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Abstract

Compositionally complex alloys (CCAs), including high- and medium- entropy alloys
and steels, defy conventional alloy design rules by including multiple principal elements
in the alloy composition. This has unlocked the possibility to synthesise an endless list
of compositionally unique alloys with unfathomable properties, which could be applied
in many industries such as power generation, manufacturing, and aerospace. Among
the myriad of attractive properties, much research has been undertaken into their
mechanical properties, including investigations into in how these materials are
challenging the frontiers of strength-ductility limitations. This requires deep analysis
into the structure-property relationship of these alloys, focussing on the role and
evolution of nano-structural features, grain boundaries, and crystal structure, in
response to deformation. The aim of this research work is to characterise the
deformation mechanisms of CrCoNi and FeMnCoCr-based CCAs, and develop insight

into how materials can be engineered to exhibit optimum mechanical properties.

The first chapter of this thesis introduces the field of CCAs, highlighting the key
developments and innovations in the field thus far, provides a summary of
strengthening mechanisms, and introduces aims and objectives of the thesis. The
second chapter presents an overview of the methodology applied, including
preparation, fabrication, structural and chemical characterisation, and mechanical

testing techniques.

In the third chapter, an analysis of the deformation mechanisms of hierarchical

nanostructured CrCoNi with dual-phase face-centred cubic (FCC) and hexagonal

Vi



closed-packed (HCP) phases is conducted. The results suggest that multiple
deformation pathways could be activated in CrCoNi with assistance of growth defects,

thereby imparting this technically important alloy with appreciable ductility.

The fourth chapter focusses on a body-centred cubic (BCC) FeMnCoCr-based
interstitial high entropy alloy (iIHEA) which incorporates B, C and O. The unusual
combination of hardening effects brought about by interstitial strengthening, grain
boundary segregation engineering, compositional fluctuations, and fine grain size,
greatly strengthened the alloy by inhibiting dislocation motion. Deformation induced
HCP/FCC nanolaminates enhanced plasticity via strain partitioning. Taken together,
the newly developed BCC-structured iHEA affords not only high strength, but also

confers remarkable ductility through multiple deformation pathways.

In the fifth chapter, a Fe72.4C013.9Cr10.4Mn2.7Bo.34 high entropy steel is investigated. The
distribution of iron and chromium shows an unusual, characteristic spinodal-like pattern
at the nanometre scale, where compositions of Fe and Cr show strong anticorrelation
and vary by as much as 20 at.%. The impressive plasticity is accommodated by the
formation and operation of multiplanar, multicharacter dislocation slips, mediated by
coherent interfaces, and controlled shear bandings. The excellent strength-ductility
combination is thus enabled by a range of distinctive strengthening mechanisms,
rendering the new alloy a potential candidate for safety critical, load-bearing structural

applications.

In the sixth chapter, the effect of deformation on hierarchical compositional fluctuations
is investigated. As plastic strain increases, the alloy is able to prolong its ductility via a
lattice strain relaxation mechanism. This phenomenon is rationalised in terms of the

dislocation behaviour exhibited during glide plane softening.

In the last chapter, major conclusions are drawn from this research. Some possible

future work is proposed as extensions of what has been achieved.
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Chapter 1

Introduction

In this chapter, a brief introduction of the research area is provided and the motivation
behind the thesis topic is discussed. A broad literature review introduces terms and
concepts that will be applied in the methodology and journal articles that follow.
Although this chapter aims to provide the necessary background relevant to the
theoretical development in the subsequent chapters of this thesis, it is assumed that
the reader is familiar with the subject of materials science. For a comprehensive
treatment of this subject, the reader is referred elsewhere [1]. Finally, the overall aims

and specific objectives for this thesis are outlined.

1.1 Metallic Alloys

Metallic alloys are crucial to everyday life and represent a large area of research in the
field of materials science. Very rarely is it possible for a pure metal to yield the most
desirable qualities required for an application. Typically, conventional alloys are a
binary mixture or contain one primary element with low quantities of other alloying

elements [2]. However, by adding multiple principal elements to an alloy’s composition,
-1-



it is possible to obtain different types of alloys. The proceeding subsections will

examine different types of compositionally complex alloys (CCAs) in further detail.

1.1.1 High- and Medium- Entropy Alloys

For thousands of years, traditional solute-solvent design philosophy has been the basis
for the development of alloy systems. Following a series of innovations, High Entropy
Alloys (HEAs) have become a significant field of research beginning with the
independent works of Cantor et al. [3] and Yeh et al. [4] in the mid-2000s. These alloys
possess novel and advantageous properties that traditional alloys do not, such as high
thermal stability, wear resistance, oxidation resistance, electric resistivity, and

corrosion resistance [5].

The term was originally coined because it was posited that the formation of random
solid solutions can prevail over intermetallic compounds primarily due to the high
configurational entropy of mixing in comparison to traditional alloys. One of the earliest
definitions specified that the alloy had to consist of a single solid solution, and contain
at least five principal elements in an equiatomic or near equiatomic concentration
(between 5% and 35%) [4]. The expression used to determine if a solid solution or an

intermetallic compound will form is given in equation 1.1;

AGoiy = AHpiy — TAS iy 1.1
where G, is the Gibbs free energy of mixing, T is the absolute temperature, AH,,;, is
the enthalpy of mixing and S,,;,. is configurational molar entropy of mixing in an ideal
solid solution [5]. If AH,,;, is smaller than TAS,,;,, then the formation of a disordered
solid solution is favoured. The configurational entropy of mixing for a random solid
solution with N components is defined per equation 1.2; The mixing configurational
entropy of an equimolar compound with N elements can be calculated according to

Boltzmann’s hypothesis (equation 1.2);



ASpmix = —R Z cilne; 1.2
7

where R is the gas constant (8.314 J/K mol), and ¢; is the molar content of the i
component. If the alloy has an equiatomic composition, the configurational entropy of

mixing reaches its maximum (equation 1.3);

AS,iy = —RInN 1.3
The entropy-based definition specifies thresholds for low (< 0.69R), medium (0.7R < x
< 1.60R) and high (> 1.61R) entropy alloys. A pure element thus has a mixing entropy
of zero, whereas an alloy with five elements has a mixing entropy of 1.61 J/K-mol. Five
elements are designated as the minimum number of elements required to
counterbalance the mixing enthalpy in most alloy systems [6, 7], and an alloy with three
or four elements is termed a Medium Entropy Alloy (MEA). This is not without issues
however, as even some binary metallic alloys do not have random atomic positions [6].
Some other definitions require HEAs to be strictly equimolar, use different classification
thresholds (> 1.5R) or impose the requirement that the microstructure must be one
single phase [6]. Due to conceptual challenges of the entropy-based definition, these
design rules were later relaxed [8]. Ultimately there is no right or wrong answer, and
the intent of the work will determine the appropriate approach [6]. It is the types of
elements used and the processing techniques, and not just the sheer quantity of

elements or level of mixing entropy, that are the important factors in alloy design.

HEAs are reported to have four core effects: high entropy, lattice distortion, sluggish
diffusion and cocktail effects [7]. The high entropy effect is somewhat qualitative with
a broad classification of high, medium or low taking into account the phase, number of
elements, and compositions. Each element in a HEA has the same possibility to
occupy a lattice site, and as every element has differing atomic radii, this leads to the

lattice distortion effect [5]. This effect is said to contribute to excess configurational

-3-



entropy, increased hardness, reduced electrical and thermal conductivity and reduced
temperature dependence of these properties [6]. Sluggish diffusion is proposed to arise
from the formation of nanocrystals and amorphous phases on solidification, and is
based on microstructural stability observations. This hypothesis is challenged by
Miracle and Senkov [6], as measuring diffusion coefficients accurately is challenging
when there is compositional complexity and has only been addressed in one study,
meaning a wider dataset is required. Finally, the cocktail effect refers to unexpected
and desirable properties resulting from synergising constituent parts, which are not
obtainable from any sole element [5]. A practical example of the cocktail effect is the
combination of high strength and ductility simultaneously which are otherwise often

mutually exclusive [6].

MEAs are typically comprised of three or four principal elements. After the initial intense
research focus on HEAs, some of this attention later shifted to MEAs [9-12]. While
superior performance of HEAs is attributed to high configurational entropy, Yoshida et
al. [12] have shown that ternary CrCoNi outperforms quinary CoCrFeMnNi in strength-
ductility trade-off and fracture toughness despite having a lower configurational
entropy. CrCoNi has also been determined to be significantly stronger than MnFeNi
[10] despite the fact that they have equal configurational entropy. The reason for the
advanced properties of CrCoNi (viz. hardness, ductility, toughness and yield strength)
compared to quinary alloy CrMnFeCoNi is owed to nanotwinning being a prominent
deformation mechanism in this MEA [10]. This mechanism is reached relatively early
to provide high and steady work hardening, which supresses plastic instability from
pronounced dislocation activity. Due to this feature, CrCoNi is championed as a
material which can defeat the ubiquitous strength-ductility trade-off, with a tensile
strength of 1 GPa at room temperature, a failure strain of 70%, and a fracture

toughness above 200 MPa-m°®3, and superior performance at cryogenic temperatures

-4 -



[9]. Zhang et al. [13] also attributes negative stacking fault energy at 0 K leading to
high propensity for twinning for these properties, adding that although twins usually
impede dislocation motion and induce strengthening, multiple twinning systems,
referred to as twinning induced plasticity (TWIP) [14], can improve the ductility. Lastly,
CrCoNi has been shown to exhibit a new, two-step FCC - HCP - FCC (twinned)
phase transformation [15], which has not been otherwise observed in studies of bulk
CrCoNi due to a lack of atomistically detailed characterisation, and/or lack of suitable

stresses to overcome dual-phase transformation barriers.

Other modifications to this alloy design strategy can also be made, which venture
further outside of HEA and MEA fundamentals. The addition of interstitial elements
results in the formation of an interstitial HEA (iHEA) [16], and an HEA with a very high
iron content is referred to as a high entropy steel (HES) [17]. Other terms can be used
to refer broadly to all of the aforementioned alloys at once, without the risk of violating
definitions. Typically, multiple principal element alloys (MPEAs), multiple- or multi-
component alloys (MCA), and compositionally complex alloys (CCAs) have been used.
These terms encapsulate the key concepts of HEAs and maintain the general principle
of having multiple elements present in high concentrations, while relaxing some of the

strict rules in defining HEAs.

1.1.2 Interstitial High Entropy Alloys

The strategy of creating new and unique alloys by modifying the bulk composition of
alloys can be further expanded through the addition of interstitial elements. Typical
elements added include carbon [16], oxygen [18], boron [19, 20], and nitrogen [21].
Grain boundary characteristics, interstitial strengthening, and consequently
mechanical response can be adjusted through solute decoration of grain boundaries
achieved via grain boundary segregation engineering (GBSE) [22], driven by the
Gibbsian reduction in grain boundary energy [20]. In one application, the addition of
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carbon to a FeMnCoCr-based alloy resulted in a unification of TWIP and TRIP effects
to improve its strain hardening capacity [16]. Boron has also been added to a
FeMnCoCr-based alloy, driving grain refinement, and enhancing the bonding strength
of grain boundaries [20]. Meanwhile, oxygen has been added to a refractory TiZrHfNb
HEA, resulting in the formation of O-Zr-Ti-rich complexes capable of pinning
dislocations and promoting cross-slip, resulting in an increase in the tensile strength
by 48% and tensile ductility by 95% [18]. If the host lattice is highly distorted, multiple
interstitial elements in high concentrations (> 2 at.%) can be introduced, such as the
addition of C, N, and O into an equiatomic TiNbZr alloy, to achieve massive solid
solution strengthening [23]. Interstitial strengthening is a cost-effective way to
strengthen a material, as it is more efficient to alloy grain boundaries only instead of
the entire bulk, and elements such as carbon, boron, oxygen, and nitrogen are
relatively inexpensive and abundant, and therefore cheaper to use than alloying the

bulk with expensive elements [20].

1.1.3 Spinodal High Entropy Alloys

Phase decomposition, as opposed to phase separation, has also been considered
undesirable in the quest to achieve single phase solid solutions in HEA design. Akin to
the design of new CCAs, attention has also progressively shifted toward exploiting,
rather than evading, phase metastability, with one of the key benefits being the
multiphase interface that results [24]. This could manifest as a formation of low-misfit
coherent nanoprecipitates in an alloy matrix (e.g. isotropic NisAl-type L12 particle
strengthening within an FCC phase [25]), or more simply the decomposition of one
structure into two (or more) regions of the same crystal structure with disparate lattice
parameters and therefore elastic strain distribution (e.g. NbTi-rich g and HfV-rich g~
BCC regions in a HfNbTiV alloy [26]), creating a rugged terrain for the passage of

dislocations.



1.1.4 High Entropy Steels

A compositionally complex iron-based alloy can be defined as a high entropy steel [17].
Optimum alloy design lies not in maximisation of entropy, but rather the avoidance of
the formation of brittle intermetallic phases. For example, the non-equiatomic
Fe40CrsoMn10Co1o alloy is homogenous single-phase FCC, whereas the equiatomic
FeMnCoCr has a complex multiphase microstructure [27]. A non-equiatomic mixing
rule provides a larger compositional space for developing HEAs without intermetallic
phases. Thus, systems based on a solid solution matrix rich in Fe provide a large
compositional space, and are a good starting point for blending further components in
[17]. While magnesium and aluminium alloys, carbon fibre composites, and other
related materials are lightweight, they do not provide the same unique combination of
absolute strength, specific strength, ductility, toughness, and cost-effectiveness as
steel [17]. Thus, further innovations in steel microstructure physics and alloy design

remains an important endeavour.

1.1.5 Alloy Preparation

CCAs can be prepared using a myriad of techniques, such as casting, and powder
metallurgy. When more than five elements are involved, there are challenges
associated with conventional ingot metallurgy processing methods [28]. Further,
synthesising and testing the performance of materials one-by-one is an inefficient
approach in the exploration of new materials. A faster and cheaper alternative is
synthesis via deposition, such as magnetron sputtering or laser cladding [29]. Laser
cladding allows strong metallurgical interfaces to be formed between the layer and
matrix, however, crack and pore formation is a common issue [29]. Sputter deposition
provides excellent control over stoichiometry, and yields very unique microstructures

which would otherwise require complicated mechanical processing techniques to
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induce severe plastic deformation (SPD), such as high-pressure torsion (HPT), equal
channel angular pressing (ECAP), accumulative roll bonding (ARB), etc. [30]. Among
the key deposition parameters for controlling the resultant microstructure are the
applied voltage, distance between target and substrate, target composition, type of

substrate, and deposition rate [31].

1.2 Strengthening Mechanisms

To obtain excellent mechanical properties, it is necessary to combine multiple
strengthening and deformation mechanisms simultaneously. Important mechanisms

relevant to this thesis and proceeding publications are elaborated in this subsection.

1.2.1 Enhanced Solid Solution Strengthening

Solid solution strengthening of alloys is a phenomenon whereby the lattice of a host
metal is strained via the introduction of impurity atoms, consequently impeding
dislocation motion and improving strength [1]. As mentioned in Section 1.1.2, in HEAS,
and by extension in CCAs, the extent of lattice distortion is further heightened due to
the higher number and concentration of alloying elements, as demonstrated in Figure
1. The lattice distortion can be enhanced further by selecting atoms with a larger lattice
parameter mismatch compared to constituent species, e.g. VCoNi has higher lattice
distortion than CrCoNi due to the dissimilar atomic radius of V [32]. Thus, the enhanced
solid solution strengthening in CCAs leads to an improvement in the strength

compared to traditional alloys.



Single element:

Figure 1: Depiction of the influence of alloying on lattice strain; (a) pure Ti, (b) Ti alloyed with Nb, and (c) a
TiNbTaZrHf HEA. Reproduced with a license through RightsLink from [33].

1.2.2 Short Range Ordering

The close or regular arrangement of atomic pairs on length scales over a few atomic
distances are said to exhibit Short Range Ordering (SRO). This phenomenon arises
due to the occurrence of energetically favourable interactions between different types
of atoms. For example, in the FCC VCoNi MEA, V-Co and V-Ni interactions are
preferred, whereas V-V interactions are avoided [34]. It is distinctly different to
structures resulting from spinodal decomposition, or compositional undulations via the

rendering of SFE [35]. BCC CCAs and their derivatives in particular have different
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deformation behaviour compared to conventional BCC metals and alloys due to SRO.
Deformation in BCC alloys is controlled by screw dislocation glide [36], but due to the
‘rugged terrain’ present due to the chemical complexity [37, 38], edge dislocations are
also present during deformation [39]. Ergo, screw dominated dislocation is no longer
the governing process controlling strength; rather, edge dislocations are slowed down
to glide with a similar speed to screw dislocations [39, 40]. The numerous short-
distance obstacles created by the SRO structure trip and trap gliding dislocations (i.e.
stick-slip dislocation motion). The resulting nanoscale segment detrapping (NSD)
mechanism induces a barrier governing dislocation mobility, where it becomes more
energetically unfavourable to dislodge a trapped dislocation segment in a favourable
position [41]. After detrapping from its local SRO environment, a curved area
corresponding to a particular NSD is formed. Dislocation movement controls the
strength of an alloy, and therefore this effect is of high significance; SRO has been

attributed to the increase of yield strength by 25% in a CrCoNi alloy [42].

1.2.3 Twinning Induced Plasticity

Deformation by slip or by twinning is a critical factor in a material’'s deformation
behaviour. Twinning leads to relatively small bulk plastic deformation compared to that
resulting from slip [1], in a process referred to as Twinning Induced Plasticity (TWIP).
It can also provide high and steady work hardening, and supress plastic instability from
pronounced dislocation activity [10]. Plastic deformation of FCC metals under certain
conditions can result in deformation twinning, and the formation of twin/matrix lamellae
[43]. As mentioned in Section 1.1.1, in CrCoNi, nanotwinning is achieved through its
negative stacking fault energy, which leads to a high propensity for twinning, leading

to superior performance at cryogenic temperatures [9].
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1.2.4 Controlled Shear Banding

10,00 pm

Figure 2: OIM and corresponding image quality map of a shear band in an interstitial free steel. Reproduced with a
license through RightsLink from [44].

Also referred to as strain localisations, shear bands are narrow zones of intense
shearing strain and collective dislocation activity, developed during severe deformation
of metals and alloys during intense dynamic loading [44]. Shear banding typically
occurs when other deformation mechanisms have been exhausted, such as when
homogenous dislocation slip is inhibited, or when there is an insufficient number of
crystallographic slip systems. It is a softening mechanism, often manifested by a
sudden drop in local flow stress, with a high extent of deformation exhibited inside the
shear band [45]. In such cases this mechanism acts as an alternative deformation
mode, which could circumvent catastrophic failure. An example of shear banding is

depicted in Figure 2.
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1.2.5 Transformation Induced Plasticity in Dual-Phase Alloys

26 ()
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Figure 3: XRD patterns and EBSD phase maps of Feso-xMnxCo10Cri0 HEAs. The Mn content plays a vital role in
tuning innate phase stability. Reproduced with a license through RightsLink from [46].

