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Preface

Entropy is an important physical parameter to reflect the disordered state of a certain
system, which is mainly expressed in three different forms: Clausius entropy, Boltzmann
entropy, and Shannon entropy. Clausius entropy originated from the second law of
thermodynamics, which describes the heat flow from a high-temperature region to a
low-temperature region. The equation is:

dS=-dQ/T
where Q is heat and T is the absolute temperature.

Boltzmann entropy is based on the thermodynamic statistics principle, which is in the
form of:

DScn=kInW

where k is the Boltzmann’s constant (k = 1.38X10- 23J/K) and W is the thermodynamic
probability, which is the total number of micro-states corresponding to a certain
macro-state.

The expression of Shannon entropy is:

DSin=-K>PilnPi

where Pi is the probability of occurrence of the i-th information of the information
source. Shannon entropy mainly measures the information; the greater the entropy,

the more the randomness and the less the information.

For entropic materials, the content of each component Xi is used to replace the Pi in
the Shannon entropy equation as:

DS=-R>XilnXi

where R is the gas constant (R = 8.314 J/mol-K) and Xi is the content of the i-th
component (at. %).

For a random solid solution, the possibility of the i-th component to occupy the fixed
lattice site is proportional to its content. High-entropy materials are closely related to
information entropy.

This book summarizes recent developments in high-entropy materials, including
their properties, processing, modeling, and applications.
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Chapter1

Microstructures and Deformation
Mechanisms of FCC-Phase
High-Entropy Alloys

Kaisheng Ming, Shijian Zheng and Jian Wang

Abstract

Strength and ductility are the most fundamental mechanical properties of
structural materials. Most metallurgical mechanisms for enhancing strength often
sacrifice ductility, referred to as the strength-ductility trade-off. Over the past few
decades, a new family of alloys—high-entropy alloys (HEAs) with multi-principal
elements, has appeared great potential to overcome the strength—ductility trade-off.
Among various HEAs systems, CrFeCoNi-based HEAs with a face-centered cubic (fcc)
structure exhibit a great combination of strength, ductility, and toughness via tailoring
microstructures. This chapter summarizes recent works on realizing strength—ductility
combinations of fcc CrFeCoNi-based HEAs by incorporating multiple strengthening
mechanisms, including solid solution strengthening, dislocation strengthening, grain
boundary strengthening, and precipitation strengthening, through compositional and
microstructural engineering. The abundant plastic deformation mechanisms of fcc
HEAs, including slips associated with Shockley partial dislocation and full dislocations,
nanotwinning, martensitic phase transformation, deformation-induced amorphization,
and dynamically reversible shear transformation, are reviewed. The design strategies of
advanced HEAs are also discussed in this chapter, which provides a helpful guideline to
explore the enormous number of HEA compositions and their microstructures to realize
exceptional strength—ductility combinations.

Keywords: high-entropy alloys, strength, ductility, twinning, phase transformation,
amorphization, reversible shear transformation

1. Introduction

Developing structural materials with both high-strength and ductility could
mitigate the ecological and economical concerns for decreasing weight and improving
energy efficiency. Unfortunately, these properties are generally mutually exclusive,

i.e., increasing strength will inevitably lead to ductility loss, an effect referred to as

the strength—ductility trade-off [1-4]. Various strengthening mechanisms, including
solid solution strengthening, dislocation strengthening, grain boundary strengthening,
precipitation strengthening, twinning, and phase transformation-induced hardening,
have been widely utilized to produce high-strength and high-ductility alloys that are
based on one principal element [5]. Recently, a new idea—high-entropy alloys (HEAs),
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has appeared that shows great potential to overcome the strength—ductility trade-off,
and thus break through the mechanical property limits [6-13]. HEAs were founded
independently by two different research groups in 2004 [6, 7], which emphasize the
unexplored regions in the center of multi-element phase diagrams, in which all ele-
ments are concentrated and there is no base element. HEAs are generally defined as an
alloy that is composed of four or more elements in an equiatomic or near-equiatomic
composition [7]. Each HEA can be considered as a new alloy base because its properties
can be further optimized by minor elemental additions, similar to alloying in conven-
tion alloys. HEAs provide near-infinite new alloy bases for designing structural materi-
als with excellent performance. Depending on the composition and microstructure,
HEAs display attractive mechanical properties, and possible combinations of some
properties, including high strength/hardness, outstanding wear resistance, excellent
fatigue resistance, exceptional high-temperature strength, good structural stability,
good corrosion and oxidation resistance, and high radiation tolerance [8, 10, 12, 14].
Particularly, single-phase face-centered cubic (fcc) HEAs and medium-entropy alloys
(MEAs) based on the transition metal elements Cr, Mn, Fe, Co, or Ni generally display
some of the best mechanical properties reported to date [9-12, 15-25]. For example,
equiatomic CrMnFeCoNi HEA and CoCrNi MEA possess exceptional combinations

of tensile strength and ductility (tensile strength of ~1 GPa as well as ductility exceed-
ing 60%) at 77 K, and ultra-high fracture toughness at both room temperature and

77 K (Kjc > 200 MPa\/ m), making them one class of the toughest metallic materials
reported so far [17, 23, 26]. Such exceptional mechanical properties are attributed to
continuous steady strain-hardening, resulting from extensive dislocation activities and
deformation-induced nanotwinning [18, 21, 22, 27]. These fcc-structured HEAs can be
used as ideal alloy bases to design high-strength and high-ductility structural materials
through further compositional and microstructural engineering.

Intensive studies have been invested in overcoming the strength—ductility trade-
off of the single-phase fcc CrFeCoNi-based HEAs through tailoring the chemical
composition and microstructure [9-12, 15-24]. It has been reported that metastable
high-entropy dual-phase alloys can overcome the strength—ductility trade-off by
interface hardening and transformation-induced hardening, realized by reducing the
stacking fault energy (SFE) via tailoring chemical composition [15, 19, 24, 28-33].
The tensile strength and ductility are simultaneously enhanced due to heterogeneous
microstructures, such as gradient nanotwins, gradient nano-grains, or recrystallized
and non-recrystallized grains arranged in hierarchical structures with characteristic
dimensions spanning from submicron scale to micro-scale, that are obtained by cold-
rolling and annealing [9, 16, 27, 34, 35]. Note that single-phase fcc CrFeCoNi-based
HEAs often have a very low SFE, which promotes deformation-induced nanotwin-
ning and martensitic phase transformation [36-42]. The simultaneous increase in
tensile strength and ductility is related to the enhanced strain-hardening capability
enabled by nanotwinning and/or phase transformation. However, they generally pos-
sess very low yield strength since the nanotwinning and phase transformation cannot
be activated at the early stages of plastic deformation [12].

Multiple strengthening mechanisms (such as solid solution strengthening, disloca-
tion strengthening, grain boundary strengthening, and precipitation strengthening,
etal.) show great potential to enhance the yield strength and tensile strength of fcc
CrFeCoNi-based HEAs while maintaining their excellent ductility and strain-hardening
capability [43-62]. In addition, some new strengthening mechanisms are also pro-
posed to improve the mechanical properties, such as magnetic hardening [60]. This
chapter summarizes recent works on realizing strength—ductility combinations of fcc
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CrFeCoNi-based HEAs by incorporating multiple strengthening mechanisms, achieved
through compositional and microstructural engineering. The abundant plastic defor-
mation modes of fcc HEAs, including slips associated with Shockley partial dislocation
and full dislocations, twinning, martensitic phase transformation, deformation-
induced amorphization, and dynamically reversible shear transformation, are also
summarized. We also demonstrate some HEA design strategies to provide guidelines
for exploring the enormous number of HEA compositions and their microstructures to
realize exceptional strength—ductility combinations.

2. Strengthening via tailoring composition and microstructure
2.1 Ductile nanoprecipitates

Single-phase fcc HEAs generally exhibit excellent ductility and strain-hardening
capability but low yield strength at room temperature. Extensive studies demon-
strate that nanoprecipitation strengthening is one of the most effective approaches
to strengthen HEAs without apparent ductility loss. For example, Ming et al. [61]
introduced highly dispersed nano-sized, coherent precipitates in the grain interior
of coarse-grained fcc CrFeCoNi-based HEAs (grain size ~ 1 mm) via alloying a small
addition of Al and Ti elements, which realizes exceptional combinations of strength
and ductility (Figure 1). Yang et al. [47] produce a CrFeCoNi-based HEA with a
superb yield strength of above 1.0 GPa while maintaining 50% ductility in tension at
room temperature via introducing high-density ductile multicomponent intermetallic
nanoparticles with coherent phase boundaries, enabled by alloying a small addition
of Ti and Al elements. The size and distribution of nanoprecipitates can be tailored by
the content of alloying elements (Ti and Al), aging temperature, and aging time [61].
As shown in Figure 1a-g, the strength and ductility can be optimized corresponding
to the aging time-dependent size and spacing of nanoprecipitates in an Aly,Co; 5C
rFeNi; sTip3 HEA. When aged at 800°C for 1-5 h, numerous uniformly dispersed,
nano-sized, spherical L1, precipitates are formed in coarse grains (grain size ~ 1 mm),
which results in a significant increase in both yield strength and ultimate tensile
strength without apparent sacrificing of ductility (Figure 1a, b, f). With increasing
aging time, the average diameter of precipitates increases from 6 nm at 1 h of aging to
51 nm at 100 h of aging (Figure le). Figure 1f presents that aging time does not show
a significant effect on the yield strength and ultimate tensile strength, but increasing
aging time results in an apparent decrease in ductility. As shown in Figure 1g, the
strain-hardening rate obviously increases with increasing aging time, in particular,
for the aging time equal and longer than 5 h. The samples aged for 1-5 h exhibit supe-
rior combinations of strength and ductility (yield strength of ~760 MPa, ultimate
tensile strength of ~1160 MPa, elongation of ~40%).

The nature of dislocation interaction with the nanoprecipitates in Aly ,Co; sCrFe
Ni; sTip 3 HEA samples is revealed by using transmission electron microscopy (TEM)
analysis, as shown in Figure 2. The TEM bright-field image of the sample aging at
800°C for 1 h (Figure 2a) shows high-density dislocations tangled with stacking faults
after tensile deformation to fracture. As shown in Figure 2b, original spherical pre-
cipitates have changed to an irregular shape after tensile deformation, which indicates
the dislocations cutting through precipitates. In contrast to dislocation cutting through
nano-sized precipitates, dislocations bypass relatively large precipitates by looping
them in the sample aging at 800°C for 50 h, as demonstrated in Figure 2c. Figure 2d
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Figure 1.

TEM images of the Al,,Co,;CrFeNi,sTi,; HEA after aging at 800°C for: (a) 1 h (b) 5 h, (c) 50 h, and (d) 100 h,
with the corresponding selected area electron diffraction patterns inset. (e) Influence of aging time on the diameter
of the precipitate (D), separation distance (L) between the centers of neighboring precipitates, and edge-to-edge
inter-precipitate distance (1). (f) Engineering stress—strain curves of the solution-annealed and aged samples. (g)
Variation of strain-hardening rates with plastic strain [61].

Dislocation cutting through Orowan dislocation looping
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S = e @
/1o ©
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Figure 2.

