1.2 Microstructure and chemical composition observation

To understand the microstructure and chemical composition, SEM and EDS were
conducted (Figures 4.3-4.5 and Tables 4.2-4.3).
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Figure 4.3: BSE-SEM micrographs of as-cast samples; (a) CoCrFeNi, (b) CoCrFeNiAl, (c)
CoCrFeNiCu, and (d) CoCrFeNiSn alloys.

BSE-SEM images showing the microstructures of all as-cast samples are given in
Figure 4.3. As-cast CoCrFeNi and CoCrFeNiAl samples, Figures 4.3a and 4.3b, do not show
any secondary phase. Both microstructures at the scale observed are homogeneous and uniform
throughout the observed section. However, while no other phases are found in CoCrFeNi, an
Al-Ni rich phase (possibly an intermetallic compound), is found by EDS at high resolution in
the CoCrFeNiAl system. This observation is described in section 4.3.2. This suggests that
CoCrFeNiAl has a secondary Al-Ni phase as well as the ordered B2 phase. Figure 4.3c presents
the dendritic as-cast microstructure of the CoCrFeNiCu alloy. The dendritic structure forms as
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a matrix phase, and Cu segregation is found in the interdendritic regions. Lastly, the Sn
addition, Figure 4.3d, forming CoCrFeNiSn can transform the microstructure from a solid
solution phase to a dendritic CoCrFe-rich phase and an interdendritic Ni-Sn-rich phase. The
interdendritic Ni-Sn region in the CoCrFeNiSn alloy is larger in scale than the interdendritic
Cu-rich region in the CoCrFeNiCu alloy. In addition, the elemental location in each alloy is

confirmed by the EDS analysis below.

Table 4.2: The quantitative chemical composition (at.%) of as-cast samples as analyzed

through the EDS technique from a previously published work [172].

HEAs Co Cr Fe Ni Al Cu Sn
CoCrFeNi 255 25.1 25.2 24.2 - - -
CoCrFeNiAl 20.7 20.5 20.5 19.9 18.4 - -
CoCrFeNiCu  19.9 20.6 19.9 19.8 - 19.8 -

CoCrFeNiSn 20.7 18.7 20.3 19.8 - - 20.4

The chemical compositions of the as-cast samples used in this work were determined
previously [172] by EDS and are summarized in Table 4.2. They correspond to the nominal
equiatomic compositions within an error of + 2 at.% (The % error is found by calculating the
difference between measured values of the quantitative chemical composition by EDS and the
nominal equiatomic composition, which this value being given as a percentage of the measured
value). This result shows that the actual chemical compositions in each as-cast sample are close
to the nominal equiatomic compositions at 25 at.% of each element in the CoCrFeNi alloy and
20 at.% of each component in CoCrFeNiAl, CoCrFeNiCu, and CoCrFeNiSn alloys.

Table 4.3 shows the composition of distinguishable phases in CrFeCoNiSn, determined
by EDS. It reveals that CrFeCoNiSn (within an experimental error of £1 at.%) forms a dual
phase structures; shown previously by XRD to be CrFeCoNi FCC phase and Niis.1635n
hexagonal phase [172]. A BSE micrograph of the HEA sample gathered here, Figure 4.4,
corresponds with these earlier results. In the unetched condition under BSE imaging, the
morphology of CrFeCoNiSn includes two phases; the matrix phase of Ni-Sn with high Sn
(38.57 at.%) and Ni (28.68 at.%), and the minor phase of CrFeCoNi with high Fe (30.64 at.%),
Co (28.70 at.%), Cr (26.67 at.%), and Ni (11.14 at.%) respectively. It should be noted that,
chemical composition analysis via EDS technique may give low-accuracy results caused by
scanning with a spot size of a few microns, and relatively few assessment points made. While

area scans can be more accurate, there is also the difficulty of obtaining signal from different
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phases in the subsurface region. Better results could be obtained at higher magnification, for
example in a TEM. This compositional uncertainty should be especially considered when

attempting to analyse unknown phases for example the Ni-Sn phase.

Table 4.3: The chemical compositions in atomic percent (at.%) of CrFeCoNiSn alloys phase
via EDS analysis determined here, and the phase composition (phase composition

identification from previous research [172]).

Chemical composition (at.%)
Co Cr Fe Ni Sn
The whole surface area 20.7 18.7 20.3 19.8 20.4
(An area scan)
CoCrFeNiSn Ni-Sn Hexagonal 141 8.7 9.9 28.7 38.6
CoCrFeNi FCC 28.7 26.7 30.6 11.1 2.9

HEA system Phase composition

(A point scan)

f&z.f'?;w., 75'

Figure 4.4: BSE-SEM micrographs showing EDS spots of the as-cast CrFeCoNiSn sample

with unetched condition.

The result above on these alloys indicates that the main alloy system, CoCrFeNi, has a
single phase FCC crystal structure. The three alloying elements, Al, Cu, and Sn, lead to the
formation of new phases; a major B2 and minor Al-Ni-rich phase in CoCrFeNiAl [4,42], a
major CoCrFeNi FCC and minor Cu FCC phases in CoCrFeNiCu [11,173], and Nil.5-1.63Sn
hexagonal and CoCrFeNi FCC phases in CoCrFeNiSn [69,172]. These results are consistent
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with the EDS mapping reported here which show the elemental distribution in the
microstructure of as-cast samples, Figure 4.5. This shows that both CoCrFeNi and CoCrFeNiAl
alloys appear to have a uniform elemental distribution, consistent with the formation of a single
phase. However, CoCrFeNiAl is not single phase. It also contains a minor Al-Ni-rich phase
observed when this sample is examined following polarisation in chloride solution. The
formation of two phases has been observed in the CoCrFeNiCu and CoCrFeNiSn systems. Cu
segregates from the major phase of CoCrFeNi in the elemental map of CoCrFeNiCu while the
Sn addition to CoCrFeNiSn alloy leads to Ni and Sn being found in the same area, consistent

with the formation of the Ni-Sn hexagonal structure. Both Cu-rich phases and hexagonal phases

containing Ni and Sn occur in the interdendritic region.
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Figure 4.5: EDS elemental maps showing as-cast samples; CoCrFeNi, CoCrFeNiAl,
CoCrFeNiCu, and CoCrFeNiSn.
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4.1.3 Interpretation of phase formation

In thermodynamic and fundamental solid solutions theories, there are five variables
which are commonly used in the interpretation of HEA system, which we can also employ to
understand why the alloys under study in this work form the phases observed. These common
variables are the enthalpy of mixing (4Hm) [24,32-36], the entropy of mixing (ASm) [24,32-36],
the atomic size difference (o) [24,32-36], the electronegativity difference (4y) [28], and the
valence electron concentration (VEC) [35-37], calculated as in Equations 1 and 4-7 (discussed
in section 2.1.2). Other parameters of similar type exist, and have been indicated to be effective
in rationalising the phases formed. One such example is the electrons per atom (e/a ratio). This
parameter is not used in this work however as the determination of an accurate value is difficult

for multicomponent alloys.

The relevant parameters for the alloys of interest here were calculated and are
summarised in Tables 3.2-3.4 (presented in section 3.2). Tables 3.2 and 3.3 show the essential
variables used to calculate the base thermodynamic parameters for each alloy, which are shown
in Table 3.4. These values for the CoCrFeNi-based alloy and three HEA systems investigated are
compared to the criteria for HEA formation introduced by Guo et al. [33,34,37], Chen et al. [35]
and the Gibbs free energy of mixing [34], as summarised in Table 2.2 (presented in section 2.1.2).
These criteria can be used to interpret the microstructures observed in these alloys.

It was found that the criteria indicate CoCrFeNi would be expected to form as a solid
solution phase, having a negative AHm value (-3.75 kJ/mol) and a low o6 value (0.35%),
including a low Ay value (9.67%). Formation of FCC phase is also indicated as VEC is high
(8.25). From the results gathered here, this alloy does indeed seem to show these characteristics
in the as-cast form examined. Intermetallic compound formation is feasible in the CoCrFeNiAl
alloy, resulting from the impact of the Al content leading to a large negative value of AHm (-
12.32 kJ/mol) and a large Ay value (12.06%). From the results found here, there is a clear
indication of an additional phase meaning the alloy consists of a major B2 phase and an Al-Ni
rich phase, possibly an intermetallic compound given the propensity for these elements to react
and form this, as shown by the binary phase diagrams given earlier. This intermetallic phase
can form as fine particles distributed in the matrix B2 phase, and structures consistent with this
are seen after attack by chloride ions. The CoCrFeNiCu alloy shows Cu segregation, which the
criteria suggest stems from the positive value of AHm (3.20 kJ/mol) and positive AHm values of

all the Cu-A couples (A is Co, Cr, Fe, and Ni), indicating that these bonds are not preferred

100



compared to those between other elements in the CoCrFeNiCu alloy. The high VEC value
(8.80) indicated that FCC phase may be expected, and indeed this is seen, although it is across
two phases, the FCC Cu phase and the CoCrFeNi phase, so the alloy-level VEC value probably
does not apply to either of these phases exactly. From Guo et al.’s criteria [33,34], CoCrFeNiSn
can form a compound phase. Considering Chen et al.’s criteria [27], Ay (10.30%) indicates the
formation of compound phases (as is actually observed in the alloy, where a primary FCC
CoCrFeNi phase and a secondary hexagonal Ni-Sn-rich phase are seen). Furthermore, the
strong bonding of the Ni-Sn couple, with the most negative AHr, of the atomic couples of the
elements (-4 kJ/mol) present and Sn, leads to the segregation of the Ni-Sn hexagonal phase

from the other phase present.

To sum up, the previous criteria for HEA-system interpretation do not give an exact
criterion which can explain correctly the observations in all of the HEA systems studied here,
though seeking the most common result of multiple criteria seems to be correct for the small
number of alloys studied. In this, it should be noted that the alloys in the present study are
examined in the as cast state, and it may be that some of the observed phase compositions are

not the final equilibrium structures which could be arrived at.

4.1.4 The chemical composition of oxide film on the sample surface

Generally, HEA samples consisting of multiple metallic components can form several
kinds of nanoscale-metallic oxide films on the surface during reaction with oxygen [174]. For
example, Cr.03, Fe203, Co304, and NiO were observed to have formed on the surface of
CoCrFeNi [175], and CoCrFeNiAlos.0.9 showed that Cr.0s, Fe203, Co304, NiO, and Al203
formed on its surface [175]. This work focuses on the investigation of the corrosion behavior
of alloys in different testing solutions. The analysis of passive films on the as-cast sample
surface (the original surface) is essential to understand the corrosion mechanism in each alloy
with the different testing solutions, as it is these films that will first experience the effects of
the conditions. XPS testing was carried out on sample surfaces to evaluate nanoscale-metallic
oxide films forming in a natural environment. This method typically is sensitive to
approximately 5-10 nm in depth when used in this way [136], and will reveal information about
the oxidation state of the elements at the surface, from which inferences about possible oxides
can be made. This is important as not all oxide films are good at resisting corrosive attack. In
order to identify the oxide film, and thus to assess the corrosion properties, we investigate here

the formation of what is likely to be the main protective oxide film, Cr.O3, and also the
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formation of minor passive films, Al,Oz, Cu20, and SnOz, the oxides of the elements added to
the main CoCrFeNi system here. The chemical composition of these films, which were original
oxide films formed on the as-cast samples after surface preparation (sectioning and polishing)
and then exposure to air, was evaluated via surface analysis by XPS.

The relative atomic concentration of the elements in Table 4.4 present at the as-cast
sample surfaces was first explored by XPS analysis (the composition has been assessed for the
bulk alloy pre-corrosion testing to be in all cases relatively close to equiatomic, Table 4.2 and
[172] at least when the content of oxygen and carbon are not taken into account, see section
4.1.2). This indicates that the proportion of Cr detected at the surface is the highest (without
considering the oxygen and carbon contents, but examining the main elements (Co, Cr, Fe, and
Ni) and the fifth additional element (Al, Cu, and Sn)) in all alloy systems explored; 16.4 at.% in
CoCrFeNi, 14.8 at.% in CoCrFeNiAl, 17.1 at.% in CoCrFeNiCu, and 16.7 at.% in CoCrFeNiSn
alloy. The amount of Cr at the surface can be linked to the capability for Cr-oxide formation on
the sample surface. A sample surface with high Cr content (such as CoCrFeNiCu) has the
potential to produce a high amount of Cr.0s films (which typically performs well in resisting
corrosive attack) while a sample surface with low Cr content (such as CoCrFeNiAl) seems to
generate a lower amount of Cr.0z film. Actually, not only the consideration of Cr content can
indicate the ability to form Cr.0Oz films, but also the amount of oxygen, as a precursor, that reacts
with metals to generate passive films. It corresponds with the measured surface oxygen
concentration of CoCrFeNiAl, which is the highest of all in Table 4.4. In practice, Cr,O3 and
AlbOs tend to be isostructural, easily forming a mixed-cation (Cr,Al)20s; oxide, which is
discussed in 4.3.5. It is thus highly likely that the Al content will promote the formation of a
thicker, more durable Al-containing Cr.O3 surface oxide layer. As mentioned above, it can
indicate that the lower measured Cr surface concentration is misleading to form a lower amount
of Cr203 film since it is likely due to the strong segregation of both Cr and Al into the surface
oxide layer formed, as found in the very high AI** and low Al-metallic signals in Table 4.5. In
addition, the amount of detected oxygen is important for metal-oxide formation, as this is
available at the surface to interact with metallic elements. Oxygen amounts are shown in Table
4.4 below, in large amounts 43.8-56.6 at.%. In addition, unexpectedly high carbon contamination
can be found in Appendix B. Carbon contamination on the sample surface which gives rise to a
signal in the XPS data is also reported in several previous papers [176,177]. XPS is a highly
sensitive technique for detecting chemical species on a surface [160], and it is relatively easy for

surfaces to pick up contamination, including carbon, which might occur during handling, or in
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this case the shipping that was required to transport the samples for testing. However, these
carbon contents are not expected to affect the formation of metal oxides, as the sample-surface
preparation and testing are carried out under aerated conditions in a natural environment, and
there is an ample supply of oxygen from the atmosphere, which will preferentially react with the
metals. The carbon peaks are also not expected to obscure the peaks of the metallic elements of
interest, being at very different energy ranges, and therefore, while it indicates that improved
laboratory practice would be desirable to reduce contamination in general, it is not expected to
alter the validity of the findings with respect to the relative oxidation of the different elements at

the surface.

Table 4.4: The relative atomic concentration (at.%) at the as-cast sample surfaces; CoCrFeNi,
CoCrFeNiAl, CoCrFeNiCu, and CoCrFeNiSn alloys.

Relative atomic concentration (at.%)

Alloys
Co Cr Fe Ni Al Cu Sn O
CoCrFeNi 10.77 16.39 1236 14.62 - - - 45.86
CoCrFeNiAl 5.39 14.79 8.14 4.37 10.74 - - 56.57
CoCrFeNiCu 5.87 17.10 9.77 6.05 - 10.03 - 51.16
CoCrFeNiSn  8.08 1665 8.06 10.84 - - 1255 43.82

Figure 4.6 displays XPS spectra for high resolution monitoring of the samples in an as-
cast condition. Five elemental XPS spectra; Al 2p, Cr 2p, Cu 2pz, O1s and Sn 3d, are used to
assess the chemical state of the corresponding atomic species (and thus indicate whether these
atoms tend to be present in the metallic form or as compounds; likely to be oxides) at the sample
surfaces. The results are consistent with a main protective film of Cr.,Os formed by the
interaction between Cr3" and OZ. Cr 2p spin-orbit coupling consisting of Cr 2ps2 and Cr 2pu
is detected in all alloys analysed. The deconvoluted Cr 2ps/> peak can be found at the binding
energies of 574.30 eV (Cr metal) and 576.38 eV (Cr oxide). The form of the oxygen absorption
on the sample surface analyzed by XPS can be identified to be one of two types; metal oxide
and chemisorbed oxygen. The metal oxide form is the result of reaction between oxygen and
metallic elements (Al, Co, Cr, Cu, Fe, Ni, and Sn in this case) on the substrate to form metal
oxides such as Al203, Cr203, Cu20, and SnOz. The chemisorbed form of oxygen covers the
absorption of oxygen and oxygen-containing contaminants (which do not involve metallic
elements from the samples, such as H2O) on the sample surface, comprising any species
containing bonds such as C-O, C=0, and O-H [178]. The O 1s peak can be detected at the
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binding energies of 530.07 eV-530.41 eV (metal oxide) and 531.40 eV-535.79 eV
(chemisorbed oxygen). For the three alloying elements which distinguish the samples here (Al,
Cu and Sn), the formation of Al,O3 with AI** in the CoCrFeNiAl system was indicated by two
peaks of Al 2p spectra at the binding energies of 72.22 eV (Al metal) and 74.25 eV (Al oxide).
The Cu 2pa2 peak suggesting the creation of Cu,O from Cu'* in the CoCrFeNiCu system was
detected from two peaks at the binding energies of 932.82 eV (Cu metal) and 933.91 eV (Cu
oxide). Two spin orbitals can be detected in the Sn 3d spectrum; Sn 3ds;2 and Sn 3dsy. for the
formation of SnO, with Sn**. The Sn 3ds/, peak can be found at the binding energies of 484.89
eV (Sn metal) and 486.43 eV (Sn oxide).

Table 4.5: The relative surface atomic concentration (at.%) of each analysed element at the
as-cast sample surface in metallic and ionized form (taken to indicate the relative

involvement of the atoms in either the alloy in metallic form or as metal oxides).

Cr (Cr at.%) Al (Al at.%) Cu (Cu at.%) Sn (Sn at.%)
Alloys Cr cr* Al AR Cu Cut Sn Sn*
CoCrFeNi 12.27 87.73 - - - - - -
CoCrFeNiAl  13.02 86.98 16.03 83.97 - - - -
CoCrFeNiCu 843 9157 - - 71.08  28.92 - -
CoCrFeNiSn 815 91.85 - - - - 33.89 66.11

Table 4.5 presents the calculated proportions for each of the analysed elements between
the metallic form and as ions (taken to represent oxides) on the as-cast sample surface of
CoCrFeNi and the three HEA systems examined here. With the assumption that the reaction of
these elements has occurred with oxygen, rather than any other species, these values indicate
the amount of the passive-film present. This is a useful indication in interpreting corrosion
behavior as metal oxides are generally quite stable, and are likely to affect the performance in
resisting corrosion attack. The addition of the further alloying elements to the main four
component HEA system affects the oxide formation on the specimen surface. The extra
elements all reduce the proportion of the Cr in a state that suggests it may be participating in
oxide. The reduction is least with Sn addition, where CoCrFeNiSn has 91.9 at.% of the Cr in
the oxidized form (versus 87.7 at.% in CoCrFeNi), CoCrFeNiAl contains 87.0 at.% of the Cr
in the oxidized form, and CoCrFeNiCu has 91.6 at.% of the Cr is oxidized. In addition, on the
surface of CoCrFeNiAl 84.0 at.% of the Al is oxidized, but only 29.0 at.% of the Cu on the

surface of CoCrFeNiCu. The as-cast CoCrFeNiSn surface contains 66.1 at.% of the Sn is
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oxidized, as in Table 4.5. In relation to Cr, which may be the optimum oxide to form,
CoCrFeNiSn has the highest ability to generate the Cr oxide with 91.9 at.% of this element at
its surface. However, if oxide films from both Cr and alloying elements (Al, Sn, and Cu) are
considered, CoCrFeNiAl may be an attractive candidate. It stems from the fact that this alloy

can form a mixed-cation (Cr,Al)203 oxide with high amounts of Cr.O3 and Al2Os films.
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Figure 4.6: The XPS spectra of as-cast samples showing the metal and metal-oxide regions of;
a,c,f,i) Cr2p, d) Al 2p, g) Cu 2par, J) Sn 3d, and b,e,h k) O 1s peak
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4.1.5 Hardness measurements

To understand the hardness, a Vickers micro-indentation hardness indenter was

conducted, Figure 4.7.
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Figure 4.7: Hardness of as-cast samples and conventional alloys at HVO0.5.