HEAs originally aimed to create a single solid solution, as phase separation would
cause the formation of brittle intermetallic compounds [47]. After the design and
evaluation of a dual-phase FeMnCoCr alloy with dual phase FCC and HCP structures,
this design restriction was relaxed [48]. The micro-composite effect can impede
dislocation motion, resulting in improved strength [49]. Meanwhile, mechanical
properties can be further tweaked by changing the fraction of each phase,
accomplished via tailoring the stacking fault energy [46]. An example of this is shown
in Figure 3, where the phase stability is tailored via the Mn content. This
thermodynamic metastability can also lead to phase transformations upon
deformation. Phase metastability improves the strength of an alloy by increasing phase
boundary area, and by allowing phase transformations to occur during deformation
[50]. This is termed TRansformation Induced Plasticity (TRIP), which combines

interface hardening with transformation induced hardening, improving strength and
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ductility simultaneously [51]. An example of this is shown in Figure 4 in a phase

analysis of the deformed microstructure of a Co20Crz0Fe3sMn2oNis alloy.

i FCC 72%
(I HCP 28%

Figure 4: EBSD phase maps of Coz2CrfFessMnzoNis with HCP fraction increasing with increasing tensile
deformation from (a) to (d). Reproduced with a license through RightsLink from [52].

Bi-directional TRIP, where dynamic forward and reverse phase transformations occur,
is also a possibility. In the case of a dual-phase FCC and HCP alloy, this was enabled
through a near-zero yet positive SFE, with other factors such as local dissipative
heating, local stress fields, lattice defects acting as pinning points for dissociated
partials, and SF partitioning effects, influencing the reaction either towards FCC or
HCP phases [53]. Whereas a high SFE in an FCC structure would lead to deformation
twinning and planar dislocation patterns, the low SFE results in near-identical stability
of FCC and HCP phases [53]. The continued reactions lead to the formation and
refinement of hierarchical nanolaminate structures, providing extensive work

hardening capacity and thus improving strength, without sacrificing ductility.

1.2.6 Grain Refinement

The strength of a material is related to the moveability of its dislocations. When the
grain size becomes smaller, there are more barriers for the passage of dislocations.
Thus, strength increases during grain refinement [1]. Materials with grains in the

nanometre range are called nanocrystalline materials, and exhibit outstanding yield
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stress, high hardness, and good fatigue resistance [54]. Grain size, d, and yield

strength, gy, can be related using the Hall-Petch equation;

k
O-Y=O-0+_y 14

Vd

Where ky is the strengthening coefficient, and g, is a constant related to the frictional
stress resisting the motion of gliding dislocations or the internal back stress. This
expression demonstrates the inverse relationship that the yield stress and grain size

have.

1.3 Research Gaps

The field of CCAs and their derivatives is vast, and the number of yearly publications
about HEAs alone continues to grow exponentially [55]. While HEAs are a primary area
of research which continuously push the strength-ductility frontier, other types of CCAs
warrant examination, such as MEAs, iHEAs, metastable CCAs, and HESs. In addition,

for the purposes of this thesis, the following four gaps in the literature are highlighted.

e The CrCoNi alloy exhibits excellent properties, and worthy of further
investigation are the roles of TRIP, grain refinement, and shear banding in its
marked plastic response.

e While iIHEAs are examined frequently, it is rare for multiple interstitial elements
to be added at once. Thus, an examination of the effect of adding multiple
interstitial elements on alloy metastability, and unification of multiple
strengthening mechanisms, such as interstitial strengthening, grain boundary
segregation engineering, TRIP, and TWIP effects, is warranted.

e Aside from single-phase or multi-phase alloys, CCAs with a compositional
gradient or spinodal-like structure also demonstrate unique deformation

behaviour due to their high density of coherent interfaces and the uneven terrain
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traversed by dislocations. The resulting multiplanar, multicharacter dislocation
slip behaviour requires further examination.

In addition to spinodal structures, recent investigations have uncovered the
important role that SRO plays in strengthening materials. Despite this advance,
it is unclear what happens to these compositional fluctuations when the

respective alloys are subject to deformation.

1.4 Aim and Objectives

The overall aim of this project is to examine and integrate multiple deformation

mechanisms in CCAs, which will lead to improved understanding for the design of

mechanically robust CCAs. The thesis spans four academic articles, which form the

basis for the aims and objectives in this project. In order to conduct materials

characterisation, Focussed lon Beam (FIB) milling, Transmission Electron Microscopy

(TEM), High Resolution (HR) Scanning Transmission Electron Microscopy (STEM),

and various nanomechanical testing techniques are applied. The specific objectives

are:

1.

Examine innate and resultant defects, and the crystal structures of undeformed
and post-mortem equiatomic ternary MEA CrCoNi. Characterise the
deformation mechanisms of CrCoNi, paying particular attention to changes in
planar defects, shear banding, phase transformation, and grain refinement. This
will be achieved via nanoindentation and HR STEM techniques with particular

focus on structural characterisation of undeformed and post-mortem samples.

Analyse the  deformation mechanisms of a BCC-structured
Fest1.2Mn24.3C011.9Cr10.1B1.400.3Co.3 iIHEA alloy. Examine the influence of doping

with not just one, but three interstitial elements (B, C, O) on mechanical
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properties. Evaluate and quantify the evolution of deformation induced phase
transformations. Determine the influence of GBSE on alloy mechanical
properties, and examine the distribution of segregation. This study adds Atom
Probe Tomography (APT) and Precession Electron Diffraction (PED) mapping
to the arsenal of experimental characterisation tools, which can probe the

material in three dimensions, and quantify phase fractions, respectively.

. Evaluate the strengthening mechanisms in a Fe72.4C013.9Cr10.4Mn2.7Bo.34 BCC-
structured high entropy steel exhibiting nanoscale spinodal-like fluctuations.
The distribution of the fluctuations, and the extent of GBSE will be examined in
detail in three dimensions with APT, and its role in alloy strengthening will be
examined. The multicharacter, multiplanar dislocation behaviour of this BCC

CCA will also be examined in further detail using HR STEM analysis techniques.

. Investigate the effect that deformation has on chemical compositional
fluctuations in a CCA over multiple length scales. The method of investigation
will primarily involve strain mapping at the atomic scale, and Energy Dispersive
X-Ray Spectroscopy (EDS) at the nanoscale of pre- and post- mortem samples.
A detailed dynamic dislocation-based mechanism for this phenomenon will be

proposed.
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Chapter 2

Methodology

In this chapter, the methodology used to achieve the aims of the thesis are outlined. A
brief summary of the techniques and their application for obtaining the results
presented in the subsequent publications is provided. For a more comprehensive
treatment of methodology background information, such as fundamentals of physics
phenomena (e.g. electron wave/particle duality, interactions of electrons with matter,

etc.), the reader is referred elsewhere [56].

2.1 Alloy Preparation

All sample synthesis is conducted at the Advanced Coatings Applied Research
Laboratory (ACARL) at the Department of Mechanical and Biomedical Engineering
(MBE) City University in Hong Kong by Dr Zhifeng Zhou. The coatings are deposited
by closed field unbalanced magnetron sputtering ion plating (CFUMSIP) onto AISI M2
high speed steel substrates, using a UDP650 magnetron sputtering system (Teer
Coatings Ltd, UK). The steel substrates are hardened to HRC 60, finely polished to Ra

~0.03 pm, degreased, ultrasonically cleaned, and subsequently blown dry in flowing
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nitrogen gas. An alloy target (China Material Technology Co. Ltd) with dimensions of
345 mm x 145 mm x 5 mm is used for the deposition. The substrate is stationary during
deposition, and the target-to-substrate distance is fixed at 170 mm. The substrate
holder is biased with pulsed DC at a frequency of 250 kHz. The vacuum chamber is
pumped down to a background pressure of < 2e-6 Torr by controlling the flow rate of
Ar (50 sccm). The deposition process includes plasma ion cleaning (-450 V bias, 30
min) prior to deposition. lon etching of the steel substrate is used to remove the oxide
layer on the substrate surface. No external heating is used during coating deposition.

Further details on each particular synthesis are available in the respective publications.

2.2 Specimen Fabrication

Focussed ion beam (FIB) milling is a technique that can be used to prepare thin foil
specimens for analysis in a Transmission Electron Microscope (TEM). The FIB
comprises of a Scanning Electron Microscope (SEM), used for general imaging, in-
tandem with an ion beam, used for milling, deposition, or welding. The ion beam is at
52 degrees to the SEM beam, and thus acquiring images using both beams provides
depth perception to a traditionally 2D technique. Prior to TEM sample preparation,
platinum is deposited on the surface to protect the sample from damage during milling.
The FIB assembly also includes a micromanipulator; an ‘arm’ which can be adjusted
in three directions (retract/insert, up/down, and clockwise/anti-clockwise) which can be

attached to the foil via platinum deposition, and can be used to “lift-out” a sample.
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Figure 5: Lift-out method breakdown; (a) platinum deposition to protect the specimen during subsequent milling
stages, (b) milling of three large regions around the indent, (c) attaching micromanipulator and milling remaining
contact of foil with bulk sample (noting the 180° scan rotation), (d) transferring TEM sample to FIB grid, (e) welding
sample to grid, with subsequent milling to sever connection between the foil and the micromanipulator, and (f) TEM
sample that has achieved “electron transparency” after thinning via milling the front and back sides.

The lift-out is achieved by retracting the micromanipulator after dropping the stage
post-milling. After mounting to a ‘grid’, the foil is thinned by the electron beam (with a
progressively decreasing beam current, and a final low-kV “polishing” stage) until it
becomes “electron transparent”. This means that it is thin enough to transmit sufficient
electrons such that enough intensity falls on a screen or film to yield an interpretable
image. Generally, the sample thickness should be in the vicinity of 50 nm. A breakdown
of this process is shown in Figure 5. To improve foil quality further, the overall
dimensions of the foil can be minimised (when only interested in a particular region of
analysis, such as under the site of indentation). Minimising the amount of deposited
platinum in order to reduce redeposition onto the foil, and milling from the bottom-up
by increasing the tilt angles (e.g. from 52 + 1.5° to 52 + 3°), are other strategies that
can be used. For ultra-fine grained materials, some milling damage to the foil may be
tolerable so as to obtain ultra-thin regions for analysis, making it possible to avoid grain

overlap when subsequently imaging atomic columns.
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The FIB can also be used to prepare tips for analysis via Atom Probe Tomography
(APT) following the protocol depicted in Figure 6. First, a triangular prism is lifted out
from the sample using the FIB’s micromanipulator, and slices are cut and mounted on
posts on a commercially available microtip array [57]. After this, the tips are ‘sharpened’
using an annular (donut-shaped) pattern with a progressively decreased diameter of

inner annulus and beam current, making them suitable for analysis via APT.

The preparation of micropillars for compression is also carried out using the FIB. The
fabrication procedure is similar to that of APT tip sharpening; annular patterns are
constructed to mill the sample surface, ensuring enough clearance for the indenter is
provided. The inner diameter and beam current are progressively reduced, such that

a pillar with a desired diameter and aspect ratio, with minimum tapering, is obtained.
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Figure 6: Four-step protocol for FIB lift-out specimen preparation for APT analysis. Reproduced with a license
through RightsLink from [58].

2.3 Structural and Chemical Characterisation

2.3.1 X-Ray Diffraction

X-Ray Diffraction (XRD) can be used to investigate the crystal structure a material with
a non-amorphous structure. An XRD spectrum is essentially a one-dimensional profile
scan of a polycrystalline diffraction pattern. The advantage is that it can reveal the
crystal structure(s) present in an alloy without having to use advanced characterisation

techniques such as TEM, and their associated sample preparation techniques. If
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examining coatings, the spectra are collected at a low incident angle (e.g. ~2°) to
minimise any interference from the substrate. The interplanar spacing, d;;, at Miller
indices (h, k, 1), can be obtained via Equation 2.1, which relates d;,; with the angle of
diffraction, 6, the diffractometer wavelength, A, and corresponding order of reflection,

n, which takes integer values (1, 2, 3, ...);

Zdhleine =nA 2.1

2.3.2 Scanning Electron Microscopy

Due to the limited image resolution in light microscopes, Scanning Electron Microscopy
(SEM) uses secondary electrons to create images of samples at much smaller length
scales. It is useful in applications requiring imaging at higher length scales than those
warranted by TEM, such as imaging sample topography, or for preparing TEM foils in-
conjunction with an ion beam. An SEM equipped with an Electron BackScatter
Diffraction (EBSD) detector can also be used to obtain EBSD data from the sample
directly (after polishing), from which useful and interpretable data such as phase maps,
and inverse pole figures (which clearly depict grain orientations), can be generated
[59]. The equivalent technique for use on a TEM foil (instead of bulk sample) is

Transmission Kikuchi Diffraction (TKD) [60].

2.3.3 Transmission Electron Microscopy

A TEM uses transmitted electrons, rather than secondary electrons, to see nano- and
atomic-scale features [56]. The transmitted electrons are projected onto a screen in
order to see detailed structural information. It is also possible to use a TEM to detect a
range of signals from which several kinds of spectra and diffraction patterns can be
obtained [56]. Diffraction patterns are very important analytical tools which contain
information on the crystal structure, lattice repeat distance, and specimen shape. A
variation of this technique is Precession Electron Diffraction (PED), which offers a

broad range of reflections, providing more information for phase determination
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algorithms, and has a small probe size, which is useful for probing nanograins, among
other advantages [61]. Other useful TEM-based techniques include Electron Energy
Loss Spectroscopy (EELS) [62], which can be particularly useful for probing the
composition of light elements. Scanning Transmission Electron Microscopy (STEM) is
a type of TEM in which the beam is focussed to a fine spot, and rastered over the
sample. If the foil is suitably thin and of good quality, STEM can be used to obtain high
resolution images which show the arrangements of atomic columns, from which crystal
structure can be inferred, and defects such as dislocations, grain boundaries, stacking
faults and twinning, can be easily imaged. Fast Fourier Transforms (FFT) of STEM
images can be obtained digitally, which can be used for crystal structure determination.
If the material has a complicated nanostructure, FFTs can be obtained from different
regions in the image(s) to determine the orientation relationship between possible

phases.

2.3.4 Atom Probe Tomography

Atom probe tomography (APT) is an established materials characterisation method
based on time-of-flight mass spectrometry that provides elemental and compositional
modelling of materials by providing a three-dimensional reconstruction of atoms from
a sample with a sub-nanometre spatial resolution [57]. This technique is useful for
inferring how the distribution of elements influences material properties, and to probe
the complex, hierarchical structures of bulk materials. After data is obtained, a
commercial software package can be used to assign isotope peaks in the mass
spectrum, and subsequently visualise the data and perform a myriad of processing
techniques (visualisation of individual elements or element groups, examination of
interfaces, 1D and 2D compositional profiling, isosurface construction, etc.). It is a
destructive technique; an atom probe tip can only be used once to obtain one dataset.

A comprehensive overview of this technique is available elsewhere [58].
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2.4 Mechanical Characterisation

2.4.1 Mechanical Properties
In order to properly characterise CCAs, it is important to measure their mechanical
properties. The following section contains a brief explanation of the key properties

measured and reported in the subsequent chapters to accurately appraise alloy

strength and deformability. Most mechanical properties can be conceptually

understood according to a generic stress-strain curve, such as the one presented in
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Figure 7: Generic engineering stress (o) — strain (¢) curve for a ductile material. Adapted from [1].
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e Young’s Modulus
The Young’s modulus, E, also referred to as the modulus of elasticity, is a material
property correlated to the material’s resistance to elastic deformation, or its stiffness.
It is represented by the slope of the stress-strain curve in the elastic region of

deformation, i.e. a ratio of tensile stress, o, and tensile strain, ¢, as per Equation 2.2;

E_Aa
" As

2.2

e Strain: Elastic Strain and Plastic Strain
Engineering strain, ¢, is a dimensionless parameter equal to the change in length at
some instant during deformation, A/, divided by the original length, [,, as defined in
Equation 2.3. The change in length during tensile deformation is simply the current
length, [;, minus the original length.

LA L=

Ty

£ 2.3

There are two components of strain; elastic strain and plastic strain. The elastic
component of strain can be calculated using Hooke’s Law (Equation 2.6), whereas the
plastic strain can be obtained by subtracting the elastic strain from the total strain.

Elastic and plastic strain components (e, and ¢,, respectively) are illustrated in Error!

Reference source not found., for an arbitrary unloading point at i (where the loading-

unloading path is annotated in green).

e Ductility
Ductility is the amount of plastic or permanent damage that has been sustained at
fracture. It can be quantified by the amount of plastic strain sustained at fracture as a

percent elongation, using a fracture length, ¢, as per Equation 2.4,

I —1
%EL=<fl °>><100 24
0
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e Stress and Strength
Engineering stress is defined in Equation 2.5 as a measure of the instantaneous load
or force, F, applied perpendicular to the specimen cross-section, A. Increasing the load
over a particular area will increase the stress, whereas applying an identical load to a
specimen with a larger cross-sectional area would reduce the resultant stress. The
units of stress are Newtons per metre squared, denoted as N/m? or N m2, which is
defined as a Pascal, denoted by Pa. Stress is related to strain via Hooke’s Law, as per

Equation 2.6.

F
_r 2.5
=2

o =Ee, 2.6
Strength is a term for how much stress a material can accommodate. There are many
different types of strengths (yield strength, tensile strength, and fracture strength are
depicted in Error! Reference source not found.) which each have their own
definitions. The yield strength, gy, is the amount of stress required to initiate yielding,
i.e. permanent plastic deformation. It also marks the point beyond which the stress-
strain curve no longer exhibits linear behaviour. The exact point at which the stress-
strain curve transitions from linear to non-linear is ambiguous, a 0.2% strain offset can
be used to determine the yield stress (depicted in Error! Reference source not
found.). The ultimate tensile strength, oy;s, occurs at the maximum value of

engineering stress. The fracture strength, o¢, is the stress at which failure occurs.

e True Stress and True Strain
Engineering stress does not take into account the change in cross-sectional area
during deformation, because the calculation uses the initial geometry only. Therefore,
Equation 2.7 and Equation 2.8 can be applied to calculate true stress, o, and true

strain, e, respectively.
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op = — 2.7

l; 2.8
£T=lnr
0

Where A; is the instantaneous or current cross-sectional area, as opposed to the

original cross-sectional area.

e Hardness
Hardness is a measure of resistance to localised plastic deformation. It is possible to
gain a relative understanding of how hard something is by indenting it with other
materials. If the material being tested is damaged or not, it can be placed on a scale
from 1 (talcum powder; very soft) to 10 (diamond; very hard). Sophisticated methods
exist to quantitatively measure hardness in units of GPa, such as through

nanoindentation (outlined in Section 2.4.2).

2.4.2 Nanoindentation

A nanoindentation system equipped with a Berkovich indenter can be used to measure
mechanical properties, viz. hardness, H, and modulus of elasticity, E. These
parameters are calculated using the Oliver-Pharr method (Figure 8), where Pmax is the
peak indentation load, hmax is the corresponding indenter displacement, hr is the
contact depth of the indenter impression after unloading, and S is the initial unloading
stiffness [63]. The reduced modulus, E;, and Poisson’s Ratio, v, are related to E via

Equation 2.9;

1 =(1—v2)+(1—vi2) 2.9

E, E E;

where v; and E; are indenter parameters.
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Figure 8: Schematic representation of load versus indenter displacement data for an indentation experiment. This
figure is reproduced with a license through RightsLink [63].

If the indenter load is P, the elastic displacement of the indenter is h, and A is the

projected area of the elastic contact, then S can be obtained via Equation 2.10;

P 2 2.10
== \/—EEr\/Z

S
The hardness is defined in Equation 2.11;

Prax 2.1

Calibration of the instrument is routinely performed with a standard fused quartz
specimen (Er ~ 69 GPa). In this work, the load function consists of loading to 50 mN,
and then an unloading, which typically produces a penetration depth corresponding to
about 10% of the total film thickness. The values reported in the publications are an
average of multiple indentations, and the standard deviation is calculated using sample

standard deviation (see Appendix B for further details).