(a) TEM image of the 1 h aged Al,,Co,;CrFeNi,sTi,; HEA at a tensile strain of 36%, (b) HRTEM image of
a precipitate with an irvegular shape. (c) TEM image of the 50 h aged sample at a tensile strain of 3%. (d)
Variation of precipitate shearing stress (oy,) and Orowan dislocation looping stress (o0,) with aging time [61].
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schematically illustrates that dislocation cutting through precipitates is the primary
strengthening mechanism for the 1 h and 5 h aged HEA with small precipitates
(diameter < 10 nm), while the dominant strengthening mechanism is dislocation
bypassing precipitates by looping them in HEAs aged for >25 h with large precipitates
(diameter > 30 nm). Based on the tensile testing and TEM characterizations, it can
be concluded that nanoscale coherent precipitation strengthening is a very effective
approach for strengthening coarse-grained fcc-structured HEAs without loss of ductil-
ity. The exceptional combinations of strength and ductility can be achieved via intro-
ducing uniformly distributed, nano-sized, coherent precipitates in the coarse-grained
HEAs, where gliding dislocations cut through nano-sized coherent precipitates. In
contrast, with increasing the size of precipitates, the ductility is reduced due to the
strong barrier of large precipitates to dislocation motion where gliding dislocations
bypass a precipitate by looping it, resulting in dislocations pileups at precipitate-matrix
interfaces which generate high stress/strain concentration and micro-crack initiation.
It should be noted that the sluggish diffusion effect in HEAs enables easily tailor-
ing the size of precipitates by adjusting aging processing and optimizing composi-
tions. Recently, the coarsening kinetics and thermal stability of nanoscale precipitates
in HEAs at elevated temperatures have also been widely studied to explore their
applications at high temperatures [63-66]. In a word, precipitation strengthening is
one of the most promising approaches for enhancing the mechanical properties of fcc
HEAs to meet the requirements for engineering applications both at room tempera-
tures and high temperatures.

2.2 Brittle intermetallic compounds

The original concept employed in the HEAs design is to suppress the forma-
tion of brittle intermetallic compounds which can lead to poor ductility [6, 7].
Unfortunately, most HEAs reported to date contain various brittle intermetallic com-
pounds [63-66]. Therefore, it is required to manipulate the intermetallic compounds
to reconcile the strength and ductility of HEAs. It has been shown that the brittle but
hard intermetallic compound p phase can be effectively used as a strengthening unit
in CrFeCoNiMo HEAs while relieving its harmful effect on ductility by manipulating
its dimension and distribution via tailoring Mo contents [62, 67-69]. Moreover, by
further coupling solid solution hardening and nanotwinning induced hardening,
a superb yield strength-tensile strength—ductility combination is realized [62]. As
shown in Figure 3, the dimension and distribution of the p phase can be tuned
through thermal-mechanical processing and annealing. The p phases grow mainly
at boundaries (grain boundaries, triple junctions, and annealing twin boundaries),
and secondarily in the interior of grains. The corresponding engineering stress—
strain curves in Figure 4a, b demonstrate that dual-phase (fcc matrix + nanoscale
p phase) CrysFe;0CossNipMoyg (Moyg) HEA displays high strength (yield strength
of 0.8-1.3 GPa and ultimate tensile strength of 1.1-1.4 GPa) but moderate ductility
(elongation to fracture is approximately 13-28%). The single-phase fcc Cry, sFe;0Coy
25NiMos (Mos) HEAs have superb ductility (elongation to fracture of 45-75%) but
moderate strength (yield strength of 0.3-0.8 GPa and ultimate tensile strength of
0.7-1.0 GPa). Figure 4c demonstrates that dual-phase Moyy HEAs annealed at 850—
1000°C exhibit a higher strain-hardening rate than single-phase Mos HEAs, and Moy
HEA annealed at 1150°C as the true strain is less than half the maximum elongation.
The high strain-hardening rate in Mo,y HEAs annealed at 850-1000°C is ascribed
to the formation of distributed p phase precipitates while the low strain-hardening
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Figure 3.
TEM images of cold-rolled Mo,, HEAs after annealing at 800°C for (a,) 5 min, (a,) 1 h; 900°C for (b,) 5 min,
(b,) 1 h; 1000°C for (c,) 5 min, (c,) 1 h [62].

rate in Moo HEAs annealed at 1150°C is due to the decomposition and disappearance
of clustered p phase precipitates. Figure 4d compares the mechanical properties of
the dual-phase Moy, HEA and single-phase Mos HEA with various other fcc HEAs
[70-75]. An exceptional combination of strength and ductility of Moy and Mos HEAs
is attributed to the synergetic effect of solid solution strengthening, precipitation
hardening, and twinning-induced hardening. The solution strengthening effect of
the Mo addition in single-phase Moy alloys is evidenced by the higher strain-harden-
ing rate of single-phase Moy alloy after true strain exceeds 13%
(Figure 4c). Figure 5a, b demonstrates dislocations are bowing out or piled up at
the p phase interfaces. It is noted that p precipitates are plastically non-shearable by
gliding dislocations, which accounts for the high strength of Moy alloy according to
the precipitation strengthening mechanism and the high strain-hardening rate at the
early stage of plastic deformation. As demonstrated in Figure 5c, numerous deforma-
tion nano-twins are observed in single-phase Moy alloy at a strain of 25%, which
provides a steady source of strain-hardening by blocking the motion of dislocations.
Other brittle intermetallic compounds, such as the sigma phase, Laves phases,
have been also frequently observed in HEAs, which generally deteriorate the ductility
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Figure 4.
Engineering stress—strain curves for the (a) homogenized and recrystallized Mo,, alloys and (b) Mo alloys. (c) the

strain-hardening vates of Mo,, and Mo alloys as a function of plastic strain. (d) Comparing the yield strength
and elongation of the Mo, and Mos alloys with various HEAs [62].

Figure 5.
TEM bright-field images of annealed Mo,, alloy at tension strains of 15-25%, (a) bow-out of gliding dislocations,
(b) pile-up of dislocations at interfaces, and (c) high-density deformation nano-twins [62].

[76-80]. Similarly, if the size, distribution, and morphology of intermetallic com-
pounds can be tailored via controlling the chemical composition and thermomechani-
cal treatment, an excellent combination of strength and ductility can be achieved in
multi-component HEAs.

2.3 Hierarchically heterogeneous microstructures

Hierarchically heterogeneous microstructures at scales from a few nanometers to
hundreds of micrometers can be easily produced in fcc HEAs by conventional cold
work and annealing treatment, which could generate superior mechanical proper-
ties to those with simple microstructures due to the hetero-deformation induced
strengthening [81]. As shown in Figure 6, single-phase fcc CryoFegCo34Niz4Mog
HEAs with hierarchical microstructures that comprise high-density annealing
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nanotwins in recrystallized fine grains (grain size ~ 1 pm), and dislocation walls and
stacking faults in non-fully recrystallized fine grains are produced by cold-rolling
and annealing [82]. The formation of numerous annealing nanotwins and stacking
faults is obviously attributed to the very low SFE of the Cr,oFesCo34NizsMog alloy.
The addition of Mo in the Cr-Fe-Co-Ni system is found to be very effective in
retarding the recrystallization and grain growth, promoting the formation of
recrystallized fine grains. Such hierarchical microstructures can be generated in
various single-phase fcc HEAs with low SFE by cold-rolling and annealing.
Comparing the mechanical properties of the samples with hierarchical micro-
structures and fully recrystallized coarse-grained microstructures, the former exhibit
exceptional combinations of yield strength-ultimate tensile strength-ductility. As
shown in Figure 7a, the single-phase HEAs with hierarchical microstructure (annealed

Recrystallized
grains

Figure 6.

TEgM images of the cold-volled Cr,,FesCo;,Niz Mo HEAs after annealing at (a) 675°C for 1 h; (b) 700°C for
0.5 h; (c) 700°C for 1 h; (d) 800°C for 1 h. (¢) Higher magnification micrograph of the interface between fully
vecrystallized grain and non-fully recrystallized grain, showing high density of dislocations, (f) selected area
electron diffraction pattern patterns corresponding to non-fully vecrystallized grain in () [82].

10



Microstructures and Deformation Mechanisms of FCC-Phase High-Entropy Alloys
DOI: http://dx.doi.org/10.5772/intechopen.104822

at 675-800°C for 3 min, 0.5h, 1h, 5h, or 10 h) exhibit a very high strength (YS = 0.95-
1.1 GPaand UTS = 1.2-1.3 GPa, Figure 7a;) as well as a high ductility (EL is around
30-40%), which is much superior to that of the HEAs (annealed at 800-1150°C for
1h) with simple fully recrystallized microstructures (Figure 7a,). Such high yield
strengths exceeding 1.0 GPa at enhanced ductility (30%) in single-phase HEAs are
comparable to the nanoprecipitation strengthened HEAs (Figure 7b,, b,) [17, 23, 70,
71, 83-89]. This indicates that enhancing yield strength while retaining good ductility
of single-phase fcc HEAs can be achieved by developing hierarchical microstructures.
The grain boundaries, annealing nanotwins, and dislocation walls play important roles
in enhancing the strength, ductility, and strain-hardening capability of the annealed
sample with hierarchical microstructure. Figure 7c plots the yield strength (c;) asa
function of the grain size (d), which follows the well-known Hall-Petch relationship,
Oy = Gg + k-d"2, The o, is 246 MPa. The Hall-Petch coefficient k = 743 MPa-um'?

is higher than that of most fcc metals (600 MPa- pm'?) [90], which indicates that

the grain-boundary strengthening mechanism is very effective for improving yield
strength. Microstructure characterizations reveal that both twin boundaries and
dislocation walls act as strong barriers for dislocation motion, strengthening the alloy,
as shown in Figure 8. Figure 8a shows a large number of stacking faults (marked

by red arrows) around twin boundaries. The enlarged HRTEM image in Figure 8b
shows high-density stacking faults in the twin and matrix, indicating slip transmission
associated with dislocations crossing through the coherent twin boundaries (CTBs).
Consequently, atomically flat CTBs develop stepped or serrated CTBs that contain
interface defects. These interfacial defects along stepped or serrated CTBs then provide
sources for nucleating and blocking dislocations. Figure 8c, d shows that dislocation
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Figure7.

(a5, a,) engineering stress—strain curves of the cold-rolled and annealed Cr,,FesCo;,Niz,Mos HEAs at various
temperatures of 675-1150°C. (b,, b,) yield strength and ultimate tensile strength versus uniform elongation of
annealed alloys compared with various HEASs. (c) the variation of yield strength with average grain size [82].
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3 r {
Matrig ®

Figure 8.
(a, b) TEM micrographs of the recrystallized grains in annealed Cr,FesCoy,Ni;,Mos HEAs (700°C for 1 h) at a
strain of ~30%. (c, d) TEM micrographs of non-fully vecrystallized grains at strains of 15-30% [82].

walls act as sources for dislocations and deformation twins at large deformation stages,
contributing to strain-hardening by continually introducing new interfaces and
blocking the motion of dislocations. The enhanced strength enables the production of
dislocations at serrated/stepped CTBs, preventing the early onset of necking instabil-
ity. Therefore, the strength is enhanced without apparent ductility loss.

Other hierarchically heterogeneous microstructures, such as gradient grain
structure, gradients in twin and dislocation densities, hierarchical nano-twins,
could be introduced into fcc HEAs via surface mechanical grinding treatment, which
contributes to the strain hardening capability and thus exceptional strength—ductility
combinations, owing to the hetero-deformation induced strengthening. These results
demonstrate that engineering the hierarchical microstructure should be an efficient
strategy for enhancing the strength and ductility of single-phase fcc HEAs with low
and medium SFE.

2.4 Shear transformation bands

Depending on chemical composition and deformation temperature, fcc HEAs
with relatively low SFE generate various types of nanoscale shear transformation
bands during plastic deformation, including stacking fault bands, nanotwin bands,
phase transformation bands, deformation bands with ultrahigh density dislocation,
and amorphous bands [10]. The shear transformation banding plays an important
role in enhancing strain-hardening capability and thus contributes to enhanced
strength and ductility simultaneously. The typical examples are twinning-induced
plasticity (TWIP) and transformation-induced plasticity (TRIP) effects in meta-
stable HEAs, which could overcome the long-standing strength—ductility dilemma
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[18, 21, 22, 27]. For example, the strength, ductility, and toughness of single-phase
fcc CrMnFeCoNi HEAs can be improved simultaneously with decreasing tempera-
ture from room temperature to 77 K, owing to the transition of deformation mecha-
nisms from dislocation slip to nanotwinning [17, 20, 21, 23]. As shown in Figure 9,
the formation of stacking faults, nanotwinning, and martensitic phase transforma-
tion could be generated sequentially in a non-equiatomic CrMnFeCoNi HEA with
increasing tensile strains at low temperatures, leading to the formation of various
nanoscale bands [91]. Such shear transformation banding, by continually introduc-
ing new interfaces and decreasing the mean free path of dislocations during tensile
testing (“dynamic Hall-Petch”), produces a high degree of work-hardening and a
significant increase in the ultimate tensile strength [92-94].