As shown in Figure 4.7, the hardness values of all as-cast samples are compared with
two conventional alloys (also in as-cast form, following the same processing route), grades 304
and 316 stainless steel. The hardness value of SS316 is lower than SS304, 302 HV0.5 (2.96
GPa) and 336 HVO0.5 (2.30 GPa) respectively, which would be the reverse of what is usually
expected. However, these alloys being the as cast state will not have their usual, optimized
microstructure, due to the thermal histories [179]. The comparison between as-cast samples
from this work and the conventional alloys indicates that the hardness values of both SS304
and SS316 are lower than CoCrFeNiSn (517 HV0.5; 5.07 GPa) and CoCrFeNiAl (512 HV0.5;
5.03 GPa), though they are harder than CoCrFeNi (126 HVO0.5; 1.24 GPa) and CoCrFeNiCu
(154 HVO0.5; 1.51 GPa); recalling that none of the samples will be microstructurally optimized
for hardness. The highest hardness value is found in CoCrFeNiSn, while CoCrFeNi has the

lowest hardness of the samples explored here.
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Figure 4.8: SE-SEM micrographs of as-cast sample indents; (a) CoCrFeNi, (b) CoCrFeNiAl,
(c) CoCrFeNiCu, and (d) CoCrFeNiSn alloys.

SEM images of the indents in all as-cast alloys after hardness testing are shown in
Figure 4.8. As well as the difference in dimensions due to the change in hardness value, indents
in CoCrFeNi, Figure 4.8a, show bowed edges with no observable cracks on the sample surface,
suggesting ductility. Wang et al. [180] have shown that CoCrFeNi can undergo plastic
deformation to high strains, with deformation by dislocation motion, and the operation of work
hardening mechanisms at a significant rate, stemming from the low stacking fault energy [181]
(approximately 30 mJ/m? despite the content of Ni [60]). This result is similar to CoCrFeNiCu
in Figure 4.8c. The appearance of the indent in this alloy is like that in CoCrFeNi with slightly
bowed edges. After indentation cracks were seen in the interdendritic region in CoCrFeNiCu,
while CoCrFeNi showed no cracking. The indent size in both CoCrFeNiAl and CoCrFeNiSn
is smaller than that in CoCrFeNi and CoCrFeNiCu, reflecting the hardness differences, Figures

4.8h and 4.8d. As some of these indents are small, there could be some error in the dimensional
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measurement in the hardness testing system, meaning the values may not be precise, but the
trends in hardness are clear. The structural changes brought about by the Al and Sn additions
increase the hardness value of the alloys, with the Sn-containing alloy showing cracking around
indents, Figure 4.8d, with it being particularly noteworthy that these occur in the Ni-Sn phase

(the lighter contrast phase in the image) only.
4.2 Discussion: characterization of as-cast CoCrFeNi and HEA samples

4.2.1 Effect of alloying elements on the microstructure and phase evolution of as-
cast samples

The results presented above confirm that the alloying elements have a clear effect on
the phase structure in the systems under observation in this work. The CoCrFeNi alloy has its
single FCC phase microstructure converted to various dual phase structures by the addition of
different fifth elements, Al, Cu, and Sn. Most of the observations made are in accord with

previous literature where this exists [4,28,42,69,136,182], as described below.

Firstly, the Al addition seems to form one or two phases in CoCrFeNiAl. There is clear
observation of a major, ordered B2 phase and also some evidence of what could be a minor Al-
Ni intermetallic phase. The former is detected by the XRD analysis shown in section 4.1.1. Al
is a BCC stabilizer in this system, leading the formation of the BCC phase when combined
with CoCrFeNi [183]. An increase in the ratio of Al content is known to correlate with a rise
in the amount of BCC phase in CoCrFeNi alloy [90]. Much research suggests that the phase
structure of CoCrFeNiAl alloys stems from the difference in atomic size between the elements
of the CoCrFeNi system and Al, which is larger [4,90,136], though more comprehensive
descriptions of alloys would use the relative energies of the electronic structure of different
systems as a means to discriminate between different structures. Further detail of the structure
is observed by EDS at high resolution on samples after corrosion testing in chloride solution,
section 4.3.2. Fine particles, which could be a minor Al-Ni intermetallic phase are found
distributed in the matrix phase. Similar observations in other work have shown that such
particles do exist, with the area around these possible Al-Ni phases consists of a CoCrFe-rich
phase due to Al and Ni being depleted from it [28,42]. These phases are present at only small
volume fractions, and therefore do not give an observable signal in XRD; TEM observation
would be required to give a definitive answer. If it does occur, formation of the AI-Ni
intermetallic phase may be due to the mixing enthalpy of the different atomic pairs (AHmix <ij>)

in the system. The AHmix<ij> Of the Al-Ni pair has the lowest value (-22 kJ/mol) of all the pairs
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in the CoCrFeNiAl system, suggesting that a phase consisting of these two elements strongly
bonded would be most likely to form. This is also seen in the binary equilibrium phase diagram
of the Al-Ni system [63] in section 2.1.5, where intermetallic phases occur. The expected
phases between Al-Ni at 50:50 atomic ratio is a cubic Pm3m space group phase at a temperature

below approximately 1638 °C [63].

Secondly, CoCrFeNiCu shows Cu segregation from the major FCC phase. A minor Cu-
rich FCC phase and a major FCC CoCrFeNi phase can be found by the XRD technique, section
4.1.1, while the phase location is confirmed via the EDS elemental map, section 4.1.2, which
also shows that the segregation of Cu occurs in the interdendritic region along grain boundaries.
The dendritic region itself contains high Co, Cr, Fe, and Ni. This segregation can be understood
from the large positive values of the mixing enthalpy between Cu and the other elements in the
system; with Co (6 kJ/mol), Cr (12 kJ/mol), Fe (13 kJ/mol), and Ni (4 kJ/mol) [28], as in Table
3.3. As pointed out before, these values would suggest that copper is unlikely to mix with the
other constituents [28]. The experimental observation of two FCC phases in CoCrFeNiCu in
this work is consistent in the phase composition analysis in previous research [11,28,68].

Thirdly, the addition of Sn as an alloying element leads to the formation of two phases
in CoCrFeNiSn. XRD analysis indicates the alloy contains an FCC phase (CoCrFeNi) and a
Ni-Sn-rich hexagonal phase (which also contains significant amounts of the other elements),
which is consistent with Rietveld refinement for this structure, section 4.1.1. The EDS mapping
indicates phase positions in the structure of CoCrFeNiSn, section 4.1.2. The dendritic zone has
the elements that make up the FCC phase, while the elements corresponding to the Ni-Sn-rich
hexagonal phase appear in the interdendritic zone. The formation of the Ni-Sn-rich hexagonal
phase is likely to be caused by AHmix <ij> for element pairs in the system. The AHmix<ij> Of the
Ni-Sn couple (-4 kJ/mol) has the most negative value, including strong bonding between these
being preferred, and leading to the formation of Ni-Sn phase. Other possible couples (Co, Cr
and Fe) with Sn have a positive AHmix<ij> value, indicating that these elements will not
preferentially interact with the tin [69,182], although it is clear from the EDS spot analysis that
they are present at significant levels in this phase, with the interaction perhaps mediated by the
presence of the Ni.

The identification of the second phase as a hexagonal structure is in contrast to previous
reports suggesting that the Ni-Sn orthorhombic structure will be formed in CoCrFeNiSn [69].

Orthorhombic is a feasible structure, as there are three phases of this type according to the
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binary equilibrium phase diagram of Ni-Sn; o"NisSn, (orthorhombic Cmcm space group),
aNisSn2 (orthorhombic Pnma space group), and o'NizSnz (orthorhombic Cmcm space group)
in the compositional range of 55.7 to 60.1 wt.% Sn [63]. An orthorhombic phase is therefore
consistent with the expected phases in the Ni-Sn system around a 50:50 atomic ratio, which
would be a mixture of a'NisSn, phase (orthorhombic Cmcm space group) and NisSns phase

(monoclinic C2/m space group), at a temperature below approximately 409 °C, (Figure 2.35)
[63]. The best match from the pattern database for the phase seen in this work is the hexagonal
structure of Niys.1.63Sn phase with P6s/mmc space group. Although not identified specifically
in the binary phase diagram, this structure matches with that of the BNizSn> structure found at

54 to 61.4 wt.% Sn, although it cannot be exactly this phase as the ratio of the elements is
different, and there are additional elements present. There could therefore be a prototype for
the Ni-Sn-rich hexagonal phase in the binary diagram, though its presence may indicate
formation under non-equilibrium phase conditions. This could occur in the processing of the
samples used here; the casting process used with a small sample size will lead to rapid cooling,
for example, [184], and may also result in the loss of some elements during the casting
operation (though elemental characterization does not show a large departure from the nominal
levels). There are other differences between the work here and that reported in previous
research, such as the number of remelting steps used [69]; samples in this work were remelted
at least five times, while previous research remelted at least four times [69]. While this
difference would probably be small, it could have resulted in better homogeneity in the current

work and more representative material being examined.

The different alloying elements present are also seen to give different oxidation states
in the as-cast samples, and are therefore likely to have an effect on the formation of passive
films. The different fifth elements added (Al, Cu, and Sn) all appear to interact with oxygen in
this way, with Cr also being a significant element. These oxidation states were detected by XPS
analysis in section 4.1.4. The large amount of Cr present in all alloys (nominally 25 at.% Cr
and 20 at.% Cr in CoCrFeNi and the three five component systems, respectively), means that
they are likely to form high quantities of Cr.O3 film (approximately 87.0-91.9 at.% of the Cr
at the surface is in the appropriate oxidation state, Table 4.5). The standard Gibbs free energy
change (4G 9 for the formation of Cr20z is low (-1,058.1 kJ/mol), meaning it is likely to form
and be stable. CoCrFeNiAl, an isostructural mixed (Cr,Al)203 oxide, is likely to separate
Cr203/Al>03 phases. These films are unlikely to coexist on the CoCrFeNiAl surface. It can
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detect Al2Os at the surface (84.0 at.% of the surface Al in the correct oxidation state), Cu,0O
may be forming on CoCrFeNiCu (29.0 at.% of the Cu at the surface in the right oxidation state)
and CoCrFeNiSn is likely to have some SnO> present at the surface (66.1 % of the surface Sn
in the appropriate oxidation state). These tendencies in oxide formation are consistent with the
relevant AG ° values. The Gibbs Free Energies of formation (standard temperature and
pressure) for these oxides are shown in Table 4.6, determined from the Ellingham diagram
[185,186].

Table 4.6: The stable metal-oxide reaction and the standard Gibbs free energy change of all
elements (Al, Co, Cr, Cu, Fe, Ni and Sn) in this work [185-188].

Element The stable metal-oxide reaction AG °(kJ/mol)
4 2 - :
3 3
3 1 =774,
co ZCo+0,= =Cos0, 7740
2 2
4 2 - :
o ~Cr+ 0, = = (104 10581
3 3
4 2 -742.
Fe “Fe+0,= =Fe,0s 7422
3 3
Ni 2Ni + 0, = 2Ni0 -211.7

The standard Gibbs free energy change at 25 °C and 1 atm can indicate the possibility
of metal oxide formation and stability [187]. As the values for formation of Al>O3, Cr203, Cu20
and SnO; are all negative, they can form spontaneously, with the Al>Oz film most likely to
form and be stable as it has the most negative AG °(-1,582 kJ/mol) while the least negative
AG °of Cu20 (-146 kJ/mol) indicates a low potential for forming an oxide film. To investigate
the predominant passive films in each alloy in this work, the AG °values of all metallic elements
in each phase within the alloys need to be taken into consideration, as in Table 4.6. The FCC
CoCrFeNi phase is observed in all as-cast samples, CoCrFeNi, CoCrFeNiAl, CoCrFeNiCu,
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and CoCrFeNiSn, and the AG °of Cr (-1,058 kJ/mol) has the most negative value in this phase.
It indicates that it is more likely for Cr to be oxidized than Co, Fe, and Ni, and the oxide would
be expected to have a higher participation of Cr. For the secondary phases, the Al-Ni rich phase
in CoCrFeNiAl is likely to form an oxide dominated by aluminium with the highly negative
AG °of Al (-1,582 kJ/mol). Tin-rich oxide can form on the surface of the Ni-Sn-rich hexagonal
phase in CoCrFeNiSn due to a more negative AG °value of Sn (-520 kJ/mol) than Ni (-212
kJ/mol), though Co, Cr and Fe, which all seem to be present in the phase in some content would
be predicted to be more likely to oxidise, and so an oxide of mixed cations may be most likely.
A minor Cu-rich FCC phase is likely to create Cu.O in the region of the Cu segregation, the
AG °of Cu (-146 kJ/mol). In addition, the interpretation of possible oxide formation from AG °

is consistent with the XPS analysis in section 4.1.4.
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Figure 4.9: The XPS spectra of CoCrFeNi showing the main peak overlapping in
Co, Fe, and Ni elements between 710 eV-714 eV.

It is important to note that some of the metals that could be oxidized and participate in
an oxide film in the samples examined cannot be clearly distinguished by the XPS technique.
This is particularly the case for the transition metals (Fe, Co, Ni here). This is because the main
peaks for Co, Fe, and Ni overlap (see the overlapping peaks in the binding energy range of 710
eV-714 eV in Figure 4.9). In addition, XPS identifies the oxidation state of the atomic species,
and can indicate if it has been oxidized, but not if it is part of a mixed-metal oxide film

generated by several transition metals, due to the capability of transition metals to adopt
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multiple oxidation states. Data analysis is difficult where there is peak overlapping and this
may introduce some error into the absolute amounts. Nevertheless, the examination of the
energies of formation of the oxides suggests that it is those examined in this study that would
be the most likely ones to form, albeit that the oxides are not likely to be pure versions of any
one oxide. High resolution investigation, for example by TEM, would be needed to obtain

further information on the oxide structure and composition.

In order to analyse metal oxide film thickness via XPS, specific determination with
either of these two techniques, an angle XPS technique or angle resolved X-ray photoelectron
spectroscopy (ARXPS), is required. For example, to achieve such measurements of film
thickness by using the ARXPS technique, the surface depth profile was acquired at 6 different
angles of emission (@) (0°<a<90°) in [189]. In contrast, the XPS analysis in this work only
aims to detect chemical composition on the sample surface, and only one angle of emission
was measured. Hence, XPS data from this work is insufficient to investigate the thickness of

metallic oxide films.

4.2.2 Effect of alloying elements on the hardness of CoCrFeNi and HEA samples

As shown in section 4.1.4, alloying elements affect the microstructure, and this will
have an impact on the hardness value of the alloys [68,90], although the precise values will be
very dependent on the thermal history, which has not been optimized for mechanical properties
in this work (the samples all being examined in the as-cast state). The Al addition is known to
increase the hardness value of CoCrFeNiAl due to the formation of two BCC phases; the main
ordered B2 phase and the minor Al-Ni intermetallic phase [90]. The hardness value of
CoCrFeNiAl as tested here rises from 126 HV0.5 (CoCrFeNi) to 512 HV0.5 (CoCrFeNiAl),
with no cracks visible at the indentation site on the surface, section 4.1.4. The B2 phase is
found to be the matrix phase by XRD observation in section 4.1.1, and in this phase the large
atomic radius of Al can increase the lattice distortion in this alloy, which will increase solid
solution strengthening [64,90]. The Al can also form fine phases, possibly the Al-Ni

intermetallic phase, as shown in section 4.3.2 which will also increase strength.

The Cu addition slightly increases the hardness in CoCrFeNiCu compared with
CoCrFeNi, to a lesser extent than CoCrFeNiAl and CoCrFeNiSn. The hardness value of
CoCrFeNiCu increases from 126 HV0.5 (CoCrFeNi) to 154 HV0.5 (CoCrFeNiCu), section
4.1.4. Cracks are observed in the interdendritic region where the Cu-rich phase is found. Cracks

appear to have formed in the Cu-rich phase and propagate within this phase, as shown in SEM
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images (Figure 4.8c). It is suggested in literature that the increase in the hardness value of
CoCrFeNiCu stems from the Cu segregation and the grain-size reduction [68]. The Cu rich
phase is an FCC phase, and so can display ductile behavior (even though interfacial cracking
IS seen) [68].

The increase in hardness of CoCrFeNiSn is shown in section 4.1.4. The Sn addition can
contribute to increased hardness values from 126 HV0.5 (CoCrFeNi) to 517 HVO0.5
(CoCrFeNiSn). Figure 4.10 shows an SEM image of an indent in CoCrFeNiSn with EDS
analysis, which confirms that the lighter phase is the Ni-Sn-rich phase. Despite having high
hardness [190,191], the Ni-Sn-rich phase has lower toughness and is the phase where cracking
occurs. Crack propagation appears to be resisted by the CoCrFeNi phase (which has an FCC
structure and greater ductility), as many cracks terminate at the interface between the two
phases. The microstructure of the CoCrFeNiSn alloy therefore has the potential to show
improvements in hardness over CoCrFeNi, due to the presence of the high hardness Ni-Sn
phase, and for improvements in toughness over the Ni-Sn-rich phase alone, due to the presence
of the ductile CoCrFeNi phase.
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Figure 4.10: EDS analysis showing the chemical composition of CoCrFeNiSn indent.

The volume fraction of the phases is a one of the essential variables for both of these
behaviours. It was found that the amount of Ni-Sn phase (56.7%) is greater than the FCC phase
(43.3%), consistent with the much greater hardness of CoCrFeNiSn compared to CoCrFeNi.

These volume fractions are at a level where each phase existing as a percolating, interconnected
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network is possible. This evidence shows that Sn has a transformative effect on the
microstructure, and hence hardness, in the CoCrFeNiSn system. The formation of a matrix of
Ni-Sn-rich phase, which is a hexagonal structure, is the main factor is raising the hardness
[190,191], while the minor phase FCC solid solution CoCrFeNi phase (which is still present in

a large amount) introduces some crack propagation resistance.
4.3 Results: characterization of CoCrFeNi and HEA samples after corrosion testing
4.3.1 Corrosion analysis in 0.6 M NaCl solution

To understand the corrosion behaviour of all experimental samples in 0.6 M NaCl
solution, the Potentiostat/Galvanostat electrochemical instrument was conducted, Figure 4.11
and Table 4.7.
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Figure 4.11: Linear polarization curves of four alloy and two stainless steel samples

immersed in 0.6 M NaCl solution at room temperature.

The corrosion behaviour of samples immersed in 0.6 M NaCl solution at room
temperature is analyzed by linear polarization plots. Figure 4.11 shows the plot of current
density (i; A/cm?) against potential (E; V vs. Ag/AgCl). Some of the HEA systems show good

117



corrosion properties when compared with conventional stainless steels, as seen in Figure 4.11.
From these curves, the corrosion parameters such as corrosion potential (Ecorr), pitting potential
(Ep) and passivation potential (4Ep = Ep-Ecorr) can be extracted, as given in Table 4.7. Both Ep
and AEp are measured to indicate the extent of passive region under medium chloride
conditions. These parameters help to reveal the corrosion-resisting capability of the oxide films
during the electrochemical operation.

Table 4.7: The corrosion properties of four alloy and two stainless steel samples immersed in 0.6 M

NaCl solution at room temperature.

Alloys Ecorr (MVAgiaget) Ep (MVagiagel) AEp (MVagiagel)
CoCrFeNi -257+13 556127 813130
CoCrFeNiAl -322+10 297140 619+43
CoCrFeNiCu -180+13 -69+9 111421
CoCrFeNiSn -252+5 1099+14 1351+12
SS304 -246+13 199+12 445117
SS316 -254+7 267+35 521+42

The CoCrFeNiSn system shows the best corrosion resistance compared to the other
alloys since it shows the highest pitting potential and the largest passive region. The full values
for this HEA, Table 4.7, show it has the highest AE, indicating the good stability of the passive
film in the pitting-corrosion region of the polarization test. The enhancement of the passive
region must stem from the Sn addition, which could form a stable passive film at the surface
and contributes to protecting the sample surface from chloride-ion attack. It can be observed
that the alloy with the addition of Sn shows the widest passive region as seen in Figure 4.11.
As shown in Figure 4.12, the corrosion behavior of CoCrFeNiSn in the transpassive region is
observed. CoCrFeNiSn has a high pitting potential (Ep; 1,099 mV), indicating oxide-film
breakdown will occur in the potential range of oxygen evolution. This behavior may stem from
complex oxide film, containing, for example Cr and Sn, that could have a high stability and
increase in the pitting potential value. Many previous works indicate the possible breakdown
of oxide films in the potential range of oxygen evolution in various multi-component alloys,
such as 2205 duplex stainless steel [192], Alo1CoCrFeNi [193], and CoCrFeNi and
CoCrFeNiAl [164], as seen here for the alloys under study. In addition, oxygen evolution might
be affected or inhibited by differences in the oxide composition, similar to exchange current

densities for the cathodic reactions. Thus, a more stable oxide (with Sn) and a potential
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limitation of oxygen evolution may give such an observed behaviour. However, none of these
reports offer a clear explanation for the mechanism [164,193,194], and while it may be due to
effects of a complex oxide film, and possible changes to oxide behavior, such as electrical
conductivity, as a result, further work would be required to reach a conclusion on this. In
addition, CoCrFeNiSn shows the highest Ep and 4E, when compared with other alloys as seen
in Table 4.7. This further indicates the formation of a stable oxide film in the CoCrFeNiSn

system, which is resistant to corrosion attack and oxide-film breakdown.