After recording the mechanical properties obtained by using the Berkovich indenter,

the alloys are deformed using a spherical indenter. Cross-sections of the spherical
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indents are used to prepare deformed foils for analysis, as the indent impression is

isotropic and thus the milling pattern orientation will not influence the resultant foil.

2.4.3 In-situ SEM nanomechanical testing

Figure 9: Hysitron Pl 89 SEM Picolndenter system.

The PI 89 SEM Picolndenter (Figure 9) is used to conduct in situ compression tests of
micropillars inside an SEM. The experiment outputs load and displacement data, which

can then be converted into engineering and true stress and true strain data.

When calculating true stress and true strain, it can be difficult to obtain instantaneous
values to conduct corresponding calculations. However, the geometry of the specimen
is related to the measured load and displacement, as outlined by Greer et al. [64],
which can simplify the scope of the calculations required. During deformation, it is
assumed that the plastic volume of the cylinder is conserved. Thus, the product of final

height and cross-sectional area, 1, and Ap, respectively, must equal the product of the

initial height and cross-sectional area, as outlined in Equation 2.12;

Aplp = Aolo 212
The true stress in the elastic region obeys Hooke’s law, and incorporating Equation

2.2, the following expression is obtained;

r_ 2.13
A_ -

The total true strain during deformation is the sum of elastic strain (Equation 2.13), and

plastic strain components, expressed in Equation 2.14;
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Where P is the load applied to the pillar. The elastic compressive displacement is

obtained by multiplying the elastic strain by the final height;

1 P

— 2
Ueg = EA_OIO lp 2.15

The plastic compressive displacement is simply the displacement at any point on the

loading curve, u, less the elastic displacement, as follows:

Uy =U—— 12 2.16

Substituting the expression for u,, into [, = I, — u,, a quadratic expression in terms of
L, is obtained. Equation 2.17 can be obtained by applying the quadratic formula to

solve for ,,;

EA,l, P
lp— op 1—\/1—4<m)(l0—u) 217

Finally, to obtain the corresponding stress, the measured load can simply be divided

by the plastic area;

o

o

2.18
P

Thus, the true stress and strain can be calculated using Equations 2.14, 2.17, and

2.18, relying only on measured data (load, displacement), and constants.
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Hierarchical CrCoNi medium entropy alloy (MEA) thin films with a dual-phase face-centred cubic (FCC)
and hexagonal closed-packed (HCP) nanostructure were prepared on M2 steel substrates by closed
field unbalanced magnetron sputtering. Nanoindentation tests show an ultra-high hardness of 9.5 GPa,
attributable to large amounts of innate planar defects (i.e., growth twins and stacking faults) impeding
dislocation motion in the coatings. A deep analysis of undeformed and post-mortem samples reveals
grain refinement as the dominant deformation mechanism in FCC dominated regions, while phase trans-
formation and shear banding played major roles in regions occupied by HCP phase. The grain refinement
was facilitated by twin/matrix lamellae, with dislocations piling up and arranging into interconnecting
grain boundaries. The shear banding was accelerated by innate planar defects in the HCP phase due to a
lack of slip systems. Of particular interest is the observation of HCP — FCC phase transformation, which
was catalysed by deformation-induced grain reorientation with innate stacking faults acting as embryos
to grow the FCC phase. The results of this work suggest that multiple deformation pathways could be acti-
vated in CrCoNi coatings with assistance of growth defects, thereby imparting these technically important

coatings appreciable ductility.
© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

Keywords:

Medium entropy alloys
Sputter deposition
Grain refinement
Shear banding

Phase transformation

1. Introduction

Following the discovery of high entropy alloys (HEAs), ternary
alloy systems termed medium entropy alloys (MEAs) have emerged
and are promising for more impact. This stems from the work of
Gali and George [1], who demonstrated that increasing the num-
ber of alloying elements from four to five does not always improve
the degree of solid solution strengthening. In addition, Wu et al.
[2] reported no correlation between mechanical properties and
number of principal elements, and, provided examples of alloys
with the same configurational entropy but different strengths. The
results of these studies and others prove that the nature of ele-
ments used is the crucial factor in the creation and development of
high-performing alloys, rather than simply the number of princi-
pal elements used [3]. A prominent MEA that has been investigated

* Corresponding author.
** Corresponding author at: School of Mechanical Engineering, The University of
Adelaide, Adelaide, SA, 5005, Australia.
E-mail addresses: simon.tsianikas@adelaide.edu.au (S.J. Tsianikas),
yujie.chen@adelaide.edu.au (Y. Chen).

https://doi.org/10.1016/j.jmst.2019.07.055

in recent years is the ternary alloy CrCoNi [3-7]. Fabricated in a
bulk form, its mechanical properties are superior to that of widely
reported quinary alloy CrMnFeCoNi despite having lower config-
urational entropy [4]. Specifically, its reported tensile strength
and ductility are ~1 GPa and ~70%, respectively [3], attributable
to interactions between dislocations and 3D twin architectures
[7]. More recently, a high hardness (~10 GPa) has been reported
in sputter-deposited CrCoNi coatings [8], supposedly attributed
to its unique microstructural features including twin boundaries
[9], stacking faults, a dual-phase structure, and textured columnar
grains [8].

Most HEAs and MEAs are prepared in a bulk form through arc
melting and casting, which incurs very high material and energy
costs and, therefore, research into HEA and MEA thin-film and coat-
ing deposition onto low-cost metal substrates is receiving increased
attention [10]. Aside from lowering the costs to a great extent,
these films and coatings also exhibit excellent mechanical prop-
erties [8,10-15], when compared to their bulk counterparts [8,15].

The efficacy of CrCoNi as a protective coating has been examined
by Cao et al. [16,17] and Chen et al [8]. The incorporation of the Ti
wetting layer increases coating adhesion [18] and, more impor-

1005-0302/© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology.
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tantly, can cause the grains to change from an elongated shape to
much finer equiaxed morphology; induced grain refinement can
change from 50 nm to 20 nm [16]. The work of Cao et al. [16,17]
looked into the differences between coatings with and without
interlayers and rationalised mechanical properties by evaluating
the phase composition, grain diameter and defects (innate & post-
mortem). Chen et al. [8] examined a monolithic CrCoNi coating
via high angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM), and shed light on its exceptional
mechanical properties by unpacking the hierarchical nanostruc-
ture of the as-deposited coating. However, their work and analysis
is limited to microstructural characterization, and consequently,
the deformation mechanisms of the CrCoNi alloy coating remain
unexplored.

In this study, we employed nanoindentation and HAADF STEM
techniques to investigate the deformation mechanisms of the
CrCoNi coatings with particular focus on structural characteri-
zation of both undeformed and post-mortem thin film samples.
The CrCoNi coatings synthesised via magnetron sputtering demon-
strate an ultra-high hardness, and possess a high density of planar
defects, a mixture of FCC & HCP phases, and textured columnar
nanograins. This study adds critical insights to previous studies of
CrCoNi coating by revealing its deformation mechanisms, featuring
(1) HCP — FCC phase transformation, (2) grain refinement and (3)
shear banding.

2. Materials and methods

The CrCoNi/Ti coatings were deposited at a rate of ~72 nm/min
by closed field unbalanced magnetron sputtering ion plating
(CFUMSIP) onto AISI M2 high speed steel substrates, using a
UDP650 magnetron sputtering system (Teer Coatings Ltd, UK).
The steel substrates were hardened to HRC 60, finely polished to
Ra ~0.03 wm, degreased, ultrasonically cleaned, and subsequently
blown dry in flowing nitrogen gas. One CrCoNi alloy target (China
Material Technology Co. Ltd) with composition of 1:1:1 at%, purity
0f99.5% and dimensions of 345 mm x 145 mm x 5 mm was used for
the deposition. The substrates were stationary during deposition,
and the target-to-substrate distance was fixed at 170 mm. The sub-
strate holder was biased with pulsed DC at a frequency of 250 kHz.
The vacuum chamber was pumped down to a background pressure
of <2 x 1076 Torr by controlling the flow rate of Ar (50 sccm). The DC
current applied to the CrCoNi target was fixed at 4.0 A (sputtering
power 1.5 kW). The deposition process of the coatings comprises
three major steps: plasma ion cleaning (—450V bias, 30 min), Ti
interlayer deposition (—60V bias, 200 nm thickness), and CrCoNi
deposition (—60V bias, 14 min). Ion etching of the steel substrates
at the first stage was used to remove the oxide layer and contami-
nants on the substrate surface. The CrCoNi target current (DC) was
maintained at 4.0 A (sputtering power ~1.5 kW), corresponding to
a nominal deposition rate of ~72 nm/min. The titanium target cur-
rent (DC) was setat 4.0 A (sputtering power ~ 1 kW), corresponding

a nominal deposition rate of 10 nm/min. No external heating was
used during coating deposition.

Focussed ion beam milling (FIB) (FEI Helios Nanolab 600, The
Netherlands) was used to prepare and extract thin sections to a
thickness of ~50 nm for analysis via scanning transmission elec-
tron microscopy (STEM) and energy dispersive X-ray spectroscopy
(EDX) (Titan Themis 80-200, The Netherlands). The microstructure
was studied with a field emission transmission electron microscope
(TEM) (Phillips CM200, Netherlands).

A nanoindentation system (Fischer-Cripps Laboratories IBIS
Nanoindenter, Australia) equipped with a Berkovich indenter was
used to measure mechanical properties, viz. hardness (H) and mod-
ulus of elasticity (E). Calibration of this instrument was routinely
performed with a standard fused quartz specimen (E; ~ 69 GPa).
The load function consisted of a loading up to 50 mN, and then an
unloading. The penetration depth corresponded to about 10% of the
total film thickness to minimise the effect of the substrates, and
the hardness and modulus were calculated using the Oliver-Pharr
method [19] on the load-displacement data measured (see Fig. S1).
The values reported are an average of fifteen indentations, and the
standard deviation was also calculated and provided. In order to
prepare deformed samples for TEM analysis, a spherical indenter
(radius = 5 wm) was used at loads of 200 mN and 400 mN.

3. Results
3.1. Microstructural analysis

Fig. 1(a) shows EDX mapping for the undeformed sample,
revealing a homogenous distribution of Co, Cr and Ni atoms (and
therefore no locally enriched regions). The microstructure obtained
via TEM (Fig. 1(b)) shows a columnar grain structure, with grain
widths of approximately 20-30 nm. It consists distinctive regions
of; perfect FCC, FCC with stacking faults, FCC with twinning, and
alternating FCC & HCP phases within a single column (Fig. 1(c,
d and e), respectively). Extensive STEM investigations reveal that
these unique regions are randomly distributed within each colum-
nar grain. A close examination indicates that regions of mixed
FCC and HCP are predominantly FCC, with the HCP volume frac-
tion varying between 25% and 40%. The volume fraction of HCP
was calculated by dividing the thickness of HCP lamellae by the
total thickness (i.e. HCP+FCC) examined in five columnar grains
observed in STEM images, and was found to be larger close to the
substrate and smaller near the surface.

3.2. Mechanical properties

The results of the nanoindentation testing are shown in Table 1.
The wear parameters H/E and H3/H? values are also tabulated,
which represent the material’s elastic strain to failure, and resis-
tance to plastic deformation, respectively [20]. The values of
hardness (H) and modulus of elasticity (E) measured are similar to

Table 1

Nanoindentation Values obtained from this project, and values obtained from literature, with H/E and H3/E? values.
Sample Hardness (GPa) Young’s Modulus (GPa) Wear Parameter H/E H3|E?
CrCoNi/Ti (Present Study) 9.5+0.1 238+4 0.0399 0.0151
CrCoNi (1 wm and 3 wm) [16] ~10 ~250 0.0400 0.016
CrCoNi/Ti (1 wm and 3 pum) [16] ~9.2 ~230 0.0400 0.014
CrCoNi/Ti (multilayered) [17] 7.6+0.43 233+13 0.033 0.0081
CrCoNi [8] 10 267 0.0375 0.014
CO]9CI‘19_2FE 19_2Ni 19.1 CU23_5 [38] 3.72 188.5 0.0197 0.0014
C013Cl']z‘zFE1214Ni13_2CU17‘7A13|‘5 [38] 2.62 1743 0.0150 0.00059
Alp3CoCrFeNi [39] 333 216 0.0154 0.00079
AlCoCrFeNi [39] 10.1 251 0.0402 0.016
AlCoCrCuFeNi [40] 8.13 172 0.0473 0.018
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Fig. 1. As-deposited CrCoNi sample; (a) EDX mapping of a selected region of the sample shown in the top-left pane. A small segment of platinum is included in the bottom-
right for reference, (b) nanocolumnar structure, (c) alternating HCP and FCC phases, with twinning present, (d) perfect FCC crystal and grain boundary, and (e) FCC region

with stacking faults.

those obtained by Cao et al. [16,17] and Chen et al. [8]. Compared
to other HEAs, the CrCoNi samples have a relatively high hardness
and wear parameters. Its values are near those of AlCoCrCuFeNi,
which represents the highest values ever reported.

3.3. Deformation microstructure

The STEM images of the TEM sample deformed under a load of
400 mN reveal that there are no cracks in the coating, nor can any
delamination between coating and substrate be observed. This is an
extraordinary response for such an ultra-hard coating, suggesting
a possibility to overcome the long-standing hardness-toughness
trade-off [7]. There is a pile-up of material at the edge of the indent
(Fig. 2(a)), manifesting a metal-like ductile behaviour. Post-mortem
TEM shows a high extent of grain refinement under the indent site
(Fig. 2(b & c)); grain diameters range between 10 nm and 60 nm,
with some columnar grains remaining intact at the indent site at
200 mN (Fig. 2(c)). The microstructure when subject to a load of
200 mN (Fig. 2(e)) consists of twinned FCC region and some stacking
faults, whereas at 400 mN (Fig. 2(d)), this twinning is not present,
and the number of stacking faults has decreased. The absence of
HCP in the nanograins indicates that HCP — FCC phase transfor-
mation has most likely occurred. The dislocations at one of the
grain boundaries are annotated in Fig. 2(f). Under a load of 200 mN,
the columnar grains above the grain refinement region exhibit an
FCC structure at the surface, and further down grain refinement
precursors are visible, in addition to a structure rich in defects.

At a load of 400 mN, a shear band is visible near the bottom of
the coating towards the Ti wetting layer (Fig. 3(a)); the sharp edges
distinguish it from the surrounding intact columnar grains, with a
thickness of approximately 50 nm. The shear band is not observed
at a load of 200 mN. On close examination of the newly formed
nanograins and shear band regions, the phases are entirely FCC
(Fig. 3(b & c)), whereas the adjacent un-sheared region (Fig. 3(b))
has an HCP crystal structure, indicating that HCP — FCC phase trans-
formation has taken place within the shear band. In addition, the
crystal structure within the shear band has a different orientation
to the original structure, suggesting that crystallographic rotation
has occurred.

The adhesion of the coatings is not consistent with results
reported by Cao et al. [16], who asserted that thicker coatings
would experience accumulated stress at the coating/substrate
interface during deformation, causing adhesion failure. The non-
delamination is further corroborated by observations from the TEM
samples which were subject to out-of-plane bending during ion
milling; damage would have been evident at the interface if delam-
ination did occur.

4. Discussion

In bulk samples prepared via high temperature processes such
as casting, the FCC phase is typically formed as it is more thermody-
namically favoured than HCP at high temperatures [3,4,7,21]. Upon
cooling, the FCC to HCP phase transformation is kinetically hindered
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Fig. 2. Samples after deformation; (a) indent site showing pile-up; (b & ¢) microstructures after deformation of 400 mN (b) and 200 mN (c); (d & e) STEM image of nanograins
obtained ~1 wm below the sample surface showing an equiaxed grain for 400 mN (d) and twin/matrix lamellae for 200 mN (e), and; (f) dislocations (marked by white L

symbols) at the grain boundary of a nanograin.

due to a high energy barrier between FCC and HCP phase despite
HCP having a lower Gibbs free energy at room temperature [8].
The HCP phase is observed in magnetron sputtered coatings [8,16]
because it is a low temperature process, allowing for the formation
of HCP phase. In addition, it has been suggested that innate planar
defects could facilitate a phase transformation from FCC to HCP,
via the formation of stacking faults on every second {111} plane
[8]. Meanwhile, the variation in relative fraction of HCP from the

substrate to the surface can be explained by the temperature gra-
dient which results during deposition. Cao et al. [16] confirmed the
presence of both FCC and HCP phases in the CoCrNi coatings with
XRD data, however they asserted that the HCP phases are cobalt-
only. While STEM images do confirm the presence of HCP and FCC
phases, EDX mapping (Fig. 1(b)) indicates all three elements Cr, Co
and Ni are homogenously distributed. Given that Cr, Co, and Ni all
have similar atomic radii of 0.125 nm (to three significant figures
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Growth
Direction

Shear Band

Fig. 3. (a) Shear band region, visible by its very distinguishable edges. STEM images (b) depict the edge of the shear band region and (c) reveal the structure inside the shear

band as FCC, with twin/matrix lamellae.

[22]), and the fact that atomic spacings are used to index peaks,
it is likely that a peak indexed as cobalt-only in fact has all three
elements present.

As mentioned in Section 3.3, STEM images of the as-deposited
samples possess regions of predominantly FCC single crystal and
HCP/FCC lamellae, with multiple stacking faults and twinning
(Fig. 4(a)) considered as growth planar defects of a sputtered film
[23]. The high hardness of CrCoNi (~9.5 GPa) is attributable to the
presence of these planar defects, dual-phase FCC/HCP regions, and
nanocolumnar grain boundaries, all of which are known to serve as
barriers to dislocation motion [24] thereby bringing about strength-
ening effects [25]. In addition, HCP has less slip systems present
than FCC, therefore its incorporation in the coatings also leads to a
higher hardness [8]. The combination of these distinctive structural
elements results in a much higher hardness than that obtained for
the purely FCC CrCoNi bulk sample [21].

Prior to the work of Tao et al. [26], it was understood that strain-
induced grain refinement occurs solely via dislocation activity.
Since the grain refinement mechanism is sensitive to crystal struc-
ture (FCC preferred) and the deformation conditions, the plastic
deformation of FCC structured materials under certain conditions
could lead to multiple deformation twinning and the formation
of twin/matrix lamellae [27]. Upon further straining, twin/matrix
lamellae are refined into equiaxed nanosized grains with disloca-
tions accumulated into interconnecting bands, which eventually
form grain boundaries [27]. Thus, the innate twin/matrix lamellae
(Fig. 1(c)) in the as-deposited coatings with FCC as dominant phase
provide a conducive environment for grain refinement to take place
under applied stress. In addition to the elimination of twin bound-
aries via grain refinement, nanograins in the heavily deformed
sample have a much lower concentration of twin boundaries
(Fig. 4(c)). Therefore, detwinning within the FCC phase is another
deformation mechanism present in this sample, likely achieved
via glide of twin dislocations [28]. As the grains become further
refined, detwinning occurs more readily than twinning, eventually
leading to the annihilation of twins [29]. Lastly, the preservation
of columnar nanograins under a load of 200 mN (Fig. 4(b)) might
be due to the fact that the initial structure is nanofibre-like mak-
ing it very strong, and is therefore prone to buckling when the
indentation load was applied [30]. The crystal structure within
these columns (described in Section 3.3) also changed under the
compressive stress, producing perfect FCC crystal via HCP — FCC
phase transformation (discussed below). Upon increased loading,
this buckling zone expanded to meet the sample surface, which
is why these columnar grains are no longer present at a force of
400 mN.