Recently, amorphous bands (one type of shear transformation bands) have been
observed in a non-equiatomic CrMnFeCoNi HEA under tensile deformation at 93 K
[91]. These amorphous bands are generated by deformation-induced solid-state
amorphization, as summarized in Figure 10. The nanoscale amorphous bands,
stacking fault bands, nanotwin bands, phase transformation bands can be generated
simultaneously in HEAs, which contributes to enhanced strength, ductility, and
strain-hardening rate synergistically. In particular, the nanoscale amorphous bands
exhibit much higher thermal stability than nanotwins and phase transformation
bands. Amorphous bands ensure the enhanced strength and good ductility of high-
temperature tempered samples. Amorphous bands can plastically co-deform with
the matrix. The interfaces between the amorphous band and fcc matrix provide not
only strong barriers for dislocation motion, strengthening materials, but also natural
sinks of dislocations, disrupting stress concentrations and delaying decohesion and
fracture initiation. These results demonstrate that engineering amorphous bands
could be an efficient strategy in remaining enhanced mechanical properties of fcc
HEAs at high temperatures.

In addition, Ming et al. design nano-laminated dual-phase structures in a non-
equiatomic CrMnFeCoNi HEA via dynamically reversible shear transformations
associated with reversible martensitic phase transformation and nanotwinning. The
detailed mechanism for dynamically reversible shear transformations can be seen in
the following sections. The nano-laminated dual-phase structures could evade the

Figure 9.
TEM images of the single-phase fcc CrMnFeCoNi HEA after tension to different strains at 93 K, show the
sequential formation of stacking faults, nanotwinning, and martensitic phase transformation [91].
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Figure 10.

(a, b) TEM images of the non-equiatomic CrMnFeCoNi HEA after tension to a strain of 36% at 93 K, (c, d)
the corresponding high-resolution TEM images showing the amorphous bands. (e-g) TEM images show the
interactions of stacking faults, nano-twins, and amorphous bands [91].

strength—ductility dilemma due to the synergistic operations of the TRIP effect, TWIP
effect, and associated with “dynamic Hall-Petch” effect. In a word, the abundant
deformation mechanisms of fcc HEAs, as described below, enable us to design vari-
ous types of microstructures to achieve an exceptional combination of strength and
ductility.

3. Deformation mechanisms

Similar to conventional fcc metals and alloys, fcc HEAs plastically deform through
three deformation mechanisms: dislocation slip, twinning, and phase transformation.
Recently, some unique deformation pathways of deformation-induced amorphization
and dynamically reversible shear transformations which rarely occur in conventional
materials are found in fcc HEAs.
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3.1 Deformation-induced amorphization

Various mechanical processes can partially or fully amorphized crystalline materi-
als, including high-pressure treatments, severe plastic deformation, or mechanical
alloying [95-103]. From the thermodynamic driving force perspective, amorphization
starts from the massive displacement of atoms into metastable positions and occurs
when the free energy of the crystalline phase is higher than that of the amorphous
phase [104-106]. From the kinetic hindrance perspective, the formation of a
metastable amorphous phase requires the kinetic hindrances which block the forma-
tion of a more stable equilibrium crystalline phase [104]. It should be noted that
deformation-induced soild-state amorphization under stresses can take place in the
elastic regime at an extremely high strain rate, or in the plastic stage at severe strain
[95]. At an extremely high strain rate, there is no enough time to activate plastic
deformation modes such as dislocation slips or even the faster twinning mode. Thus,
the large elastic strains promote the crystalline phase mechanically unstable due to the
loss of shear rigidity, which leads to amorphization [107-109].

Interestingly, Ming et al. [91] for the first time observed deformation-induced amor-
phization in a non-equiatomic CrsMn,oFe,0CoyNiis HEA at cryogenic temperature. Such
deformation-induced amorphization was later observed by several groups [110-113]. The
deformation-induced amorphization generates extensive nanoscale amorphous bands,
as shown in Figure 10a—d. The formation of extensive nanoscale amorphous bands is
attributed to the significant dislocation accumulation in a constrained region inside shear
bands, which raises the free energy of the original fcc phase to a point higher than that of
the amorphous phase, then the energy difference drives amorphization. Subsequently,
the deformation-induced amorphization was also observed in equiatomic CrMnFeCoNi
HEA under severe plastic deformation through swaging followed by either quasi-static
compression or dynamic deformation in shear [110]. In addition, the deformation-
induced localized amorphization can also occur at the tip of cracks, which enhances the
toughness significantly by blunting cracks and impeding the expansion of cracks [111].
Subsequently, the nanoscale origin of the mechanism of amorphization is revealed by
using molecular dynamics simulation [112, 113]. The amorphization originates from
the formation of multi-dislocation junctions due to the low SFE, which results in high
lattice resistance to dislocation glide and facilitates nucleation of amorphous nuclei. The
deformation mechanisms in the amorphous/crystalline dual-phase regions include high-
density Shockley partial dislocations, multi-dislocation junctions, and nanotwinning in
the crystalline region (TEM observations in Figure 10e-g), as well as radiation-shaped
shear bands and amorphous bridges in the amorphous region.

Based on the mechanism of deformation-induced solid-state amorphization in
HEAs, nanoscale amorphization bands can be introduced into HEAs to optimize
mechanical properties. It is demonstrated that the yield strength of the HEAs could
be enhanced without apparent loss of ductility by introducing high-density nanoscale
amorphous bands. TEM characterizations (Figure 10e-g) reveal that introducing
nanoscale amorphous bands can achieve three key benefits: (i) amorphous-crystalline
interface (ACI) hardening, i.e., ACIs not only act as high-capacity sources for disloca-
tions nucleation but also barriers for dislocation motion; (ii) large stress concentra-
tions at the ACIs can be disrupted and relieved by the amorphous bands since ACIs
act as natural sinks of dislocations, averting dislocation pileups at ACIs, which delay
decohesion and fracture initiation at the ACIs; (iii) high thermal stability of amor-
phous bands enables to increase strain-hardening capability through the tempering at
relatively higher temperatures without sacrificing the high yield strength. Wang
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etal. [111] observed the formation of the amorphous area ahead of the crack tip after
amorphization in equiatomic CrMnFeCoNi HEA by using in situ straining TEM
experiments and found that the amorphous bridges in the crack wake provided effec-
tive toughening of the HEA. Ji et al. [112] provided atomistic insights, via molecular
dynamics simulations, into the origin of the solid-state amorphization ahead of a
crack tip and report the deformation mechanisms contributing to cryogenic damage-
tolerance. It is believed that a much better combination of yield strength, ductility,
and toughness can be achieved through optimizing the amorphization. These results
demonstrate that engineering amorphous bands could be an efficient strategy in
remaining enhanced mechanical properties of fcc-structured HEAs.

3.2 Dynamically reversible shear transformations

Traditional shear transformation banding, such as deformation-induced {111}
twinning and martensitic phase transformation (fcc-y — hcp-¢), has been widely
observed in fcc HEAs with low SFE. Recently, Ming et al. [114] found two dynami-
cally reversible shear transformation mechanisms in a CrMnFeCoNi HEA under
uniaxial tension at 4.2 K, featured by y — € — {101 1} twin — v/, and y = & = ¥/yew.
When deformed at cryogenic temperature, the lower SFE promotes y — € shear
transformation, forming hcp grains which gradually deplete the original fcc grains.
Meanwhile, high-density {0001} stacking faults and {101 1} nanotwinning are
activated to accommodate plastic deformation, as shown in Figure 11a, b. More
intriguingly, reverse hcp — fcc shear transformations are stimulated within {101 1}
twin and surrounding hcp matrix by deformation-induced local dissipative heating
(Figure 11c). When the {101 1} twins transform into fcc structure, Shockley partial
dislocations are activated on {111} planes, leading to formation of {111} SFs and {111}
nanotwins in the newly formed fcc domain. Figure 11c shows two fcc domains with
{111} twin orientation inside an {101 1} twin. This shear transformation mechanism
is described by y — & — {101 1} twin — /vy,

In addition, for high-density basal stacking faults in the hcp-¢ phase, the faulted
regions can transform back into fcc structure through correcting SFs via nucleation and
glide of Shockley partial dislocations, which is energetically favorable since the process
will reduce the density of stacking faults. It is noted that fcc laminates frequently have
two orientations, forming a {111} twin orientation relationship (Figure 11d, e). This
shear transformation mechanism is described by y — € — y/y.,. The reversible fcc <> hep
shear transformations and both {101 1} and {111} nanotwinning lead to dynamic
nano-laminated dual-phase structures, which advance the monotonic “dynamic
Hall-Petch” effect in enhancing strength, strain-hardening ability, and ductility by
dynamically tailoring the type and width of shear transformation bands.

3.3 Nano-segregation of multi-principal elements

The unique multiple principal elements endow HEAs with adjustable microstruc-
tures and corresponding excellent mechanical properties. Extensive efforts invest in
tailoring the chemical compositions of fcc-structured HEAs to optimize the strength
and ductility simultaneously. When designing the compositions of HEAs, one should
realize two important facts. The first one is that the stronger HEAs are not necessar-
ily the ones with the most elements. The nature of the constituent elements is also
important, with the Cr-containing alloys, in general, being the strongest in a family of
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Figure 11.
(a—c) TEM images a CrMnFeCoNi HEA after uniaxial tension to fracture at 4.2 K, showing the reversible shear
transformation mechanism featured by y —> € — {1 01 1} twin = y/v,» (d, ¢) the veversible shear transformation

mechanism of y = & = y/yu, [114].

equiatomic binary, ternary and quaternary alloys based on the elements Fe, Ni, Co, Cr,
and Mn [71]. Secondly, when designing the compositions of HEAs, nano-segregation of
principal elements at grain boundaries (GBs) should be cause for concern since it could
deteriorate the ductility significantly. As shown in Figure 12, nanoclustering Cr, Ni,
and Mn separately at GBs, as detected by atom probe tomography, reduce GB cohesion,
and promotes crack initiation along GBs, leading to ductility loss in the CrMnFeCoNi
HEA [115]. The GB segregation engineering strategy is then proposed to avoid ductility
loss by shifting the fast segregation of principal elements from GBs into preexisting
Cr-rich secondary phases. Such GB decohesion by nanoclustering multi-principal ele-
ments is a common phenomenon in HEAs. Linlin Li et al. also found that Ni and Mn co-
segregate to some regions of the GBs along with the depletion of Fe, Co, and Cr, while
Cr is enriched in other regions of the GBs where Ni and Mn are depleted [116-118].
Generally, only nano-segregation of several elements occurs in fully annealed
HEAs with coarse and clean grains after short-time annealing treatment, which
can lead to GB decohesion and thus ductility loss. However, with very long-time
annealing, such as annealing at intermediate temperatures for tens to hundreds of
days, intermetallic phases are precipitated at GBs in coarse-grained HEAs [119, 120].
When the grain size of HEAs is decreased to the nanoscale, annealing at intermediate
temperatures for mere minutes can lead to precipitation of nanoscale intermetallic
phases at GBs, such as Cr-rich phase, NiMn phase, and FeCo phase in equiatomic
CrMnFeCoNi HEA [121]. The formation of intermetallic phases at GBs will reduce
the ductility significantly. Therefore, the nature of the constituent elements and their
nano-segregation behavior should be considered when we design high-strength and
high-ductility HEAs.
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Figure 12.