®
1000 T~ 02 ® Ecorr
TS ® Ep
500 - TS
H>0 T e

E(VAg/AgCD
(—]

-500 - ~~

~1000 - H3 T

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
pH
Figure 4.12: Ecorr and Ep of CoCrFeNiSn immersed in 0.6 M NaCl solution at room

temperature plotted on the E-pH diagram of water at room temperature.

In contrast, the lowest E, and AE; values are found in the alloy with Cu; this HEA has
the highest Ecorr, and was observed to have the narrowest passive region of the alloys examined
here, Figure 4.11 and Table 4.7. The Cu addition has the most negative effect on the corrosion
properties, as evidenced by showing the lowest E, and AE,. Furthermore, CoCrFeNiCu and
CoCrFeNiAl have lower corrosion resistance than the stainless steels, SS304 and SS316. The
other two alloys, CoCrFeNi and CoCrFeNiSn have higher corrosion resistance than the

stainless steels, having a large passive region in chloride solution.
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4.3.2 Post-corrosion alloy microstructure and composition (0.6 M NacCl solution)

As-polarized samples were examined by SEM after being immersed in the chloride-
containing solution. A difference in the sample surfaces can clearly be observed between pre-
and post-corrosion testing. The sample surfaces before corrosion testing in all alloy systems
show flat surfaces with no corroded areas in the case of both single phase and two phase (as
cast) samples, Figure 4.3. On the other hand, BSE images reveal the CoCrFeNi and three HEA
microstructures which have been damaged by chloride-ion attack, as shown in Figure 4.13

Selective leaching
corrosion

Localized
corrosion

Pitting
corrosion

20 uym

Galvanic
corrosion
oD -
> N
gy

Figure 4.13: BSE images of the surface of HEAs samples after immersion in 0.6 M NaCl solution
at room temperature; a) CoCrFeNi, b) CoCrFeNiAl, ¢) CoCrFeNiCu, and d) CoCrFeNiSn.

Localized corrosion of the CoCrFeNi surface is observed in Figure 4.13a. This may
have been initiated by chloride-ion attack in an area having low-Cr content, as some variation
in composition in this alloy on an atomic scale has been observed in other work [69]; however,
it should be noted that with the sensitivity of the methods applied here no inhomogeneity in
element distribution was seen in CoCrFeNi. This shows that the passive films formed are
relatively weakly bonded and insufficiently stable for restricting the propagation of corrosion
in this system [2,11]. Figure 4.13b shows the CoCrFeNiAl surface structure, exhibiting very
large pitting holes, with another material or residue around their outer edge, sometimes filling
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the interior of smaller holes. Detailed examination indicates two types of corrosion behaviour,
an apparent selective leaching corrosion due to the dissolution of the Al-Ni-rich phase from the
major B2 (ordered BCC) phase, leading to pitting corrosion once the product of selective
leaching is removed. These corrosion behaviours may be caused by the Al-Ni-rich BCC/B2
ordered BCC dual-phase structure in CoCrFeNiAl. The surface damage after corrosion of the
CoCrFeNiCu system is displayed in Figure 4.13c. This alloy contains a matrix-FCC phase and
a Cu-rich FCC phase, which leads to the galvanic corrosion driven by the different potential of
these phases [2]. Examination of the CoCrFeNiSn system shows a dendritic structure with a
finer scale rod-like eutectic formed in the interdendritic regions. The structure consists of a
Ni-Sn-rich HCP phase (brighter regions) and a CoCrFeNi-FCC phase (darker regions), Figure
4.13d. Corrosion is seen to take place more significantly on the FCC phase, likely to stem from
the different potential values of the two phases in the same manner (though to a lesser extent)
as in the CoCrFeNiCu system [69,182]. In addition, micro-galvanic corrosion can occur in
alloys containing a second phase or multiple phases, such as duplex stainless steels [194] and
WEA43 alloy (Mg-4Y-3Gd-1Nd- 0.5Zr) [195]. This corrosion behavior could also be found in
CoCrFeNiCu and CoCrFeNiSn due to the presence of two phases in these alloys in the tested
condition. The polarization testing in the dual-phase alloys may induce micro-galvanic
corrosion behavior on the CoCrFeNiCu and CoCrFeNiSn surfaces. Types of corrosion in this
work are considered following the evidence of corrosion morphology in the SEM images
(Figures 4.13 and 4.15). However, immersion testing may be a more suitable method to analyze
galvanic corrosion due to the ability to assess the effect of immersion time, which is a
significant parameter for investigating the change in corrosion morphology and the calculation
of the corrosion rate [194,195].
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Table 4.8: The results of phase fraction analysis via ImageJ software and the general observation of

surface characteristics. Results are for the CoCrFeNi and three HEA surfaces after corrosion testing, with an

additional test of CoCrFeNiSn before corrosion testing, which was conducted to better understand the phase

makeup of this novel alloy, and whether the apparent dominance of the hexagonal phase seen in the corroded

samples was an effect of large changes in visible phases due to the corrosion process.

. ) Surface
Alloys Phase composition ~ Phase fraction (%) -
characteristics
CoCrFeNi FCC (CoCrFeNi) 100 Low corrosion
) B2 ordered BCC (not possible to ] ]
CoCrFeNiAl ] ] High corrosion
(CoCrFeNiAl) analyze by this
BCC (Al-Ni-rich) technique - BCC
(Al-Ni rich phase High corrosion (see
too small to Figure 4.16)
resolve)
CoCrFeNiCu FCC (CoCrFeNi) 86.8 (£3.3) Not corroded
FCC (Cu-rich) 13.2 (£3.3) Corroded
CoCrFeNiSn Hexagonal 567
Pre-corrosion test (Ni-Sn-rich) '
FCC (CoCrFeNi) 43.3 -
Post-corrosion test Hexagonal
) ) 63.8 (¥4.1) Not corroded
(Ni-Sn-rich)
FCC (CoCrFeNi) 36.2 (+4.1) Corroded

The phase fraction and surface characteristics were analyzed from BSE images of the

surface of the CoCrFeNi and three HEA samples using ImageJ software indicated the phase

fraction of the different phases and the location of the most apparent corrosion as summarised

in Table 4.8. In this mode of imaging, in CoCrFeNi it was not possible to distinguish a second

phase (in agreement with the earlier results indicating that this is a single phase alloy, section
4.1.1). On the other hand, CoCrFeNiCu and CoCrFeNiSn showed two distinct phases (also in

agreement with the earlier results). In the case of CoCrFeNiAl, only one phase could be seen,

but from other evidence it is likely to contain a minor Al-Ni-rich (BCC) phase and a B2

(ordered BCC) phase, Figures 4.16. As in Figure 4.17, EDS mapping at high resolution of the

CoCrFeNiAl alloy can show the existence of the Al-Ni-rich phase at the nanoscale, but the fine
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particle size prevents these being seen in conventional SEM. This difficulty in analyzing the
phases also means it is not possible to calculate the phase fraction by ImageJ. Although not
carried out here, TEM may be a suitable technique to explore the near-nanoscale Al-Ni-rich
phases further. The SEM images on the other hand are suitable to visually estimate the level of
corrosion damage on the sample surface in Figures 4.13 and 4.16. In the CoCrFeNiCu alloy,
the majority of the structure (more than 85%) was a CoCrFeNi-containing phase (FCC-
structured from the XRD results), while the remainder was a phase heavily dominated by Cu.
In the alloy of CoCrFeNiSn the dominant phase (more than 60%) was Ni-Sn-rich (likely to be
hexagonal from the XRD results), but there was a significant proportion of CoCrFeNi phase
present as well. It also reveals the difference in the phase fraction observed at the surface of
CoCrFeNiSn between pre- and post-corrosion tests in chloride solution. The proportion of the
measured residual CoCrFeNi phase seen at the surface decreases by approximately 7%, from
43% to 36%. It indicates that the percentage of the CoCrFeNi phase has apparently been
dissolved by about 16.3%, Table 4.8. This is likely to result from the CoCrFeNi phase being
removed and revealing more of the Ni-Sn rich phase at the surface, and indicates that the
CoCrFeNi phase has more sensitivity to chloride attack than the Ni-Sn-rich phase. In the three
alloys where there were two phases present (CoCrFeNiAl, CoCrFeNiCu, and CoCrFeNiSn), it
was also attempted to determine the scale of the microstructure. For the CoCrFeNiAl alloy, a
second Al-Ni-rich (BCC) phase remaining in the porous structure, around 77 nm in diameter
with fine particles similar to a round shape was found, Figure 4.17. The Cu rich phase in the
CoCrFeNiCu alloy occurred at grain boundaries, forming interconnected networks that were
typically 1-2 um in thickness, but extended throughout the alloy. The CoCrFeNiSn appeared
to show the CoCrFeNi phase on several scales, firstly in possibly dendritic structures of around

5-10 um in diameter, and a finer eutectic-like structure at a submicron scale.

The images were also used to identify the extent of corrosion, and, for the two phase
samples, whether this was more associated with a particular phase. It was found that CoCrFeNi
with a single phase, almost no corroded area could be found. In the CoCrFeNiAl, CoCrFeNiCu,
and CoCrFeNiSn systems, two phases are present. In the case of CoCrFeNiAl, Al and Ni seems
to be dissolved from the matrix CoCrFeNiAl phase during the corrosion process. Subsequently,
a porous Co-Cr-Fe-rich phase is observed. The Cu phase in CoCrFeNiCu is the main phase
corroded by chloride attack, while the CoCrFeNi has little apparent damage in this alloy. By
contrast, the CoCrFeNi phase in both dendritic and eutectic-like structures shows more

extensive corrosion in CoCrFeNiSn, while the Ni-Sn-rich phase does not appear to have been
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affected. This indicates that the Ni-Sn-rich phase in the CoCrFeNiSn system probably has the
best corrosion resistance of all the separate phases under these conditions of the materials
investigated here. These observations correspond with the corrosion properties of alloys in

Table 4.7 and the corroded SEM images of alloys in Figure 4.13.
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Figure 4.14: EDS mapping images of the surface of HEAs samples after immersion in 0.6 M
NaCl solution at room temperature; a) CoCrFeNi, b) CoCrFeNiAl, ¢) CoCrFeNiCu, and d)
CoCrFeNiSn (The contrast and sharpness of these images have been adjusted manually to aid

visualization and analysis).

The distribution of elements in the SEM images taken post corrosion testing was
determined by EDS mapping, as shown in Figure 4.14. The chemical distributions confirm the
phase composition as assessed above and from XRD. It can be seen that there is (as measured by
this technique) a homogeneous distribution of the constituent elements in the CoCrFeNi system
Figure 4.14a, which will be the single FCC phase similar to the EDS mapping of the as-cast
CoCrFeNi sample in Figure 4.5. The CoCrFeNiAl system shows a generally uniform distribution
in a major CoCrFeNiAl (B2) phase that it is like the elemental distribution maps of this alloy

before corrosion testing, Figure 4.5 (the defect in the center of the image is a corrosion pit), Figure
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4.14b, with some slight structure visible in the distribution of Al and Ni elements in the bottom-left
region of the pit, indicating a tendency of an Al-Ni phase (possibly an intermetallic) to precipitate
in the area surrounding the Co-Cr-Fe-rich phase. It also reveals the possibility of forming a second
Al-Ni-rich phase in this system. The addition of Cu or Sn to the main HEA system leads to a non-
uniform elemental distribution and the formation of two phases. CoCrFeNiCu, Figure 4.14c, shows
strong segregation of Cu way from the other elements, which are well-mixed. The Cu forms at the
grain boundary regions, and correlates with the observed corrosion damage. It is also similar to the
EDS mapping of the Cu segregation along the interdendritic region in pre-corrosion testing in this
alloy, Figure 4.5. In CoCrFeNiSn, the bright region on the BSE image in Figure 4.14d is associated
with Ni and Sn, likely to be a hexagonal Ni-Sn-rich phase, in Figure 4.14d while a second region
can be confirmed as CoCrFeNi (the FCC phase). Clearly, EDS mapping in the as-cast CoCrFeNiSn
sample in Figure 4.5 can reveal the elemental distribution in both the CoCrFeNi and Ni-Sn-rich
phases corresponding to these EDS maps. The presence in the Ni-Sn-rich phases is confirmed by

XRD analysis in section 4.1.1.
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Figure 4.15: Cross-sectional SEM images of FIB cross sections through features observed on
the surface of HEA samples immersed in 0.6 M NaCl solution at room temperature; a-b)
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Figure 4.16: EDS mapping images of cross-sectional CoCrFeNiAl immersed in 0.6 M NaCl

solution at room temperature.
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Figure 4.17: EDS mapping images of a cross-section through CoCrFeNiAl at high resolution
showing in a porous Co-Cr-Fe-rich structure after corrosion testing in 0.6 M NaCl solution at

room temperature.
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Figure 4.18: EDS mapping images of a cross-section through CoCrFeNiAl at high resolution
showing in both the dense and porous regions after corrosion testing in 0.6 M NaCl solution

at room temperature.
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Figure 4.19: A chemical composition comparing dense and porous regions from the
EDS data of Figure 4.18.

To explore the corrosion processes further, cross sections around particular features
seen after corrosion in some of the samples were made with FIB and were imaged in the SEM,
Figure 4.15. CoCrFeNiAl, Figure 4.15a and 4.15b, has two structures; one apparently porous
which exists within other, larger cavities in the overall dense, unaffected structure; these larger
cavities are also, sometimes vacant. The former of these is the first to be created in the corrosion
process, and is likely to be the by-product of the selective leaching of two elements, Al and Ni
(as shown by EDS maps, Figure 4.16). The remaining Fe, Co and Cr take up less volume and
reorganize into a porous structure during a dealloying process, as confirmed in Figures 4.16-
4.18. These EDS results indicate that this alloy may contain two phases. The former is the
minor Al-Ni-rich phase, which may dissolve rapidly and is likely to have lower corrosion
resistance than the Co-Cr-Fe-rich phase. This corrosion behaviour can be observed in the
difference in the chemical compositions in the EDS maps at high resolution, Figures 4.17- 4.18.
These show that Al and Ni are present in a lower quantity in the porous regions, while high
amounts of Co, Cr, and Fe are found in the remaining areas without porosity. The porous Co-
Cr-Fe-rich structure may then form subsequently when the corrosion process is in a near-final
state and develops to become a pit (Figures 4.16 and 4.18). The other phase in the alloy is the
major CoCrFeNiAl (B2) phase shown in the dense zone (Figures 4.16 and 4.18) which is
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similar to the EDS mapping of CoCrFeNiAl pre-corrosion testing (Figure 4.5). It shows a
uniform distribution of Co, Cr, Fe, Ni, and Al elements in this region. As shown in Figure 4.17,
it also reveals a region of porous structure with relatively high Co, Cr, and Fe levels. In
addition, there is a possible observation of the Al-Ni-rich intermetallic compound, indicated by
white arrows in this figure. Comparison of the chemical composition identified by EDS
analysis in Figure 4.18 indicates a decrease in the intensity of the peaks corresponding to Ni
and Al in the energy spectra at 0.85 and 1.49 keV, respectively, suggesting that these elements
are removed from the alloy in a dealloying-like process, Figure 4.19.

Cross sectional SEM images of particular features identified on the surface of
CoCrFeNiAl, CoCrFeNiCu, and CoCrFeNiSn were taken, and are shown in Figure 4.15. The
intent of these images was to explore if these features were associated with the underlying
microstructure of each of these alloys (it should be noted that the resolution of the analysis used
is not sufficient to offer information on the microstructure within the oxide films formed). The
cross-sectional image of corrosion features seen on the surface of CoCrFeNi shows the
interconnected distribution of the Cu phase, which is corroded to a large extent in comparison to
the FCC phase in Figures 4.15c and 4.15d, supporting the interpretation of this corrosion being
galvanic in origin. The cross sectional image of CoCrFeNiSn, Figures 4.15e and 4.15f, shows
attack of the CoCrFeNi phase in preference to the Ni-Sn phase. This is particularly high at the
interface, as shown in Figure 4.15f. It is again likely to be due to micro-galvanic corrosion
between FCC CoCrFeNi and the Ni-Sn-rich phase. Such a process could induce the dissolution
of the FCC CoCrFeNi phase under a chloride environment. This indicates that the FCC
CoCrFeNi phase has lower corrosion resistance in this environment than the Ni-Sn-rich phase.

4.3.3 Post-corrosion surface analysis (0.6 M NaCl solution)

The oxide films formed on the sample surfaces after the electrochemical experiment
were analyzed by the XPS technique. This technique can determine chemical composition in
the uppermost 5-10 nm of the sample surface and is, therefore, suitable for studying the passive
film [136]. It should be noted that the method cannot, of course, elucidate the sub-nanometer
structure of the oxide films produced, and a full analysis of this structure to assess the formation
mechanisms and behavior during corrosion would require Transmission Electron Microscope
observation, which is not performed here. The XPS survey spectra and high resolution XPS
spectra in the binding energies range of 40-70 eV of alloy samples are shown in Figure 4.20.

The spectra reveal the presence of Co, Cr, Fe, Ni, O and C on all HEA sample surfaces. Figure
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4.20b shows the broad peaks of Co, Fe, and Ni elements. This can relate to the overlap of the
main peaks in these elements. This figure does not focus on the fifth element present in the
alloys, such as Al, Cu, and Sn, which would show main peaks at other binding energies. As in
Figure 4.20a, the additional peaks that are seen on the CoCrFeNiAl, CoCrFeNiCu, and
CoCrFeNiSn spectra are attributed to the presence of the fifth elements, Al, Cu and Sn. The C,
O, and Sn peaks have a high intensity, while a low intensity of Cu and Al are observed. The
detection of C is most probably due to adventitious carbon contaminations, as discussed in
section 4.1.4. The presence of O suggests that an oxide film is formed on the sample surface,

some metals being oxidized.

Table 4.9: The chemical composition on the sample surfaces after corrosion testing in 0.6 M

NaCl solution.
Relative atomic concentration (at.%)
Alloys
Co Cr Fe Ni Al Cu Sn @)
CoCrFeNi 9.90 27.89 20.90 10.47 - - - 30.84
CoCrFeNiAl 7.18 16.42 8.86 10.05 15.11 - - 42.38
CoCrFeNiCu  9.45 19.78 11.26 12.63 - 3.37 - 43.50
CoCrFeNiSn  3.37 19.36 7.37 5.13 - - 8.11 56.65

The calculated relative atomic concentrations of the sample surface via XPS analysis
are presented in Table 4.9. It is found that Cr is present at the surface in the highest proportion
in all alloy systems (without considering the oxygen and carbon contents, but examining the
main metallic elements intended to be present in all of the alloys (Co, Cr, Fe, and Ni);
CoCrFeNi (27.9 at.%), CoCrFeNiCu (19.8 at.%), CoCrFeNiSn (19.4 at.%), and CoCrFeNiAl
(16.4 at.%), while the proportion of the added alloying elements to the base CoCrFeNi are as
follows; Al/CoCrFeNiAl (15.1 at.%), Sn/CoCrFeNiSn (8.1 at.%), and Cu/CoCrFeNiCu (3.4
at.%). A large amount of oxygen is detected, in the range of 30.8 at.% to 56.7 at.%. As in
Appendix B, unexpectedly high carbon contamination is also seen. In particular, it would be
expected that Cr, and possibly the alloying elements, lead to the potential for forming an oxide
layer on the sample surface and may participate in such a layer. Thus, they are the vital factor
directly relating to the improvement in corrosion properties of alloy samples, and XPS can be
further used to examine and compare the oxidation state of these elements at the surface. From
this, with the assumption that these are bonding with oxygen, it can be inferred which elements
are present in any oxide film that is formed. In the discussion that follows, to be concise we
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refer to the elements in their metallic state (e.g. Cr) and in the oxide corresponding to the

oxidation state measured (e.g. Cr20z); it must be noted however that the actual films formed

are likely to mixtures of oxides of different elements. Detailed analysis of this by Transmission

Electron Microscopy will take place in future work.
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Figure 4.20: a) XPS survey spectra and b) high resolution XPS spectra in the binding energies

range of 40-70 eV of alloy samples after corrosion testing.