The extent of phase transformation in the shear band, observ-
able only atload of 400 mN, is evident, wherein the crystal structure
comprises exclusively FCC phase (Fig. 3(b)). Shear band formation
requires obstacles to dislocation motion [31], which would pref-
erentially form in HCP phase rather than FCC (as there are less
slip systems in HCP structure) and also have a tendency to form
in materials with a highly twinned structure [32]. In the present
study, the grain refinement is dominant during the early stage of
deformation, since the deformed region is primarily composed of
FCC phase. Only when subjected to a heavy load (400 mN), HCP
phase dominated regions (still well-preserved and rich in planar
defects) near the substrate (Fig. 3(b)) experienced deformation,
leading to shear band formation under high strain localisation
(Fig. 4(c)).

Phase transformation is another deformation mechanism evi-
dent in the sample, a mechanism known to strongly affect the
deformation capability of materials [33]. One example of this is the
increase in ductility afforded by the HCP — FCC phase transforma-
tion, due to the increase in number of slip systems [34]. In one study
of high-pressure torsion of cobalt in the form of powders [35], an
FCC — HCP phase transformation dominated until the average grain
size reached the sub-micrometre level, upon which the reverse HCP
— FCC phase transformation occurred. The deformation at the later
stage was controlled by partial dislocation slips, which resulted in
an accumulation of stacking faults; the continuous accumulation
of these staking faults led to the growth of FCC lamellae [35]. In
another study, deformation-induced HCP — FCC phase transforma-
tion in a CoNi alloy was not attributed to the growth of individual
stacking faults. Rather, innate stacking faults formed during the
sample synthesis acted as embryos to grow the FCC phase [36].
Hence, the innate stacking faults formed during sputter deposition
in the CrCoNi coatings are believed to act as precursors to enable
the observed HCP — FCC phase transformation. The phase trans-
formation is also facilitated by the rotation of crystals inside the
refined region and within the shear band. Due to the strong texture
of the as-deposited samples, the applied load was along the [111]
direction in the FCC phase and along the [0001] direction in the HCP
phase. According to Schmid’s law [37], dislocation slip could occur
on the {111} planes of the FCC phase, but plastic deformation was
difficult to activate in the HCP phase due to the lack of resolved
shear stress on the (0001) slip plane. Under the influence of grain
refinement and subsequent crystal rotation, however, the resolved
shear stress on the (0001) plane in the rotated HCP regions could
cause phase transformation presumably via Shockley partial dislo-
cations [36]. The work is under way, assisted by in-situ micropillar
compression and first-principle calculations, to elucidate the mech-



12 S.J. Tsianikas et al. / Journal of Materials Science & Technology 39 (2020) 7-13

Inde

Titanium Interlayer

nter

BmHCP ——TB

Fig. 4. Generalised deformation mechanism of the CrCoNi coating: (a) pristine columnar structure, HCP/FCC regions and presence of stacking faults and twin boundaries;
(b) partial deformation caused by 200 mN showing grain refinement onset beneath the indent site with phase transformation and elimination of some planar defects in
nanograins, and; (c) heavy deformation induced by 400 mN, showing further elimination of planar defects in nanograins, and shear band formation.

anism underlying the HCP to FCC transformation in this type of
coating.

5. Conclusions

Under closed field unbalanced magnetron sputtering, a large
number of growth defects, such as stacking faults and twin
boundaries, were developed in the CrCoNi coatings, which consist
primarily of FCC phase coexisting with small fractions of HCP phase
and FCC/HCP lamellae. Under indentation, multiple deformation
mechanisms were activated in a systematic manner, which were
regulated by innate planar defects. The following conclusions can
be drawn:

(1) Where FCC phase is dominant, the deformation process was
governed by grain refinement, producing equiaxed nanoscale
grains as a result of dislocation activities.

(2) Inregions where a high fraction of HCP phase exists, high strain
localisation was developed due to the lack of slip systems. As
such, shear banding took place, facilitated by the presence of
high density planar defects.

(3) Innate stacking faults, acting as embryos, are responsible for
HCP — FCC phase transformation under mechanical load-
ing. However, this phase transformation only proceeds after a
change in orientation, via grain refinement or shear banding,
both of which result in the realignment of the {111} planes.

Therefore, the marked plastic response of these ultra-hard coat-
ingsis due to the different deformation pathways incorporated over
multiple length scales under indentation loading.
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Self-toughened high entropy alloy with a

’ '.) Check for updates ‘
body-centred cubic structuref

Cite this: DOI: 10.1039/d0nr06798a
Simon Tsianikas, ©2*? Yujie Chen, @ **® Jiwon Jeong, ©© € Siyuan Zhang @ © and
Zonghan Xie (=°

Multiple interstitial elements (B, C and O), were incorporated into a body-centred cubic (BCC) FeMnCoCr-
based interstitial high entropy alloy (IHEA). While achieving an impressive yield strength of 2.55 GPa, the new
alloy also possesses appreciable ductility under mechanical loading. The unusual combination of hardening
effects brought about by interstitial atoms, compositional fluctuations, and fine grain size greatly strength-
ened the alloy by inhibiting dislocation motion. Moreover, interstitial elements helped reinforce the grain
boundaries through segregation and also assisted in tuning the phase stability. The new alloy transformed
from the BCC to hexagonal closed-packed (HCP) phase initially. With increasing load the HCP phase was

Received 22nd September 2020,
Accepted 21st December 2020

DOI: 10.1039/d0nr06798a

gradually converted into face-centred cubic (FCC); the resultant HCP/FCC nanolaminates enhanced plas-
ticity via strain partitioning. Under higher loads, the FCC phase became dominant, giving rise to deformation
twinning. Taken together, the newly developed BCC structured iHEA affords not only high strength, but also

rsc.li/nanoscale confers remarkable ductility through multiple deformation pathways.

Published on 14 January 2021. Downloaded by UNIVERSITY OF ADELAIDE on 2/5/2021 3:37:28 AM.

1. Introduction

High entropy alloys (HEAs) are a new class of materials defying
conventional alloy design™ and displaying a wide range of
exceptional physical and mechanical properties.®® The HEAs
are single-phase solid solutions of generally equiatomic mix-
tures of metallic elements that maximize the configurational
entropy.'® Recently, the HEA design restrictions surrounding
single-phase stability and near equiatomic compositions have
been relaxed," as entropy stabilised single-phase HEAs do not
necessarily possess superior properties to other multi-princi-
pal-element alloy systems.”®'*7'® This move opens up the
compositional space available to HEAs, and rekindles a new
stage of HEA development. By tuning the ratios of the multiple
principal elements, the metastability-engineering approach
has ushered in a new variety of HEAs through tailoring stack-
ing fault energy (SFE) that triggers transformation-induced
plasticity (TRIP) and/or twinning-induced plasticity (TWIP)."”
For example, TRIP effect was introduced into the non-equia-
tomic FesoMn3,C0,0Cry, alloy with a metastable Face-Centred

“School of Mechanical Engineering, The University of Adelaide, SA 5005, Australia.
E-mail: simon.tsianikas@adelaide.edu.au, yujie.chen@adelaide.edu.au

bCentre for Advanced Thin Film Materials and Devices, Faculty of Materials and
Energy, Southwest University, Chongqing 400715, China

“Max-Planck-Institut fiir Eisenforschung, Max-Planck-StrafSe 1, 40237 Diisseldorf,
Germany

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
donr06798a

This journal is © The Royal Society of Chemistry 2020

Cubic (FCC)/Hexagonal Close-Packed (HCP) dual phase to sim-
ultaneously increase the strength and ductility."”*° This
design strategy was also utilised to enhance the ductility of
Body-Centred Cubic (BCC) structured TaHfZrTi HEA via tailor-
ing phase stability and promoting the BCC to HCP phase
transformation.>°

However, tuning the atomic ratio of principal elements
alone has limitations in further enhancing mechanical pro-
perties.>! To fill the design gap, smaller atoms (e.g., carbon,
oxygen and boron) have been incorporated to form interstitial
HEAs (iHEAs).”? Interstitial atoms can induce lattice distor-
tions and increase lattice friction stress, which hampers dis-
location motion.** The success of this approach was demon-
strated in the development of Fe,osMn3,C010Cr10Co.5 alloy,>?
which exhibits an excellent strength-ductility combination.
This is due to an improvement in the alloy’s strain hardening
capacity via instigating and uniting TWIP and TRIP effects.
The attractiveness of this approach has also been shown when
2 at% oxygen was added to a refractory HEA TiZrHfNb; ordered
O-Zr-Ti-rich complexes formed, which pinned dislocations
and promoted cross slip, resulting in an increase in the tensile
strength by 48% and tensile ductility by 95%.>> The intersti-
tials can also enhance grain boundary stability, regulate phase
equilibrium and deformation mechanisms.>* For example, low
concentrations of boron have also been utilised to develop
high strength iHEAs, as boron drives grain refinement and
enhances the bonding strength of grain boundaries.”!
However, previous studies have focussed on the effect of
adding only one interstitial element (O, B or C). Thus, it is
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Paper

tempting to explore the effects of combining different types of
interstitials simultaneously to reap multiple benefits.

Metals with a BCC crystal structure generally have a higher
strength than FCC metals, but are less ductile at room temp-
erature,” making them difficult to process and limiting their
industrial applications.”® In contrast, BCC HEAs have been
shown to have superior high-temperature performance and
also maintain good room-temperature plasticity.”” This has
been attributed to additional dislocation pathways due to
atomic-scale chemical fluctuations along the core of the dis-
locations.”” Thus, recent attention has shifted to refractory
HEAs (which commonly possess a BCC structure®®), in an
effort to produce materials with thermally stable microstruc-
tures and temperature-insensitive mechanical properties.
Their high melting points and excellent softening resistance®®
surpassing those of the most superior superalloys®® make
them ideal for high temperature applications in aerospace,
petrochemical, nuclear, and power generation sectors.>”*° For
example, it is desirable to circumvent the need to use costly,
brittle ceramic thermal barrier coatings on aircraft parts
subject to high temperatures.”” It is thus logical to exploit the
integration of metastability engineering and interstitial effects
among others to improve the room temperature ductility of
BCC HEAs while maintaining their high strength.

Motivated by these considerations, an iHEA with a BCC
structure was prepared using solid-state  synthesis.
Nanoindentation, in situ micropillar compression testing,
atom probe tomography (APT), along with a range of comp-
lementary electron microscopy techniques (e.g., scanning tran-
sition electron microscopy (STEM), electron backscatter diffr-
action (EBSD), transmission Kikuchi diffraction (TKD), preces-
sion electron diffraction (PED) mapping), were employed to
determine the mechanical properties and ascertain the struc-
tural characteristics and deformation mechanisms of the alloy.
The roles of TRIP and TWIP effects, compositional fluctu-
ations, grain boundary engineering, grain refinement, and
nanolaminate strain partitioning were revealed in simul-
taneously enhancing the strength and ductility of this alloy.

2. Experimental

The FeMnCoCr-based alloy was prepared by closed field unba-
lanced magnetron sputtering ion plating onto AISI M2 high
speed steel substrates (UDP650 magnetron sputtering system,
Teer Coatings Ltd, UK). Tool steel of HRC 60 was used
as substrates, which were finely polished to an average rough-
ness of 0.03 pm, degreased, ultrasonically cleaned, and
subsequently blown dry in flowing nitrogen gas. One
Fes53Mn,5C040Cry0By 4003Co3 alloy target (China Material
Technology Co. Ltd) with purity of >99.9% and dimensions of
345 x 145 x 5 mm® was used for the deposition. The substrates
were stationary during deposition, and the target-to-substrate
distance was fixed at 170 mm. The substrate holder was biased
with pulsed DC at a frequency of 250 kHz. The vacuum
chamber was pumped down to a background pressure of <2 x

Nanoscale
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10~° Torr by controlling the flow rate of Ar (50 sccm). The DC
current applied to the alloy target was fixed at 4.0 A (sputtering
power 1.5 kW). The sample preparation comprises two major
steps: plasma ion cleaning (—450 V bias, 30 min), and thin
film deposition (—20 V bias, 14 min). Ion etching of the steel
substrates at the first stage was used to remove the oxide layer
and contaminants on the substrate surface. No external
heating was used during thin film deposition.

A nanoindentation system (Fischer-Cripps Laboratories
IBIS Nanoindenter, Australia) equipped with a Berkovich
indenter was used to measure mechanical properties, viz.
hardness (H) and modulus of elasticity (E) in a direction par-
allel to the thin film growth. Calibration of this instrument
was routinely performed with a standard fused quartz speci-
men (with a reduced elastic modulus of 69 GPa). The load
function consisted of loading up to 50 mN, and then unload-
ing. The penetration depth corresponded to about 10% of the
total film thickness to minimise the effect of the substrates.
The hardness and modulus were calculated using the Oliver-
Pharr method.*® The reported mean values and standard
deviations are from twenty indentation measurements. In
order to prepare deformed samples for STEM analysis, a
spherical indenter of 5 pm in radius (Synton-MDP,
Switzerland) was used for indentation at loads of 200 and
400 mN. Micro-pillars with a diameter of 2 pm and an aspect
ratio of 2.5 were fabricated using a dual beam focussed ion
beam (FIB)/scanning electron microscope (SEM) (Thermo
Fisher Scientific Helios Nanolab 600, USA). The beam current
was reduced to 28 pA at the final milling step to minimize
FIB damage. The micropillar compression tests were con-
ducted inside a SEM chamber using the Hysitron PI 88 SEM
Picolndenter (Bruker, USA) with a 5 pm diameter flat-tip
indenter. The load-displacement curves were corrected for
instrument and substrate compliances,®" before being con-
verted into engineering stress—strain curves. The data was
subsequently converted into true-stress strain curves using
the equations and methodology outlined by Greer et al.*
Ten micro-pillars were tested to ensure the reliability and
reproducibility of the results.

To prepare lamellae for transmission electron microscopy
(TEM) and STEM analysis, cross-sections of iHEA thin films
before and after loading were lifted out by FIB and milled
down to a thickness of ~50 nm. PED assisted orientation
mapping analysis was performed on a TEM (JEM-2200FS,
JEOL) equipped with ASTAR (Nanomegas). A probe of less than
1 nm in diameter was used in the nano-beam diffraction mode
with a condenser aperture size of 20 pm. The precession fre-
quency of 100 Hz and the precession angle of 0.5° were
applied during the nanobeam scanning. A camera length of
15 cm was applied with a scanning step size of 1 nm. All diffr-
action patterns were recorded by a high-speed stingray CCD
camera. The diffraction pattern indexing was performed by
template matching method using the ASTAR software package.
Diffraction templates of BCC, FCC and HCP phases were gen-
erated for template matching using lattice parameters of a =
0.289 nm for BCC, a = 0.353 nm for FCC, and a = 0.250 nm; ¢ =
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0.408 nm for HCP. Angular difference between adjacent diffr-
action templates was ~1°. The orientation data volumes were
then exported and converted to the format compatible to the
orientation imaging analysis software (TSL OIM™, EDAX Inc.).
A grain dilation clean up procedure (3° tolerance angle,
minimum 5 pixels) was performed three times carefully for
noise reduction. Tolerance angle was set as 3° for grain size
measurement and phase indexing.

STEM imaging and spectroscopy were performed on Titan
Themis microscopes (Thermo Fisher Scientific, USA) operated
at 200 kvV. Aberration correction of the condenser lenses
defines a STEM probe size of <0.1 nm. Atomic number con-
trast images were collected using the high angle annular dark
field (HAADF) detectors. Energy dispersive X-ray spectroscopy
(EDS) mapping was performed at 200 kV. Electron energy loss
spectroscopy (EELS) spectrum imaging was performed at 300
kv wusing a GIF Quantum spectrometer (Gatan, USA).
Multivariate statistical analysis highlights the spatial variation
of different EELS ionisation edges.**

APT tips were also prepared using FIB, in which the final
stages of sharpening and polishing were conducted at low cur-
rents to remove any damaged layers. The chemical compo-
sition through the grain boundary in the tip was investigated
using APT analysis software (LEAP 5096XR, Cameca Inc.). All
measurements were performed in the voltage-pulsing mode at
a detection rate of 0.50%, pulse fraction of 15%, pulse rep-
etition rate of 200 kHz, temperature of 70 K, and at a pressure
below 10~° Pa.
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3. Results

The as-deposited alloy has a columnar structure with an
average grain width of about 75 nm (Fig. 1a). The microstruc-
ture is homogenous and free of porosity or discontinuous
regions. The alloy composition was determined by APT as
Fes; oMy, 3C011.9Cr10.101.4Co.3Bo2, Wwith  the  remaining
balance as trace amounts of Al, Si, Ni, P and V. The EDS data
(Fig. 1f-j) reveals compositional fluctuations throughout the
thin film, further corroborated by APT, which provides three-
dimensional compositional mapping via the concentration
profile in Fig. 1c (for the region of interest as depicted in
Fig. 1b). The APT data shows an inverse relationship between
iron and manganese (as seen more prominently in Fig. S27),
and interstitial elements of oxygen, boron, and carbon, segre-
gating to the grain boundaries, and reaching compositions
above 4 at%, 0.7 at% and 1.2 at%, respectively. TKD was used
for phase characterisation, indicating that the crystal structure
is dominated by BCC (space group Im3m) (Fig. 1d) and the
inverse pole figure reveals the orientation of the grains
(Fig. 1e). The EBSD results and diffraction pattern analysis in
Fig. S1df further confirm that the as-deposited sample exhi-
bits a BCC structure, with no planar defects such as stacking
faults or twin boundaries detected.

Micropillar compression testing (Fig. 2) reveals a high yield
strength of 2.55 + 0.10 GPa, with an appreciable ductility; the
pillar was compressed until the pre-set displacement value was
reached, and thus, a compressive strain at failure value is not
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Fig. 1 Microstructural and compositional analysis of as-synthesised iHEA; (a) bright-field transmission electron microscope image showing a
columnar structure with the grain width varying between 30 nm and 90 nm, (b) atom probe tomography reconstruction (left) showing Fe, Mn, Co
and Cr, with B (0.7% threshold), C (1.2% threshold) and O (4.0% threshold) isosurfaces (right), (c) 1D concentration line profiles displaying elemental
segregation around the grain boundary (GB) along the arrow integrating over the cylinder cross section shown in (b), (d) transmission Kikuchi diffrac-
tion data showing phase map (where green indicates the BCC phase), with (e) corresponding inverse pole figure showing grain orientations, and (f)

energy-dispersive spectroscopy mapping of (g) Fe, (h) Mn, (i) Co and (j) Cr.

This journal is © The Royal Society of Chemistry 2020

Nanoscale


https://doi.org/10.1039/D0NR06798A

Published on 14 January 2021. Downloaded by UNIVERSITY OF ADELAIDE on 2/5/2021 3:37:28 AM.