Atom probe tomography of the GB in a CrMnFeCoNi HEA after uniaxial tension to fracture at 700°C: (a) atom
map of the tip showing Cr (24 at %) and Ni (23 at %) isocomposition surfaces viewed with the GB edge-on.

(b) 1D compositional profiles along the cyan arrow E and the orange arrow F are indicated in (a). (c) Fracture
lateral surface of the tensile sample after tensile tests at 700 °C, showing many cvacks along the GBs [115].

4, Conclusion

This chapter summarizes recent works on realizing strength—ductility combina-
tions in fcc CrFeCoNi-based HEAs via composition and microstructure engineering:
(I) Nanoprecipitation strengthening associated with tailoring the size, distribution,
and morphology of second phases via alloying a small addition of Ti and Al elements;
and (II) The synergistic operations of multiple strengthening mechanisms, such as
solid solution strengthening, dislocation strengthening, grain boundary strengthening,
precipitation strengthening, TWIP/TRIP effect, and amorphization-induced strength-
ening. The abundant deformation mechanisms, including slips associated with Shockley
partial dislocation and full dislocations, nanotwinning, martensitic phase transforma-
tion, deformation-induced amorphization, and dynamically reversible shear transfor-
mation, are also summarized. Among them, the recently reported deformation-induced
amorphization and dynamically reversible shear transformation are highlighted in
terms of their nanoscale origins and strengthening effects for overcoming the strength-
ductility trade-off. Finally, this chapter points out that the nature of the constituent
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elements and their nano-segregation behavior should be considered when we design
high-strength and high-ductility HEAs via engineering the compositions.
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Cost-Effective Fe-Rich
High-Entropy Alloys: A Brief
Review

Yu Yin, Andrej Atrens, Han Huang and Ming-Xing Zhang

Abstract

High-entropy alloys (HEAs) have attracted increased attention due to their
extraordinary properties. However, the multicomponent characteristic of equiatomic
HEAs inevitably leads to high material costs, which thus limits their widespread
industrial applications. Although HEAs are claimed to be suitable for applications
in extreme environment due to their comprehensive properties, the actual proper-
ties of HEAs dramatically vary with compositions and processes. Therefore, the
development of cost-effective HEAs with comprehensive properties is indispensable
for industrial uses. Till now, although comprehensive review papers on HEAs are
available, few works focused on the cost-effectiveness of HEAs, particularly Fe-rich
HEAs recently developed. This review thus aims to fill this gap by reviewing the
current research progress in Fe-rich HEAs with a focus on the composition design,
microstructure, and properties, including mechanical properties, and resistances for
oxidation, wear, and corrosion. The challenges for applying cost-effective Fe-rich
HEAs into industries are also arising as future research topics.

Keywords: cost-effective, high-entropy alloys, multicomponent alloys, composition
complex alloys, alloy design, microstructure, properties, application

1. Introduction

Since the concept of high-entropy alloys (HEAs) was first proposed by Yeh and
Cantor in 2004 [1-3], this type of new metallic material has drawn increasingly more
attention due to their unique characteristics (e.g. high configuration entropy, sluggish
atomic diffusion, and large lattice distortion) and resultant extraordinary properties
(e.g. high strength, high low-temperature fracture toughness, good corrosion resis-
tance and high-temperature properties) [4-6]. Yeh and co-workers firstly defined
HEAs as alloys composed of five or more principal elements in equiatomic ratios [1],
with single-phase solid-solution (SS) microstructure in either face-centered cubic
(FCC) or body-centered cubic (BCC) or hexagonal close-packed (HCP) lattice [4-9],
due to the “high-entropy effect” [10, 11]. At the early stage of research on HEAs, the
majority of the works focused on the exploration of single-phase HEAs and their cor-
responding microstructure and mechanical properties. In recent years, the coverage
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of HEAs has been extended to include the multiple phase structure with less than five
non-equiatomic principal elements [5, 11]. As a result, numerous non-equiatomic
alloys were designed and studied based on the equiatomic single-phase HEA system
in pursuit of superior mechanical properties [12, 13]. Different terms have been used
for these non-equiatomic variants, including multicomponent alloys, multi-principal
element alloys and composition complex alloys (CCAs).

It is noteworthy that the current composition design strategy for HEAs usually
results in alloys with a high content of expensive metals (e.g. Co, Ta, Hf, V, Nb, W, and
Mo). For instance, the above-mentioned HEAs usually contain a Co element, which is
common in most of the HEAs [5]. Obviously, using expensive elements increases the
overall cost of HEAs. On the other hand, high-entropy alloys usually exhibit compre-
hensive properties due to their combined effects of multi-principal elements, which
makes them suitable for applications in extreme environments. However, majority of
the current researches focuses on the mechanical properties only while other proper-
ties are ignored. Thus, the development of cost-effective HEAs with comprehensive
properties is critical to promote industrial applications of HEAs.

In the past decade, some cost-effective Fe-rich HEAs have been designed and
developed, such as the FeNiCrMo alloy that has comprehensive properties [14] and
the metastable FeMnCoCr that exhibits superior mechanical properties [12]. Fe-rich
HEAs are also named as Fe-rich CCAs [15], Fe-rich medium-entropy alloy (MEA)
[16], high-entropy steel [17] and compositionally complex steels [18]. As the entropy
value of this type of alloys is not at the high-entropy level, they are generally classi-
fied as medium-entropy alloys according to the classification proposed by Yeh [7].
Nevertheless, the entropy of the Fe-rich alloys is indeed higher than traditional steels
due to their multicomponent characteristic. To avoid the ambiguity, Fe-rich HEAs are
used in this review.

Several reviews on HEAs [4-6, 19, 20] focused on the microstructure and mechan-
ical properties of different types of HEAs, but there is a lack of reviews with a focus
on cost-effective HEAs, particularly on Fe-rich HEAs, that is badly needed to guide
industrial applications. The present work would fill the gap through overviewing the
composition design, manufacturing, processing, microstructure, and properties of
the cost-effective Fe-rich HEAs. Based on the review, key challenges for promoting
the industry applications of the cost-effective HEAs are proposed.

2. Alloy design strategy

In the past decades, various methods have been developed for composition design
of traditional alloys, including physical model methods, computational methods and
machine learning methods [21, 22]. These design strategies have also been proved
effective to assist the development of HEAs, which has been reviewed several times.
More details can be found in Refs. [14, 22, 23]. Using these design strategies, many
cost-effective HEAs have been developed. For instance, the Co-free HEAs with
relatively lower cost include the equiatomic FeMnCrNi, AICrFeNi [24], FeCrNiMnCu
[25], NiMnFeCu [26], AlFeMnSi [27] and FeCrNiTiAl [28] alloys. But these alloy sys-
tems are equiatomic or near-equiatomic, there is less potency for further exploitation
of the new alloys with better performance. In recent years, several non-equiatomic
HEAs with one enriched element have been developed, which includes the Fe-rich
HEAs [14], Ni-rich HEAs [29, 30], Cr-rich HEAs [31, 32], Co-rich HEAs [33-35],
Ti-rich HEAs [36] and Al-rich HEAs [37, 38]. Among these non-equiatomic HEAs,
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Fe-rich HEAs show high potential for industrial applications due to their superior
properties and relatively low cost. To the best of the authors’ knowledge, there is no
definition for Fe-rich HEAs. Generally, Fe content of these Fe-rich HEAs is in the
range of 35-50%, while the content of expensive elements (e.g. Co, Mo, V) is less
than 10 at.%. As aforementioned, Fe-rich HEAs are also named Fe-rich CCAs [15],
Fe-rich medium-entropy alloy (MEA) [16], high-entropy steel [17] and composition-
ally complex steels [18]. Up to now, a few Fe-rich HEAs have been developed based
on the equiatomic 3d transition metal HEAs, including the FeNiCrMo, FeMnCoCr,
FeMnNiCr, FeCoNiCr, FeNiMnAICr, FeMnNiAICr and FeMnCrSiNi, through increas-
ing the Fe content in the equiatomic HEAs system. The compositions of these Fe-rich
HEAs are listed in Table 1.

Previous research work has confirmed that the increasing Fe content may result in
different effects on the microstructure and properties in different HEA systems. For
instance, Yu and co-workers proposed a new strategy to develop Fe-rich HEAs with
eutectic structures [47]. Based on the current pseudo-binary design strategy of eutec-
tic HEAs, the eutectic composition can be experimentally identified by adjusting the
atomic content ratio of the intermetallic forming elements to the face-centered cubic
(FCC) forming elements in an equiatomic HEA system [47]. As shown in Figure1, a
series of cost-effective Fe-rich HEAs with various compositions (Feso_yNi;sCrysMoy)
and corresponding structures (i.e. the hyper-eutectic, eutectic, hypo-eutectic and
near single FCC structure) were produced through decreasing the ratio of the inter-
metallic forming elements (Mo) to the FCC forming elements (Fe) from 1 to 3/7 [47].

The strategies proposed by Yu and co-workers [47] is suitable for HEAs with
intermetallic-dominated phase. For HEAs with a single solid solution phase, the
increase in the ratio of Fe to other elements may not result in the formation of a
eutectic structure. Instead, it may change the phase constituents of the solid solution
phase matrix. For instance, by increasing the Fe content in the Fegy_yMn,CooCryg [12]
and Fe4o_xMn,,Co,0CryNiy [13] HEAs, the structure of the alloys shifted from single
FCC phase to dual-phase (FCC and HCP). By increasing the content of Fe or decreas-
ing the content of other elements in an equiatomic HEA, the thermal stability and
mechanical stability can be decreased due to the reduced “high-entropy effect”, which
may result in precipitation during heat treatment [48] or TRIP effect during deforma-
tion [13], which will be further discussed in Sections 3 and 4.
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Figure 1.
(a-d) Microstructure of as-cast Fes, Ni,;Cr,sMo, alloys: (a) x = 20, hyper-eutectic; (b) x = 15, fully-eutectic; (c)
X = 10, hypo-eutectic; (d) x = 5, divorced-eutectic; (¢) XRD analyses of Fes, (Ni,sCr,sMo, HEAs [47].
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3. Microstructure
3.1 Microstructure of the as-cast and homogenization treated alloys

The currently reported Fe-rich HEAs can be classified into different groups in
terms of their phase constituent, namely single or near single FCC phase alloys, FCC/
HCP dual-phase alloys and BCC/B2 dual-phase alloys. The FCC single phase and FCC/
HCP dual-phase Fe-rich HEAs have been comprehensively studied while very few
researches focus on the BCC/B2 dual-phase Fe-rich HEAs.

As shown in Table 1, the Fe-rich HEAs with single FCC phase include the
Fe50Mn27Ni10Cr13, Fe40Mn27Ni26C05Cr2 and Fe40.4Mn34‘8Ni11.3A17‘5Cr6. The Feso_xNi-
25Cr,sMoy HEAs have a near single FCC structure matrix with an intermetallic phase.
Yao and co-workers developed a non-equiatomic Fe4oMn,;Ni,cCosCr, alloy based
on the equiatomic FeMnNiCoCr Cantor alloy and their microstructure is shown in
Figure 2a-f [42]. The EBSD and EDS results of the recrystallized alloy in Figure 2
reveals that the non-equiatomic variant of Cantor alloy has a homogenized solid
solution matrix despite its comparably low configurational entropy [42], indicating
that equimolarity may not be a compulsory requirement to achieve single-phase solid
solution in multicomponent systems [42]. A similar conclusion can be drawn from
Yu and co-workers’ work. As shown in Figure 1, with the increasing of the ratio of
Fe to Mo in the FeNiCrMo HEA, the equiatomic FeNiCrMo was transformed into a
non-equiatomic alloy, resulting in a lower configuration entropy value of the alloy
system. However, the equiatomic FeNiCrMo is composed of an intermetallic phase
while the non-equiatomic Fe,sNi,sCr;sMos alloy with the lowest entropy value shows
the near FCC phase with low fraction of intermetallic (Figure 2g-i). Obviously, this
cannot be explained using the “high-entropy effect” proposed by Yeh and co-workers.
This can be related to the decreased atom size difference due to the increasing of Fe
content, which is usually ignored by the current “high-entropy effect”. As a conse-
quence, much more compositions of non-equiatomic HEAs can be designed to gain
single solid solution phase by decreasing the atom size difference even the maximum
entropy value may not be achieved.