Figure 4.21 shows the high resolution XPS spectra in the Cr 2p, Al 2p, Cu 2ps2, Sn 3d,

and O 1s peak regions of alloy samples. The Cr 2p spectra of all the HEA samples exhibit two

main spin-orbit peaks, Cr 2ps2and Cr 2py2, separated by approximately 9.6 eV. The Cr 2ps;2

peaks can be deconvoluted into two components at the binding energies of 574.12 eV and
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576.60 eV-576.90 eV which are attributed to Cr and Cr®* (Cr203), respectively. This indicates
that Cr.Oz is formed to a large extent on all the alloy samples. The Al 2p peak of the
CoCrFeNiAl sample can be fitted into two peaks at the binding energies of 72.39 eV and 74.58
eV corresponding to Al and AIP* (Al;Os), respectively. The high Al,Os content of 74.50 at.%
is observed. The Cu 2ps2 peak of CoCrFeNiCu sample exhibits two main peaks of Cu and Cu®*
(Cu20) at the binding energies of 932.68 eV and 933.70 eV, respectively, showing the low
content of Cu,0 (18.26 at.%). The Sn 3ds/, peak of CoCrFeNiSn can be fitted into two peaks
at the binding energies of 484.80 eV and 486.39 eV which are attributed to Sn and Sn** (SnQO>),
respectively. This suggests that SnO: is formed with high content of 86.47 at.%. The oxygen
absorption in both metal oxide and chemisorbed oxygen is explained in section 4.1.4. The O
1s peak can be measured at the range of binding energies from 529.83 eV to 530.23 eV for
metal oxide, and from 531.31 eV to 534.07 eV for chemisorbed oxygen. The atomic

proportions of metal oxides and metals are summarized again in Table 4.10.

Table 4.10: The relative atomic proportion of metal oxides and metals (referred to atomic
percentage of the total content of the element at the surface) on the sample surfaces after

corrosion testing in 0.6 M NacCl solution.

Alloys Cr (Cr at.%) Al (Al at.%) Cu (Cu at.%) Sn (Sn at.%)
cr* Cr AP Al Cut* Cu Sn* Sn
CoCrFeNi 99.85 0.15 - - - - - -
CoCrFeNiAl  60.85 39.15 7450 25.50 - - - -
CoCrFeNiCu 83.62 16.38 - - 18.26  81.74 - -
CoCrFeNiSn  100.00 0.00 - - - - 86.47 13.53
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Figure 4.21: High resolution XPS spectra in the; a,c,f,i) Cr 2p, d) Al 2p, g) Cu 2pa», j) Sn 3d, and b,e,h,k) O 1s peak regions of CoCrFeNi and three HEA

samples after corrosion testing in 0.6 NaCl solution.
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It can be seen from the results that the addition of Al and Cu have the effect of reducing
the formation of Cr.O3 (more of the Cr is in the metallic state), while the oxide films which are
generated by these alloying elements, Al2O3z and Cu0O, are at moderate to low intensity Al>Os
(74.50 at.%) and Cu.0 (18.26 at.%). These oxide films are weakly bonded and unstable under
the tested conditions, and thus lead to the poorer corrosion resistance observed in these alloys,
being present at a lower proportion after corrosion testing [2,136]. Al2Os is likely to be
relatively weak at preventing chloride-ion attack, owing to chloride-ion adsorption and
incorporation in the oxide film [196,197]. Chloride ions are likely to move toward the interface
between metal and oxide surfaces. It leads to a lower passive current density with chloride-ion
incorporation and oxide thinning prior to pitting potential, thereby blistering and rupturing the
oxide film [196,197]. In the case of Cu.O films, it may stem from the formation of oxide films
at a low thickness, approximately 5 nm [198]. The thickness of Cu20 films is likely to
insufficiently resist attack by chloride ions. By contrast to these alloys, the addition of Sn
results in an increase in proportion of conversion of metallic form to oxide for both Cr.03 (100
Cr at.%) and SnO- (86.47 Sn at.%). This system can therefore form a significant passive film,
which is stronger bonding than the other oxides formed on these alloys. XPS analysis confirms
that there is the largest proportion of the passive film remaining after corrosion in the
CoCrFeNiSn. The Cr.0z is known to be a stable, corrosion-resistant oxide, and there is
evidence to suggest that SnO: is also a stable film with high potential for protecting against
chloride-ion attack [199,200].

4.3.4 Corrosion analysis in 0.6 M H2SOa4 solution

To understand the corrosion behaviour of all experimental samples in 0.6 M H2SO4
solution, the Potentiostat/Galvanostat electrochemical instrument was conducted, Figure 4.22
and Table 4.11.
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Figure 4.22: Corrosion behaviour of four alloy and two stainless steel samples immersion in
0.6 M H2SOg4 solution.

The corrosion behaviour of the four alloy and two stainless steel samples in an
aggressive acidic solution is displayed in Figure 4.22. This graph indicates the relation between
the applied potential and the measured current density under the sulfuric acidic environment.
Some of the alloy systems have higher corrosion resistance than conventional stainless steels
under these conditions, while some alloys show lower corrosion resistance than the stainless
steels tested, as seen in Figure 4.22. Four corrosion parameters, corrosion potential (Ecorr),
corrosion current density (icorr), transpassive potential (E:), and passivation potential (4Ep; Et-
Ecorr) are presented in Table 4.11. Two important parameters, Ecorr and Et, are used to identify

the corrosion properties in acidic solution for this work.
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Table 4.11: The analytical corrosion data of four alloy and two stainless steel samples in

0.6 M H2SOq4 solution at room temperature.

Alloys Solution ARy e = AFe

values (MVagage)  (uA/cm?) (MVagage)  (MVagiagel)
CoCrFeNi -98+17 1.70+0.08 935+0.1 1033+18
CoCrFeNiAl -309+1 76.38£1.57 934+1 1254+1
CoCrFeNiCu 0.6 M -121+7 4.40+0.64 916 129+6
CoCrFeNiSn H2S04 045 -3848 3.65+0.73 968+1 10067
SS304 -355+46 47.7949.16  936+3 1291+4
SS316 -291+4 52.61+£1.14  949+7 1240+7

In acidic solution, some of the (two-phase) alloys in this work have poorer corrosion
behaviour than the single-phase alloy of the CoCrFeNi system, while the corrosion resistance
of another two-phase alloy in the same experiment is superior to the CoCrFeNi alloy. The
addition of Sn to form CoCrFeNiSn yields an alloy with the lowest corrosion sensitivity of all
the samples examined here with the highest Ecorr and E:. These are increased compared to the
main CoCrFeNi alloy from -98 mV (CoCrFeNi) to -38 mV (CoCrFeNiSn) in the case of Ecorr
and from 935 mV (CoCrFeNi) to 968 mV (CoCrFeNiSn) for E:. In contrast, the Cu addition to
form CoCrFeNiCu gives an alloy which shows high corrosion sensitivity with values of Ecorr
and E: reduced from CoCrFeNi; Ecorr from -98 mV (CoCrFeNi) to -121 mV (CoCrFeNiCu)
and Et from 935 mV (CoCrFeNi) to 9 mV (CoCrFeNiCu). The lowest E; value of CoCrFeNiCu
system in this work may lead to a poor passivity with the narrowest passive zone (AEp; 129
mV), Figure 4.22. Furthermore, it was found that some of these alloys have higher corrosion
resistance in this acidic solution than stainless steels. CoCrFeNiSn has higher values of Ecorr
and E; than both SS304 and SS316 samples. The Ecorr and E: values of CoCrFeNiAl are lower
than SS316.

4.3.5 Post-corrosion microstructure and surface analysis (0.6 M H2SO4 solution)

To understand the post-corrosion microstructure and surface chemical composition,
SEM and XPS were conducted (Figures 4.23-4.25 and Tables 4.12-4.13).
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Figure 4.23: BSE micrographs on the corroded surface of four alloy samples after immersion
in 0.6 M H2S04 solution.

Sample surfaces after immersion in 0.6 M H2SO4 solution were examined by SEM and
in all cases surface damage, as shown in Figure 4.23, was observed. In both CoCrFeNi and
CoCrFeNiSn localized corrosion is likely to occur. Evidence that could correspond to galvanic
corrosion can be found on the surface of CoCrFeNiCu systems, while selective dissolution can
be observed at the CoCrFeNiAl surface. In the case of CoCrFeNiAl, preferential dissolution
has taken place, revealing features that may be the interdendritic region or grain boundaries.
This interdendritic area may contain an Al-Ni-rich second phase, while a major B2 phase is
likely to form on the dendritic area, as discussed in sections 4.1.1 and 4.1.2. It could result in a
difference in corrosion potential between the two regions, leading to selective dissolution. It
can be observed in the removal of the Al-Ni-rich phase. CoCrFeNiCu also presents evidence
of a galvanic corrosion process, which could be driven by the different corrosion potential of
the Cu-rich and CoCrFeNi phases, preferentially attacking the Cu-rich phase, and indicates

140



sensitivity to intergranular attack along the lost Cu-rich phase on grain boundaries. This
corrosion behaviour seems to be similar to that occurring in this alloy immersed in chloride

solution, as reported by Muangtong et al. [172].

As discussed in section 4.1.4, HEAs formed from several metallic elements are likely
to create multi-oxide films on the sample surface when exposed to appropriate environments.
Four types of oxide-film (C0304, Cr203, Fe203, and NiO) have been reported to form on the
surface of CoCrFeNi [175], but it is likely that there are complex passive films, with multiple
elements involved in the formation of complex oxides, present on the samples in this work. As
the films are not imaged in detail, it is not possible to verify the precise local film composition
and structure on each sample. Instead, XPS has been used, which gives an indication of the
oxidation state of particular elements of interest. This investigation has been focussed on the
state of the Cr and of the additional element added to the alloys (Al, Cu and Sn), determining
if they are in the metallic form or with an oxidation state that would correspond to their most
common oxide (Cr203, Al203, Cu20, and SnO). This decision has been made as Cr203 is
considered a highly efficient protective film in many solutions [101,125,132,137] and the
behaviour of the additional element is likely to be an important factor in determining the
differences in the behaviour of the samples. Looking at the state of these individual elements
will allow assessment of the extent to which they are involved in the oxide film, but it should
be recognised that there are likely to be more complex passive films on the sample surface.

The relative atomic concentration of the elements present at the alloy surfaces was first
explored by XPS analysis (the chemical composition without oxygen and carbon content has
been assessed for the bulk alloy pre-corrosion testing to be in all cases relatively close to
equiatomic, Table 4.2 and [172]). All alloy specimens were measured after corrosion testing in
0.6 M H2SOg4 solution as summarized in Tables 4.12. This result is similar to the XPS analysis
of post-corrosion testing in chloride solution. The presence of Cr in the oxidation state
corresponding to Cr20s is likely to play a vital role in the protective film to resist corrosion
attack in acidic solution. It indicates that the proportion of Cr detected is the highest metallic
composition in almost all alloy systems (after immersion in acid it is 35.6 at.% in CoCrFeNi,
28.5 at.% in CoCrFeNiSn and 26.1 at.% in CoCrFeNiCu), except for the CoCrFeNiAl alloy,
where it is at 11.5 at.% after acid immersion. This dominance of Cr near the surface is likely
to be due to its role in protective oxides at the surface. The presence of such a passive film
should decrease the corrosion sensitivity of the alloy specimen in an acidic electrolyte solution.

In the CoCrFeNiAl alloy, Al is the majority metallic element at the surface, at 22.6 at.% after
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acid immersion. Al and Cr in the major CoCrFeNiAl (B2) phase in the CoCrFeNiAl system may

for example form a mixed (Cr,Al)203 layer due to the individual oxides being isostructural,

allowing substitution between Al- and Cr-oxides, as discussed in section 4.4.1. In addition, the

presence of oxygen and carbon on the sample surface can be detected via the XPS

measurement. A high oxygen content, in the range of 32.9 at.% to 44.2 at.%, is found in almost

all alloy systems in this experiment, as shown in Table 4.12. The oxygen observation, Table

4.12 and Figure 4.24, relates to the oxidation state, due to the oxide formation from metallic

elements on the exposed surface with oxygen in the air, sections 4.1.4 and 4.3.3. This result is

similar to the unexpectedly high carbon detection on the sample surface, Fig 4.24, assumed to

result from carbon contamination during handling or shipping processes, as discussed in

sections 4.1.4 and 4.3.3, and may have a similar origin.

Table 4.12: The relative atomic concentration (at.%) at the sample surfaces for the alloys

under study post-corrosion testing in 0.6 M H2SO4 solution.

Relative atomic concentration (at.%)

Alloys
Co Cr Fe Ni Al Cu Sn @)
CoCrFeNi 8.78 3562 1254  10.16 - - - 32.89
CoCrFeNiAl  4.87 11.46 6.55 10.89  22.62 - - 43.61
CoCrFeNiCu  7.39 26.11 9.47 8.22 - 4.59 - 44.21
CoCrFeNiSn  8.85 28.54 6.48 12.97 - - 6.19 36.95
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Figure 4.24: The XPS spectra of alloys analysed post-corrosion testing in 0.6 M H>SO4 solution to present the metal and metal-oxide regions of; a,c,f,i) Cr 2p,
d) Al 2p, g) Cu 2par, j) Sn 3d, and b,e,h,k) O 1s peaks.
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Figure 4.24 shows XPS spectra for high-resolution evaluation of the samples after
exposure to H2SO4 acidic solution. Five elemental XPS spectra; Al 2p, Cr 2p, Cu 2psr2, Sh 3d,
and O 1s, are used to assess the chemical state of the corresponding atomic species (and thus
indicate whether these metallic atoms tend to be present in the metallic form or as compounds;
likely to be oxides) at the sample surfaces. The XPS technique is suitable for analyzing surface
chemistry or observing the interaction between the exposed sample surface and its environment
to form an oxide film. Its measured data are in the form of the values of the released binding
energy by electrons emitted from samples and the intensity value of each detected binding
energy [160]. The XPS depth profile for the conditions used in this work is approximately 5-
10 nm. It is typically sufficient to identify the chemical composition of the passive film [136].
While for thin films the interaction depth could be enough to also detect signal from the metal
below the film, XPS can typically separate the spectrum of the underlying metal from its oxide
film, leading to the definitive identification of passive film on the alloy surface [160]. The
results are consistent with a main protective film of Cr.Os formed by the interaction between
Cr¥*and O%. Cr 2p spin-orbit coupling consisting of Cr 2pszand Cr 2pas is detected in all alloys
analysed. The deconvoluted Cr 2ps2 peak can be found at the binding energies of 574.12 eV-
574.20 eV (Cr metal) and 576.60 eV-577.06 eV (Cr oxide). For the three alloying elements
which distinguish the samples here (Al, Cu and Sn), the formation of Al.O3 with A" in the
CoCrFeNiAl system was indicated by two peaks of Al 2p spectra at the binding energies of
72.33 eV (Al metal) and 74.53 eV (Al oxide). The Cu 2pz, peak suggesting the creation of
Cu0 from Cu®* in the CoCrFeNiCu system was detected from two peaks at the binding
energies of 932.58 eV (Cu metal) and 933.70 eV (Cu oxide). Two spin orbitals can be detected
in the Sn 3d spectrum; Sn 3ds/2 and Sn 3ds, for the formation of SnO, with Sn**. The Sn 3ds/.
peak can be found at the binding energies of 484.78 eV (Sn metal) and 486.09 eV (Sn oxide).
In the case of O 1s peak which referred to the oxidation state for all alloys in this work, it can
be detected at the binding energies of 529.77 eV to 530.16 eV (metal oxide) and from 531.18
eV to 534.01 eV (chemisorbed oxygen).
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Table 4.13: The relative surface atomic concentration (at.%) of each analysed element
at the surface post-corrosion testing in 0.6 M H2SO4 solution in metallic and ionized form
(taken to indicate the relative involvement of the atoms in either the alloy in metallic form or

as metal oxides).

Alloys Cr (Cr at.%) Al (Al at.%) Cu (Cu at.%) Sn (Sn at.%)
Cr Cr* Al APP* Cu Cul* Sn Sn**

CoCrFeNi 11.92 88.08 - - - - - -

CoCrFeNiAl 1548 8451 2748 7251 - - - -

CoCrFeNiCu 15.78 84.21 - - 71.19 28.81 - -
CoCrFeNiSn 1256 87.44 - - - - 57.04 42.96

Table 4.13 represents the calculated proportions for each of the analysed elements
between the metallic form and as ions (taken to represent oxides) for the alloy systems
examined here. The data are collected for the surface of the samples after corrosion assessment
in acidic solution. These indicate the quality of the passive-film present (via the extent to which
the surface is oxidized, and whether a strong, resistant oxide is formed), which will strongly
affect the performance in resisting corrosion attack. The addition of the further alloying
elements to the main four component equiatomic alloy system affects the oxide formation on
the specimen surface. In acidic solution, the added fifth elements may reduce the proportion of
the Cr in a state that suggests it may be participating in oxide. The reduction is least with Sn
addition, where CoCrFeNiSn has 87.4 at.% of the Cr oxidized (versus 88.1 at.% in CoCrFeNi),
and greatest with Cu added into CoCrFeNiCu where 84.2 at.% of the Cr is oxidized. The
additional elements are partially oxidized themselves after acid immersion. On the surface of
CoCrFeNiAl 72.5 at.% of the Al is oxidized, but only 28.8 at.% of the Cu on the surface of
CoCrFeNiCu, as in Table 4.13. Furthermore, the additional elements in CoCrFeNiSn and
CoCrFeNiAl are well involved in the formation of a passive film; of alloying elements; the
oxidation states would correspond to SnO2 and Al.Os. In relation to Cr, which may be the
optimum oxide to form, CoCrFeNi has the highest ability to generate the Cr oxide in acidic

solution where 88.1 at.% of this element at the surface being converted.
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Figure 4.25: The comparison of the extent of oxidation at the sample surface, assessed via the
ratio of metal oxide to metal in four alloys in pre- and post-corrosion testing in 0.6 M H2SO4

solution (BC refers to before corrosion testing, and AC means after corrosion testing).

Figure 4.25 shows the change in the extent of oxidation on the sample surface via the
ratio of metal oxide to metal detected for four alloys, CoCrFeNi, CoCrFeNiAl, CoCrFeNiCu,
and CoCrFeNiSn, in pre- and post-corrosion testing in a sulfuric acid environment. The
proportion of Cr in the oxidized form in almost all alloys is decreased after corrosion in sulfuric
acid; this could correlate with a reduction in the amount of oxide film (containing oxidized Cr)
present at the surface. CoCrFeNiCu has the highest proportion decrease in oxidized Cr from
10.9 (pre-corrosion testing) to 5.3 (post-corrosion testing). On the other hand, the lowest
amount of oxidized Cr proportion reduction, from 6.7 (pre-corrosion testing) to 5.5 (post-
corrosion testing), is found in CoCrFeNiAl. In the case of the additional element, which was
also examined as well as Cr, the proportion of Cu in the oxidized form at the CoCrFeNiCu
surface after testing in sulfuric acid remains the same as pre-corrosion testing at 0.4.
CoCrFeNiAl has a larger decrease in the proportion of Al in the oxidized form, from 5.2 (pre-
corrosion testing) to 2.6 (post-corrosion testing), while the proportion of Sn in the oxidized

form in CoCrFeNiSn also decreases significantly from 2.0 (pre-corrosion testing) to 0.8 (post-
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corrosion testing). If taken to suggest the removal of oxides containing the relevant elements,
these results can be said to correspond with the microstructure change seen resulting from
corrosion by sulfuric acid in Figure 4.23. In the case of CoCrFeNiAl, it shows that an Al-Ni-
rich second phase in CoCrFeNiAl may be easily removed in this solution, possibly by galvanic
corrosion attack, as there appears to be a significant reduction of the amount of oxide film.
However, a galvanic attack can occur when a sample is exposed without polarisation. In
contrast, selective dissolution typically occurs when a sample is polarised, which indicates
differences in the electrochemical potentials of both phases. Thus, the CoCrFeNiAl surface
should be formed by selective dissolution rather than galvanic corrosion. In the case of
CoCrFeNiCu, galvanic corrosion is likely occurring to attack along the interdendritic region of
the Cu-rich phase. Some of the adjacent material of the main CoCrFeNi phase may also be
removed; this could be responsible for a reduction in oxide containing Cr. In the formation of
localized corrosion on the CoCrFeNiSn surface, most of the corroded area occurs in the
CoCrFeNi phase. Evidence of corrosion attack is rarely seen in the hexagonal Ni-Sn-rich phase.
This may correlate with the large decrease in the proportion of Cr in the oxidized state (and
therefore possible oxide film removal) after corrosion testing. CoCrFeNi may show
repassivation, reforming oxides containing Cr after localized corrosion attack. This could be
inferred from the increase in the proportion of Cr in the oxidized state after corrosion testing,

from 7.2 (pre-corrosion testing) to 7.4 (post-corrosion testing).