Paper

View Article Online

Nanoscale

| oy:2.55+0.10 GPa
€p:25.2+7.0% (@UTS)

True Stress (MPa)
= e
g 8 8
o o o

500

0 20 40 60
True Strain (%)

Fig. 2 Micropillar compression testing results. The pillar in a pre- and post-mortem state are respectively shown in (a) and (b), with corresponding
true stress—strain curves and measured mechanical properties shown in (c). Failure did not occur under compressive load in the present study, and
thus, here the ductility is conservatively reported as the plastic strain at the highest compressive stress.

available. Instead, a plastic strain value of 25.2 + 7.0% was
obtained at the highest compressive stress and was later used
for comparison purposes. Nanoindentation tests produce a
hardness value of 6.2 + 0.3 GPa and elastic modulus of 205 + 7
GPa at a load of 50 mN to satisfy the so-called ‘10% coating
thickness rule’.>* The load-displacement curves are shown in
Fig. S3a,T with the deformation impression shown in Fig. S3b
(surface), and Fig. S3ct (cross-section). To understand the
micro-mechanisms underlying the superior mechanical pro-
perties, PED mapping and STEM analysis was conducted of
the samples deformed by nanoindentation under two different
loads, 200 and 400 mN. The mapping of crystal structure via
PED mapping in regions of interest (indicated in Fig. 3a and
d) located just below the indent are shown in Fig. 3b and f, for
loads of 200 and 400 mN, respectively, indicating that defor-
mation induced phase transformation from BCC into HCP,
and then HCP to FCC phases occurs. Grain refinement and

oo | BCC
4%
-

y
BE

. -« e ] /FcC
4
é}_} 00 nm

rotation, a grain boundary-mediated deformation process,** is
also evident from the varying orientations shown in the IPFs
in Fig. 3c and g. Even under a moderate load of 200 mN, the
columnar structure is no longer intact (Fig. 3c), and most of
the BCC phase has transformed into HCP, with some FCC
emerging (Fig. 3b). When subjected to a higher load of
400 mN, the extent of grain refinement deepens, and the frac-
tion of HCP decreases, with a corresponding increase in FCC
(Fig. 3d). The fraction of BCC has also increased, although this
is an anomaly stemming primarily from the positioning of the
region of interest; PED mapping was conducted further below
the indent site in the case of the 400 mN load due to minor
milling damage near the platinum-alloy interface, and the
fraction of BCC indeed increases further from the indent site.
STEM imaging in the PED mapping region for the heavily
deformed sample (shown in Fig. 3d) reveal distinct regions of
HCP-dominant (Fig. 4a), dual-phase FCC/HCP (Fig. 4b), and

111 HCP 1010

101 0001

Fig. 3 PED orientation and phase mapping results for the regions analysed indicated by dashed boxes in (a) and (d), corresponding to 200 and
400 mN, respectively. (b) and (f) phase maps showing BCC (green), HCP (red) and FCC (blue) phases, respectively, indicating the evolution of phase
transformation during deformation. (e) The fraction transformed at each state, with the phases highlighted in their respective colours per the corres-
ponding diffraction maps (b) and (f). (c) and (g) are inverse pole figure (IPF-Z) orientation maps revealing orientation and distribution of grains within

the regions of interest.

Nanoscale

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/D0NR06798A

Published on 14 January 2021. Downloaded by UNIVERSITY OF ADELAIDE on 2/5/2021 3:37:28 AM.

Nanoscale

oti1,
O[1111] yep
i

0112

0002

®[2110]

View Article Online

Paper

Fig. 4 TEM and STEM data from the 400 mN sample, which was obtained from the same region of analysis shown in Fig. 3d. FCC/HCP lamellae are
shown in (a), (b) and (c), where red indicates HCP phase, and blue indicates FCC phase. (a) and (c) Contain HCP and FCC dominant regions, respect-
ively, whereas (b) has relatively high fractions of both. Dark field images are shown in (d) and (e), with the circles in the insets in the bottom-left indi-
cating the selected reflections. A nanograin, predominantly FCC, is shown in (f). Deformation twins are indicated in (b) and (c), indicating that the
density of twins increases with higher FCC fractions. The phase transformation from HCP to FCC appears to be mediated via stacking faults, mani-

fested by an increase in the density of stacking faults with deformation.

FCC-dominant regions (Fig. 4b). Dark field TEM (Fig. 4d and
e) highlights nanograins, and the inset in Fig. 4d shows a
close-up of one grain, where parallel stripes can be seen; these
stripes are likely the HCP/FCC lamellae as seen in STEM
(Fig. 4b). A STEM image of one of the nanograins, after experi-
encing extensive refinement, is shown in (Fig. 4f). EELS spec-
tral mapping (Fig. 5) is used to characterise the stoichiometry
post-deformation in the selected region indicated in Fig. 5a.
The alloy matrix (Fig. 5b) is separated from small (<5 nm) seg-
regates of B and O (Fig. 5¢), where an enrichment in Mn and
Cr, and a depletion in Fe and Co are also identified (Fig. 5d
and e).

4. Discussion
4.1. Microstructural development

The iHEA system developed in this study (representation
shown in Fig. 7a) exhibits a BCC structure. In comparison, the
FesoMn30Co,0Cry alloy cast in a vacuum induction furnace
exhibits a dual FCC/HCP phase,”” and B-doped (30 to
300 ppm) Fe5,Mn;,Co4(Cry, possesses an FCC structure.?’ The
formation of BCC is likely due to typical processing conditions
encountered during magnetron sputtering, such as the lower
temperature and pressure, which are drastically different from
those experienced during casting.® If subjected to a higher
temperature and pressure, it is possible that the innate phase
would contain some combination of FCC and HCP.*®

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The EELS spectrum image dataset (shown in (a)) was decom-
posed by non-negative matrix factorization®** into two major spectral
components: (d) and (e), with their corresponding weighting maps in (b)
and (c). The component in green (b, d) corresponds spatially to the
matrix alloy CrMnFeCo. The component in mahogany (c, e) corresponds
spatially to the small regions with dark HAADF contrast. They are
enriched in B, O, Cr, and Mn, and more depleted in Fe and Co. A further
component characterising C signal from surface hydrocarbon contami-
nant is not shown.
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Notably, Li et al.’” induced the formation of metal carbides
(in the form of M,;Cs) with a nominal composition of
Fe40.63MN57.57C011.65CT10.86C0.50, where approximately 0.39 at%
of carbon is in the matrix, and 19.46 at% within the carbides,
and the interface of the nanocarbide and matrix is on the
order of 5 nm. In the present study, the GB region is of a
similar scale, and also exhibits an increase in carbon concen-
tration, though no carbides were formed, as the maximum
composition of C does not exceed 1.2 at%, cf. 19.46 at%."
Furthermore, the amount of boron in the new alloy sample
(0.2 at%) is much higher than that used by Seol et al.,>* who
found that at 100 ppm (by weight) and above, secondary
boron-rich phases would form. The formation of such brittle
compounds is undesirable, due to the associated reduction in
ductility and propensity for crack initiation. Surprisingly, no
secondary phases were formed despite having boron concen-
trations well above 300 ppm (by weight). This might be due to
the fact that the atoms are deposited more uniformly during
magnetron sputtering,”” and despite segregating at the GB,
boron is distributed evenly in other regions. Boron GB decora-
tion of this polycrystalline material might be driven by the
Gibbsian reduction in grain boundary energy.**

4.2. Mechanical properties

The yield strength of 2.55 GPa is more than double that
reported for as-cast HEAs with or without boron doping,*" and
indeed for other iHEAs such as as-cast C-doped iHEA.??
Compared to other HEA and medium entropy alloy (MEA)
coatings,***° the new alloy also shows a decent hardness value
of 6.2 GPa. The appreciable deformability is evidenced by a
relatively high true plastic strain value (determined at the
highest compressive stress) of 25.2%, and visually by the high
degree of plastic flow (barrelling) demonstrated by micropillar
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compression (Fig. 2b), and also manifested in the indentation
impression (Fig. S3b and ct).*® This is a particularly impress-
ive result, considering BCC-structured HEAs generally have
poor room temperature compressibility.>® As per Fig. 6, the
alloy displays an excellent combination of strength and duct-
ility. The yield strength of a material is directly related to the
moveability of dislocations.*' In addition to the fine grain size
which impedes dislocation motion, the presence of interstitial
atoms are also responsible for the high yield strength.*?
Specifically, boron addition is used to promote grain refine-
ment and grain boundary strength, thereby enhancing the
load-bearing capacity of the alloy without altering the defor-
mation mode.>" Oxygen has been used to improve the mechan-
ical properties of materials by increasing lattice distortion in
the matrix and through concentrating in grain boundary
regions.*’ By segregating to GBs, oxygen enrichment is
believed to promote grain refinement via reducing the GB
energy,” giving rise to enhanced strength in this work. Lastly,
carbon has a propensity to accumulate at grain
boundaries,***> and was found responsible for the increase of
the Hall-Petch coefficient of a ferritic steel’® and doubling the
yield strength of a FCC FeNiMnAlCr HEA.” In this work,
carbon concentration was also found to increase at the grain
boundaries, thereby contributing to grain boundary strengthening.

4.3. Deformation mechanisms

The deformability observed in the new alloy is surprising and
can be attributed to a cascade of events that include grain
refinement, phase transformation and deformation twinning,
by which the number of physical barriers that impede dis-
location motion are markedly increased and subsequently
increase the flow stress.*® Recently, TRIP assisted deformation
of HEAs with FCC and BCC structures have been studied.*’
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Fig. 6 The yield strength and plastic strain at failure obtained for a range of high-strength HEAs at room temperature. Data and references are pro-

vided in Table 1 (see ESI¥).
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Fig. 7 Generalised deformation mechanism of the alloy thin film: (a) pristine columnar BCC structure, with atomic structure representations shown
below from inside a grain (left), and through a grain boundary decorated with interstitial atoms (right); (b) partial deformation caused by 200 mN
showing the onset of grain refinement, deformation induced phase transformation from BCC to HCP and some ensuing FCC, with a nanoscale rep-
resentation below showing some FCC lamellae being nucleated via deformation induced stacking faults (SF), and; (c) heavy deformation at 400 mN,
showing a higher fraction of FCC, and the formation of twin boundaries (TB) due to deformation twinning within the FCC phase at the nanoscale.

The exceptionally high strain hardening rate in the TaHfZrTi
HEA was attributed to the phase transformation from BCC to
HCP.>® However, the two-step phase transformation (i.e., BCC
to HCP to FCC shown in Fig. 7a—c) revealed in this study and
its effect on plasticity has never been reported in HEAs, and
there is limited discussion surrounding this mechanism in
literature.’>" Metals undergoing phase transformations can
be described in terms of crystallographic orientation relations
between dilations and contractions to the lattice of the original
and newly formed phases.”> Wang et al>® conducted mole-
cular dynamics (MD) simulations of BCC iron under com-
pression. According to the MD simulations,”® the HCP nuclea-
tion planes belong to {110}gcc and are parallel to the [100],
[010], and [001] directions, and proceeds first via atoms shear-
ing in the (112) planes in the [111] direction and compressing
in the [112] direction to produce a hexagon, followed by alter-
nate (110) planes shuffling relatively along the [110] direction
to create the HCP structure. This is consistent with the orien-
tation relationship in the present study, which observes a
Pitsch-Schrader orientation relationship®® between the BCC
and HCP phases evidenced in STEM imaging and FFT analysis
shown in Fig. S4,T viz. [2110]ycpl|[001]scc-

The phase transformation from HCP to FCC is understood
to take place via the gliding of Shockley partial dislocations on
the alternative basal planes.” Therefore, once the phase trans-
formation from BCC to HCP has occurred, a low SFE is necess-
ary in mediating this process.*® The SFE was found to decrease
by lowering Mn content in the non-equiatomic
CryoMn,Fe,_,Co0,0Ni;, HEAs.>® The presence of ~25% Mn is a
critical threshold in regulating the TRIP behaviour,"” since at
higher compositions of Mn the resultant higher SFE would

This journal is © The Royal Society of Chemistry 2020

block the HCP to FCC pathway. In addition to contributing to
increased lattice distortion, the addition of oxygen®™ and
carbon'’ also served to lower the SFE which in turn affected
the phase stability of the HCP phase. Therefore, the presence
of C and O contributes towards the HCP to FCC phase trans-
formation activation.

In addition, following the transformation from BCC to
HCP, deformation-induced stacking faults appear in the HCP
structure (Fig. 7b), which have been found to act as embryos
for the nucleation of FCC phase.’® Induced planar defects can
facilitate a phase transformation from HCP to FCC via the for-
mation of stacking faults on the (0001) basal planes. The frac-
tion of FCC increases steadily accompanied by a corresponding
decrease of HCP under further loading, creating regions of dis-
tinct micro-constituents (Fig. 7c), ranging from untransformed
BCC (Fig. Sict), FCC (Fig. 4c), HCP (Fig. 4a), and some mixed
(Fig. 4b), with the nucleation of FCC occurring via stacking
fault formation.>

The two-step phase transformation observed here not only
imparts significant plasticity, but also generates numerous
phase boundaries. A phase boundary is analogous to a grain
boundary in terms of hardening via impeding dislocation
motions. Consequently, phase transformation dynamically
refines the microstructure (Fig. 7c) and reduces the mean free
path for dislocation slip, one of the primary carriers of plastic
deformation, inducing the so-called “dynamic Hall-Petch”
effect’” and at the same time prolonging the extent of work
hardening.’® As the atomic packing factor of BCC is lower
than that of HCP, the decrease in volume neutralises some
residual compressive strain, leading to structural dissipation
and strain relaxation,>® thereby contributing to ductility. It
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should be noted, high stress concentration in a local region
induced by accumulation of the transformed HCP phase
could lead to mechanical instability. To avoid this, the stress
concentration is relaxed through the second step of phase
transformation from HCP to FCC, which accounts for
additional plasticity. Having both HCP and FCC present
enhances the strength and ductility of the new alloy simul-
taneously, as the softer FCC phase serves as an agent to
increase ductility, whereas the harder HCP phase acts as struc-
tural support and also to impede dislocation motion.*®
Moreover, the presence of multiple phases induces a compo-
site effect due to the interleaved phases,” as well as strain
partitioning,®® whereby the combination of phase transform-
ation from BCC to HCP and size confinement (due to the
nanolaminate structure) work to increase the strain-hardening
capacity. Softening also occurs concurrently as a result of FCC
formation, resulting in a net near-zero hardening rate. Lastly,
deformation twinning is also observed in the FCC phase
(Fig. 4c). The extra strength induced by twinning is due to
ensuing dislocation pileups at the twin boundaries, and is
typically activated when higher stress states are achieved.’®
Deformation twinning results in a continuously self-refining
structure that provides a high work hardening capacity,*
thereby contributing to the material’s excellent mechanical
properties. A simplified deformation process, highlighting
phase and planar defects at each stage of deformation, is
shown in Fig. 7.

HEAs are known to possess severe lattice distortion and
therefore high strength,®* and further strengthening has been
induced here via the incorporation of interstitial atoms B, O
and C, but local fluctuations in chemistry and short-range
ordering has been introduced in the post-deformed state to
further strengthen the iHEA during deformation. Locally
enriched regions of B, O, Cr and Mn, yet depleted in Fe and Co
(and vice versa) exist, are expected to offer strengthening on
shorter length scales than in the undeformed state (as per
Fig. 5). These small discrete clusters of elements reinforce the
sample during deformation by causing fluctuations in the
lattice strain that impede dislocation glide.**

5. Conclusion

FeMnCoCr-based iHEA with BCC structure was prepared by
closed field unbalanced magnetron sputtering ion plating. An
exceptional combination of high yield strength (oy ~ 2.55 GPa)
and ductility (ep ~ 25.2%) was achieved by uniting multiple
design strategies. The key findings can be summarised as
follows:

1. The unique abilities of three interstitial atoms (B, C and
O) were harnessed to enhance the phase stability and facilitate
the grain refinement process during deformation.

2. The deformed structure contains highly refined grains,
and short-range compositional fluctuations giving rise to
appreciable lattice distortions that contribute to strain
hardening.
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3. The alloy exhibits appreciable ductile behaviour via
undergoing a two-step phase transformation upon defor-
mation; first from BCC to HCP phase governed by a plane
shearing and shuffling mechanism observing a Pitch-Schrader
orientation relationship, and then from HCP to FCC phase cat-
alysed by stacking fault formation.

4. The resultant HCP/FCC nanolamellar structure with a
high density of planar defects (i.e., stacking faults, twin bound-
aries and phase boundaries), triggers self-hardening by imped-
ing dislocation motion.
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ABSTRACT

Fe7,4C0139Cry04Mn;7Bo34 high entropy steel was prepared by magnetron sputtering. The alloy exhibits
a high yield strength of 2.92 + 0.36 GPa while achieving appreciable plasticity of 13.7 + 1.9% at the
ultimate compressive strength (3.37 £ 0.36 GPa). The distribution of iron and chromium shows an un-
usual, characteristic spinodal-like pattern at the nanometer scale, where compositions of Fe and Cr show
strong anticorrelation and vary by as much as 20 at.%. The high strength is largely attributable to the
compositional modulations, combined with fine grains with body-centered cubic (BCC) crystal structure,
as well as grain boundary segregation of interstitial boron. The impressive plasticity is accommodated
by the formation and operation of multiplanar, multicharacter dislocation slips, mediated by coherent in-
terfaces, and controlled by shear bandings. The excellent strength—ductility combination is thus enabled
by a range of distinctive strengthening mechanisms, rendering the new alloy a potential candidate for

High entropy steel

safety-critical, load-bearing structural applications.

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Since 2014, high- and medium-entropy alloys (HEAs and MEAs,
respectively) including high entropy steels (a compositionally com-
plex alloy (CCA) based on Fe [1]) have received increased atten-
tion for their outstanding mechanical properties [2-4]. These al-
loys defy conventional design philosophy, and thus, present the
opportunity to tackle previously unsolved challenges in the de-
velopment of materials [5,6], such as creating high-strength ma-
terials without sacrificing ductility [7,8]. Interestingly, BCC HEAs
have been shown to have superior high-temperature strength and
also maintain good room-temperature plasticity [9]. This has been
attributed to additional dislocation pathways due to atomic-scale
chemical fluctuations along the core of dislocations [9]. In light
of this breakthrough, it is possible to design BCC alloys for load-
bearing applications in aerospace and power generation [9]. Re-
cently, a good combination of strength and ductility was achieved
in MoNbTi by controlling dislocation motion, via the dominance of
non-screw character dislocations and numerous slip planes for dis-
location glide [10]. Meanwhile, high entropy steels have achieved

* Corresponding author.
* Corresponding author at: School of Mechanical Engineering, The University of
Adelaide, SA 5005, Australia.
E-mail addresses: simon.tsianikas@adelaide.edu.au (SJ. Tsianikas),
yujie.chen@adelaide.edu.au (Y. Chen).

https://doi.org/10.1016/j.jmst.2021.10.019

10% weight reduction and possess improved strength and ductility
compared to conventional steels [1]. Thus, BCC CCAs have the po-
tential to overcome the limitations of conventional BCC alloys, such
as the strength-ductility trade-off.

One of the key features of high entropy alloys is the high ex-
tent of lattice distortion resulting from using multiple principal el-
ements with varied atomic radii [2], yielding an enhanced solid
solution strengthening effect through restricting dislocation glide
[11]. This effect was demonstrated well in a study of the VCoNi
alloy [12], through comparison to the already impressive CrCoNi
alloy [13-19]; when chromium was replaced with vanadium, an
alloy of even higher strength was created, with little sacrifice to
ductility. This caused an increase in lattice strain due to the dissim-
ilar atomic radius of vanadium, resulting in a friction stress (quan-
tified by the Peierl’s stress) of 383 MPa, three times higher than
that of other HEAs [12]. In another study, Mn in the Cantor alloy,
i.e., CrMnFeCoNi [20], was substituted with a second-row transi-
tion metal element (viz., palladium), which induced pronounced
periodic compositional fluctuations [21]. This resulted in the for-
mation of alternating tensile and compressive strain fields at the
nanoscale which further improved the yield strength by inhibiting
dislocation glide.