The current dual-phase Fe-rich HEAs were developed based on the equiatomic
FeMnCoCr and FeMnCoCrNi. Increasing the ratio of Fe to Mn in the FeMnCoCr HEA
and the ratio of Fe to Ni in the FeMnCoCrNi HEA decreased the phase stability of single
solid solution phase. Hence, both the non-equiatomic Fegy_,Mn,Co;oCryg (x < 30 at.%)
and Fe,o_Mn,,Co,CryNix (x < 6 at.%) systems involved partial martensitic transfor-
mation from FCC to the HCP phase during quenching (Figures 2j-m and 3). As shown
in Figure 2j-m, the homogenized Co,oCr;oFe3sMn,Nig alloy after water quenching
shows an FCC and HCP dual-phase structure with homogeneous composition. The
SEM-BSE image reveals a high density of stacking faults in the FCC phase, indicating a
very low stacking fault energy of the new alloy. The effect of the metastable phase on
the mechanical properties will be further discussed in Section 4.1.

In addition, in contrast to the FeMnCrNiAl variant (Fey 4Mns, gNijq 3Al;5Crg) with
a single FCC phase, a Fe-rich HEA (Fe3Mny;CrygNijsAlyg) with BCC/B2 dual-phase
structure has been developed. As shown in Figure 2n—o, the as-cast alloy has a dual-
phase structure consisting of a BCC matrix and homogeneously distributed cuboidal
B2 ordered particles. The BCC/B2 dual-phase structure has been widely reported in
the refractory HEAs [49, 50], which usually exhibit superior high-temperature prop-
erties. However, nearly all the current refractory HEAs (e.g. MoNbTaW, MoNbTaVW
and HfNDbTaTiZr) contain expensive elements, such as the Ta, Hf, V, Nb, Mo, W.
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(aff ) Microstructure of the recrystallized Fe,,Mn,,Ni,cCosCr,: a. OM image, b. SE image, c and d. EBSD
phase maps and e and f. EDS maps [42]; (g—-i) Microstructure of the as-cast Fe sNi,;Cr,sMog: g. SEM

image, h. EDS mapping and i. XRD spectrum [15]; (j-m) Microstructure of the homogenized and water-
quenched Co,,Cr,oFe;,Mn,oNig HEA: j. EBSD phase map; k and I. ECCI image; m. EDS maps [13]; (n and o)
Microstructure of the Fe;sMn,,CrisNisAl,, alloy in the as-cast condition: a. BSE image, c. bright-field TEM
image [45].

In contrast, the newly developed BCC/B2 dual-phase HEA (Fe3sMn;;CrygNijsAlyg)
is Fe-enriched and only contains inexpensive elements, which sheds light on the
development of cost-effective refractory HEAs.
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XRD patterns and EBSD phase maps of Feg, JMn.C0,,Cr., (x = 45 at.%, 40 at.%, 35 at.% and 30 at.%) HEAs
[12]; XRD patterns of homogenized Co,,CraoFe o Mn,,Ni, (x = 20 at.%, 6 at.% and o) HEAs reveal the
variations of phase configurations with changing the x value [13].

3.2 Microstructure after annealing

Although HEAs with single-phase were initially considered more stable due to
the high-entropy effect, such as the CoCrFeMnNi HEA, they are recognized asa
supersaturated solid solution at intermediate temperature in recent years because
precipitation of the second phase or decomposition in the single solid solution phase
occurs in the alloys. Decomposition was observed in both the FCC and BCC HEAs,
such as the CoCrFeMnNi [51] with FCC structure and HENbTaTiZr HEA [52, 53]
with BCC structure, after long-period annealing at intermediate temperatures. It is
believed that the annealing at intermediate temperatures for a long-time resultsin a
weakened “high-entropy effect” due to the temperature-dependent contribution of
mixing entropy to total Gibbs free energy and thus decreases the phase stability of the
solid solution phase.

For Fe-rich HEAs, the phase stability of their solid solution can be further
weakened due to the non-equiatomic and reduced entropy value, including thermal
stability and mechanical stability. As aforementioned, the decreased thermal stability
of the solid solution phase results in phase transformation during cooling, such as
the partial martensitic transformation from FCC to the HCP phase when quench-
ing as shown in Figures 2j and 3. The decreased mechanical stability will introduce
phase transformation during deformation. Both the reduced thermal stability and
mechanical stability contribute to the improvement of mechanical properties, which
will be further discussed in Section 4.1. In addition, the decreased thermal stability
may result in the precipitation of the second phase in the metastable solid solution
phase, which can be used to manipulate the microstructure and thus their mechanical
properties. For instance, Yu and co-workers investigated the precipitation behavior
of the cost-effective Fe,sNiysCrysMos HEA with a face-cantered cubic (FCC) matrix
[48]. As shown in Figure 4, with the increasing aging time at 900°C, the volume
fraction of needle-shaped precipitates increased significantly in the FCC matrix of
Fe4sNipsCr,sMos HEA. This resulted in a high age-hardening effect, which raised the
hardness from 192 HV; to nearly 300 HVs. However, the peak-aged sample exhibited
room-temperature brittleness due to the precipitation of a large needle-shaped
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(a and b) Novel heterogeneous lamella (HL) structure in the Fey;Ni;;C,;Mo; HEA: STEM bright-field image

of the thin-foil sample. The yellow arrows indicate the o precipitates (a) [39]; Schematic illustration of the HL
microstructure with nanoprecipitates and twins (b). (c) Schematic plot of producing hievarchical grain structure
in the Fe,sMn;,Co0,,CrCos alloy [41].

intermetallic phase. To decrease the brittleness, thermomechanical processing can be
applied to decrease the size of precipitates, which will be discussed in Section 3.3.
Precipitation or phase decomposition is also reported in the dual-phase Fe-rich
HEAs, for instance, the Fe3gMn,;CrigNijsAl;g HEA with BBC and B2 phases.
Interestingly, annealing at a high temperature of 1200°C for 24 h barely changed the
structure (Figures 2n—o and 5h), but annealing at a relatively lower temperature
of 1000°C resulted in precipitation of the FCC phase along the grain boundaries
and within the matrix (Figure 5i-j). Due to the presence of the soft and ductile FCC
phase at temperatures lower than 1000°C, the alloy is softened and thus may not be
suitable for applications under 1000°C. However, the nanometer scaled cuboid B2
phase remains unchanged at 1200°C for 24 h, which is abnormal. Generally, high-
temperature treatment will result in the coarsening of the second phase. This suggests
a high stability of the nanometer scaled dual-phase structure, and therefore maintain-
ing superior mechanical properties at temperatures close to 1200°C. Future work
is needed to verify the high stability and evaluate the high-temperature (>1000°C)
properties.
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(a—f) SEM images of the Fe ;Ni,;Cr,;Mo, samples aged at 900°C for diffevent hours; (g) EDS map of the peaked
aged Fe xNi,;Cr,sMo; HEA [48]; (h—j) Microstructure of the Fe;eMn,,CrigNi sAl,, alloy after annealing at 1200
(h) and 1000°C (i, j) for 24 h: h and i. BSE images, j. EBSD phase map (FCC phase in ved and BCC/B2 phase in
green) [45].

3.3 Microstructure after the thermomechanical process

In contrast to the simplicity of microstructure in the as-cast and as-aged Fe-rich
HEAs, microstructure after thermomechanical processing can be more diverse, which
provides much more opportunities for microstructure and mechanical properties
manipulation. Similar to traditional alloys or equiatomic HEAs, thermomechanical
processing is performed to control the grain size, phase constituents or phase fraction
in Fe-rich HEAs (Fegg_xMn,Co;yCryo and Fes9sMn3z,Co10Cr19Co 5) [12, 13, 40, 54], which
corresponds to the grain-refinement strengthening, TWIP or TRIP effect. Except for
the above traditional microstructure control methods, heterogeneous or hierarchical
microstructure design (e.g. heterogeneous lamella structures, gradient structures,
laminate structures, and harmonic structures) [19, 55, 56] has been proved effective
in the property improvement of HEAs. This has been an active research topic.

Unique heterogeneous lamella (HL) structure was introduced in a cost-effective
FCC HEA (Fe;5Ni3sCrysMos) through a single-step heat treatment (800°C for 1 h) after

37



High Entropy Materials - Microstructures and Properties

cold rolling. As shown in Figure 4a and b, the HL structure consists of alternative
layers of coarse-grained FCC matrix, and ultra-fine grains or subgrains layer with
nanoprecipitates and annealing twins (ATs). According to Yu and co-workers, the
preferential precipitation of ¢ phase at the shear bands with a high density of lattice
defects (e.g. high-density dislocation walls and nano deformation twins) restrict the
growth of recrystallized grains, resulting in the partial recrystallization and thus the
formation of HL structure [39]. In addition, Su and co-workers [41] demonstrated

a hierarchical microstructure design strategy to improve the mechanical properties
of an Fe-rich HEA (Fe45Mn3,Co1Cry9Cy 5) by a thermomechanical processing. As
shown in Figure 4c, three distinguished regions with different levels of dislocation
density formed in the as-homogenized FCC matrix after cold rolling, including the
deformation-induced HCP phase with the lowest dislocation density, residual FCC
region with medium dislocation density, and severe shear bands region with the high-
est dislocation density. After annealing at a temperature above 400°C, the HCP phase
is reversed to FCC phase while twins which co-existed with martensite lamellae got
thickened in the parent grains. Due to the different dislocation densities and thus dif-
ferent recrystallization kinetics, trimodal grain structures were finally produced and
characterized by small recrystallized grains associated with shear bands, medium-
sized grains recrystallized from parent grains and unrecrystallized large grains. Such a
grain size hierarchy promotes the variation in phase stability and results in a joint acti-
vation of transformation-induced plasticity (TRIP) and twinning-induced plasticity
(TWIP) effects upon loading and thus a good strength-ductility synergy [41].

The above findings indicate that the non-equiatomic alloys (e.g. Fe-rich HEAs) not
only enable more alloys with different compositions to be designed, but also broaden
the window for microstructure and properties tuning due to the reduced thermal and
mechanical stability of the solid solution phase.

3.4 Microstructure during deformation

As aforementioned, the decreased thermal stability and mechanical stability of
Fe-rich HEAs can be applied to manipulate the microstructure via different deforma-
tion mechanisms (e.g. dislocation slip, twinning and the formation of stacking faults)
and strengthening effects (e.g. TRIP effect, precipitation strengthening or integrated
strengthening effect), and thus to achieve better mechanical properties. For instance,
Zhiming and co-workers [12] reported that the improvement in the mechanical prop-
erty of the metastable DP HEA (FesoMn3oCo;oCryo) is related to the thermally induced
DP structure and mechanically induced HCP phase [12]. As shown in Figure 6a and
b, a large number of stacking faults is observed in the metastable FCC phase in the
FesoMn;30CoyCryg HEA, which acted as phase-formation nuclei (FCC — HCP) during
deformation. When strain is lower than 30%, the stress-induced transformation from
the FCC to HCP phase is the dominant deformation mechanism. With increasing
strain to over 30%, the density of stacking faults and nano-twins increased in both
the initial and mechanically induced HCP phase, which contributes significantly to
strain hardening. Further increase of the strain to over 45% resulted in the formation
of a high density of dislocations. Therefore, the thermally and mechanically induced
HCP phase plays an important role in plastic accommodation and hardening at later
stages of deformation via multiple deformation mechanisms, including dislocation
slip, twinning, and the formation of stacking faults [12]. In addition, Yu and co-
workers [39] introduced a unique heterogeneous lamella (HL) grain structure with
a high density of nanoprecipitates, annealing twins and low angle boundaries in the
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Figure 6.
(a and b) Deformation micro-mechanisms in the TRIP-DP-HEA with increasing tensile deformation at room
temperature [12]; (c—f) Microstructural evolution upon tensile deformation in the HL Fe,Ni;,Cr,;Mo; HEA [39].