4.3.6 Corrosion analysis in 0.6 M NaAIO: solution

To understand the corrosion behaviour of all experimental samples in 0.6 M NaAIO>
solution, the Potentiostat/Galvanostat electrochemical instrument was conducted, Figure 4.26
and Table 4.14.
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Figure 4.26: Corrosion behaviour of four alloy and two stainless steel samples immersion in
0.6 M NaAIO; solution.

As shown in Figure 4.26, the relationship between the potential in Vagagcl and the
current density in A/cm? indicates the corrosion behaviour of four experimental alloys and two
commercial stainless steel samples, all in the as-cast state, in a strongly alkaline solution with
a pH of 13.11. The novel alloys all contain CoCrFeNi, with different additional elements, Al,
Cu, and Sn, being a significant variable leading to a change in corrosion parameters, Table
4.14. Of the parameters measured and shown in Table 4.14 (corrosion potential (Ecorr), COrrosion
current density (icorr), transpassive potential (Ez), and passivation potential (AEp; Et-Ecorr) it is
Ecorr and E; Which are used to identify the corrosion properties in this work, as was done in the
corrosion experiments in both chloride and sulfuric acid solutions, sections 4.3.1 and 4.3.4.
These corrosion parameters may show the effect of the alloying elements on the corrosion

resistance of the experimental alloys in this work.
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Table 4.14: The analytical corrosion data of four alloy and two stainless steel samples in 0.6

M NaAIO:; solution at room temperature.

Alloys Solution ARy e = AFe
values (MVagage)  (uA/cm?) (MVagage)  (MVagiagel)

CoCrFeNi -431+8 0.06+0.03 51342 94449
CoCrFeNiAl -504+6 0.23+0.01 510+4 1014+7
CoCrFeNiCu 0.6 M -337+34 0.22+0.12 517+13 854437
CoCrFeNiSn  NaAlO; e -491+24 0.20+0.06 458+7 949+29
SS304 -416+15 0.24+0.14 500+1 916+16
SS316 -398+14 0.07+0.02 506+4 904+16

For corrosion testing in alkaline solution, the single phase alloy of CoCrFeNi shows
higher corrosion resistance than most of the dual-phase systems tested. However, one two-
phase alloy tested in this work is likely to be superior to CoCrFeNi. The Cu addition in
CoCrFeNiCu shows the best values of Ecorr and Et. Ecorr and E; values of CoCrFeNiCu are
higher than those of CoCrFeNi; Ecorr changes from -431 mV (CoCrFeNi) to -337 mV
(CoCrFeNiCu) and E; from 513 mV (CoCrFeNi) to 517 mV (CoCrFeNiCu). Al and Sn added
to CoCrFeNi decrease the values of Ecorr and E; compared with CoCrFeNi. Their Ecorr Values
drop from -431 mV (CoCrFeNi) down to -504 mV (CoCrFeNiAl) and -491 mV (CoCrFeNiSn),
while their E; values drop from 513 mV (CoCrFeNi) down to 510 mV (CoCrFeNiAl) and 458
mV (CoCrFeNiSn). However, Table 4.14 shows that CoCrFeNiAl (4Ep; 1,014 mV) and
CoCrFeNiSn (4Ep; 949 mV) have higher passivity than other alloys in this work. In addition,
CoCrFeNiCu presents better corrosion behaviour than the stainless steel samples assessed with
the higher values of Ecorr and E; than SS316 and SS304.

4.3.7 Post-corrosion microstructure and surface analysis (0.6 M NaAlOz solution)
To understand the post-corrosion microstructure and surface chemical composition,
SEM and XPS were conducted (Figures 4.27-4.29 and Tables 4.15-4.16).
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Figure 4.27: BSE micrographs on the corroded surface of four alloy samples after immersion
in 0.6 M NaAlO2 solution.

The appearance of the sample surfaces after exposure to alkaline solution shows some
different features to the result of exposure to acidic solution in some of the systems, as
presented in Figure 4.27. CoCrFeNi and CoCrFeNiAl show localized corrosion, while galvanic
corrosion, with a particular phase being attacked while the other is relatively unchanged, occurs
in CoCrFeNiCu and CoCrFeNiSn. CoCrFeNiCu again shows corrosion damage on the
segregated Cu-rich phase, though compared to the result of the acidic electrolyte the level of
this is low, while it is the CoCrFeNi phase in the microstructure of CoCrFeNiSn where dark
regions, likely to be holes formed in the surface, have been found. It can be inferred that there
exists a difference in potential between the phases in these alloys which show two phase
microstructures and where differences in corrosion behaviour of the phases is found in the BSE
images. The corroded Cu in CoCrFeNiCu and the lost CoCrFeNi in CoCrFeNiSn were

therefore likely damaged by galvanic corrosion attack, while the CoCrFeNi in CoCrFeNiCu
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and the Ni-Sn in CoCrFeNiSn were protected in this solution. In addition, the level of surface
damage observed in the four alloy systems appears likely to vary in the different electrolytes.
All four alloys appear to have a higher level of surface damage when tested in an acidic
solution, as compared with corrosion testing in an alkaline solution, Figures 4.23 and 4.27. This
qualitative difference corresponds to the measurement of a higher value of icorr for the four

alloy systems measured in corrosion tests in an acidic solution, Tables 4.11 and 4.14.

As discussed in sections 4.1.4 and 4.3.5, the evidence found indicates that multiple
component alloys probably react with oxygen to form oxides involving several metallic
elements on the alloy surface. The surface of CoCrFeNi alloy, as reported in [175], showed
four metallic-oxide species, such as Co3Oa, Cr.03, Fe203, and NiO. The alloys in this work are
therefore also likely to create complex metal oxides from multiple metallic elements. As
discussed in section 4.3.5, XPS is a surface chemical analysis, generating signal from emissions
that give information on the binding energy of electrons in the metallic sample [160]. The XPS
depth profile expected for the conditions used in this work is approximately 5-10 nm, which
may mean the signal comes from both the metal oxides on the sample surface, and the metal
underneath. The identification of Cr in the oxidation state corresponding to Cr20s3 is
particularly used in this work as Cr.Ozitself is a good protective film to resist general corrosion
[101,125,132,137]. The common oxidation states of the additional metallic elements, (i.e.
corresponding to Al.O3, Cu20, and SnO-) were also selected for observation as these elements

constitute the main differences between the alloys tested.

Table 4.15: The relative atomic concentration (at.%) at the sample surfaces for the alloys

under study post-corrosion testing in 0.6 M NaAIlO- solution.

Relative atomic concentration (at.%)

Alloys
Co Cr Fe Ni Al Cu Sn @)
CoCrFeNi 10.62 2411 16.63 14.94 - - - 33.70
CoCrFeNiAl 7.07 12.16 8.83 11.23  16.05 - - 44.66
CoCrFeNiCu  8.27 19.33  13.50 9.81 - 3.29 - 45.80
CoCrFeNiSn  10.51 19.62 16.53 1.46 - - 7.13 44,75

As shown in Table 4.15, the relative atomic concentration of the elements present at the
alloy surfaces was first explored by XPS analysis (the composition has been evaluated for the
bulk alloy pre-corrosion testing to be in all cases relatively close to equiatomic when any
measured oxygen and carbon content is neglected, Table 4.2 and [172]). All alloy specimens
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were measured after corrosion testing in 0.6 M NaAlO; solution as summarized in Table 4.15.
This indicates that the proportion of Cr detected is the highest in almost all alloy systems after
in alkaline immersion. It is 24.1 at.% in CoCrFeNi, 19.6 at.% in CoCrFeNiSn, 19.3 at.% in
CoCrFeNiCu. The exception is in CoCrFeNiAl, where it is 12.2 at.% after alkaline immersion.
These results are similar to corrosion testing in 0.6 M H>SOj4 solution. The presence of Cr is
potentially useful, as it could act as a protective oxide to resist corrosion attack in this solution.
On the other hand, Al in the CoCrFeNiAl system is present in the largest proportion at the
surface, 16.1 at.%, after corrosion testing.
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Figure 4.28: The XPS spectra of alloys analysed post-corrosion testing in 0.6 M NaAlO- solution to present the metal and metal-oxide regions of; a,c,f,i) Cr
2p, d) Al 2p, g) Cu 2par, J) Sn 3d, and b,e,h,k) O 1s peaks.
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Figure 4.28 show XPS spectra for high resolution monitoring of the samples in alkaline
solution. Five elemental XPS spectra; Al 2p, Cr 2p, Cu 2pzs2, Sn 3d, and O 1s, are used to assess
the chemical state of the corresponding atomic species (and thus indicate whether these metallic
atoms tend to be present in the metallic form or as compounds; likely to be oxides when they
may have a bond with oxygen) at the sample surfaces. The results are consistent with a main
protective film of Cr.O; formed by the interaction between Cr* and O%. Cr 2p spin-orbit
coupling consisting of Cr 2pz;2and Cr 2p1/2is observed in all alloys analysed. The deconvoluted
Cr 2p3i2 peak can be detected at the binding energies of 574.12 eV-574.20 eV (Cr metal) and
576.60 eV-576.86 eV (Cr oxide). For the three additional elements which distinguish the
samples here (Al, Cu and Sn), the formation of Al,O3 with AI** in the CoCrFeNiAl system was
indicated by two peaks of Al 2p spectra at the binding energies of 72.33 eV (Al metal) and
74.35 eV (Al oxide). The Cu 2ps; peak suggesting the creation of Cu,O from Cul* in the
CoCrFeNiCu system was observed via two peaks at the binding energies of 932.58 eV (Cu
metal) and 933.70 eV (Cu oxide). Two spin orbitals can be detected in the Sn 3d spectrum; Sn
3ds/2 and Sn 3dsy, for the formation of SnO, with Sn*". The Sn 3ds/, peak can be found at the
binding energies of 484.80 eV (Sn metal) and 486.30 eV (Sn oxide).

Table 4.16: The relative surface atomic concentration (at.%) of each analysed element at the
surface post-corrosion testing in 0.6 M NaAIlO> solution in metallic and ionized form (taken
to indicate the relative involvement of the atoms in either the alloy in metallic form or as

metal oxides).

Alloys Cr (Cr at.%) Al (Al at.%) Cu (Cu at.%) Sn (Sn at.%)
Cr cr* Al A" Cu Cul* Sn Sn**

CoCrFeNi 2.75  97.26 - - - - - -

CoCrFeNiAl 1957 80.43 3454 65.45 - - - -

CoCrFeNiCu  3.24  96.76 - - 71.23 28.77 - -
CoCrFeNiSn 531  94.68 - - - - 24.50 75.51

Table 4.16 represents the calculated proportions for each of the analysed elements
between the metallic form and as ions (taken to represent oxides) for the alloy systems
examined here. The data are collected for the surface of the samples after corrosion assessment
in alkaline solutions. These indicate the quality of the passive-film present (via the extent to
which the surface is oxidized, and whether a strong, resistant oxide is formed), which will

strongly affect the performance in resisting corrosion attack. The addition of the further
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alloying elements to the main four component equiatomic alloy system affects the oxide
formation on the specimen surface. The equivalent results in acidic immersion following
immersion in alkaline solution are shown in Table 4.16. Here the alloying additions also reduce
the proportion of Cr participating in the oxide. The reduction is least in CoCrFeNiCu, where
96.8 at.% of the Cr is oxidized (compared to 97.3 at.% in CoCrFeNi) and greatest in
CoCrFeNiAl where 80.4 at.% of the Cr is in ionised form. In both solutions, the fifth additional
elements in CoCrFeNiSn and CoCrFeNiAl are well involved in the formation of an oxide film;
of alloying elements; the oxidation states would correspond to SnO2 and Al>Oa. In relation to
Cr, which may be the optimum oxide to form, CoCrFeNi has the highest ability to generate the

Cr oxide in alkaline solutions; 97.3 at.% of this element at the surface being converted.
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Figure 4.29: The comparison of the extent of oxidation at the sample surface, assessed via the
ratio of metal oxide to metal in four alloys in pre- and post-corrosion testing in 0.6 M NaAIlO-

solution (BC refers to before corrosion testing, and AC means after corrosion testing).

As discussed above, the depth of penetration of the XPS analysis may involve detection
of signal from the oxide layer and from the bulk. If we make the assumption that the depth of
analysis and the thickness of the oxide are comparable in all cases, we can use the ratio between
the signal for the different metallic elements analyzed in each state as a measure of the extent
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to which the surface is covered by oxide film. If the oxide is not of consistent thickness, then
this ratio is likely to be linked to the amount of oxide (a higher ratio for a thicker film). In
either case the ratio of metal oxide to metal signal is an indicator of how significant the surface
oxidation is, and as we look at this across different species, it can gauge to what extent these
are involved in film formation. The ratio of metal oxide to metal on the sample surface pre-
and post-corrosion testing in 0.6 M NaAlO- (alkaline) solution for the four experimental alloys,
CoCrFeNi, CoCrFeNiAl, CoCrFeNiCu, and CoCrFeNiSn, is shown in Figure 4.29. The change
in predominant oxide on the alloy surface observed in this work remains the Cr in the oxidized
form, as for the acidic experiment in Figure 4.25. Almost all alloys show a high repassivation
tendency with an increase in the proportion of Cr in the oxidized form after corrosion in an
alkaline solution. The formation of chromium oxide is highly likely to reoccur on the sample
surface after the protective-film breakdown. It indicates that Cr acts as an important metallic
element to resist alkaline attack. An increasing proportion of Cr in the oxidized form post-
corrosion tests is seen in CoCrFeNi (28.2), CoCrFeNiCu (19.0), and CoCrFeNiSn (6.5). On
the other hand, a reduction of oxidized Cr proportion is found in CoCrFeNiAl at 2.6. This alloy
also has the lowest proportion of Cr in the oxidized form in all samples after corrosion testing,
which could be due to competition for oxygen with Al. The oxidation of the fifth element was
also investigated. The proportion of Cu in the oxidized form at the CoCrFeNiCu surface is at
0.4 in pre- and post-corrosion testing; an absence of change which was also seen under acidic
conditions, Figure 4.25. CoCrFeNiSn has a slightly increased proportion of Sn in the oxidized
form, from 2.0 (pre-corrosion testing) to 3.1 (post-corrosion testing), while the proportion of
Al in the oxidized form in CoCrFeNiAl has a decreased from 5.2 (pre-corrosion testing) to 1.9
(post-corrosion testing). This result indicates that Sn in the oxidized form is likely to promote
and/or coordinate with Cr being the protective oxide film to resist alkaline corrosion. This is
consistent with the high passivity (4Ep; 949 mV) seen in CoCrFeNiSn, Table 4.14. On the other
hand, CoCrFeNiAl has the highest passivity (4Ep; 1,014 mV) in Table 4.14, despite showing a
decreasing proportion of Al and Cr in the oxidized form. This may arise due to the difference
between the analytical methods. The polarization technique measures the passive region
(passivation potential) resulting from whatever oxide is present, which may involve the
elements analyzed, or others, separately or together. XPS on the other hand focusses in on the
oxidation of a particular element only. This would suggest that other oxides (Co, Fe, and Ni in
the oxidized form at the CoCrFeNiAl surface), are involved in the film and likely to increase
the protective nature of that film.
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In addition, comparison between XPS data and SEM images may suggest the removal
of oxides containing the relevant elements. Generally, alkaline species have a high sensitivity
to dissolve in water and ionize as Oz and/or OH". These ionized species are highly active,
forming metal oxides or metal hydroxides with metal at the sample surface [201]. This may be
behind the increase in the proportion of Cr in the oxidized form in almost all alloys, CoCrFeNi,
CoCrFeNiCu, and CoCrFeNiSn, after corrosion testing in an alkaline solution in Figure 4.29.
In contrast, CoCrFeNiAl is likely to form a mixed (Cr, Al)2O3 oxide, as discussed in sections
4.4.1. As shown in section 2.2.2, the potential-pH equilibrium diagram for aluminum and water
at 25 °C indicates that Al has an unstable oxide film which easily dissolves in strongly alkaline
solutions, and this could also be the case for Al and Cr in the form of a mixed oxide. CoCrFeNi
and CoCrFeNiAl are likely to form localized corrosion, and some byproducts in oxide and/or
hydroxide may form on the active area in Figure 4.28. This is consistent with the increasing
proportion of Cr in the oxidized state, Figure 4.29. In the cases of CoCrFeNiCu and
CoCrFeNiSn, galvanic corrosion is observed via SEM images, Figure 4.27. The Cu-rich phase
in CoCrFeNiCu is likely to be corroded according to the low proportion of Cu in the oxidized
state at 0.4 (pre- and post-corrosion testing), Figure 4.29. The dendritic CoCrFeNi phase in
CoCrFeNiSn has a high sensitivity to be dissolved in an alkaline solution, while the
repassivation process of Cr in the oxidized form is insufficient to resist corrosion attack from

the alkaline solution as shown in Figures 4.27 and 4.29.

4.4 Discussion: characterization of CoCrFeNi and HEA samples after corrosion testing

4.4.1 Effect of alloying element on the corrosion properties of alloy samples in 0.6
M NaCl solution

Following the evidence presented and discussed above, it is possible to propose a series
of mechanisms for the corrosion in chloride solution of the alloys examined in this work. In
the CoCrFeNiAl system, it is found that pitting corrosion occurs, with a suggested mechanism
for this, consistent with the observations here and what is known about the alloy shown in
Figures 4.30a-4.30c. A mixed-oxide film with both Cr and Al cations, in some proportion
between Cr.03 and Al2Os, is likely to be formed on the major CoCrFeNiAl (B2) phase. These
are the most reactive of the elements present with oxygen, and the two oxides are isostructural
with Al and Cr substituting with each other in varying proportions. The metal ions in the +3
oxidation states can form in a type of mixed-cation M2Os oxide [202]. The second Al-Ni-rich

phase may create Al,O3 film when the sample surface is in contact with atmospheric oxygen,
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as shown in Figure 4.30a. Subsequently, during the corrosion process in Figure 4.30b, there
are three stages to the evolution of pitting; the first is the selective dissolution of Al and Ni
from an area happening to be (Al-Ni)-rich (some tendency for this was seen in Figure 4.14b).
There areas form as the atomic pair of Al-Ni have the strongest enthalpy of formation in this
system [43,155]. Both Al and Ni are dissolved and transfer electrons to become metal cations,
A" and Ni?*, in the electrolyte. Subsequently, Ni (1) ions are likely to move to deposit on the
alloy surface, replacing Al. EDS data shows the change of chemical composition in pre- and
post-corrosion testing of Al and Ni. The decrease in the amount of Al is higher than Ni in
Figures 4.18 and 4.19. As reported in [203], micro-galvanic corrosion may induce the
dissolution of these elements. CoCrFeNiAl tested in 1 M H2SO4 solution saw the dissolution
of the Al-Ni-rich phase and formation of a nanoporous Cr-Fe-rich phase, likely under a
selective leaching process [203]. In this case, corrosion would proceed by dealloying as Al has
the lowest standard electrode potential and the Al.Oz is unstable. The second propagation step
after passive film breakdown is increasing damage in the region of the pits from small to large
corrosion holes [136,204]. The anodic reaction occurs on the alloy surface exposed to the
electrolyte while the cathode is the passivated surrounding surface. Pits will grow along the
area where Al and Ni are depleted. The final stage is when the CoCrFe residue from dealloying
is removed resulting in pit growth, leaving behind the large corrosion pits seen. As indicated
in Figure 4.30c, repassivation of the oxide films may occur on the pitting holes after chloride-
ion attack.

For the CoCrFeNiCu system, two oxide films are formed, Cr.0s and Cu20, Figure
4.30d. Cr203 is known to be a strong film, resistant to chloride attack, while Cu.0 is a weak
film which easily breaks down in the presence of chloride ions. Figure 4.30e shows the chloride
ions attacking the Cu-rich areas, leading to the removal of Cul* from the main Cu phase.
Galvanic corrosion of the segregated Cu phase occurs, stemming from its differing potential
from the main FCC phase, which forms the cathode, with the Cu-rich phase acting as the anode
[2]. The Cu-rich phase is heavily corroded compared to the FCC phase. After corrosion, oxide
layers may be regenerated on the sample surface, especially in the areas with Cr, Figure 4.30f.