Interestingly, compositional fluctuations have been also noted
during spinodal decomposition, i.e., the emerging of two phases in
a metastable region, which takes place in the central region of the
miscibility gap and is driven by the minimization of free energy

1005-0302/© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology.
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via uphill diffusion [22]. This term is derived from the ‘spinodal’,
which marks the apex of the phase boundary whereby a system
transitions from a homogenous supersaturated matrix phase into
a heterogeneous mixture of two or more phases, with different
stoichiometry [23]. Spinodal decomposition was found to improve
work-hardening capacity by providing strong diffuse obstacles and
introducing antiphase boundaries [24]. The coherency of the dif-
ferent regions helps minimize strain accumulation, meaning that
local crack initiation is suppressed [24]. Moreover, it causes a re-
straining effect on dislocation motion, and thus, enhances strength,
with the resistance to dislocation motion being proportional
to the intensity of the concentration gradients in the spinodal
microstructure [25].

Grain boundaries are ubiquitous in polycrystalline materials
and influence the mechanical strength exhibited by materials [26].
Thus, a lot of attention has been given to regulating the grain
boundaries as a way of improving the strength of materials. One
example of this is grain boundary segregation engineering, where
interstitial elements 'decorate’ the grain boundaries [27]. This has
multiple benefits, such as strengthening interfaces, reducing the
probability of catastrophic failure events [28], improving cohesion,
and lowering interface energy to stabilize nanocrystals [26]. Grain
boundary segregation engineering has been used to simultane-
ously improve strength and ductility via the addition of boron to a
Fe40MnyoCrigCoqg alloy; the yield strength was increased by ~40%
at comparable or even better ductility [28]. Further ductilization of
alloys can be achieved from improved interfacial cohesion, for ex-
ample, adding small amounts of boron (typically 0.1 to 0.5 at.%) to
polycrystal NizAl substantially improves its ductility [29,59]. This
approach is considered to be an efficient and cost-effective way of
improving alloy strength without making changes to the bulk com-
position [28].

In this paper, a BCC high entropy steel with a spinodal-like
structure was prepared via magnetron sputtering, and its me-
chanical properties were evaluated. Iron-enriched regions, which
are depleted of chromium, and vice versa, are notable struc-
tural features, in addition to boron-enriched grain boundaries.
The distribution of iron and chromium follows a characteristic
nanoscale-wave pattern, where compositions of Fe and Cr vary by
as much as 20 at%. The combination of high strength and duc-
tility was identified, for which the underlying mechanisms are
unlocked.

2. Experimental

The FeMnCoCr-based alloy was prepared by closed field unbal-
anced magnetron sputtering ion plating (UDP650 magnetron sput-
tering system, Teer Coatings Ltd, UK). Tool steel of 60 HRC was
used as substrates, which were polished to an average roughness
of 0.01 um, degreased, ultrasonically cleaned, and subsequently
blown dry in flowing nitrogen gas. A Fe4q5Mn3qCo19CripBos al-
loy target (China Material Technology Co. Ltd) with a purity of ap-
proximately 99.9% and dimensions of 345 mmx 145 mmx 5 mm
was used for the deposition. The substrates were stationary dur-
ing deposition, and the target-to-substrate distance was fixed at
170 mm. The substrate holder was biased with pulsed DC at a
frequency of 250 kHz. The vacuum chamber was pumped down
to a background pressure of < 400 pPa by controlling the flow
rate of Ar (50 sccm, 200 mPa Torr working gas pressure). The
DC current applied to the FeMnCoCrB target was fixed at 4.0 A
(sputtering power 1.5 kW). Prior to the FeMnCoCrB deposition (-
100 V bias, 100 min), plasma ion etching (-450 V bias, 30 min)
was conducted to remove the oxide layer and contaminants on
the substrate surface. No external heating was used during the
deposition.
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To ascertain the phase types in the alloy, X-ray diffraction
(XRD) was carried out using a Seifert Type ID3003 X-ray diffrac-
tometer with Co Ko radiation (A = 0.179 nm), operating at
40 kV and 30 mA. The spectrum was collected in grazing in-
cidence mode (o =2°) to minimize any interference from the
substrate.

A nanoindentation system (Fischer-Cripps Laboratories IBIS
Nanoindenter, Australia) equipped with a Berkovich indenter was
used to measure mechanical properties, viz., hardness (H) and
modulus of elasticity (E) in a direction parallel to the thin film
growth. Calibration of this instrument was routinely performed
with a standard fused quartz specimen (with a reduced elastic
modulus of 69 GPa). The test consisted of loading up to 50 mN,
and then unloading. The penetration depth corresponded to about
10% of the total film thickness to minimize the effect of the
substrates. The hardness and modulus were calculated using the
Oliver-Pharr method [30]. The reported mean values and stan-
dard deviations are from twenty indentations. To prepare deformed
samples for scanning transmission electron microscopy (STEM)
analysis, a spherical indenter of 5 um in radius (Synton-MDP,
Switzerland) was used for indentation up to loads of 200 mN and
400 mN.

A focused ion beam (FIB) (Thermo Fisher Scientific Helios
Nanolab 600, USA) was used to machine micro-pillars with a di-
ameter of 2 um and an aspect ratio of 2.5, using currents rang-
ing between 6.5 nA and 93 pA, and final polishing was conducted
at 28 pA to achieve the desired surface quality and overall di-
mensions and mitigate beam-induced dislocations. The micropil-
lar compression tests were conducted inside a scanning electron
microscope (SEM) chamber using the Hysitron PI 88 SEM Picoln-
denter (Bruker, USA) with a 5 um diameter flat-tip indenter. The
load-displacement curves were corrected for instrument and sub-
strate compliances [31], before being converted into engineering
stress-strain curves. Fifteen micro-pillars were tested to ensure the
reliability and reproducibility of the results.

To prepare thin sections for transmission electron microscopy
(TEM), Transmission Kikuchi Diffraction (TKD), and STEM analy-
sis, cross-sections of alloy thin films before and after loading were
lifted out by FIB and milled down to a thickness of ~50 nm.
STEM imaging and spectroscopy were performed on a Titan Themis
microscope (Thermo Fisher Scientific, USA) operating at 200 kV.
Aberration correction of the condenser lenses defines a STEM
probe size of < 0.1 nm. Atomic number contrast images were
collected using the high-angle annular dark-field (HAADF) detec-
tors. Energy-dispersive X-ray spectroscopy (EDS) mapping was per-
formed at 200 KkV. Electron energy loss spectroscopy (EELS) imag-
ing was carried out at 200 kV using a GIF Quantum spectrometer
(Gatan, USA). Multivariate statistical analysis was used to highlight
the spatial variation of different EELS ionization edges [32]. The
TKD data were collected using a Zeiss Merlin field-emission SEM
equipped with a Bruker Optimus TKD detector. The data were ac-
quired at 30 kV, and indexation was conducted using the Bruker-
ESPIRIT software with pre-defined crystal structure inputs of pos-
sible phases at a lateral spatial resolution in the order of 2 nm.
Post-processing was undertaken using TSL-OIM (Orientation Image
Microscopy) software, which was used for confidence index-based
cleaning-up, phase fraction quantification, and to obtain inverse
pole figures (IPFs). Atom probe tomography (APT) tips were also
prepared using FIB, in which the final stages of sharpening and
polishing were conducted at low currents to remove any damaged
layers. All measurements were performed in an APT in a CAMECA
LEAP 5000 XR in voltage-pulsing mode at a detection rate of 50%,
pulse fraction of 15%, pulse repetition rate of 200 kHz, operating at
70 K, and at a pressure below 10~8 Pa. The data processing and re-
construction were conducted using commercial APT analysis soft-
ware package IVAS 3.8.2.
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Fig. 1. Microstructural and compositional profiles of the high entropy steel: (a) image quality (IQ) map constructed from Transmission Kikuchi Diffraction (TKD) data, (b)
corresponding TKD inverse pole figure (IPF) showing the distinctive columnar structure, (c) corresponding TKD phase map (where green indicates the BCC phase), (d) STEM
image showing pristine BCC crystal structure, (e) indexed diffraction pattern, and (f-i) Fe, Cr, Co, and Mn count maps from STEM-EELS spectrum imaging, respectively.
STEM-HAADF where EELS spectrum imaging was captured is provided in the supplementary material.

3. Results

The alloy has a columnar structure (Fig. 1(a,b)) with an average
grain width of approximately 100 nm, and is free of planar de-
fects (Fig. 1(d)). In addition, the alloy is homogenous and free of
porosity or discontinuous regions. The crystal structure was deter-
mined to be BCC, as shown by the TKD data (> 98%) (Fig. 1(c)),
XRD analysis (Fig. S1 in Supplementary Materials), and indexed se-
lected area diffraction patterns (Fig. 1(e)). The alloy composition
measured by APT (Fig. 2(a,b)) in atomic percent was found to be
Fe72.40C013.90Cr10.4] Mn2.74B0.34, with the remaining balance (< 0.3
at.%) as trace amounts of impurities. This varies greatly from the
target composition (viz., Fe4q 5sMn33C019Cri9Bg5), likely due to dif-
ferential atomic mobility and ion bombardment effects typically
seen during magnetron sputtering under the influence of bias volt-
age applied [33]. For example, at a lower biasing voltage of -20 V
(c.f. -100 V), the coating composition is much closer to the target
composition [34]. APT is particularly important in identifying and
measuring the amount of boron (Fig. 3(d,e)), as it is a light ele-
ment. Large, periodic fluctuations in Fe and Cr content at a wave-
length of ~7 nm were observed by EDS (Fig. S2), EELS (Fig. 1(f-i)
and Fig. S3), and APT, both in the matrix (Fig. 2(a,b)), and in the
GB regions (Fig. 3(b)) with Fe varying between 63.2 at.% and 78.4
at.%, and Cr varying between 1.6 at.% and 22.2 at.%. There is also a
minor Co correlation with Fe, and anticorrelation with Cr. The Fe-
rich and Cr-rich regions both possess the same crystal structure,
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and are coherent, i.e., neither a discrete interface nor a structural
discontinuity is apparent between the two regions (Fig. S4(a)). The
grain boundary regions are found to be rich in Cr and B, and defi-
cient in Fe (Fig. 3(a-c)). The lattice misfit between the Cr-rich and
Fe-rich regions was determined from FFT measurements via corre-
lation of EDS and drift corrected frame integration (DCFI) HR-STEM
data (Fig. S4) to be approximately 0.5%, using the standard equa-
tion for lattice misfit [35].

Compression of fifteen micropillar specimens (one representa-
tive deformed pillar is shown in Fig. 4(b)) produced a yield stress
of 2.92 + 0.36 GPa (measured at a plastic strain offset of 0.2% [11]),
and a plastic strain value of 13.7 £ 1.9% at the ultimate compres-
sive strength (UCS) of 3.37 + 0.36 GPa. While it is acknowledged
that the size effect often exists in small-volume materials, the di-
ameter of the micropillars prepared is much larger than the grain
width of the alloy, and thus the dependence of the yield strength
on the pillar diameter is considered to be negligible in this work
[17,36]. The supplementary material contains a video of micropil-
lar compression testing accompanied by live engineering stress—
strain data. Two representative engineering stress—strain curves are
shown in Fig. 4(a). Compared to an alloy sputter-deposited using
the same target but at a lower bias voltage (viz., -20 V) [34] with
very competitive mechanical properties, the yield strength of the
new alloy is 0.37 GPa higher, while its plastic strain at the UCS is
11.7% lower. Nanoindentation yielded a hardness of 9.3 + 0.4 GPa
and Young's modulus of 293 + 12 GPa. The nanoindentation tests
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Fig. 2. (a) Atom probe tomography reconstruction showing Fe, Mn, Co, and Cr in
the alloy sample, with a 2D compositional map through the dashed cross-section
depicting the distribution of Cr and Fe in atomic percent, (b) 1D atomic composi-
tion line profile through the region of interest indicated by the cylinder in the 2D
compositional profile in (a).

were performed at 50 mN to satisfy the ‘10% of coating thickness’
rule [37], and load-displacement curves are shown in Fig. S5.

After deformation, the alloy maintains its predominantly BCC
crystal structure (> 98%) (Fig. 5(c,d)), with neither amorphization
[38] nor planar defects observed in STEM imaging (inset Fig. 5(b)).
The alloy also exhibits a marked reconfiguration of grain mor-
phology; directly under the indent, regular and more equiaxed
grains are present, whereas towards the edges, the columnar grains
become narrower (Fig. 5(a,b)). The deformation substructure is
shown in Fig. S6. Micropillar compression reveals that under high
stress, the material deforms via shear (Fig. 4(b)), and an analysis
of the post-mortem structure (Fig. 6(a-d)) demonstrates that this
is a highly dislocation-dominated process. In particular, there is a
large amount of perfect pure edge dislocations and mixed dislo-
cations that have both edge and screw components in the post-
mortem sample within the highly deformed region. Typical exam-
ples of dislocations with edge components observed from the [110]
zone axis are identified using the methodology outlined in [39], as
shown in Fig. 6. Based on the Burgers circuit marked by the white
line in Fig. 6(b), the Burgers vector for the perfect pure edge dis-
location shown in Fig. 6(a) is 1[111], and the slip plane is (112).
Fig. 6(c,d) shows }[110] edge components observed from the [110]
zone axis. A dislocation with Burgers vector of [001] appears to
have an edge component of J[110] in the HR-STEM image, which
is the projection of the [100] onto the (110) plane. Therefore, it
can be deduced that the dislocations shown in Fig. 6(c,d) are [100]
mixed dislocations with a 1[110] edge component and a }[110]
screw component. Neither deformation twins nor cracks are dis-
cernible in these heavily deformed regions, thus asserting good
room temperature plasticity in the alloy.
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4. Discussion
4.1. Microstructural characteristics

In this study, the observed inverse Fe-Cr compositional fluctua-
tions exist as long-range periodic composition changes in a manner
reminiscent of the known spinodal decomposition phenomenon.
The maximum concentration of chromium in the present alloy is
within the miscibility gap of the Fe-Cr system per the phase dia-
gram shown in [40], i.e., 10 < C¢; < 30 (at.%), though it should be
noted that this diagram does not take the compositions of Co, Mn,
and B, into consideration. The inclusion of Cr is known to stabi-
lize the high-density coherent interfaces by tuning the phase sep-
aration mode to spinodal decomposition [24]. Solutions undergo
spinodal decomposition during temperature changes, i.e., during
heating or cooling, and are stable at higher temperatures due to
the high entropy of mixing and metastable at lower temperatures
[41]. Thus, the spinodal-like nature of the alloy could be due to
the use of sputter deposition, as it is a relatively low-temperature
technique. The decomposition of FeMnCoCrNi has been studied by
Schuh et al. [42], where after annealing, this system separated into
Fe + Co, Mn + Ni, and Cr-rich phases. As the present sample has
a similar composition, albeit as a non-equiatomic variant with Ni
excluded, the inverse relationship between Fe and Cr is expected.
Lastly, unlike substitutional alloying, the addition of interstitial el-
ements accelerates the precipitation of the chromium-rich phase
(a’) [40], and < 2.5 at.% quantities of the interstitial element has
been used to induce notable co-enrichment of Fe and Co to grain
boundary interfaces [29]. Thus, the inclusion of boron might also
contribute to the formation of the spinodal-like structure.

4.2. Strengthening mechanisms

The yield strength of a metallic material is critically related to
the mobility of dislocations [43], and thus the fine grain size, in-
terstitial atoms, and grain boundary segregation, all contribute to-
wards the high yield strength of conventional metals. The discon-
tinuity of slip plane and grain orientation from one grain to an-
other makes the motion of dislocations more difficult, and hence,
metals with a fine grain size have a higher strength than those
with coarse grains [11]. Interstitial atoms increase lattice friction
stress via lattice distortion, which restricts dislocation motion [44],
and increases yield strength, as demonstrated in the case of solu-
ble boron [45]. Lastly, the grain boundaries were strengthened via
boron decoration (Fig. 3(d)). This segregation effect improves the
load-bearing capacity of the alloy while reducing the propensity
for grain coarsening, which contributes to the enhanced strength
of the alloy [28].

The phase separation of Fe and Cr in the present alloy bears
resemblance to the formation of Fe-rich « zones, and Cr-rich o’
zones in ferritic stainless steels resulting from ferrite decomposi-
tion. The presence of @ and o’ coherent zones inhibits dislocation
motion and hardens the steel [25]. This is achieved via the lat-
tice mismatch, which produces a periodic distribution of coherency
strain, yielding a corresponding periodic internal stress distribu-
tion in the alloy [46]. Such strengthening effects are not limited to
ferritic steels, in a study of an Alys5CrggFeNiy 5V, alloy [24], the
strengthening contribution from the spinodal structure was calcu-
lated to be approximately 1158 MPa [47]. The lattice misfit in the
present study of approximately 0.5% (Fig. S4) would contribute sig-
nificantly to the increase of strength, for example, a lattice misfit
of 0.37% in Fe{5Coq5NipgMnyoCusy HEA contributed 375.9 MPa to
the alloy strength [35]. While determining individual strengthen-
ing contributions for the present alloy is outside of the scope of
this paper, it is understood that a significant portion of the present
alloy’s strength could be attributed to this phenomenon.
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Fig. 3. Atom probe tomography 2D compositional maps through the grain boundary region of (a) Fe, (c) Cr, and (d) B. (b) and (e) provide the 1D compositional profiles of
constituent elements, with B iso-concentration surfaces (1.5% threshold) through which the 1D profile is taken shown in (e). The Fe-Cr modulation is also apparent here,
with Cr selectively segregating to the GB in tandem with B, with corresponding Fe depletion.
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Fig. 4. (a) Two typical engineering stress-strain curves obtained during in situ micropillar compression, (b) SEM image of post-mortem micropillar used for subsequent TEM
analysis (original dimensions are indicated by the dashed line) showing excellent room temperature plasticity enabled by controlled shear deformation.

4.3. Deformation pathways

The strong-yet-ductile nature of the alloy arises due to the fa-
cility of multiple dislocation characters on distinct slip planes and
most likely extensive cross-slip. This is evidenced by the relatively
high abundance of %[Tll] pure edge dislocations with a slip plane
of (112), and [100] mixed dislocations with a 1[110] edge com-
ponent and a %[110] screw component. In conventional BCC met-
als, the velocity of pure screw dislocations is orders of magnitude
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slower than that of edge dislocations at room temperature, because
the glide of screw dislocations needs to overcome a sizable energy
barrier [48]. It has been revealed that pure edge dislocations can
glide away easily, making them hard to retain and be observed
after deformation [49]. Therefore, dislocations are often present
in a pure screw orientation as they migrate in conventional BCC
metals. However, we observed the presence of multiplanar, multi-
character dislocation slip, including abundant edge and mixed dis-
locations in the experimental alloy. This observation agrees with
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Fig. 5. Post-mortem analysis of the indentation deformation in the alloy sample: (a) IPF of sample deformed at a maximum load of 200 mN, and (b) 400 mN, with
corresponding phase maps (c) and (d), where BCC structure is indicated by green. BCC structure is shown in the STEM image in the inset in (b), obtained in the vicinity
marked by the yellow rectangle.
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Fig. 6. Dislocation analysis in the shear region of the post-mortem pillar sample showing dislocations with edge components along the [110] zone axis: (a) STEM image
along the [110] zone axis showing the presence of %[111] pure edge dislocation, with the region of interest used for TEM analysis marked by the red square in the inset, (b)

corresponding FFT filtered image showing the unclosed Burgers circuit, and (c) and (d) STEM images presenting %[110] edge component from [100] dislocations observed
nearby.
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the deformation in the BCC HEA MoNbTi, which is also accommo-
dated by multiple dislocation pathways and activation of multiple
slip planes [10]. The distinctive dislocation activities in BCC HEAs
could be attributed to the diminished distinctions in the mobil-
ity or slip resistance between edge dislocations and screw disloca-
tions on various slip planes [[10,50]], presumably rooted in their
atomic-scale chemical fluctuations. As one of the most important
deformation modes in metallic materials, dislocation activities are
frequently found to cause shear localization and contribute to poor
ductility [51,52]. In contrast, relatively uniform plasticity may be
obtained if the dislocation activities can be stimulated on multi-
ple slip systems [51,52]. Therefore, the formation and operation of
multiple dislocations pathways enable excellent plastic deformabil-
ity and damage tolerance of the current BCC HEA.