Fe3sNissCrsMos HEA (Figure 4a and b), resulting in a superior tensile property,
with yield strength over 1.0 GPa and total elongation of ~13%. It is reported that the
superior tensile properties were resulted from the hetero-deformation induced (HDI)
strengthening, precipitation strengthening and the coexistence of multiple deforma-
tion mechanisms [39]. As shown in Figure 6¢-f, the as-deformed Fe3sNiz;sCrsMos
HEA shows a complex hierarchical microstructure including stacking faults (SFs),
dislocation, annealing/deformation twins (DTs), low-angle grain boundaries
(LAGBs), nanoprecipitates and HL interfaces. During deformation, the hierarchical
microstructure (a high density of LAGBs, HL interfaces and precipitates) in the HL
Fe3sNissCrysMos alloy interact with the subsequently activated dislocations, SFs and
DTs and thus significantly promote the strain hardening ability and prevent early
necking.

4. Properties
4.1 Mechanical properties

The room-temperature tensile properties (yield strength and fracture strain)
of the current cost-effective Fe-rich HEAs/CCAs and a few commercial steels (for
comparison purpose) are summarized in Figure 7. Obviously, the tensile properties
of the current Fe-rich HEAs significantly vary, depending on their composition and
microstructure. The widely reported strength-ductility trade-off can be identified in
both the Fe-rich HEAs and commercial steels. Most Fe-rich HEAs or steels with high
yield strength correspond to low elongation and vice versa. For instance, the ductile
FesoMnj3,CoyoCry alloy with high elongation of over 70% has a yield strength of less
than 500 MPa [12] 5 while the Fe35Ni35Cr25M05 HEAs [39] and Fe49,5Mn30C010Cr10C0,5
[41] after thermomechanical process exhibit a very high strength over 1 GPa but with
ductility around 10%. Some HEAs exhibit balanced strength and ductility, such as the
Fe495Mn30Co19Cr19Co s HEA [41]. After cold rolling and annealing at 650°C for 3 min,
a good combination of yield strength (824 MPa), UTS (1.05 GPa) and ductility (33%)
are attained due to the hierarchical grain structure (Figure 4c) and the sequential
activation of transformation-induced plasticity (TRIP) and twinning-induced
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Tensile properties of most currently reported Fe-vich HEAs [12-14, 39-46] compared with different types of steels
(Data of steels is from Ref. [57, 58]).

plasticity (TWIP) effects during deformation [41]. Some HEAs also exhibit quite low
tensile performance, for instance, the BCC/B2 dual-phase Fe;Mn,;CrgNijsAl; HEA
with severe brittleness, the elongation of which is less than 3%. Furthermore, most
FCC Fe-rich HEAs exhibit very low strength (<250 MPa) at as-cast condition, which
is close to that of the 316 L stainless steel.

Compared with commercial steels, the mechanical properties of the currently
reported Fe-rich HEAs overlap most of the commercial steels, but are still lower than
some high strength steels, particularly the maraging steels (number 2 in Figure 6)
and D&P steels (number 1 in Figure 6) with ultra-high strength [57, 59, 60]. For
instance, the low-cost D&P steel (FeMnyg 45Cp.44Al; 57V 67) possesses a superior tensile
property, with the yield strength and elongation of nearly 2 GPa and 22.0%, respec-
tively [60]. Thus, it is essential to improve the mechanical properties of Fe-rich HEAs
to further enhance their application potential.

4.2 Wear resistance

Except for the tensile or compressive properties, data of other mechanical
properties, such as wear resistance, impact toughness, fatigue properties, or creep
resistance, of Fe-rich HEAs is very limited. Based on the cost-effective age-hardenable
Fe4sNi,ysCrpsMos HEA, Yu and co-workers developed an intermetallics and carbides
reinforced Feyg 5Niy sCr sMo4 sTisCs HEA with superior wear resistance [46]. As
shown in Figure 8a-d, the as-cast FeNiCrMoTiC alloy consists of an FCC solid
solution matrix with randomly-distributed carbides and FCC/intermetallics eutectic
structures. Aging at 800°C for 96 h effectively increases the hardness (Figure 8e)
and wear resistance (Figure 8f) of the alloy due to the precipitation strengthening of
intermetallics. It is noteworthy that, although the hardness of high-chromium cast
iron (HCCI) is much higher than that of the peak-aged FeNiCrMoTiC alloy, the wear
resistance of the latter is superior (Figure 8f). This is attributed to their different
wear behavior during dry friction (Figure 8g). In contrast to the severe delamination
in the HCCI, the peak-aged FeNiCrMoTiC alloy shows moderate abrasive wear and
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SEM-BSE images (a-b) and the corresponding EDS map (c) and line-scan results (d) of the as-cast
Fe,5sNi,, sCr, sMo, s TisCs HEC; (e) Hardness aging curves of the HEC at 800°C for up to 240 h, with inserted
BSE images of the as-cast sample and peak-aged (800°C, 96 h) HEC; (f) Wear resistance of the HECs and
destabilized HCCI are plotted against their havdness values; (g) Comparison of wear mechanism of the HCCI
and as-aged HEC [46].

minor delamination under sliding friction due to its combined effect of ductile FCC
matrix and fine reinforced particles, including the in-situ formed carbides/eutectic
structures and precipitates formed during aging treatment [46]. On one hand, the
fine reinforced particles with lower cracking susceptibility effectively strengthen the
soft FCC matrix and thus reduce both the material loss by abrasive wear and severe
brittle delamination. Moreover, the spalled fine particles (e.g. carbides or intermetal-
lics) were found welded back into the FCC phase during friction and thus further
strengthening the matrix and decreasing the abrasive wear. On the other hand, the
propagation of micro-cracks from the brittle particles is inhibited by the ductile FCC
matrix, which also suppresses the severe brittle delamination [46].

4.3 Oxidation and corrosion resistance

As shown in Table 1, all the currently reported Fe-rich HEAs contain Cr, most of
which is over 10 at.%. Generally, alloys with high content of Cr show high oxidation
and corrosion resistance. It is reasonable to assume that most currently reported
Fe-rich HEAs possess superior oxidation and corrosion resistance. However, corrosion
behavior of Fe-rich HEAs is rarely reported. Yu and co-workers evaluated the high-
temperature oxidation resistance of the Fe-rich Fe;sNiysCr,sMos HEA in comparison
to two commercial alloys (i.e. 316 L stainless steel and Inconel 625 superalloy) [15].

In contrast to the catastrophic oxidation behavior of 316 L stainless steel and severe
oxide spallation on Inconel 625 superalloy, the Fe-rich HEA showed outstanding
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oxidation resistance at 1200°C, including low oxidation rate and high spallation
resistance. As shown in Figure 9a-1, catastrophic oxidation and spallation occurred
on the 316 L stainless steel at 1200°C mainly due to the high oxidation rate and the
intergranular cracking in the coarse-grained FeO scale. For Inconel 625 superalloy,
the high densities of pores, cracks and Nb oxides in the Cr,0; scale promoted the
oxidation process. Meanwhile, the selective formation of Nb,Os along the Cr,0;
scale/substrate interface resulted in severe oxide spallation and thus reduction of the
oxidation resistance [15]. In contrast, an exclusive and compact chromia scale with
better mechanical properties (e.g. high hardness and elastic modulus) formed on
the Fe-rich HEA, protecting the matrix from further oxidation and high resistance
against interface cracking during the oxidation process. As a result, the Fe-rich HEA
showed the lowest oxidation rate at 1200°C compared with that of 316 L stainless steel
and Inconel superalloy (Figure 9m) [15].
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Figure 9.

EBSD analysis of the FeO oxide scale formed on the 316 L SS (a—d), on the Inconel 625 superalloy (e~h) and the
Fe 5Ni,;Cr,sMog CCA (i-1) after oxidation at 1200°C in the air for 48 h: (a, e, and i) band contrast map; (b,

f, and j) IPF map; (c, g, and k) phase map; (d, h, and 1) KAM map; The isothermal oxidation kinetics of the
Fe-rich CCA as compared with the 316 L SS and the Inconel 625 alloy at 1200°C in the air for 48 h [15].
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Figure 10.

(a) Surface morphologies of the Fe;Ni,;Cr,;Mo; HEA and the 316 L SS after immersion in the 5%HCI solution at
room temperature for 10 days. (b) Surface morphologies of the aged Fe ,sNi,, ;Cr,, sMo, sTisC; HEA and 316 L SS
before and after immersion in the 20% HCI solution at room temperature for 150 days [46, 48].
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Yu and co-workers also qualitatively evaluated the corrosion resistance of the
Fe4sNipsCrysMos and Feyg sNiy, sCra; sMoy sTisCs alloys using the immersion experiment
[46, 48], both of which have superior corrosion resistance in an acid environment. As
shown in Figure 10a, after immersion in the 5% HClI solution at room temperature for
10 days, obvious surface corrosion occurred on the 316 L stainless steel, but no visible
corrosion was found on the Fe;sNi,sCr,sMos HEA [48]. Similarly, catastrophic corro-
sion was identified in the stainless steel while only minor corrosion pits are visible on
the Feyg sNip; 5Cryy sMoy sTisCs HEA after immersion in 20% HCI solution for 150 days
(Figure 10b) [46]. In-depth future work about the corrosion mechanisms of the
Fe-rich HEAs is necessary.

5. Conclusions and outlook

Fe-rich HEAs exhibit a high potential for industrial applications owing to their
superior properties and relatively low cost. Upon reviewing the currently reported
Fe-rich HEAs the following conclusions are achieved.

1. The Fe-rich HEAs reported most recently were developed based on the 34 tran-
sition-metal HEAs, including single or near single FCC, FCC/HCP dual-phase
and BCC/B2 dual-phase alloys. The FCC and FCC/HCP dual-phase Fe-rich HEAs
have been widely studied, but few researches focused on the BCC/B2 dual-phase
Fe-rich HEAs.

2.The compositions of various Fe-rich HEAs can be designed by simply increasing
the Fe content in the equiatomic HEAs system, which may result in different ef-
fects on the microstructure and properties of different HEA systems. By increas-
ing the content of Fe or decreasing the content of other elements in equiatomic
HEAs, the thermal stability and mechanical stability are reduced because of
lowering the “high-entropy effect”. The decreased thermal stability of the solid
solution phase facilitates precipitation during heat treatment or phase trans-
formation (e.g., FCC to HCP transformation) during cooling. The decreased
mechanical stability enables stress-induced phase transformation during defor-
mation. Like conventional alloys, these phenomena can be used to tailor the mi-
crostructure, introduce different deformation mechanisms (e.g., dislocation slip,
twinning and the formation of stacking faults) and strengthening effects (e.g.
TRIP effect, precipitation strengthening or integrated strengthening effect), and
thus achieve improved mechanical properties.

3.Like the processing of traditional alloys or equiatomic HEAs, a thermomechani-
cal process can be used to tailor the grain size, phase constituents or fraction of
the Fe-rich HEAs (e.g., Fego xMn;Co;Cryg and Fesq5Mn30Co19Cr9Cos), in order to
improve the mechanical properties of the alloys.