The corrosion behavior of CoCrFeNiSn is depicted in Figures 4.30g-4.30i. The bulk
microstructure of this alloy is composed of two phases, a Ni-Sn intermetallic and CoCrFeNi,
which form two passive films, SnOzand Cr,Os respectively. Both of these are noble oxide films

and will inhibit corrosion in chloride solution, as presented in Figure 4.30g. Galvanic corrosion
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is observed on the FCC phase (indicating the Ni-Sn phase has a higher corrosion potential than

the CoCrFeNi phase), particularly at the interface where the damage is relatively high, and as

a result there is dissolution of some ions, Co**, Cr®*, Fe?*, and Ni%*, as shown in Figure 4.30h.

Then the two passive films can regenerate, as shown in Figure 4.30i.
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In general, it should be noted that the mechanisms proposed for corrosion depicted in
Figure 4.30 are all based on the assumption that the oxide films have a simple structure of good
uniformity; local variations and defects (which have not been explored here) could contribute
to additional behaviors.

To sum up, the addition of Sn has a positive effect on the rise in corrosion resistance of
equiatomic CoCrFeNi in a medium chloride-containing solution, while Al and Cu as alloying

elements lead to the decline in corrosion properties under the same conditions.

4.4.2 Effect of alloying element on the corrosion properties of alloy samples in 0.6
M H2SOa4 solution

It is well known that the nature of the passive film, which forms on a specimen surface,
plays a vital role in resisting corrosion attack. Many metallic elements are likely to interact
with oxygen to produce different oxide films; for example, the presence of C030s, Cr20g,
Fe203, and NiO has been reported on CoCrFeNi [175]. Here these oxides plus others involving
(where added) the fifth element, Al>Os, Cu.0, and SnO., in CoCrFeNiAl, CoCrFeNiCu, and
CoCrFeNiSn may be anticipated. However, this implies that there could be different oxides in
different surface areas. This is one possibility, but it could also be the case that mixed, complex
oxides are formed. The results obtained in this work are not able to make this distinction in the
form of oxide that makes up the film, so instead we focus on identifying the presence of Cr,
Al, Cu and Sn in their oxidised states (corresponding to Cr.03, Al203, Cu20, and SnO3) as the
chromium frequently participates in films with a good protective effect, and the other elements
will help understand the effect on alloy behaviour of the additional elements. This information
will be used to investigate possible corrosion mechanisms in all alloy systems. As discussed
above, the corrosion properties seen here show different corrosion behaviour in sulfuric acidic
solution. The corrosion mechanisms of the alloys examined in this work has been suggested
based on the experimental results involving morphology by SEM and chemical composition
on the sample surface via XPS.

The morphology is analyzed by SEM after corrosion testing in 0.6 M H2SO4 solution
in Figure 4.23. There are likely to be two corrosion types occurring in the samples; localized
corrosion (CoCrFeNi and CoCrFeNiSn) and galvanic corrosion (CoCrFeAl and CoCrFeNiCu).
Sulfuric acid generally dissolves in water to ionize as cations (H;0*) and anions (HSO, and
S0Z%7), as in the equations below [205];

H,S0, + H,0 —» H;0% + HSO; Equation 24
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HSO; + H,0 - H;0" + SO;~ Equation 25

H™ is used as a shorthand for HsO" when H* ions from an acid react with water. It is
highly effective at pulling electrons away from the active metallic phase with a lower corrosion
potential in a galvanic couple (galvanic corrosion) and a micro-galvanic couple (localized
corrosion). Hydrogen gas (H.) is likely to be produced after this reaction (2H* + 2e~ — H,).
The cathodic reaction occurs due to H* cations receiving electron, and the active phase in a
galvanic or micro-galvanic couple gives electrons in the anodic reaction [100], according to
the equations in section 2.2.2.

In the case of localized corrosion, the micro-galvanic couple may be formed on the
CoCrFeNi surface. CoCrFeNi is a single FCC phase with a flat surface before corrosion testing
in Figure 4.3a. In post-corrosion testing, localized corrosion is likely to have taken place on its
surface, as found in Figure 4.23. To explain this, it could be the case that Cr-depleted regions
may occur in a small local area. It should be noted however that no Cr depleted regions have
been observed in EDS; it could be that such variation is slight, and is not detected, or it is
occurring in a specific region of the sample, different to that explored in SEM. This region with
low corrosion potential is likely to be an anode, while a cathode may be found in the nearby
area with high corrosion potential. The Cr in the oxidized state in an oxide like Cr,Oz form
probably plays the main role of protective film, and could regenerate the oxide film on the
CoCrFeNi surface to resist corrosion. Such behaviour would correspond to the slight increase
in the proportion of Cr in the oxidized form seen in Figure 4.25. Subsequently, the Cr-depleted
region may dissolve when the protective oxide film breaks down. The appearance of surface
damage is likely to correlate to places without or with reduced oxide protection. Corrosion
holes and corrosion products, various metal oxide and hydroxide species, can be found in such
areas, Figure 4.23.

Localized corrosion is likely to occur by the same mechanism in CoCrFeNiSn as
CoCrFeNi. In this case however, there is a difference in the microstructure, with CoCrFeNiSn
being a dual-phase alloy (FCC CoCrFeNi phase and a hexagonal Ni-Sn-rich phase in pre-
corrosion tests, as discussed in sections 4.1.1 and 4.1.2). As shown in Figure 4.23, the
morphology of corroded regions in CoCrFeNiSn appears similar to CoCrFeNi. Localized
corrosion may therefore take place in this alloy. The corroded area in this alloy is rarely found
on the anodic region, which is distinct from the behavior in CoCrFeNiAl and CoCrFeNiCu
where galvanic corrosion occurs. The different chemical composition in each phase may be the

main cause that leads to the formation of the micro-galvanic couple between FCC CoCrFeNi
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and hexagonal Ni-Sn-rich phases. This is likely to form an anode at the CoCrFeNi phase, while
a cathode may occur in the Ni-Sn-rich phase. This has been assumed according to the
occurrence of corrosion characteristics. The Cr.O3 and SnO- (or other oxides containing these
elements in these oxidation states) may also be important protective films for the corrosion
resistance in this solution. When the breakdown of oxide films occurs, the acidic solution can
directly interact with the surface, and this leads to dissolution. Several cation species, Co, Cr,
Fe, and Ni, in the anodic area are likely to be released and may give rise to metal oxides being
observed in post-corrosion tests. These corrosion products, including Cr oxide, may cover the
anodic area, as shown in Figures 4.23 and 4.24.

Selective dissolution is likely to occur in CoCrFeNiAl. The two-phase composition in
these alloy systems may be the main reason leading to the appearance of selective dissolution
on their surface, similar to the corrosion behaviour in 0.6 M NaCl solution (section 4.4.1).
Initially, the mechanism of micro-galvanic corrosion may form a micro-galvanic couple on the
CoCrFeNiAl surface. An anode, which is the lower corrosion potential in a micro-galvanic
couple, is likely to form at the second Al-Ni-rich phase. In contrast, the major B2 phase with
high corrosion potential may become the cathode. If it is present in a simple state, the Cr in the
oxidized form (Cr2.03) would be likely to be a higher stability oxide film than the Al in the
oxidized state (Al.Oz) or a mixed (Cr, Al)20z film. This is consistent with the high decrease in
the proportion of Al in the oxidized state, as presented in Figure 4.25. This could result in the
breakdown of the passive film at the CoCrFeNiAl surface during the corrosion process,
allowing the sulfuric acid solution to dissolve the Al-Ni-rich phase, leading to the release of
cation species, AI** and Ni?*, in this solution. It can be indicated that micro-galvanic corrosion
may induce the dissolution of these elements.

The formation of galvanic corrosion is found in the CoCrFeNiCu system. A galvanic
couple in this system may form between the Cu-rich phase (anode) and the FCC CoCrFeNi
phase (cathode). If considered in terms of simple oxides, Cr.Oz would be the most effective
corrosion protective film, while Cu,O would be relatively unstable. The small proportion of
Cu in the oxidized state may be insufficient to resist the corrosion reaction, as shown in Figures
4.23 and 4.25, leading to dissolution of the Cu-rich phase and the nearby area.

In addition, a conventional alloy, SS304, is used for comparison with the corrosion
properties of the novel alloys in this work. In the optimized condition [125] SS304 shows
higher corrosion resistance (-0.10 Vagiagcl in Ecorr and 11.60 nA/cm? in icorr) than when tested

in a remelted and as-cast form in this work (-0.36 Vagiagci in Ecorr and 47.79 pAlcm? in icorr).
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This may be due to the microstructural changes induced, or from a change in composition
(particularly of Cr) due to remelting, although the composition has not been reassessed. To
compare directly the SS304 properties, to the new alloys, we can take the literature values as
being more representative of this material in the usual condition (though it should be noted that
the new alloys are being tested without any optimization of their microstructure or heat
treatment). The tests here show that CoCrFeNi and CoCrFeNiSn have higher corrosion
resistance than SS304, as discussed in sections 4.3.4 and 4.3.5. On the other hand, CoCrFeNiAl
and CoCrFeNiCu have poorer corrosion behaviour than the commercial grade of SS304. This
may indicate, as discussed above, that the oxide films, perhaps a mixed (Cr, Al)203 oxide and
Cu20, or more complex oxides containing these elements, occurring in these alloys, are less
stable, sections 4.3.4 and 4.3.5.

4.4.3 Effect of alloying element on the corrosion properties of alloy samples in 0.6
M NaAlO: solution

As discussed in sections 4.4.1 and 4.4.2, the metal oxides forming on the sample surface
play a vital role as a protective film for resisting the corrosive environment. While it is not certain
to form simply here, Cr.03 is frequently observed to be a highly effective protective layer in the
observation of corrosion behaviour. The presence of Cr in this oxidation state was again assessed
along with the additional elements in their common oxidation states (Al.Os, Cu20, and SnOy).
Differences were seen in alloy systems, likely due to different corrosion forms in alkaline
solutions. This is discussed according to the evidence of morphology and the composition of

metals and metal oxides at the sample surface in this work.

In the investigation of corrosion behaviour in alkaline solution, as in acidic solution, it is
also found that two feasible corrosion forms are localized corrosion (CoCrFeNi and
CoCrFeNiAl) and galvanic corrosion (CoCrFeCu and CoCrFeNiSn). The interaction between
sodium aluminate and water can result in cations (Na*) and anions (Al(OH); and OH™),
including the formation of oxide (Al2O3) and hydroxide (AIOOH). It is also likely to generate a
strong aggressive alkaline solution, as in the equations below [206];

NaAlO, + 2H,0 - Al(OH); + Na* Equation 26
Al(OH); — Al(OH); + OH™ Equation 27
Al(OH); — AlOOH + H,0 Equation 28
2Al0O0H - Al,0; + H,0 Equation 29
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Metal (M) with low corrosion potential may form an anode (Equation 30), and a cathode
may occur by OH" and metal cations gaining electrons (ne’). OH" is likely to react with metal
ions (M™) to form metal hydroxide (M0} ~), Equation 31. A different potential between anode
and cathode is likely to generate a micro-galvanic couple (localized corrosion) and a galvanic

couple (galvanic corrosion).
M —» M™ +ne” Equation 30
nOH™ + M™ + ne” - MO} + H, Equation 31

As assumed in the corrosion mechanism in an alkaline solution, localized corrosion is
likely to occur on the CoCrFeNi and CoCrFeNiAl surfaces. The surface of CoCrFeNi (single
FCC phase) before corrosion testing in Figure 4.3a shows a change in the surface damage from
localized corrosion attack covering the sample surface with corrosion products after corrosion
testing, Figure 4.27. This indicates that a micro-galvanic couple may form on the CoCrFeNi
surface. A small local area depleted in, for example, Cr and thus having low corrosion potential
may produce an anodic area, while the nearby region with a higher Cr content and high
corrosion potential would be likely to become a cathodic area. A different potential between
the two areas may cause localized corrosion. The predominant film, which contains Cr in the
oxidized state, protects the CoCrFeNi surface from this aggressive alkaline solution, though
this can break down. Subsequently, the unprotected alloy surface is directly in contact with an
alkaline solution, and the anodic area with a low corrosion potential may dissolve. Corrosion
holes and corrosion products are likely to be produced in this area, Figure 4.27. In addition,
corrosion products, such as Cr203, Cr(OH)s, and other metal oxide and hydroxide species, are
likely to form on the CoCrFeNi surface. This is consistent with the increase in the proportion
of Cr in the oxidized form observed (Figure 4.29) and the formation of hydroxide species

(Figure 4.28) in post-corrosion tests.

In the case of CoCrFeNiAl, localized corrosion similar to CoCrFeNi is likely, as
presented in Figure 4.27. The mechanism may be the same as CoCrFeNi, despite CoCrFeNiAl
being a two-phase alloy. A small local anode may occur in the interdendritic Al-Ni-rich phase
with low corrosion potential. It is likely to lose electrons and become a corroded area. A
cathode may be produced at the dendritic B2 phase with high corrosion potential. The main
protective film also contains Cr in the oxidized form (such as Cr.0g). It suggests that Al in the
oxidized state (for example Al2O3 or a mixed (Cr, Al)203 film) is likely to have less stability

than Cr in the oxidized form. This corresponds to a large decrease in the proportion of Al in
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the oxidized state after corrosion testing in Figure 4.29. Dissolution is found in the anodic area
after the breakdown of passive films. AI**, Ni?*, and other cation species at the anode are likely

to be released in an alkaline solution.

The occurrence of galvanic corrosion is observed in CoCrFeNiCu and CoCrFeNiSn.
The galvanic-corrosion mechanism in sodium aluminate solution may be similar to the sulfuric
acid solution in the previous section. The dissimilar phases present in both CoCrFeNiCu and
CoCrFeNiSn may be the main reason for the formation of galvanic corrosion. A galvanic
couple in the CoCrFeNiCu is likely to occur between the anode (Cu-rich phase) with low
corrosion potential and the cathode (FCC CoCrFeNi phase) with high corrosion potential. The
anodic region at the Cu-rich phase may emit electrons and corrode this region, while the FCC
CoCrFeNi phase becomes a cathodic area due to a higher corrosion potential. The protective
may incorporate Cr and be able to regenerate, as observed in Figure 4.29. In contrast, the
unstable Cu20 film may be an initial point of oxide-film breakdown, so the Cu-rich phase at

an anodic area is attacked and dissolves in this solution, as in Figure 4.27.

CoCrFeNiSn is likely to produce a galvanic couple between the FCC CoCrFeNi phase
(low corrosion potential) and the hexagonal Ni-Sn-rich phase (high corrosion potential)
resulting from the different corrosion potential between these phases. Cr in the oxidized form
also seems to be present in the protective film, while Sn in the oxidized state (such as SnO3)
may be a secondary oxide film, or participant in a complex oxide film, to further promote
corrosion resistance. The film is likely to regenerate after the oxide-film breakdown, as
presented in Figure 4.29. The corroded area occurs in the FCC CoCrFeNi phase (anode) to

release some metal ions, Co®", Cr®*, Fe?*, and Ni?*, from this area, Figure 4.27.

No evidence is currently available on the corrosion behaviour of SS304 in sodium
aluminate solution, or the effect of a re-melting process of SS304 on the corrosion resistance
compared to commercial SS304 in this solution. Thus, there is insufficient data to make a clear
comparison of the relative behavior of the novel alloys tested here and conventional materials,
such as SS304.

4.5 Results: characterization of CoCrFeNi and CoCrFeNiSn after tribocorrosion testing
in 0.6 M NaCl solution

Characterization of CoCrFeNi and CoCrFeNiSn after tribocorrosion testing in 0.6 M

NaCl solution is the last experimental section of my doctoral thesis. It is a continuation of
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research in two sections: 4.1: characterization of as-cast CoCrFeNi and HEA samples; and 4.3:
characterization of CoCrFeNi and HEA samples after corrosion testing. The first section
reveals that CoCrFeNiSn has the highest hardness (517 HV0.5; 5.07 GPa) of all alloys in this
work (Figure 4.7). The second section shows that CoCrFeNiSn shows the best corrosion
resistance compared to the other alloys since it shows the highest pitting potential (Ep; 1,099
mV) and the largest passive region (4Ep; 1,351 mV) in Table 4.7. It indicates the good stability
of the passive film in 0.6 M NaCl solution of the polarization test. As mentioned above,
excellent properties in the CoCrFeNiSn alloy are observed in both high hardness and high
passivity in NaCl solution. This potential leads to it being the selected candidate alloy for
tribocorrosion testing, which combines wear and corrosion tests together, in the last section.
As hardness is a complementary property to wear behaviour, CoCrFeNiSn is additionally
analyzed in nanoindentation to measure hardness in each phase and in Electrical Impedance
Spectrosopy (EIS) testing to identify the tribocorrosion mechanism between passive layers on
the contact surface and oxide-film properties formed on the interface, including tribocorrosion
testing. To compare with CoCrFeNiSn, CoCrFeNi was chosen for testing to observe the

influence of tin on tribocorrosion properties.

4.5.1 Hardness observation

As presented in section 4.1.4, the Sn addition can increase the hardness of CoCrFeNiSh.
The hardness value of the CoCrFeNiSn alloy determined during the tribocorrosion tests is
significantly higher than that of the CoCrFeNi alloy; 517 HV0.5 (5.07 GPa) and 126 HVO0.5
(1.24 GPa) respectively, as in Figure 4.7. The Ni-Sn-rich phase may cause enhanced hardness
due to its hexagonal structure, and due to its possible nature as an ordered compound (although
this is not certain). A further indication of this phase being the origin of the high hardness is
from the nanoindentation data in Figure 4.31 and Table 4.17. CoCrFeNiSn was tested with a
Berkovitch diamond nanoindenter at an applied load of 2,000 uN on two different areas on a
polished surface, in the Ni-Sn-rich and FCC CoCrFeNi phases, as presented in the load-
displacement curves (Figure 4.31). The mechanical properties can be obtained from analysis
of the nanoindentation curves. The hardness value can be calculated by dividing the indentation
load by the contact area (with corrections applied for the additional area in the measurement
due to the elastic contact), while the elastic modulus value is derived from the slope of the
unloading curve [207]. The hardness of the hexagonal Ni-Sn-rich phase is higher than that of
the FCC CoCrFeNi phase, 10.23 GPa compared to 5.14 GPa. In contrast, the FCC CoCrFeNi
phase has higher elastic modulus (173.34 GPa) than the hexagonal Ni-Sn-rich phase (162.43
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GPa). These hardness observations also correspond to the deformation seen in an SEM image
of a microscale indent in the as-cast CoCrFeNiSn in Figure 4.8d. This indent size is small with
no bowed edges. Cracks are observed in the hexagonal Ni-Sn-rich areas indicating a brittle
phase, while they seem less likely to propagate in the FCC CoCrFeNi areas suggesting a ductile

phase. The cracking mechanism of CoCrFeNiSn is discussed in section 4.2.2.
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Figure 4.31: Load-displacement curves for nanoindentation testing in CoCrFeNiSn showing a

different indentation deformation behaviour between FCC CoCrFeNi and Ni-Sn-rich

hexagonal phases.

Table 4.17: The mechanical properties, hardness and modulus, and contact depth during
nanoindentation testing of two phases in the CoCrFeNiSn alloy.

Phase Hardness (GPa) Modulus (GPa)  Contact depth (nm)
FCC CoCrFeNi 5.14 +0.18 173.34 £ 9.82 90.92 + 2.05
Ni-Sn-rich hexagonal 10.23+0.81 162.43 £ 5.69 56.86 + 3.20

4.5.2 Corrosion analysis in 0.6 M NaCl solution

Figure 4.32 presents the potentiodynamic curves for the CoCrFeNi and CoCrFeNiSn
alloys immersed in 0.6 M NaCl solution at ambient temperature. The passive region AE,, which

is the difference between E, and Ecorr, of CoCrFeNiSn (1,028 mV) is about twice as wide as
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that for CoCrFeNi (491 mV). Adding Sn to CoCrFeNi has therefore significantly increased the
passivity of alloy, possibly because of the formation of oxides based on SnO; at the surface in
addition to the main Cr.O3 and other oxide films [172], which appears to increase the protective
oxide layer stability. However, there is only a relatively small enhancement in the corrosion
parameters, shown in Table 4.18, for CoCrFeNiSn compared to the alloy without Sn. We find
that icorr is decreased by approximately 20% and the linear polarization resistance R, increased
by approximately 21% for CoCrFeNiSn compared to CoCrFeNi. In addition, both CoCrFeNi
and CoCrFeNiSn have higher corrosion resistance than the commercial 316L stainless steel,
Table 4.18. They show higher Ecorr values (-140 mV (CoCrFeNiSn), -171 mV (CoCrFeNi),
and -530 mV (SS316L)) and lower icorr values (0.04 pA/cm? (CoCrFeNiSn), 0.05 pA/cm?
(CoCrFeNi), and 77.70 uA/cm? (SS316L)).