It is also anticipated that cross-slip is an active mechanism
in this alloy, given that fluctuations in composition in CCAs were
found to promote cross-slip [21,53,54]. It was reported that the
inhomogeneous element distribution facilitates dislocation cross-
slip in the CrFeCoNiPd HEA, by elevating the intensity of lattice
friction, resulting in stronger resistance to dislocation motion [21].
Because dislocations on the primary slip plane experienced high
resistance to their motion, many dislocations in the pile-up are
expected to cross-slip. Therefore, dislocation cross-slips would be
observed due to fluctuations in composition [21]. In Fe-Cr BCC al-
loys, cross slip prevents local stress concentrations, as frequently
observed in ductile alloy specimens [55]. Frequent cross-slip and
ensuing dislocation interactions promote strain hardening, which
is considered to be a reliable source of enhanced tensile ductility
and toughness. The occurrence of dislocation pile-up, cross-slips,
and multiple shearing events is considered to be a dynamic pro-
cess that produced simultaneous sources of hardening and soften-
ing, leading to the relatively flat stress-strain curve observed dur-
ing plastic deformation (see supplementary video). However, it is
worth noting that cross-slips are difficult to identify in nanostruc-
tured metals.

Another important factor to take into account is the coherency
of Fe- and Cr-rich regions. When spinodal decomposition results in
coherent regions between opposing phases, the strength and hard-
ness can be enhanced without sacrificing much ductility [24]. The
coherency can ensure that dislocations can pass the coherent inter-
face regions upon reaching higher stress levels to avoid local stress
concentrations, meaning that elastic strain accumulation resulting
from dislocation shear is effectively regulated, and crack initiation
is prevented [24]. Meanwhile, the sample undergoes several shear
events in tandem with the dislocation-dominated behavior, effec-
tively circumventing catastrophic failure modes. This may explain
why the hardening effect is not particularly significant during plas-
tic deformation, resulting in a UCS of 3.37 &+ 0.36 GPa. While this
is comparable to many high-entropy alloys with excellent strain-
hardening capabilities [56-58], the yield strength of the present
alloy is superior (2.92 4+ 0.36 GPa, c.f. approx. 1- 2 GPa).

5. Conclusion

Nanoscale compositional fluctuations were exploited in con-
junction with interstitial element additions and grain boundary
segregation to create a strong and yet ductile BCC structured high
entropy steel. An inverse relationship exists in spatial distribution
between Fe and Cr contents, with the composition of each element
fluctuating by up to 20%. The yield strength was determined using
in-situ micropillar compression tests to be 2.92 + 0.36 GPa, with
a plasticity value of 13.7 + 1.9% obtained at the ultimate com-
pressive strength. Multiple slip systems were found to be active,
evidenced by a high abundance of %[Tll] pure edge dislocations
with a slip plane of (112) co-operating with [100] mixed disloca-
tions with a %[110] edge component and a %[110] screw compo-
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nent. Meanwhile, multiple shear events occurred steadily. The re-
sults shed light on the extent of compositional/structural control
that can be exploited to achieve strength-ductility unity in BCC-
based high entropy steel.
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Abstract

A body-centred cubic (BCC) high entropy steel with a spinodal-like nanopattern and
atomic-scale local chemical fluctuations exhibits controlled attenuation of its chemical
complexity with deformation. Changes in the chemical composition of the spinodal
structure measured using energy dispersive X-ray spectroscopy reveal that the
average composition peak-to-peak amplitude decreases by 67% from 4.9 at.% to 1.6
at.% with increasing strain. On the other hand, the short-range chemical fluctuations,
assessed with atomic strain mapping, displays a 48% decrease in the average strain
peak-to-peak amplitude from 3.03 at.% to 1.59 at.% under mechanical loading. The
reduction in local strain brought about by increased chemical homogeneity at both
levels enables more uniform, steady deformation leading to extended ductility (13.7 +
1.9%), all the while maintaining ultrahigh strength (2.92 + 0.36 GPa, placing it among
the highest values reported). The interactions between dislocations and concentration
waves are identified and found to be responsible for this compelling effect on the newly
created steel.

Introduction

In addition to the enhanced solid solution strengthening effect [1] commonly seen in
compositionally complex alloys (CCAs), including high-entropy steel (HES) [2], short-



range chemical fluctuations (typically in the range of 1 to 3 nm) arising due to chemical
pair correlations, so-called ‘short range ordering’ (SRO) or ‘local chemical ordering’
(LCO), has entered the spotlight in recent times. Multiple factors, such as the bonding
strength, and electronic and magnetic interactions, can serve as the driving force for
SRO [3]. Typical examples include replacing Mn with Pd in the Cantor alloy to increase
the difference in atomic size and electronegativity [4], and doping of oxygen in
TiZrHfNb HEA to form numerous nanoscale SRO complexes with Ti and Zr by taking
advantage of oxygen’s chemical affinity [5]. The extent of SRO can also be tweaked
through thermal treatments, demonstrated via atomic strain mapping results of water-
quenched, aged and slow furnace cooled CrCoN:i [6].

The effect that SRO has on the mechanical properties of CCAs is well documented.
The rugged chemical environment induces stick-slip dislocation forward glide,
meaning that dislocations must undergo nanoscale segment detrapping (NSD) when
traversing local chemical heterogeneities [7]. The increased energy cost associated
with NSD results in an elevated resistance to dislocation motion [8]. Further, chemical
inhomogeneities are able to facilitate the distribution of dislocation activities over
multiple lattice planes [9]. Another implication of SRO specifically applies to BCC
metals; whereas screw dislocation motion is ordinarily orders of magnitude slower than
edge dislocation glide, both gain similar mobility in BCC CCAs due to the SRO
impacting the dislocation core configuration and dislocation mobility [8, 10, 11].
Consequently, multicharacter, multiplanar slips have been observed in BCC CCAs
[12], including HES [13], where edge and mixed dislocations are identified through
post-mortem examination, revealing their substantial contribution towards additional

strength and plasticity via strain hardening [14].

On the other hand, ‘spinodal decomposition’ [15] has been used to describe increased
nanoscale chemical complexity manifested by medium- or long-range composition
fluctuations in materials, prior to the emergence of two or more distinct phases. This
process is also known to help enhance the mechanical properties of metals by creating
extensive dislocation roadblocks leading to strengthening from frequent jamming of
dislocations, while promoting cross-slip routes that enhance ductility [16]. Meanwhile,
innate structural coherency alleviates elastic strain accumulation and hence helps
prevent crack initiation to retain decent ductility and work-hardening capacity in these

alloys [17].



While the benefits to the mechanical properties of compositional fluctuations due to
SRO and spinodal structuring are well established, less reported are observations of
the effect that deformation has on these chemical heterogeneities and its impact on
the plastic strain of CCAs. Moreover, the integration these two powerful features in a
BCC metal for enhanced strength-ductility synergy has not been reported so far. Here,
we report the unique observation of nanoscale SRO in a BCC HES in-tandem with
larger-scale spinodal-like fluctuations in its Fe and Cr concentrations. The dynamic
attenuation of compositional fluctuations under mechanical loading, over multiple
length scales, and its impact upon the alloy strength and plasticity, is discussed in
detail.

Experimental

The FeMnCoCr-based alloy was prepared as a thin film following a process described
elsewhere [13]. A Helios Nanolab 600 focused ion beam (FIB) (Thermo Fisher
Scientific, USA) was used to fashion micro-pillars with a diameter of 2 ym and an
aspect ratio of 2.5, using currents ranging from 6.5 nA to 93 pA, and final polishing
was conducted at 28 pA to achieve the desired surface quality and overall dimensions,
and mitigate beam-induced dislocations. The micropillar compression tests were
carried out inside a scanning electron microscope (SEM) chamber using the Hysitron
P1 88 SEM Picolndenter (Bruker, USA) with a 5 ym diameter flat-tip indenter. The load-
displacement curves were corrected for instrument and substrate compliances [18],
before being converted into engineering stress—strain curves. Ten micro-pillars were

tested to ensure the reliability and reproducibility of the results.

To prepare samples for scanning transmission electron microscopy (STEM) analysis,
the cross-sections of the alloy thin films before and after deformation were lifted out
by FIB and milled down to a thickness of ~60 nm for electron transparency. STEM
imaging was performed on a Titan Themis microscope (Thermo Fisher Scientific,
USA) operating at 200 kV. Aberration correction of the condenser lenses defines a
STEM probe size of < 0.1 nm. Atomic number contrast images were collected using
the high angle annular dark field (HAADF) detectors. Energy dispersive X-ray
spectroscopy (EDS) mapping was executed at 200 kV. Data averaging was
accomplished by applying an average prefilter of five pixels, drawing a profile with a

width of twenty pixels, and then exporting the extracted profile.



Atomic strain mapping was conducted using drift corrected frame integration (DCFI)
high resolution (HR)-STEM images and the Strain++ software developed by Dr J.
Peters [19], an open-source program using the geometric phase analysis (GPA)
algorithm [20]. To remove imaging distortions, images were formed from multi-frame
averages after non-rigid registration using SmartAlign [21]. Each image consists of 30
frames with dimensions of 1024 x 1024 pixels and a dwell time of 0.5 ps.

Results
Mechanical Property Value

oy 2.92 + 0.36 GPa
oyrs 3.37 £ 0.36 GPa

Ee @UTS 420+ 0.78%

Ep @ UTS 13.7+£19%
H 9.29 £+ 0.38 GPa

E 293 £ 12 GPa

Table 1: Summary of Mechanical Properties of the high entropy steel prepared in this

work.

Figure 1: (a) High-Angle Annular Dark-Field Transmission Electron Microscope
image of the vertically aligned nanocolumnar structure, (b) selected area electron
diffraction pattern of polycrystalline region solely indexed to body-centred cubic
(BCC) structure, and (c) DCFI HR-STEM image of BCC crystal structure imaged

along the [1 1 1] zone axis.
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Figure 2: (a) Representative engineering stress — engineering strain curve and post-

mortem pillar. The shape of the original pillar (dashed profile) is superimposed over

the compressed one for comparison purpose; (b) yield strength and plastic strain at

failure obtained for a range of high-strength HEAs at room temperature. Data

references are available in the supplementary material.
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corresponding &xx Strain map, (c) corresponding 2D strain profile for the boxed regions
indicated in (b) and (e).
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Figure 5: Conceptual infographic showing the difference in chemical heterogeneity
between a conventional alloy and a compositionally complex alloy, and the effect

that deformation has on the hierarchical chemical inhomogeneity of the latter.

A typical cross-sectional microstructure of the as-deposited Fe72.4C013.9Cr10.4Mn2.7Bo.34
alloy is presented in Figure 1(a), showing a columnar nanograined structure with a
grain width of ~100 nm. The as-deposited sample comprises single BCC phase, as
evidenced by the selected area electron diffraction pattern (Figure 1(b)) and the high-
resolution HAADF-STEM image (Figure 1(c)). The alloy sample is free from pre-
existing planar defects (Figure 1(c)). The mechanical properties of the
Fe72.4C013.9Cr10.4Mn2.7Bo.34 alloy are provided in Table 1 [13], and one representative
engineering stress-strain curve along with an image of a compressed micropillar is
shown in Figure 2(a). The alloy has a high strength (2.92 + 0.36 GPa), and reasonable
plasticity (13.7 + 1.9%), as evidenced by the extended engineering stress-strain curve
under mechanical loading, and is among the highest values reported (Figure 2(b)).
Further microstructural and mechanical characterisation details are available

elsewhere [13].



EDS analysis was performed to examine the distribution of the chemical compositions
in the pristine and deformed states of the CCA sample. As shown in Figure 3(a), the
distribution of Fe and Cr in the pristine sample exhibits a characteristic spinodal-like
pattern at the nanometre scale, where compositions of Fe and Cr show strong
anticorrelation. Upon deformation, the compositional fluctuation is attenuated, as
shown in Figure 3(c). To obtain reliable statistics, five profiles were drawn (one is
shown as an example in Figure 3(a) and one in Figure 3(c) for the pristine and
deformed states, respectively, and values for maxima/minima were recorded and
averaged. To normalise the data such that absolute changes in composition with
respect to distance through the profile are given, the initial value in each dataset was
subtracted. The average wavelength in the pristine state is approximately 7.1 + 2.8
nm, and the average peak-to-peak amplitude (i.e. change between peak and trough)
is4.9 + 2.5 at.%. Upon compression, the average wavelength increases slightly to 7.8
+ 3.5 nm, while the average peak-to-peak amplitude decreases by 67% to 1.6 + 0.6
at.%. The large standard deviations arise due to peculiarities in the distribution induced
by the spinodal effect; profiles were drawn in directions that maximises peaks/troughs
in all datasets, though given EDS is a 2D technique, more striking patterns in chemical
distribution may be found in out-of-plane directions.

In addition to spinodal fluctuations, the BCC alloy also exhibits SRO as expected,
which is manifested in the form of atomic strain. Dislocation-free HR STEM images in
pre- and post- deformed states are shown in Figure 4(a) and (d), respectively, and the
corresponding atomic strain maps are presented in Figure 4(b) and Figure 4(e),
respectively, showing a maximum strain peak-to-peak amplitude of 5.5% and 2.1%,
respectively (Figure 4(c)). This indicates that the atomic strain decreases after
deformation. The average peak-to-peak strain amplitude is 3.03%, which decreases
by 48% to 1.59%, determined by measuring and averaging maxima and minima using

five profiles in each dataset (one example drawn in Figure 4(b), another in Figure 4(e)).

Strain mapping was also applied in regions containing %[111] pure edge dislocations

and %[ﬁo] edge components from [100] mixed dislocations (Figure S 1(a), (c)),

revealing corresponding high strains in their respective positions in the strain maps
(Figure S 1(b), (d)).



Discussion

Correlating the SRO with strain variations is a well-established technique applied in
previous studies. For example, minimal chemical fluctuations are revealed through the
atomic strain mapping of the water-quenched CrCoNi alloy with no obvious SRO. In
contrast, a higher degree of SRO in the 1000°C aged CrCoNi alloy leads to enhanced
strain fluctuations, suggesting that SRO may be directly associated with changes in
the atomic displacements or rearrangements [6]. Similarly, substantial strain
fluctuations exist in the CrFeCoNiPd alloy due to presence of the SROs with large
composition fluctuation, whereas more uniform atomic strain was observed in
CrMnFeCoNi alloy with weak elemental aggregation [4]. In addition to SRO, atomic
strain distributions would have dramatic changes in the presence of dislocations or
interfaces, which cause additional interruptions to the lattice structure, and therefore
to the average atomic positions [14]. Regions free from defects (Figure 4(a) and (d))
were therefore selected to ensure that the strain mapping yields a faithful comparison
of the SRO effect. Therefore, the strain fluctuation shown in Figure 4b is a credible
indication of the SRO effect. The decreased atomic strain fluctuations in the deformed

sample (Figure 4e) show that deformation reduces the degree of SRO.

SRO has been attributed to the increase of yield strength by 25% in a CrCoNi alloy
[6]. Unlike the dominance of screw dislocations in dilute BCC alloys, it has been
recently observed that the plastic deformation in the BCC CCA can be accommodated
by multiple pathways that include operation of non-screw (i.e., edge and mixed)
dislocations and activation of multiple slip planes, enabling decent plasticity at room
temperature [13]. Meanwhile, the spinodal effect evident on a larger scale also
contributes to extra strength in the alloy, whose unique role in alloy strengthening is
well known [22]. Combined with SRO, in this work they conceivably pave a more
treacherous route promoting wavy dislocations than that offered solely by SRO [16,
17].

As outlined above, the BCC CCA alloy in this work has developed a) larger-scale
spinodal-like concentration fluctuations (Figure 3), and b) atomic-scale fluctuations in
strain (Figure 4) arising from SRO. Taken together, the alloy possesses a compelling
hierarchy of chemical distribution. The first level comes from chemical heterogeneity
at the atomic level, including SRO, whereas spinodal decomposition would be



categorised under a higher level; as a complex or precursor emerging on the
nanometre scale prior to a second phase becoming identifiable [23]. Hierarchical
CCAs are well-documented [24-29]; though these typically feature structural hierarchy
[30]. Chemical hierarchies are less documented, though an analysis of the mechanical
properties of HfNbTiV alloy with a spinodal structure [16] reported non-uniformities in
its atomic strain, and stated that its modulations are larger than those associated with
local atomic size and chemical misfit typical of the first level of the chemical
heterogeneity [23]. However, the spinodal structure in the HfNbTIV alloy is different to
the present alloy, because large variations of strain exist between the two
decomposed BCC structures (8 and £*) prior to loading. The secondary g* phase is
enriched in Hf and V, which have dissimilar atomic radii, leading to a much higher
internal strain than the g phase (+5%, c.f. £1%, respectively). Non-uniformity in the
strain mapping was also reported, which implies the existence of SRO in-tandem
within its spinodal structure. Hierarchies, whether they are structural or chemical in
nature, are a vital part of the strategy used to achieve strength-ductility synergy
beyond current benchmark ranges [23]. The present CCA achieves a chemical
hierarchy by coupling a spinodal structure with innate SRO, allowing a synergy of

strengthening effects to occur at multiple length scales.

It was proposed about one hundred years ago by Griffith that a glide plane movement
of just one atomic position would alter structuring in the neighbourhood [31]. Later, it
was established by different authors that disordering occurs during deformation [32,
33], and can be described mathematically [34]. Under mechanical loading, the first
dislocation faces a relatively high energy barrier to slip [35]. When the threshold for
the first dislocation to glide is met, the second dislocation requires only a fraction of
the original stress (e.g., 10% in a Cu-14.5 at.% Al alloy), and the third dislocation would
then glide spontaneously as it releases energy [35]. The subsequent creation of up to
one hundred dislocations, all pushed by the trailing dislocation, thus interrupt the SRO
structure due to the change in distribution of nearest neighbours [35]. Trailing
dislocations following the leading one are not able to restore this order because it
exists only over a short range [36]. The resultant change of internal stress distribution
would then activate the next sources, and lead to localised and inhomogeneous
deformation [36]. The mechanism for the disruption of the spinodal structure could

simply be the result of the sum of multiple SRO disruptions over a larger range.



Alternatively, it could be due to severe plastic deformation facilitating high diffusion,
and progressing the sample to its equilibrium structure [37, 38]. Overall, the chemical
composition in deformed regions tends towards increased randomness (i.e., canonical
or ideal high entropy alloy solid solution structure) represented by the sample average

composition upon repeated stress-driven dislocation shears on a given slip plane [8].

Plastic deformation has resulted in a ‘lattice relaxation’ mechanism, whereby
fluctuations in composition at both short- and long-range length scales are attenuated
(Figure 5). This manifests as a decrease in composition and associated strain
amplitudes. By reducing the ruggedness of the dislocation-operating terrain, this
mechanism eases the extent of strain hardening in the later stages of deformation
(Figure 2(a)). This is consistent with previous observations of SRO disruption leading
to glide plane softening [36], correlated to localised planar slip and leading dislocation
pairs [6]. Counteracting the decrease in flow stress, the strain hardening response and
ductility can be enhanced via cross-slips. Local trapping effects arising due to wavy
slip caused by local heterogeneities in CCAs can lead to sustained dislocation pile-up,
which are eventually forced to cross-slip [8]. Therefore, the abundance of cross-slips
in-tandem with the lattice relaxation mechanism compete against each other to give
rise to sustained ductility and circumvent strain localisations and initiation of failure
modes, thus generating the relatively flat stress-strain curve observed post high yield

point.