4. The tensile properties of the currently reported Fe-rich HEAs vary within a wide
range, depending on their composition and microstructure. The widely reported
strength-ductility trade-off can be identified in both the Fe-rich HEAs and com-
mercial steels. The mechanical properties of the currently reported Fe-rich HEAs
are better than most of the commercial steels, but are still lower than some high
strength steels, such as the maraging steels and D&P steels with ultra-high strength.
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5.Except for the tensile or compressive properties, data of other mechanical
properties of Fe-rich HEAs is limited, such as wear resistance, impact toughness,
fatigue properties or creep resistance. In addition, although most Fe-rich HEAs
are supposed to possess superior oxidation and corrosion resistance, very few
research results are reported.

Some Fe-rich HEAs exhibit superior properties including mechanical properties,
and oxidation and corrosion resistance. However, the greatest challenge is how to
commercialize such alloys for industrial application. Systematic and comprehensive
research is needed, which should focus more on the aspects of composition design,
microstructure control, and properties evaluation and improvement. Here, combining
the opinions proposed by other experts in the field of HEAs [23, 61] the authors pro-
pose a few topics that are of particular significance for the application of Fe-rich HEAs.

1. Except for the current 3d transition metal Fe-rich HEAs with FCC or FCC/HCP
dual-phase structure, the Fe-rich HEAs with BCC structure should also be devel-
oped. Such studies are expected to shed some light on the development of low-
cost refractory alloys. This can be achieved by introducing refractory elements
(ie., Ti, V, Zr, Nb, Hf, and W) or other elements (e.g., Al, Si) with a low valence
electron concentration (VEC) value. Due to the high strength of the BCC phase
at elevated temperatures, the cost-effective Fe-rich HEAs with BCC structure
can be a new type of promising refractory HEAs. For instance, the Fe-rich HEAs
(Fe36Mn;CrygNijsAlyg) exhibit a very stable fine BCC/B2 DP structure at 1200°C,
which can be a cost-effective alloy for high-temperature application [45].

2.The mechanical properties of the Fe-rich HEAs developed need further improve-
ment. Different strategies should be explored to optimize their composition,
microstructure, and process. For instance, other than C, the addition of other
interstitial elements e.g., N, B, O, in Fe-rich HEAs may be used for property
improvement. In addition, thermomechanical processing can be an effective
method for microstructure control and properties manipulation.

3.The properties of Fe-rich HEAs need to be evaluated comprehensively to explore
their potential applications in extreme environments. Except for the most widely
reported room-temperature tensile properties, other mechanical properties like
low/high-temperature tensile properties, impact toughness, fatigue resistance,
creep resistance and wear resistance should be characterized. Further explora-
tion of other properties like oxidation and corrosion resistance should also be
conducted.
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Chapter 3

Breaking the Property Trade-Offs
by Using Entropic Conceptions

Yong Zhang and Xuehui Yan

Abstract

Entropic conception has been used as an effective strategy for developing materials
to break the property recordings of current materials, for example, breaking the trade-
off between the high-strength and low-ductility structural alloys. The performance of
materials usually under a complex circumstance, a balance of multiple properties, for
example, combined the high-strength, high ductility, high conductivity, high corro-
sion resistance, high irradiation resistance, etc., the strategy of high-entropy-alloy
(HEA) will provide a materials design and development technology to realize the goal.
Magnetic materials usually exhibit excellent magnetic properties but weak mechanical
properties and corrosion resistance. The reported unique behaviors of HEAs, for
example, self-healing effects may be the mechanism for the high irradiation resistance
of the HEAs, and self-sharpening behaviors of the tungsten-based HEAs main closely
be related to the serration behaviors.

Keywords: high-entropy-alloy, strength, conductivity, toughness, corrosion
resistance, self-healing, self-sharpening, serration behaviors, irradiation resistance,
performance, trade-off, properties limits

1. Introduction
1.1 Definition and development of HEAs

Entropy is an important physical parameter to reflect the disordered state of a
certain system, which is mainly expressed by three different forms including Clausius
entropy, Boltzmann entropy, and Shannon entropy. Among them, entropy measured
by Boltzmann’s thermodynamic statistics principle is in the form of:

AScpof = klnw (1)

where K is the Boltzmann’s constant (k = 1.38 x 10~2}J/K), and w is the thermo-
dynamic probability, which is the total number of micro-states corresponding to a
certain state. Entropy measured by Clausius entropy is in the form of:

dS = dQ /T )

where Q is heat and T is temperature. The physical meaning of this expression is
that the entropy of a system is equal to the amount of heat absorbed (or dissipated) by
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the system in a certain process divided by its absolute temperature. Different from
Boltzmann entropy, Clausius entropy reflects the macroscopic quantity of thermody-
namics. Probability is involved in the definition of Boltzmann entropy. The probabil-
ity is not only used in physics but also in mathematics, information science, etc, which
enables the application of entropy in other fields. Shannon entropy is one of the
representatives, the expression is as follows:

ZP )log,P(a;) (3)

Based on this, information entropy has been measured in the form of:
S=-K Zpi InP; (4)

where P; is the probability of occurrence of the i-th information of the information
source. Briefly, the higher the entropy value of the system, the more disordered the
system. For a material system, order can be defined in terms of a fully crystalline
space group symmetry or another correlation. Ordered materials generally referred to
materials with standard crystal structures, such as silicon single crystals, graphite,
diamond, and intermetallic. In contrast, the common disordered materials mainly
include amorphous materials and continuous solid solution materials (namely
high-entropy materials) [1].

The concept of high entropy introduces a new path of developing advanced mate-
rials with unique properties, which cannot be achieved by the conventional micro-
alloying approach based on only one dominant element. In contrast with traditional
alloys composed of one principal element, HEAs generally have equimolar or near-
equimolar atomic fractions of multiple constituents (generally more than 4 compo-
nents), as shown in Figure 1a. As displayed in Figure 1b, the ternary or pseudo-
ternary phase diagram can be roughly divided into the ordered alloys region (blue)
near the corners and relatively disordered alloys region (dotted circle) near the center.
The center of the phase diagram, relatively high-disordered region, often has few alloy
systems available, especially for traditional alloy systems. In recent years, many new
alloys with promising properties are likely to be discovered near the centers (as
opposed to the corners) of phase diagrams, which no longer contain a single major
component, but multiple major elements and form a concentrated solid-solution
structure, namely high-entropy alloy systems. The development of HEAs has
provided a novel design philosophy for alloy design and draw significant interest

- Principle element

- . /
— Minor alloying {
element
/

Multiple principle
element -~ Disordered region:

R o -~ B *~" High-entropy alloys

Traditional alloys High-entropy alloys Ordered region:
Traditional alloys

Figure 1.
Schematic diagram of traditional and high-entropy alloy systems. (a) atomic proportions of traditional alloys and
high-entropy alloys; and (b) Ordered and disordered regions in a ternary phase diagram.
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in designing its chemical disorder to bring different structural and physical
characteristics.

Here, we would like to discuss the definition of HEAs from the perspective of
entropy. For a certain material system, the entropy mainly includes configuration
entropy, vibration entropy, magnetic entropy, and thermal entropy. For HEAs with
concentrated solid solution structures, the configuration entropy caused by the
mixing of different atoms is the primary consideration. In order to simplify the
calculation, the regular solution model is usually used to derive the mixed entropy of
the HEAs in the state of random mutual dissolution [2]. The calculation formula is as
follows:

AS,ix = —R Z(Ci Inc;) (5)
i=1

where R is the gas constant (R = 8.314 J/mol-K); z is the number of alloy compo-
nents; ¢; is the content of the i-th component (at. %). The mixing entropy of HEAs is
much greater than that of traditional alloys, and even exceeds the melting entropy of
most metals (generally no more than 1R). According to this feature of HEAs, the
commonly used definitions of multi-component HEAs are as follows [3]: (1) Alloy
contains more than four main elements is equal to or near equal atomic ratio (at. %);
(2) The content of each principal element is greater than 5 at. %, and less than 35 at. %.
With the development of HEAs, the HEAs can be loosely divided into two generations
[4]: the first-generation alloys generally show a single solid-solution structure and
contain more than five principal elements in equal atomic ratio, and the second-
generation alloys show non-equimolar components and multiple phases, as shown
in Figure 2.

1.2 Classification of HEAs

With the development of HEAs, various HEAs with different forms have been
reported. Here, the HEAs have been classified from different dimensions, as shown in
Figure 3, mainly including three-dimensional (3-D) bulk materials, two-dimensional
(2-D) film and sheet materials, one-dimensional (1-D) fiber materials, and zero-
dimensional (0-D) powder materials [5].

Classification Component Feature Composition Atoms arrangement Typical alloys
0,
r it 1~2 principal ele- Tougher than the Fe-Ni, Fe-C,
The traditional alloys ments elementary substance Cu-Al, Al-Mg
e__©o
ST _— 3 At least 5 principal Single phase, CoCrFeNiMn,
The 1 generation HEAs elements equimolar AlCoCrFeNi
At Seastid piineiol Dual or complex NbMoTaW,
The 2 generation HEAs eislemg'nrll:mpﬂ phases, non-equimo- Al,,CoCrFeNi,
lar FeouMnyCr ooy

Figure 2.
Characteristics for the traditional alloys and two generations of HEAs [4].
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Figure 3.

Classification and general preparation methods of high-entropy alloys with different dimensions [5].

The 3-D HEAs, also referred to as bulk HEAs, are generally fabricated by alloy
melting, additive manufacturing, and sintering methods, with a weight from several
grams to tens of kilograms. Different cross-sectional shapes can also be obtained by
casting, such as round rods and square rods. The 2-D HEAs are thinner than bulk
alloys, and have several main types including thin films, coating, sheets, and thin
strips. The high-entropy wire and fiber are the 1-D HEAs, which are generally
obtained by drawing method and glass-covered spinning method. At present, micron-
scale high-entropy wire can be obtained, and possess attractive mechanical properties.
For the 0-D HEAs, mainly refers to high-entropy powders, which can be obtained
through mechanical crushing and atomization. Currently, the high-entropy powder is
used as raw materials for powder metallurgy and additive manufacturing, as well as a
novel catalyst for functional applications.

2. Performance properties
2.1 Representative performance advantages

As a novel complex emerging material, many unique characteristics of HEAs in
dynamics, thermodynamics, and structure have aroused great interest. The ability of
HEAs to be designed with unique properties in an unlimited space of alloy composi-
tions is encouraging. At present, many outstanding works have been carried out and
proved many attractive properties that break the trade-offs and limits of properties.
Here, several representative performance advantages including overcoming the
strength-ductility trade-off, outcoming low-temperature ductility, excellent thermal
stability, good corrosion resistance, and irradiation resistance have been illustrated [6].

I. Overcoming the strength-ductility trade-off: In general, strength and plasticity
are two opposing properties. In other words, the increase of strength is often
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accompanied by the loss of plasticity, and the increase of plasticity requires the
sacrifice of strength. It is exciting to find that the HEAs show the potential to
break through the strength-plastic trade-off. The high strength of HEAs can be
mainly attributed to two strengthening mechanisms. One of the most key
issues for breaking strength-ductility trade-off is tailoring the stability of the
constituent phases in HEAs, such as designing phase transformation, twinning,
and regulating the chemical short-order and nanoprecipitates.

II. Low-temperature ductility: Traditional materials tend to exhibit brittleness at
low temperatures, which limits their application in extreme low-temperature
conditions. Recent results prove that HEAs with fcc structure show excellent
mechanical properties under low temperatures, such as CoCrFeMnNi alloy [7]
(Cantor alloy), CoCrFeNi alloy [8], and Al 3CoCrFeNi fiber [9]. This unique
property is facilitated by the ability to form twin crystals, enabling defect
storage and microstructural refinement at low temperatures.

III. Thermal stability: The diffusion rate is significantly slower than that in
conventional materials. Severe lattice distortion directly is the key issue.
Multiple components and complex interactions between the different atoms
seriously affect the cooperative diffusion, and thereby slowing down
the phase transition rate, hindering grain growth, and improving creep
resistance.