Table 4.18: The corrosion parameters, obtained via the electrochemical analysis of CoCrFeNi
and CoCrFeNiSn alloys in 0.6 M NaCl solution at ambient temperature.

iCOI‘I’ ECOI’I‘ Ep AEp Rp

Alloy system
(LA/cm?) (MVsce) (MVsce) (MVsce) (Q cm?) x10°

CoCrFeNi  0.05+001 -170.59 +2.35 32007 +3.67  490.66 +6.02  0.53+0.01
CoCrFeNiSn  0.04%0.003 -140.16+43.71 887.47 +192.13 1,027.63+235.83  0.64 % 0.05
SS316L [208] 77.70 -530 - - -
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Figure 4.32: The potentiodynamic curves of CoCrFeNi and CoCrFeNiSn alloys in 0.6 M

NaCl solution at ambient temperature.

The EIS spectra for CoCrFeNi and CoCrFeNiSn samples immersed in chloride solution
at room temperature in both Nyquist and Bode plots formats are shown in Figures 4.34: and
4.35 respectively. For all tests, the Nyquist plots show a semicircle with the centre depressed
below the x-axis, clearly revealing the non-perfect capacitive behaviour of the surface layer.
The semicircles intersect the x-axis at high frequencies giving the solution resistance Rs. At
very low frequencies (which cannot be reached experimentally but can be extracted by using
electric equivalent circuit modelling), the semicircle should intersect the x-axis again to give
the solution resistance plus the total surface resistance (Rs+Rt). At intermediate frequencies, the
imaginary part starts to increase, indicating the capacitive behaviour of the surface. A
significant increase in the semicircle size can be observed due to the adding of Sn to CoCrFeNi.
An increase in the semicircle size of CoCrFeNiSn can indicate an increase in the polarization
resistance of this alloy in chloride solution [209]. It is consistent with Radgs and Roxide Of
CoCrFeNiSn being higher than CoCrFeNi in Table 4.19.
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Figure 4.33: The Nyquist plots of CoCrFeNi and CoCrFeNiSn alloys in 0.6 M NaCl solution

at ambient temperature.
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Figure 4.34: a) The Bode plots and b) Bode phase plots of CoCrFeNi and CoCrFeNiSn alloys

in 0.6 M NaCl solution at ambient temperature.

The Bode plot in Figure 4.34a, and the Bode phase plot in Figure 4.34b, show that the
material exhibits a plateau at high and low frequencies, giving Rs and (Rs+R¢) respectively. At
intermediate frequencies, the curve is a fitting line with a slope close to —1 in all cases. The
phase shift Bode plot, Figure 4.34b gives the same indication as the phase peaks at intermediate
frequencies, due to the increase in the imaginary component of the impedance. Two time
constants can be clearly distinguished from the figure for both tested alloys. The first one at
high frequencies, attributed to the oxide layer (pink regions), and a second one at low
frequencies, which is attributed to a surface adsorbed layer (light purple regions). Based on this
hypothesis, the Electric Equivalent Circuit (EEC) shown in Figure 4.35 was used to model the
EIS data. An EEC of this type has previously been used in modelling EIS data for passive
metallic materials [210-212]. This circuit applies two RQ elements (resistance and capacitance)
in series with Rs. Rs is serialized with two parallels of the constant phase element (CPE) and
the resistance (R) with a first parallel of the adsorbed layer (CPEadgs and Rads) and a second
parallel of the oxide film (CPEoxide and Roxide) [210-212]. CPE is used as a substitute for a

capacitor and can describe the non-ideal behaviour of the double layer at the surface [211].
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Figure 4.35: The equivalent circuit model of alloys for fitting in 0.6 M NaCl solution

at ambient temperature.

All the parameters resulting from the fitting to the EIS data are tabulated in Table 4.19.
It shows that CoCrFeNiSn (Rags; 18.1 KQ cm? and Roxide; 1.4 MQ cm?) has higher Rags and Roxide
values than CoCrFeNi (Rads; 1.7 KQ cm? and Roxige; 0.4 MQ cm?). On the other hand, CoCrFeNi
(Qads; 160 pF cm?s®? and Qoxide; 49 PF cms*1) has higher Qags and Qoxige Values than
CoCrFeNiSn (Qads; 126 uF cm™s*! and Qoxide; 37 UF cm™s* 1), as in Table 4.19. This indicates
that CoCrFeNiSn is superior corrosion resistance (in terms of the electrical transport), while it
is inferior in capacitance compared to CoCrFeNi. Thus, adding Sn to CoCrFeNi has a
significant impact on Roxide Which is possibly because of the formation of Ni-Sn-rich phase with
high passivity and the stable SnO: films with dense structure [172]. Additionally, Rags exhibited
an increase by more than an order of magnitude for CoCrFeNiSn compared to the alloy without
Sn. Furthermore, the comparison of passive film properties between the commercial SS316L
and two alloys, CoCrFeNi and CoCrFeNiSn, in this work shows that S$316 (0.01 MQ cm?)

has the lowest Roxige Value, Table 4.19.
4.5.3 Tribocorrosion analysis in 0.6 M NaCl solution

To understand the tribocorrosion behaviour, a tribocorrosion tester was conducted,
Figures 4.36-4.38 and Tables 4.19-4.20.
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Figure 4.36: Sliding potential for CoCrFeNi and CoCrFeNiSn alloys tested in 0.6 M NaCl

solution at ambient temperature.

Figure 4.36 shows the sliding potential versus time for CoCrFeNi and CoCrFeNiSn
alloys. It reveals the stability of the passive film in chloride solution with the OCP
measurement. CoCrFeNiSn shows that rubbing started on its surface at -0.45 V (0 s), and
rubbing stopped at -0.47 V (10,856 s). In the case of CoCrFeNi, rubbing started on its surface
at -0.44 V (0 s), and stopped at -0.46 V (10,858 s). However, CoCrFeNiSn is likely to see less
OCP shifting of the potential than CoCrFeNi. Rubbing resulted in a drop of the potential by
150-200 mV for the two alloys. The potential value of CoCrFeNiSn is likely to be higher than
CoCrFeNi, as in Figure 4.36. It could imply a more stable passive film in CoCrFeNiSn than
CoCrFeNi. This is likely to be the typical tribocorrosion behaviour shown by passive metals
and alloys [213].
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Figure 4.37: Cathodic current flowing in tribocorrosion testing for CoCrFeNi and

CoCrFeNiSn alloys tested in 0.6 M NaCl solution at ambient temperature.

Figure 4.37 shows the measured current versus time for the two tested alloys at cathodic
potential. When the cathodic potential was first applied, the current exhibited a sudden cathodic
drop, followed by stabilization over time to = 19 pA for CoCrFeNi and ~ 11 pA for
CoCrFeNiSn. The current exhibited a cathodic shift of more than 60 wA when rubbing started
on the CoCrFeNi surface. Its cathodic current is likely to decrease after 9,000 s when rubbing
stopped. Slightly less cathodic shifting of the current was seen for CoCrFeNiSn. This is
possibly because of the mechanical removal of the oxide layer due to abrasion of the surface
and better mass transfer provided by agitation during rubbing. As shown in Figure 4.39b, most
of the area assessed in the wear trace in CoCrFeNiSn is in the Ni-Sn-rich phase, where it is
believed from the earlier XPS results that Sn participates in the surface oxide. In contrast, the
current in tests on CoCrFeNi (which evidently does not have any Sn on the oxide) is less stable
than CoCrFeNiSn, increasing continuously from when rubbing is started to 10,000 s, Figure
4.37.
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Figure 4.38: Tribocorrosion testing parameters for CoCrFeNi and CoCrFeNiSn tested in 0.6
M NacCl solution at ambient temperature.

All the results of tribological and tribocorrosion tests are tabulated in Table 4.20. COF
did not show any significant differences dependant on the alloy system being studied. A
significant decrease in K was noticed as a result of the addition of Sn to the CoCrFeNi alloy
under OCP and cathodic conditions. Figure 4.38 shows the tribocorrosion parameters; Wo,
AW, and ACw. Wy exhibited a slight decrease for CoCrFeNiSn compared to CoCrFeNi by
about 12%. However, adding Sn to CoCrFeNi caused a reduction in ACw to less than one fifth
of the original value and AWc to about one third. As a result, the total material loss T measured
for CoCrFeNiSn was one third of that for CoCrFeNi, as in Table 4.20.

It would be instructive to compare the results to known materials, such as SS316L for
the same conditions, though no evidence has been reported for the tribocorrosion testing of
SS316L at the same as applied load of 0.5 N in chloride solution. The closest tests in the same
solution [214] measure SS316L at a normal load of 5N, rather than the load of 0.5 N used for
tribocorrosion testing in this work. From the report, the volume loss (V) of SS316 is 2.3x107®
mm?3. Though this is higher compared to CoCrFeNi and CoCrFeNiSn in both OCP and cathodic
tests, Table 4.20, direct comparison is not possible due to the different testing loads.
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Table 4.19: EIS model parameters for CoCrFeNi and CoCrFeNiSn alloys in 0.6 M NaCl solution at ambient temperature.

Rs Rads Qads Roxide Qoxide i
Nads Noxice Chi-Sqr  Sum-Sqr
(Q cm?) (kQ cm?) (UF cms* ) (MQ cm?)  (UF cmse?)
CoCrFeNi 3.90£0.45 1.70+0.10  160.33+36.24 0.98 0.36x0.04  49.21+4.03 0.89 0.0014 0.18

CoCrFeNiSn  3.35+0.26 18.10+12.36 126.26+20.45 0.88  1.35+0.18 37.13+1.98 0.95 0.0019 0.23
290.00 0.75 0.0350 -

Alloy system

SS316L [208] 76.00 - - - 0.01

Table 4.20: Tribological and tribocorrosion parameters for CoCrFeNi and CoCrFeNiSn alloys tested in 0.6 M NaCl solution at ambient

temperature.
Averaged v SA K E . W, T
verage idin AW, AC
Alloy system  Condition ; shing (mA/cm?) ’ ¢ "
COF (mm?®) x10* (mm?) (MmN m) x10® (V) 102 (mml/y) (mmly)  (mmly) (mmly)
10"
OCP 0.34+0.02  8.18+0.5  0.482+0.04 7.57+0.4
CoCrFeNi -0.47 5.6 0.42+0.08 3.86 0.62+0.03 4.91+0.05
Cathodic  0.43+0.01 0.26+0.04  0.17+0.02 0.24+0.03
OCP 0.31+0.015 1.92+0.1  0.338%0.002 1.77+£0.1
CoCrFeNiSn -0.46 1 0.37+0.001 1.17 0.11+0.01 1.66+0.09

Cathodic  0.38£0.02 0.16+0.02  0.126+0.01 0.14+0.02
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SEM images, as in Figure 4.39, reveal the wear morphology of the alloy samples. It
was observed that the CoCrFeNi surface experiences high damage and there are many cracks
or tear features along the direction of the wear tracks in Figure 4.39a. On the other hand, Figure
4.39b shows the wear morphology of CoCrFeNiSn alloy, with no apparent sign of damage or
cracks on the sample surface. Thus, this evidence helps to confirm that the CoCrFeNiSn alloy
has higher tribocorrosion resistance than CoCrFeNi alloy and it also corresponds with the data

analysis in Table 4.20.

Figure 4.39: SEM micrographs showing the wear morphology after tribocorrosion testing of
(a) CoCrFeNi and (b) CoCrFeNiSn.

4.6 Discussion: characterization of CoCrFeNi and CoCrFeNiSn after tribocorrosion
testing in 0.6 M NacCl solution

4.6.1 Effect of the Sn addition on the tribocorrosion properties of CoCrFeNiSn
testing in 0.6 M NacCl solution

As seen in the results above, the Sn addition to the CoCrFeNi alloy may be an important
factor in the increase in tribocorrosion resistance seen in this work. This could be through the
presence of a second phase in CoCrFeNiSn (a major hexagonal Ni-Sn-rich - confirmed by XRD
in section 4.1.1, and also consistent with the XRD analysis from Hao et al. [215] - and a minor
CoCrFeNi phase) rather than a single FCC phase in CoCrFeNi. Hao et al. [215] indicate that
increasing the Sn proportion will increase the proportion of the hexagonal NisSnz phase in
CoCrFeNiSn. This leads to an increase in hardness from CoCrFeNiSnx=o to CoCrFeNiSny=1
[215]. CoCrFeNiSn has higher hardness than CoCrFeNi, as shown in Figure 4.31 and Table
4.17. The occurrence of a hard Ni-Sn-rich phase could promote an increase in wear resistance
at the CoCrFeNiSn surface. As presented in Figure 4.38, all wear rates in CoCrFeNiSn appear
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to be lower compared to CoCrFeNi, and this also corresponds with the observed wear
morphology of alloys. CoCrFeNiSn has no apparent sign of damage or cracks on the sample
surface, while surface degradation can be detected at the CoCrFeNi surface, as in Figure 4.39.
CoCrFeNiSn has been found to have a lower wear rate compared to CoCrFeNiSno and
CoCrFeNiSnos alloys across a range of applied loads from 1 N to 5 N [215]. The presence of
Sn in the oxidation state of SnO, seems likely to promote the stability of oxide films and
increase corrosion resistance, Table 4.20. It also seems to increase stability in both sliding
potential and cathodic current in Figures 4.37 and 4.38. This is consistent with the increased

tendency to form SnO; at higher Cr proportion, as seen in the XPS analysis in [215].

To sum up, this research indicates that Sn addition to the main CoCrFeNi alloy has a
vital role in raising the tribocorrosion properties, due to the formation of two phases, a major
phase of hexagonal Ni-Sn-rich with high strength and a minor phase of FCC CoCrFeNi which
shows greater ductility and imparts an increased degree of toughness. It also includes the
promotion of corrosion resistance and the stability of oxide films resulting from the presence
of Sn in the oxidation state.
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CHAPTER 5

Overall conclusions and recommendations

5.1 Overall conclusions

The aim of this PhD research was to investigate the effect of specific alloying elements,

Al, Cu, Sn, on the development of corrosion properties, hardness, and tribocorrosion resistance

in the main CoCrFeNi HEA system. It can be concluded that;

With the addition of these alloying elements, the microstructure and phase
composition of the main CoCrFeNi system, which is a single phase of FCC
CoCrFeNi, can be transformed to different structures. The formation of two phases
in CoCrFeNiAl, CoCrFeNiCu and CoCrFeNiSn from the addition of Al, Cu and Sn.
Two phases in CoCrFeNiAl, a major ordered B2 phase and a minor Al-Ni-rich
phase, is generated when Al is added. CoCrFeNiCu consists of the FCC CoCrFeNi
phase and the segregation of Cu, while the addition of Sn into CoCrFeNi can form
a dual phase structure of FCC CoCrFeNi phase and hexagonal Ni-Sn-rich phase.
These changes have the potential to lead to the improvement of the properties of
these alloys, such as hardness, corrosion resistance, and tribocorrosion properties.

The corrosion behaviour of the alloys studied was compared with two grades of
stainless steels, SS304 and SS316, in different solutions. CoCrFeNiSn is found to
have the highest passivity of all the tested specimens in 0.6M NaCl solution,
resulting from good formation of oxide films based on Cr.03 and SnO, while
CoCrFeNiCu shows the poorest resistance to the corrosive effect of chloride
solution, due to an unstable passive film which decreases the passive region. In
addition, comparing corrosion behaviour between two stainless steels (SS304 and
SS316) and experimental alloys in chloride solution indicates that the stainless
steels, in the as cast condition tested here, have higher corrosion resistance than
CoCrFeNiCu and CoCrFeNiAl. In contrast, they have poorer corrosion behaviour
than CoCrFeNi and CoCrFeNiSn. In acidic and alkaline solutions, the lowest
corrosion sensitivity with the highest corrosion and transpassive potentials (Ecorr
and Ey) are found in CoCrFeNiSn for 0.6M H2SO4 solution and CoCrFeNiCu for
0.6M NaAlO- solution, in both cases occurring as a consequence of the existence

of protective oxide films containing Cr in the oxidation state of Cr.O3 and, in the
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case of CoCrFeNiSn, Sn in the oxidation state of SnO> on the alloy surfaces (these
may occur as simple oxides, or more complex oxides with multiple cations, with
the likely participation of other elements from the alloy to some extent). It can be
observed that CoCrFeNiAl has the highest passivity under both conditions, with
likely formation of oxide layers based on mixed (Cr, Al)2.03 and/or Al>Oz films
(with possible involvement of other metallic elements) on the specimen surface in
both acidic and alkaline solutions. CoCrFeNiSn has high Ecorr and E; values and
thus better corrosion behaviour than both SS304 and SS316 samples in a sulfuric
acidic solution. The corrosion behaviour of CoCrFeNiCu in sodium aluminate
solution has similar to CoCrFeNiSn in an acidic solution, in that it has high Ecorr
and E; values, and so higher corrosion resistance than these stainless steels.

e CoCrFeNiSn has higher hardness than CoCrFeNi, due to the dual phase structure
of CoCrFeNiSn. This consists of the Ni-Sn-rich phase, which is itself of high
hardness, and the ductile CoCrFeNi phase, which seems to provide a degree of
toughness improvement and resists crack propagation during hardness testing.

e CoCrFeNiSn showed good corrosion resistance in chloride solution and high
hardness, and this alloy also has a good performance in tribocorrosion resistance in
medium chloride conditions, compared with the main CoCrFeNi system. The dual
phase structure with hexagonal Ni-Sn-rich and FCC CoCrFeNi phases is significant
for this. Wear resistance is increased by the high hardness and ductile ability from
the dual phase structure, and corrosion properties are aided by the stable protective
film from Cr.Oz and SnO..

5.2 Recommendations

This PhD research has been designed based on the experimental assessment of the
corrosion behaviour of different alloys under different solutions (NaCl, H.SO4, and NaAlO>
solutions). In doing this, the emphasis was placed on electrochemical analysis via Potentiostat
technique, as this is a reliable and rapid method that allows the differences in corrosion
behaviour of all samples to be demonstrated. However, the understanding in this field is not
complete without further evidence to address the exact composition and form of the oxide films
which form on the specimen surfaces, as presented in chapter 4. These films could be single
metallic element oxides in different locations on the surface, or mixed oxides with complex
structure. The exact oxide will be important for complete explanation of the corrosion

mechanism of all alloy systems in this work under the different electrolytes. Transmission
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Electron Microscopy (TEM) analysis of the surface films on the alloy specimens would be
needed to reveal the exact nature (structure and composition) of the passive films forming on
each phase present in the microstructures. This technique would also resolve some remaining
questions from this work, such as the identification of the crystal structure in the new Ni-Sn-
rich phase observed in CoCrFeNiSn, and the change in microstructure and phase composition
in pre- and post-corrosion testing. In addition, the chemical composition of all alloys after
corrosion testing in both sulfuric acid and sodium aluminate solutions should analyze by EDS
to indicate the change in alloy components and the emission of metal ions in the corrosion

mechanism at the anodic area.

The promising properties of CoCrFeNiSn, at least for tribocorrosion resistance, are
worth investigating further. There are many areas where both wear and corrosion occur, such
as in bearings in marine wind turbines, for example, and better materials will mean reduced
costs from maintenance and repair, and down time of the equipment. To make an assessment
of suitability here however, it would be necessary to understand other properties of the alloy.
While the hardness has been assessed in this work, the tensile properties have not, and, with
the high volume fraction of the brittle Ni-Sn-rich phase it is perhaps likely that the alloy will
show limited ductility and toughness, both of which would be limiting if it could not be used
as a very thin surface layer. Following proper assessment of the actual mechanical properties
of larger specimens, some alloy design work may be possible. In this study we have explored
equiatomic HEAs only, but of course many compositions within the CoCrFeNiSn system are
possible and by reducing the Sn content (CoCrFeNiSnx<1), it should be possible to alter the
fraction of the brittle reinforcing phase and possibly tune the mechanical behavior.
Thermomechanical treatments could also be effective through microstructure control, and this

could also be explored.
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APPENDIX A

Protocol for the analysis of corrosion parameters by
NOVA 1.11.2 software

The corrosion parameters reported in this thesis were obtained from the raw data
obtained from tests using the PGSTAT302N Autolab instrument. To extract parameters from
this data, an analysis procedure was used, which was performed using NOVA 1.11.2 software

installed on a PC. The steps involved in this process are detailed below.

1) Launch the Nova 1.11.2 software (icon below).