Conclusion

A BCC structured Fe724Co013.9Cr104Mn2.7Bo.34 alloy possesses a hierarchical chemical
structure, featuring SRO at the atomic scale, and a spinodal-like structure of
alternating Fe- and Cr- rich regions at the nanoscale. The hierarchical chemical
structure allows a synergy of strengthening effects at multiple length scales, improving
the alloy’s strength and ductility. Upon deformation, the chemical fluctuations on both
levels are gradually attenuated. At the atomic scale, this is attributable to the glide
plane softening effect, whereby repeated movements of dislocations alter the local
atomic ordering and drive it towards a solid solution with more random distribution of
alloying species. At the nanoscale, this could be attributed to increased diffusion in the

presence of severe plastic deformation driving towards an equilibrium structure. The



attenuated chemical inhomogeneities result in a decreased strain hardening response,
evidenced by the relatively flat engineering stress-strain curve. The decrease in strain
hardening is nonetheless offset by the competing dislocation behaviour enabled by
compositionally complex alloys. Taken together, the new alloy is able to exhibit
prolonged ductility by circumventing deleterious strain localisations, all the while
maintaining high strength. In so doing this work offers a fresh insight to designing

strong, yet tough, alloys for safety-critical load-bearing applications.
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Chapter 7

Conclusion and Future Perspectives

In this chapter, the main outcomes of this thesis will be summarised. Future research
arising as a natural progression of the work accomplished so far will be subsequently

outlined.

7.1 Conclusions

The deformation mechanisms of multiple CCAs were examined and characterised in
detail. A myriad of methods were used, including advanced microscopy techniques
(HR STEM, EDS, EBSD, TKD, EELS, PED mapping), micromechanical testing
(micropillar compression and nanoindentation), and other characterisation techniques

(XRD, APT). The specific outcomes of the thesis are as follows:

1. The deformation behaviour of an equiatomic MEA CrCoNi alloy was
characterised. The alloy consists of growth defects, such as stacking faults and

twin boundaries, and it possesses FCC phase coexisting with small fractions of
-83-



HCP phase and FCC/HCP lamellae. Under indentation, multiple deformation
mechanisms were activated in a systematic manner, which were regulated by
innate planar defects. The following conclusions can be drawn: (i) Where FCC
phase is dominant, the deformation process was governed by grain refinement,
producing equiaxed nanoscale grains as a result of dislocation activities. (ii) In
regions where a high fraction of HCP phase exists, high strain localisation was
developed due to the lack of slip systems. As such, shear banding took place,
facilitated by the presence of high density planar defects. (iij) Innate stacking

faults, acting as embryos, are responsible for HCP — FCC phase

transformation under mechanical loading. However, this phase transformation
only proceeds after a change in orientation, via grain refinement or shear
banding, both of which result in the realignment of the {111} planes. Therefore,
the marked plastic response of this alloy is due to the different deformation

pathways incorporated over multiple length scales under indentation loading.

. An exceptional combination of high yield strength (o, ~ 2.55 GPa) and ductility
(gp ~25.2% @ UCS) was achieved in a BCC FeMnCoCr-based iHEA by uniting
multiple design strategies. The key findings can be summarised as follows: (i)
the unique abilities of three interstitial atoms (B, C and O) were harnessed to
enhance the phase stability and facilitate the grain refinement process during
deformation. (i) The deformed structure contains highly refined grains, and
short-range compositional fluctuations giving rise to appreciable lattice
distortions that contribute to strain hardening. (iiij) The alloy exhibits appreciable
ductile behaviour via undergoing a two-step phase transformation upon
deformation; first from BCC to HCP phase governed by a plane shearing and

shuffling mechanism observing a Pitch-Schrader orientation relationship, and
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then from HCP to FCC phase catalysed by stacking fault formation. (iv) The
resultant HCP/FCC nanolamellar structure with a high density of planar defects
(i.e. stacking faults, twin boundaries and phase boundaries), triggers self-

hardening by impeding dislocation motion.

. Nanoscale compositional fluctuations were exploited in conjunction with
interstitial element additions and grain boundary segregation to create a strong
and yet ductile BCC structured high entropy steel. An inverse relationship exists
in spatial distribution between Fe and Cr contents, with the composition of each
element fluctuating by up to 20%. The yield strength was determined using in-
situ micropillar compression tests to be 2.92 + 0.36 GPa, with a plasticity value

of 13.7 £ 1.9% obtained at the ultimate compressive strength. Multiple slip
systems were found to be active, evidenced by a high abundance of%[ill]
pure edge dislocations with a slip plane of (112) co-operating with [100] mixed
dislocations with a %[110] edge component and a %[110] screw component.

Meanwhile, multiple shear events occurred steadily. The results shed light on
the extent of compositional/structural control that can be exploited to achieve

strength—ductility unity in BCC based high entropy steel.

. The effect of deformation has on a BCC structured Fe72.4C013.9Cr10.4Mn2.7Bo.34

alloy with a hierarchical chemical structure, featuring SRO at the atomic scale,
and a spinodal structure of Fe- and Cr- rich regions at the nanoscale, was
investigated. The hierarchical chemical structure allows a synergy of
strengthening effects at multiple length scales, improving the alloy’s strength
and ductility. Upon deformation, the chemical fluctuations on both levels are

gradually attenuated, which at the atomic scale is attributable to the glide plane
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softening effect, whereby repeated movements of dislocations alter the local
atomic ordering, and drive it towards a solid solution with more random
distribution of alloying species, and at the nanoscale could be attributed to
increased diffusion in the presence of severe plastic deformation driving
towards an equilibrium structure. The attenuated chemical inhomogeneities
presumably result in a decreased strain hardening response, evidenced by the
relatively flat engineering stress-strain curve. The decrease in strain hardening
is nonetheless offset by the competing dislocation behaviour enabled by
compositionally complex alloys. Taken together, the new alloy is able to exhibit
prolonged ductility by circumventing deleterious strain localisations, all the while
maintaining high strength. In so doing this work offers a fresh approach to

designing strong, yet tough, alloys for safety-critical load-bearing applications.

7.2 Future Perspectives

The mechanical properties of the alloys studied in this thesis were measured
successfully, however, additional micromechanical testing techniques could be applied
on the alloys to achieve a more comprehensive characterisation, rather than inferring
mechanical response from compression tests and displayed plasticity alone. Examples
of further testing techniques that could be applied includes tensile testing, and fracture
toughness testing. These tests, in addition to compressive tests, could also be
performed at elevated or cryogenic temperatures, to examine how the alloys would
behave under extreme conditions. Due to the strong columnar texture of the alloys, it
will be necessary to conduct further tests on equivalent bulk samples to explore the
expected anisotropy of the mechanical properties. Other useful properties, such as
wear resistance, oxidation resistance, electric resistivity, and corrosion resistance,
could also be probed. Furthermore, in-situ experiments of dynamic factors, such as

dislocation motion and phase transformations, could also be employed to examine
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these phenomena directly, rather than by piecing together snapshots at various stages
of deformation. Lastly, while Chapter 6 examined relative changes in SRO, this was
not investigated in any of the preceding work. It would be beneficial to examine this in
greater detail in future studies to unearth its contribution to the strengthening and
deformation behaviours of those alloys. Additional structural information about the
SRO in Chapter 6 (e.g. via analyses of superlattice reflections, probability density
function calculations, or pair correlation coefficient calculations) could be investigated
to complement the strain mapping measurements. Finally, chemical hierarchy in CCAs
can be further expanded through investigations into the presence and extent of any

medium range order [65] in these alloys, in addition to SRO and spinodal structures.

FeMnCoCrB-based alloys were a large focus of work in this thesis, and while the
number of further improvements that could be made to this particular material via
selection of alloying elements is limited, probing the FeMnCoCrB compositional space
further will yield further improvements to its properties. Synthesising and testing the
performance of materials one-by-one is an inefficient approach in the search for new
materials. To accelerate this process, combinatorial deposition techniques such as co-
sputtering, and high-throughput characterisation techniques, could be used.
Combinatorial deposition could allow for the creation of coatings with unique, multi-
directional composition profiles. This can be achieved by evaporating pure element
‘targets’ in a low-pressure chamber and depositing those elements onto a substrate in
a non-uniform way so as to create a compositional gradient with the possibility to cover
the entire phase diagram composition. Meanwhile, automation of high throughput
characterisation to measure hardness, modulus of elasticity (i.e. stiffness), and crystal
structure, can be determined using associated instruments with programmable
sample-positioning stages [66]. Doing so could rapidly contribute insight to the design

and evolution of CCAs.
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Appendix A

XRD Calculations

In this appendix, the peaks from the XRD spectrum provided in the supplementary data

for Paper #1 are indexed.

No. 2-theta(deg) d(ang.) Height(cps) FWHM(deg) Int. I(cps deg) Int. W(deg) Asym. factor

1 39.696(13) 2.2688(7) 5556(215) 0.17(3) 1623(75) 0.29(2) 1.1(5)

2 44.184(3) 2.04814(13) 871795(2695)  0.222(2) 243845(1183) 0.280(2) 1.84(11)
For Peak #2;

20 = 44.18°,and d = 2.048 A = 0.2048 nm.
a

P
SR/ N
A1

The atomic radii of Ni, Co and Cr are all 0.125 nm. From HRTEM, the two phases
present are HCP and FCC. The FCC phase will be tested first, for which the lattice

constant is equal to:

a=2v2r=2(0.125)V2 ~ 0.3536 nm
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Therefore,

a )2 B (0.3536

h? k2 12 = (
R 0.2048

2
=2.980 ~ 3
dhkl )

In FCC crystal structures, h, k & / are all odd or all even. The only integers therefore to
satisfy this equationare h =k =/=1.
Hence, the peak at 20 = 44.18° is the FCC (111) plane.

Peak #1 of 39.7° is a peak of negligible magnitude, and yields h? + k? + [? values of
2.43, 1.61 and 1.21 for FCC, BCC and HCP crystal structures respectively. These

numbers are all non-integer values, and therefore cannot be indexed.
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Appendix B

Error Analysis

All measured data are subject to inevitable scatter and variability at different regions
of the same material even under the highly controlled environment, homogenous
elemental distribution afforded by RFMS, and the precision of a nanoindenter. The
average value of data sets was obtained by dividing the sum of all measured values
by the number of measurements taken. The sample standard deviation s is determined
using the equation B1 for n number of observations for parameter x and its
corresponding average x. Sample standard deviation was used instead of population

standard deviation, as only finite sections of the sample were analysed.

1
. Z?=1(xi _f)z 2
n—1 B1
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Figure S 1: Load-displacement curve for nanoindentation data.
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Figure S 2: X-Ray Diffraction Pattern of the CrCoNi alloy.
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Supporting Information

Verification of the BCC Crystal Structure

(a)

T Growth
Direction

Figure A 1: (a) bright-field transmission electron microscope image showing columnar grain structure showing the grains in
which diffraction patterns 1 and 2 where collected. Diffraction patterns 1’ and 2’ were collected from the same grains, but at
different tilts; (b) EBSD results, where the colour green is indexed to the BCC phase, and (d) the corresponding Inverse Pole
Figure map, (c) a typical STEM image showing the BCC structure along the [-1 1 1] zone axis.

To verify the crystal structure as BCC (in conjunction with TKD and EBSD data), a series of
diffraction patterns were collected and indexed. In Figure A 1, diffraction patterns 2 and 2’,
indexed as [0 0 1]gcc and [—1 1 3] were collected at « tilts of —29.24° and —4.42°,
respectively, with the S tilt being held constant. The absolute difference in angles between these

two patterns is [(—29.24) — (—4.42)| = 24.82°.

The angle between two vectors, denoted here as a and b, is given by;

a-b El
c056=T

llalll[bl|
Thus,
[001]-[-113]

6 = cos™? ~ 25.2°
V02 + 0% + 12 % \/(—1)2 + 12 + 32
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Hence, as the theoretical (25.2°) and experimental (24.8°) values are in close agreement with

each other, this provides additional confirmation that the crystal structure is BCC.

Calculation of the Lattice Parameter

The lattice parameter of BCC was calculated using XRD data. First, the interplanar spacing, d,

can be determined via Braggs Law in equation E2, viz.

2dsin@ =nA

Here, 6 is the angle of diffraction, » is the order of reflection, and A is the wavelength of the
incident x-ray, viz. 1.7889 X 1071% m. The major peak in the XRD data is the (11 0)gc

reflection occurring at 260 = 52.2°, thus yielding;

nd _ (1)(1.7889 x 107 m)

= 2sinf 2 sin (5272)

~ 2.033x 10719 m

Then, equation E3 is applied to obtain the lattice parameter.

a

dpp = ——
SN Py

Here, duw 1s the interplanar spacing with corresponding 4, k, and / Miller indices, and a is the

lattice parameter.

@ = dpy/h + k2 + 2 = (2033 x 10710 m) (V12 + 12 + 02) ~ 0.288 nm

This value was subsequently used to calculate the atomic radius, which was used to determine
the corresponding lattice parameters of FCC and HCP. These calculated lattice parameters were
used to create block files used in the diffraction mapping; further details of which are available

in the Experimental section.
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Supplementary APT Data
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Figure C 1: (a) additional atom probe tomography reconstruction (left) showing Fe, Mn, Co and Cr, with B (0.8% threshold),
C (1.0% threshold) and O (3.0% threshold) isosurfaces (right), and (b) 1D concentration line profiles displaying elemental
segregation along the grain boundary (GB) along the arrow integrating over the cylinder cross section. Here, the inverse
relationship between iron and manganese is more prominent.

Nanoindentation Load-Displacement Curves

(a)50 H:6.2+ 0.3 GPa
. | E:205+7 GPa

0 0.2 04 0.6
Displacement (um)

Figure D 1: (a) Load-displacement curves of the iHEA sample under a load of 50 mN (five data sets out of twenty shown) with
the averaged hardness and Young’s modulus indicated, (b) SEM image of spherical indentation impression on the surface and
(¢) cross-section of the indent imaged during FIB milling.
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Figure E 1: [2110]y¢p||[001]gcc Orientation relationship between BCC and HCP; (a) STEM imaging showing respective
regions, and (b) & (c) FFT from selected representative regions with the indicated zone axis, B.
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Mechanical Property Data

Table 1: Summary of mechanical property data for selected high-strength HEAs used to create the comparison
figure in Publication #2.

Alloy Composition Strain | Strength Source
AINbTiIV 5.0 1020 [67]
NbMoTaWVv 1.7 1246 [68]
TiZrNbTaMo 6.0 1390 [69]
NbCrMoo.sTao.sTiZr 5.0 1595 [70]
HfMoNbTaTiZr 10.0 1512 [71]
NbMoTaWVTi 10.6 1515 [72]
NbMoTaWTi 14.1 1343 [72]
WNbMoTaV 8.8 2612 [73]
NbMoTaWVCr 5.3 3416 [74]
TiVNbHf 16.1 1004 [75]
TizgV1sNbasHf24 22.5 802 [75]
Ni43.9C022.4Feg gAl107Ti11.7B2.5 25 1040 [76]
CoCrFeMnNi 1.1 1210 [77]
Alo3CoCrFeNi 5.0 1800 [78]
NbTaTiV 23 1370 [79]
Fe40Co4oNi10Si10 38.3 1100 [80]
Fes1.2Mn243C011.9Cr10.101.4Co.3Bo.2 28.9 2500 This Work
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Supplementary Materials
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Fig. S3. X-ray diffraction (XRD) pattern obtained from the high entropy steel, featuring a body-

centered cubic (BCC) crystal structure.
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Fig. S4. (a) HAADF STEM image of grain in the undeformed sample, (b) EDS map of Fe and
Cr, (¢) Co, (d) Mn, and (e) compositional profile through the while box indicated in (b). The

scale bar is 20 nm.
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Fig. S5. Electron energy loss spectroscopy (EELS) spectrum imaging dataset (red box in (a)),
and the statistical analysis by non-negative matrix factorization [62] into three major spectral
components: (b), (¢) and (d), with their corresponding weighting maps shown in (f), (g) and (e),

respectively.
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Fig. S6. (a) Drift corrected frame integration (DCFI) high-angle annular dark-field (HAADF)
high-resolution scanning transmission electron microscopy (HR-STEM) image from the
undeformed sample overlayed onto an energy dispersive spectroscopy (EDS) map of Cr, with
corresponding fast Fourier transforms (FFTs) from Cr-deficient (b) and Cr-rich (c) regions, and

(d) compositional profile of Fe, Mn, Co and Cr through the white rectangle box drawn in (a).

5 H:9.3 £0.4 GPa
| E:293+ 12 GPa

Load (mN)
w
o

0 0.1 0.2 0.3 0.4 0.5
Depth (zm)

Fig. S7. Load—displacement curves obtained during nanoindentation tests (each color

represents a different data set), with H and E values (top—left) determined by averaging the

results of twenty tests.
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Fig. S8. (a—h) STEM images showing the deformation substructure and grain morphology of
the high entropy steel deformed at 400 mN. Locations of images (b—h) are indicated via colored

boxes and labels in corresponding images.

- 108 -



Appendix G

Supplementary Data for Publication #4
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%1111]

Figure S 9: Strain mapping of dislocations imaged in the shear region of the post-mortem pillar

sample along the [110] zone axis; (a) % [111] pure edge dislocation with (b) corresponding

strain map showing strain at the dislocation site, (c) %[110] edge components from [100]

mixed dislocations and (d) corresponding strain map showing dislocation-induced strain. TEM
images shown in (a) and (c) have been filtered by inverse fast Fourier transform to show the

dislocations clearly, whereas their original counterparts were used to generate the strain map.
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Table S1: Summary of mechanical property data for selected high-strength compositionally
complex alloys used to create the Ashby plot in Figure 2(b).

Strain Strength
Alloy (%) (MPa) Source
AINDTIV 5.0 1020 [67]
NbMoTaWV 1.7 1246 [68]
TiZrNbTaMo 6.0 1390 [69]
NbCrMoo.sTaosTiZr 5.0 1595 [70]
HfMoNbTaTiZr 10.0 1512 [71]
NbMoTaWVTi 10.6 1515 [72]
NbMoTaWTi 14.1 1343 [72]
WNbMoTaV 8.8 2612 [73]
NbMoTaWVCr 5.3 3416 [74]
TiVNbHf 16.1 1004 [75]
Ti3sVisNbasHf24 22.5 802 [75]
Nis39Co2.4Fes sAl0.7Ti11.7B2s 25 1040 [76]
CoCrFeMnNi 1.1 1210 [77]
Alp3CoCrFeNi 5.0 1800 [78]
NbTaTiV 23 1370 [79]
Fe40Co40N110Si10 38.3 1100 [80]
AlCrFeNiV 30.3 1057 [81]
Ti35Z1r35sNbioTaisMos 19.1 1110 [82]
Nb3zoMozoHf20Co20 10 1180 [83]
Hf20Nbi0Ti35Z135 8.7 884 [84]
Fes12Mn24.3C011.9Cr10.101.4C0.3Bo 22 28.9 2500 [85]
Fe72.4Cri3.9Mn243C010.4Bo 34 13.7 2920 This Work
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