-~
ez il

2) The Nova 1.11.2 software will be load.

h

DEDICATED TO RESEARCH

1.11.2
Copyright © 2005-2021 Metrohm Autolab B.V.
All rights reserved
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3) When the software is fully opened a starting window will be displayed. Select “View”.

4) Select and double click “Analysis View” to display the window for analyzing the
corrosion data.

3 nova
===
File )1 View : Profile Run Tools Help
1 &) ~ 7 “Advanced procedure view IR Yo ou B E Bk
% Setup View Remarks Instrument

&2 Multi Autolab View
@ Measurement View

_____________ -

S S r—r—————————

1 Userlog F11
£ Autolab display F10
FRA manual control
MDE manual control
MUX manual control
External manual control

Liguid Handling manual control

5) Select “Tools”.

6) Select and double click “Database Management” to open the raw experimental data

for corrosion analysis.

@ nova
File View Profile Run " Tools \: Help
2B ammaly, ] options. \ B oo o
Procedure name {[J Database Manager... | Remarks

| CheckProcedure.. Alt+F1
Hardware Setup...
Liguid Handling Setup...

pH Calibration...
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7) Select “Measured data” and double-click “...” at Data analysis to search for the

location of the raw data.

Database management

Procedures

My procedures ‘\Users\Piyanut\Documents\My Procedures 1.11\Proct :

Commands
My commands -:\Users\Piyanut\Documents\My Procedures 1.11\Comrlz

Circuits
Circuits [C:\Users\Piym\Docxmeds\My Procedures 1.11\Clcu[

8) Select a folder containing the relevant raw data and click “OK”.

Da Browse For Folder X
p Data analysis
[

S > | 4.090718 | f
M v | 5100718 “
» 55304 NaCl_ 1

| SS316_NaCl .
8 > 1 61078
M > | NOVA_1.11.2 new ]
fo > OM after corrosion testing |
G Pic )

< > ]
Make New Folder 1 f ok [i  cancel 1
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9) Click “OK” again on the Database Management window.

Database management

Procedures

My procedures ‘\Users\Piyanut\Documents\My Procedures 1.11\Procc|

Standards Jsers\Piyanut\Documents\My Procedures 1‘11\Standard|

Measured data
Data analysis D:\Backup_15-07-19\Short research stay inThaiIand\Co-lE

Commands

My command§ Z\Users\Piyanut\Documents\My Procedures 1.11\Comr| oy

Circuits

Circuits C:\Users\Piyanut\Documents\My Procedures 1.11\Circu|

_——— = = - -

10) The raw data files will appear in the main window.

B nova

File View Profile Run Tools Help
gl S maE| b u e @ )L e g S5 s 0 o8 b E

__ _Procedure name__ ____Timestamp _ _______ _ Remarks _ _____ __ _ Instrument
1 85316_NaCll Linear pol.. 7/10/2018 1:12:1.. Linear polarization: no extra modul.. AUT85227 1
: S55316_NaClI2 Linear pol.. 7/10/2018 2:04:0.. Linear polarization: no extra modul.. AUUT85227 :

1 58316 _NaClI3 Linear pol.. 7/10/20183:06:4.. Linear polarization: no extra modul.. AUT85227 "
\
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11) Select and double-click a raw data file. It will be highlighted in blue.

B nova
File View Profile Run Tools Help
DS s e e b n i@l 580 e ¢ &5 w0 o iy [ |
Procedure name Time stamp Remarks Instrument

55316_NaCl3 Linear pol.. 7/10/20183:06:4.. Linear polarization: no extra modul.. AUTB5227

12) Once the data are loaded into the program, the next step is to create a plot for
analysis. Click on the right-hand side of the “LSV staircase” menu (1), select “Add Plot” (2),

and choose “Log(i) vs. E” to display the data on x-y axes.

=) @ SS316_NaCl1 Linear polarization [AUTE5227, 7/1072018 |

—J- @ OCP determination

= 1 T T T T T T T T T T T ! 1
== OCPVaE="UY2 — [
~1 & LSV staircase I
\ o Log)usl —! tions...

¢ X =Pof
N Y=WE Properties...
| haezevE
& - Corrosion Add Windower

Sllss == == oem mm omm oem omm o= e )
l\ Add Plot ’l 2 ’ Custom
" Add Analysis ’ ivsE
Show All Plots _ivst

Hide All Plots :_L_og@ vsE_ ] \\
Save in 'My commands' Log(i) vs Log(t) .\\
.
X| Delete Evsi e P
. Evst B T
X| Remove all from View . s
E vs Log(i) - 2

v Undo Delete "ivs E*  Ctrl+Z Ll P
E vs Log(t) .

1ES |-

13) In order to avoid scatter in the data and remove noise having an undue effect on the
analysis, smoothing the data can be beneficial, and the Nova software contains functions to do
this. The Savitzky-Golay (SG) smoothing mode is a fundamental and simple tool used for noise
removal during data analysis. It leads to an increase in the ratio of signal and noise in
experimental data. On the other hand, a specific frequency or frequency range from a set of
experimental data can eliminate to attenuate the impact of the selected frequency or frequency
range and enhance the ratio of signal and noise. It can carry out through the fast Fourier

transform (FFT) smoothing mode. Thus, the SG Smoot is usually the first selected tool for
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smoothing the data set with an uncomplicated technique. Click on the right-hand side of the

“Log(i) vs. E” menu (1), select “Add Analysis” (2), “Smooth” (3), and “SG Smooth” (4).

=} @ SS316_NaCl1 Linear polarization (AUT85227, 7/10/2018 |

1 1 I 1 1 I 1 T I
(=)- @ OCP determinatior
OCP value =<0.124 |
£ @ LSstairease- — -~
—- o LopMyeF 1
1 )
Y = Pot ns...
A

[ Properties...
+- « Col
Create Windower from X axis \
" dd Analysis ) 1 smooth 1R :’ga's;n'o:;tﬁ‘;q

Copy Visible Plot(s) to X Baseline Correction  * FFT Smooth
Show All Plots Peak search N
Hide All Plots Regression \‘.\
Save in ‘My commands’ Derivative b
Delete Integrate L
Remove all from View FFT Analysis
: Corrosion Rate ’
¥ Undo Delete "i vs E" Ctrl+Z |
14) Click “SG Smooth” (1) and select “SG Smoothed plot” (2). The function is applied
to the data and the plot shows a smoother trace.
& S55316_NaCl1 Linear polarization (AUTE5227, 710/2018 | | : - : ' : : : . -
—- @ OCP determination
OCP value =-0.124
—- @ LSV staircase
= - Logli)vsE
¢ X = Potential applied 1E5 |-
Mg Y = WE(1).Current
g Z = WE(1).C|
¢ Bk = Coprosion ate.
1 5 - 5G Smooth , BEEES
| SGsmﬂldnlﬂ_‘l 2
———————————— 1E6 |-
g 1E-T |~
2 4
@ 3 i
H
- _..-‘
1E8 [ "
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15) Next the click on the right-hand side of the “SG Smoothed plot” menu (1), select
“Add Analysis” (2), “Corrosion Rate” (3), and “Corrosion rate, Tafel slope” (4). The Tafel

slope technique is used to calculate the corrosion rate and corrosion parameters (the anodic (ba)

and cathodic (bc) Tafel coefficient, corrosion potential, the exchange current density, and

polarization resistance).

F

I

ISS316_NaCl1 Linear polarization (AUT85227, 7/10/2018
& OCP determination

& LSV staircase

« Log(i)vsE
¢ X = Potential applied 1E-5 |-

« Corrosion rate, fit |
sa&mzr_-_-_\ﬂ

. [SGsmog™ 2y
———————— Plet Options...

OCP value =-0.124

¢ Y =WE(1).Current
¢ Z =WE(1).Current

Properties...

Create Window:

| Add Analysis |
Copy Visible Plot(s) to
Show All Plots

Hide All Plots

Save in 'My commands'
X| Delete

X Remove all from View

v Undo Insert "SG Smooth"

X axis

Ctrl+Z

r
1
1

Smooth

Baseline Correction
Peak search
Regression
Derivative
Integrate

FFT Analysis

_________ -

Corrosion Rate : nv_

t

»

»

Corrosion rate, fit

VA

0.35 0.3 -0.25 0.2 0.15

Result X

-

16) The main window consists of three parts to operate corrosion software. The first

part is to input fundamental data for the calculation of corrosion parameters. The second part

is to draw the line of Tafel slopes and create the point of intersection between these two lines

to calculate corrosion parameters. Finally, the third part is to present the corrosion rate and

corrosion parameters after analyzing the technique of the Tafel slope. Each of these stages is

discussed in more detail in the steps below.
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' NOVA -
File View Profile Run Tools Help
Dl eaealr np s o FEESleadBs ool ([FO® G
Procedure name Time stamp Remarks Instrument Instrument descri...
§5316_NaCI2 Linear pol.. 7/10/2018 2: inear polarization: no extra modul.. AUT85227
55316_NaCl3 Linear pol.. 7/10/2018 3:0f Linear polarization: no extra modul. AUT85227
e — g
|- @ 55316_NaCl1 Linear polarization (AUTB5227, 71072018 e (B T =% Y,
E| @ OCP determination Vi —
H OCP value =-0.124 / \ I Signal Expression Unif I
5 @ LSV staircase / \ I 1
-+ Legl)vsE 1 1 1 1
¢ X = Potential applied I 1Es5| ] !
&g Y = WE[1) Current 1 L 1
&g 7= VWE(T).Current | Iy \
+ Corrosion rate, fit 1 1 1 1
S S - D1 osmige )
+ 5Gs pl
- Dl I} Eauivalenteight (gma [ I
ba (Videc) = 53.4800 mWidec
be (Videe) 333,390 mdee 1 | 1| Surtace ares (cm) 02
Ecarr, Cale (V) =-257.310 mV '% 1 : Number of significant digits > I
Ecorr, Obs (V) =-260.890 mV 12 1
jeorr [Alem?) = 205 450 nivem® e Iy
icorr (2) = 57.5270 ns - J
Corresion rale (mmiyear) =0.0021388 || |5 !
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\ i 1
SNemmcccaee e =" |
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1
] 1
] 1
] 1
] 1
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] 1
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17) In the first part, three fundamental items of data concerning the tested samples are
required; density, equivalent weight, and surface area. These values were determined for the
samples as outlined in Section 3.5.1, 3.6.1.2 and 3.6.4. Density and equivalent weight are
variables to calculate the value of corrosion rate as in Equation 11, while surface area uses to
analyse the value of exchange current density (jcorr). They are inputted to calculate corrosion

parameters.

8 Y =l X [

Signal Expression Unit

r

Density (g/cm?®) 17.9577

Equivalent weight (g/mol) 2534

Surface area (cm?) 028

Number of significant digits'3|

Reset
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18) In the second part, the Tafel slope technique (discussed in section 2.2.2 and 3.6.4)
is used to obtain the corrosion parameters. Initially, two lines of best fit to portions of the curve
are required, which define the Tafel slopes. The user identifies two points (indicated as, 1a and
1b for anodic and 2a and 2b for cathodic in the image below) on the anodic and cathodic parts
of the curve, and the software identifies the slope of the linear line of best fit to the data between
these points. The selection of the points was made based on the systematic approach. Two
points of the Tafel slopes (1b and 2b) are around +100 mV or 0.1 V away from the value of
Ecorr. Obs. From these the Anodic and Cathodic Tafel slopes are obtained.

\l Cathodic Tafel slope

Anodic Tafel slope

1EG

Smoothed resull ¥

1EL [

1 1 1 1 1 1 Il | I 1 I 1 1 1 1 1 1
a7 065 06 0.55 05 0.45 0.4 035 0.3 025 02 015 €01 .05 0 0.05 0.1 0.15 02 025
Result X
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19) In the third part, the NOVA 1.11.2 software calculates the analytical values of
corrosion rate and corrosion parameters, as shown in the figure below. As a check, it was
verified that the value of Ecorr. Calc should be close to the value of Ecorr. Obs to obtain an

accurate value of the corrosion potential.

= & 55316 _NaCll Linear polanzation (AUT25227, 71 D.-'n
EI & OCP determination
- OCP value = -0.124
El & LSV staircase
= « Logli)vsE

-8 X = Potential applied

- Y = WE(1) Current

g Z = WE(1).Current

» Corrosion rate, fit

» 50 Smooth
-- « 5G smoothed plat
=+ + Corrosion rate, tafel slope

-~ ba (Wdec) = 934800 m\idec

be (Widec) = 333.350 m\idec

Ecorr, Cale (V) =-257 310 mV

Ecorr, Obs (V) =-260.8%0 mV
jeorr (Alem®) = 206.450 nAlem?®

icorr (4] = 57 5270 nd

Corrosion rate (mmiyear) = 000213528
Polarization resistance (L) = 551.180 kO
E Begin (V) =-348.050 mV

E End (V) =-131 230 mV/
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APPENDIX B

Supplementary data for XPS analysis in pre- and post-corrosion

testing

Table A-B: the relative atomic concentration (at.%) in pre- and post-corrosion testing by XPS

analysis; CoCrFeNi, CoCrFeNiAl, CoCrFeNiCu, and CoCrFeNiSn alloys.

Relative atomic concentration (at.%)

Test I i
conditions  \Mloys Co C Fe Ni Al Cu Sn O C
o CoCrFeNi 9.97 15.17 1145 13.54 - - - 4247 740
g2
82 CoCrFeNiAl 421 1155 635 437 838 - - 4418 21.09
o E
g 3 :
éﬁ CoCrFeNiCu 2.68 7.82 447 277 - 420 - 2339 5468
<
S 9
;g CoCrFeNiSn  6.68 1377 6.66 897 - - 1759 3624 108
=B
o0 £ CoCrFeNi 7.80 2198 1647 825 33.15 12.34
g g
R :
27 CoCrFeNiAl  6.11 1397 7.54 10.05 12.86 - - 3606 14.92
S —
S0
ég CoCrFeNiCu 540 1131 644 722 - 710 - 2487 37.67
S =
o
z 2 CoCrFeNiSn  1.93 11.07 422 294 - - 11.02 3245 3636
=
o CoCrFeNi 475 1924 677 549 - - - 1776 46.00
£ .
83 _ CoCrFeNiAl ~ 3.16 743 425 1089 1466 - - 2826 35.19
ST S
gz% CoCrFeNiCu 5.65 1998 7.14 629 - 512 - 3383 21.99
O
8< ”
3 & CoCrFeNiSn  5.02 1617 3.67 735 - - 1149 2094 36.36
=B
o CoCrFeNi 6.16 1399 9.65 867 - - - 19.55 41.99
£ o
20
€% _ CoCrFeNiAl 558 959 696 1123 12.66 - - 3523 21.12
g2 5
ézg CoCrFeNiCu 576 1348 942 684 - 401 - 3194 2855
oL @
Q
‘gz CoCrFeNiSn 544 1501 533 564 - - 4.18 3423 30.16
A
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APPENDIX C

Supplementary data for corrosion analysis in different solutions

Table A-C1: The density and equivalent weight of as-cast samples and stainless steels.

Alloys Density (g/cm?) Equivalent weight (g/mol)
CoCrFeNi 8.2038 22.55
CoCrFeNiAl 7.0703 19.42
CoCrFeNiCu 8.3223 24.08
CoCrFeNiSn 8.4453 28.68
SS304 7.9224 25.27
SS316 7.9577 25.34
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Table A-C2: The corrosion parameters of alloys and stainless steels in 0.6 M NaCl solution at room temperature.

A” Ecorr icorr ba ‘bc’ Ep AEp Rp CR
oys
(MVagiage)  (LA/cm?) (mV/dec) (mV/dec)  (MVagagc) (MVagage)  (Qcm?) (mm/year)

CoCrFeNi -257+13 2.05(x0.67) x10! 11147 258+12 556427 813+30 1.93(+0.89) x10°  1.83(+0.59) x1073
CoCrFeNiAl  -322+10 6.44(+1.03) x10! 12842 827+3 297140 619+43 7.69(x£1.19) x10* 5.77(+0.94) x10°
CoCrFeNiCu  -180+13 1.47(x0.29) x10° 147+10 200+3 -69+9 111+21 2.58(+0.48) x10*  1.39(+0.27) x107
CoCrFeNiSn  -252+45 1.60(+0.33) x101  118+0.4 353+7 1099+14 1351+12 2.52(+0.55) x10°  1.77(+0.37) x107
SS304 -246+13 1.21(+0.34) x101 8846 529+1 199+12 445+17 2.88(+0.64) x10° 1.27(+0.33) x107
SS316 -254+7 2.23(+0.46) x101 9544 465+1 267135 521+42 1.62(+0.39) x10° 2.33(+0.45) x107°

where Ecorr IS cOrrosion potential, icorr IS COrrosion current density, ba is the Tafel slope of anodic reaction, b is the Tafel slope of cathodic reaction,

Ep Is pitting potential, AE;, is passivation potential, Rp is polarization resistance, and CR is corrosion rate.
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Table A-C3: The corrosion parameters of alloys and stainless steels in 0.6 M H2SO4 solution at room temperature.

A” ECOI’F icorr ba ‘bc’ Et AEp Rp CR
oys
(MVagiage)  (LA/cm?) (mV/dec) (mV/dec)  (MVagagc) (MVagage) — (Qcm?) (mm/year)

CoCrFeNi -98+17 1.70+0.08 109+20 260745 935+0.1 1033+18 2.66(£0.34) x10*  1.53(+0.07) x107
CoCrFeNiAl  -309+1 76.38+1.57 56+3 13045 934+1 1254+1 2.22(+0.10) x10°>  6.86(+0.14) x10*
CoCrFeNiCu  -121+7 4.40+0.64 16246 1196+16 9+6 129+6 1.43(£0.15) x10*  4.16(+0.61) x107?
CoCrFeNiSn  -38+8 3.65+0.73 10749 917+19 968+1 1006+7 1.17(+0.16) x10*  4.05(+0.81) x10?
SS304 -355+6 47.79+9.16 11948 5043 936+3 1291+4 3.33(£0.01) x10?>  4.99(+0.96) x10!
SS316 -291+4 52.61+1.14 164+1 151+12 949+7 1240+7 6.49(£0.004) x10> 5.48(+0.12) x10

where Ecorr IS COrrosion potential, icorr IS cOrrosion current density, ba is the Tafel slope of anodic reaction, bc is the Tafel slope of cathodic reaction,

E: is transpassive potential, AE, is passivation potential, Ry is polarization resistance, and CR is corrosion rate.
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Table A-C4: The corrosion parameters of alloys and stainless steels in 0.6 M NaAlO: solution at room temperature.

All Ecorr icorr ba |bc| Et AEp RP CR
oys
(MVagage)  (LA/CmM?) (mV/dec)  (mV/dec) (MVagage)  (MVagage) — (Qcm?) (mm/year)

CoCrFeNi -431+8 0.06+0.03 133+11 283+15 513+2 94419 8.68(+3.52) x10°  4.98(+2.37) x10*
CoCrFeNiAl  -504+6 0.23+0.01 159+14 572+10 510+4 1014+7 2.31(+0.25) x10°  2.11(+0.10) x10°®
CoCrFeNiCu  -337+34 0.22+0.12 313+17 489+10 517413 854137 4.77(+1.85) x10°  2.10(+1.18) x10°®
CoCrFeNiSn  -491+24 0.20+0.06 132+12 345+14 458+7 949+29 2.32(+0.84) x10°  2.20(+0.62) x10°®
SS304 -416+15 0.2440.14 247+14 1052+22 500+1 916+16 4.67(+1.89) x10°  2.52(+1.45) x10°®
SS316 -398+14 0.07+0.02 158+15 423+8 506+4 904+16 7.40(+1.72) x10°  7.53(+2.13) x10*

where Ecorr IS cOrrosion potential, icorr IS COrrosion current density, ba is the Tafel slope of anodic reaction, b is the Tafel slope of cathodic reaction,

Et is transpassive potential, AE, is passivation potential, Ry is polarization resistance, and CR is corrosion rate.
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Supplementary data for XPS analysis in different solutions
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Figure A-D1: The wide scan of XPS spectra in the binding energies range of 0-1,000 eV of
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Figure A-D2: The wide scan of XPS spectra in the binding energies range of 0-1,000 eV of

alloys for post-corrosion test in 0.6 M NaAlO; solution.
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Figure A-D3: XPS spectra at high resolution in the binding energies range of 40-70 eV of

alloys for post-corrosion test in 0.6 M H2SO4 solution.
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Figure A-D4: XPS spectra at high resolution in the binding energies range of 40-70 eV of

alloys for post-corrosion test in 0.6 M NaAlO: solution.
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