IV. Corrosion resistance: The synergistic effect of slow diffusion, easy to obtain
amorphous, and nanocrystalline structure is the dominant reason for excellent
corrosion resistance. At the same time, high content of doping elements also
enables the formation of strong passivation layers.

V. Irradiation resistance: Recent results have proved that effective self-healing
mechanisms can be designed in HEAs. The particle irradiation could cause
atomic displacements, which induces the irradiation defects, such as vacancies
and interstitials, and also is accompanied by thermal spikes. For HEAs, the
possibility of vacancy-interstitial recombination is higher than in traditional
alloys due to complex interactions between atoms. And also, high levels of
atomic-level stress in HEAs destabilize the solid solution and facilitate atomic
remake to eliminate defects. This part will be discussed in detail in subsequent
chapters.

2.2 Key research topics

For the property of HEAs, besides the current efforts on breaking the trade-off
between the strength and ductility, we would like to propose several trade-offs
between the mechanical properties and the physical properties, such as the
deformability and soft magnetic properties, conductivity, and strength. Generally, the
functional properties are available from traditional materials. However, traditional
materials usually fail to provide a well-service under extreme conditions due to the
destabilization of mechanical properties. In this case, outstanding mechanical also is a
major boost for developing functional HEAs. Hence, we predict that developing HEAs
with unique physical properties is a key research topic for future development. There
are also other attractive properties, such as irradiation resistance and self-sharping
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properties. In subsequent chapters, we will discuss these performances and related
mechanisms in detail.

3. Soft-magnetic and mechanical properties

The performance of the soft magnetic material directly affects the transformer loss
rate. Traditional soft magnetic materials, such as steel, Fe-Co alloys, and silicon steels,
are often limited in their applications to the brittleness and poor deformability of the
alloys. For soft-magnetic materials, it is very important to seek the balance between
the magnetic properties and mechanical properties. However, this breakthrough is
difficult to achieve in traditional materials, which generally have a relatively high
degree of structural order, thereby showing poor deformability. In contrast, the
excellent mechanical properties over a wide temperature range guarantee a
well-service of HEAs under extreme environments. Moreover, high-entropy soft
magnetic materials are expected to break the trade-off between power and frequency,
as shown in Figure 4. For example, the conventional silicon steel is especially suitable
for using in conditions of high power and low frequency. Once silicon steel is used at
high frequencies, losses will increase dramatically. On the contrary, the amorphous
alloys and ferrite generally possess low coercivity and exhibit lower losses at high
frequencies, which give rise to the application of high-frequency transformers. Here,
high-entropy soft-magnetic alloys show great advantages in filling the gap between
high power/low frequency and low power/high frequency.

As we discussed in the previous chapter, HEAs have good mechanical properties,
flexible deformability and excellent thermal stability, which is one of the most impor-
tant properties for promising soft-magnetic materials. Many efforts have proved that
HEAs also show acceptable soft magnetic properties. The promising soft-magnetic
materials should have high-electrical resistivity, high-saturation magnetization, and
low coercivity. As shown in Figure 5, the soft-magnetic HEAs are mainly located in

Silicon steel

!

<>  High-entropy
#% Soft-magnetic alloy

Power

=

Ferrite

v

Frequency

Figure 4.
General relationship of power to frequent for common magnetic materials.
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Saturation magnetization versus coercivity of HEAs compared with major conventional soft and semi-hard
magnetic materials [10].

the region of soft and semi-hard regions, and the properties of partial alloys are
accepted by the soft-magnetic materials [10].

In addition, HEAs generally possess higher electrical resistivity in comparison with
traditional alloys due to large lattice distortion. Chou et al. [11] have investigated the
electrical resistivity of CoCrFeNiAlx alloy. Results showed that the resistivity of this
series of HEAs is higher, second only to that of bulk amorphous alloys, and the
resistivity increases with the increase of temperature, showing a linear relationship
with temperature. Currently, many efforts have been conducted to improve the com-
prehensive soft-magnetic properties of HEAs. Zuo and co-workers [12] have designed
a system of CoFeMnNi-X (X=Al, Cr, Ga, and Sn) magnetic alloys. The hysteresis loops
of these HEAs are shown in Figure 6. Ordered phases form by adding Al/Ga/Sn to the
FCC-structured CoFeMnNi alloy. This phase transition leads to the significant
enhancement of the saturation magnetization. Especially for CoFeMnNiAl alloy, the
alloy has Ms of 147.86 Am*/kg.

Moreover, Zuo and co-works have tried to optimize soft magnetic properties by
changing the fabrication process [13]. They found that the HEAs fabricated by
directional solidification process showed a lower coercivity. The coercivity value of
FeCoNiAly ,Sig ; alloy manufactured by directionally solidified is reduced to 315 A/m,
which is much lower than the as-cast alloy with 1400 A/m. Results prove that the
chemical short-range order in HEAs significantly changes the local environment of
atomic, which further reduces the average magnetic moment of magnetic atoms.
Zhang and co-workers have also investigated the magnetic properties and mechanical
properties of Fe-Co-Ni-Al-Si HEAs [14]. The alloy shows pretty good mechanical
properties and deformability. As shown in Figure 7, the alloy was fabricated by
vacuum magnetic suspension melting, and also can be conducted by cold-rolling to
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Hysteresis loops of (a) CoFeMnNiMn, (b) CoFeMnNiAl and CoFeMnNiGa, (c) CoFeMnNiSn, and (d)
CoFeMnNiCr alloys at room temperature [12].

Figure 7.
The macroscopic appearance of (Fe, ;C0, 5Ni, 5) o5(Al,/3Si,/5) s cold-volled sheet.

form the sheet. The alloy after annealing exhibits a tensile yield strength of 235 MPa,
an ultimate tensile strength of 572 MPa, and an elongation of 38%. The superior
ductility of HEAs provides the possibility of preparing thin plates, which can
effectively reduce eddy current losses of magnetic devices.

4. Conductivity and strength

Generally, high-purity materials have high conductivity, and the higher the purity,
the higher the electrical conductivity accordingly. Also, it is well known that the
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higher the purity of the material, the lower the strength. However, due to low strength
of high-purity materials, they cannot meet the requirements of industrial applications.
In this case, increasing the strength of alloy without significantly reducing the electri-
cal conductivity is essential. There are many methods to strengthen materials, for
example:

(i) Fine grain strengthening: Fine grains can be obtained through plastic
deformation or other methods, which improves the strength but also hinders
the electron transport; (ii) Solid solution strengthening: Solid solution treatment
causes the crystal lattice distortion, which enhances the scattering of electrons,
thus making the movement of electrons difficult; (iii) Second phase strengthening
(precipitation strengthening): The second phase precipitated from the alloy matrix
will hinder the movement of dislocations, which can improve the strength of the
alloy, but at the same time, it will also block electrons, which will hinder the
transmission of electrons; and (iv) Phase transformation strengthening: The lattice
is strongly distorted, and the resistance increases sharply. Obviously, these
strengthening methods reduce the conductivity. The current research work demon-
strates the possibility of breaking the balance between conductivity and strength in
the design of HEAs.

Excellent mechanical performance of HEAs is a basic guarantee for using as con-
ductivity materials. Moreover, there have been HEA superconductors discovered to
date, which seem to offer some interesting properties. Guo et al. [15] reported the
observation of extraordinarily robust zero-resistance superconductivity in the pres-
surized (TaNb)g ¢;(HfZ1Ti)( 33 HEAs with a bee phase structure. The transition to
superconductivity (T¢) increases from an initial temperature of 7.7 K at ambient
pressure to 10 K at ~60 GPa, and then slowly decreases to 9 K by 190.6 GPa, a
pressure that falls within that of the outer core of the earth. High-pressure resistance
measurements were performed for four samples that were cut from the material used
as the standard for the superconductivity at ambient pressure. The electrical resis-
tance measurements for these samples were performed between 4 and 300 K. They
inferred that the continuous existence of the zero-resistance superconductivity from 1
atm up to such a high pressure requires a special combination of electronic and
mechanical characteristics. The HEAs superconductor thus may have a bright future
for applications under extreme conditions, and also poses a challenge for understand-
ing the underlying quantum physics.

Vrtnik and co-workers [16] designed Ta-Nb-Hf-Zr-Ti HEAs with a structure
varying between a homogeneous random solid solution and a partially ordered nano-
structure in the form of a three-dimensional grid of short-range ordered atomic
clusters enriched in Zr and Hf and investigated the superconducting behaviors. The
superconducting transition temperatures T¢ of Ta-Nb-Hf-Zr-Ti HEAs are scattered in
the range between 5.0 and 7.3 K and this scatter could be related to the degree of
structural and chemical inhomogeneity of the samples. They demonstrated the
important fact that the formation, stability, and structure of a regular (non-ideal)
HEA mixture is determined by both, the minimization of the mixing enthalpy that
favors local atomic ordering and the maximization of the mixing entropy that favors a
random solid solution. The actual equilibrium state achieved during long-time thermal
annealing via the atomic diffusion is generally partially ordered, and the resulting
nanostructure is a sensitive function of the number of components constituting the
HEA, their concentrations, and the differences in the atomic radii and the annealing
temperature and time. This nanostructure essentially determines the electronic prop-
erties of HEA materials.
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5. Irradiation and self-healing

The unexpected stability of phase structure and mechanical performances in
extreme environments makes HEAs attractive candidates for irradiation-resistant
materials. It is well known that particle irradiation could cause atomic displacements,
which induces the irradiation defects, such as vacancies and interstitials. In contrast
with the traditional alloys, the integrated experiment and modeling work indicate that
HEAs show a lower volume swelling rate and defect density, which may be attributed
to the effective self-healing mechanisms of HEAs under irradiation conditions [6].
The possible self-healing mechanisms of HEAs can be concluded from three aspects,
as shown in Figure 8 [6].

Unlike interstitial atoms in conventional alloys, which migrate in the direction of
the Burgers vector in a long-range one-dimensional mode, interstitial atoms and
clusters in HEAs have short-range three-dimensional (3D) motion. The short-range
3D motion of interstitial clusters gives rise to the recombination of vacancy-
interstitial, thereby reducing the defects in alloys, as shown in Figure 8-I. In other
words, the chemical disorder and compositional complexity of HEAs promote the
novel short-range 3D migration paths, which facilitate the disappearance of radiation
damage, and improve the radiation tolerance. High atomic-level stresses caused by
mixing of elements with different atomic sizes are the reason for self-healing mecha-
nism in HEAs. Higher atomic-level stresses destabilize the solid solution, which will
facilitate amorphization of alloys during irradiation process. In this case, the thermal
spikes caused by particle irradiation will bring local melting and recrystallization,
which promote the orderliness of the alloy, and further reduce the density of defects,
as shown in Figure 8-II. Moreover, simulation results show that the electron mean
free path decreases significantly with the increase of the number of component ele-
ments. In this case, the consumption efficiency in HEAs is lower than that in conven-
tional alloys. This action can help to prolong thermal spike and significantly promote
the defect recovery of HEAs.

Nagase and co-workers [17] have investigated the irradiation behavior of
CoCrCuFeNi multicomponent nano-crystalline HEAs. A fine-grained fcc single phase
was obtained in the sputtered specimens. The fcc solid solution showed high phase
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Schematic diagram for the self-healing mechanism of irvadiation vesistance HEAs [6].
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stability against irradiation over a wide temperature range from 298 to 773 K and
remained as the main constituent phase even when the samples were irradiated up to
40 displacement per atom (dpa). Moreover, they found that the irradiation did not
seem to induce grain coarsening. Jin et al. [18] have investigated the effects of com-
positional complexity on the ion-irradiation-induced swelling and hardening in Ni-
containing HEAs. They designed four alloys with different component numbers,
including Ni, NiCo, NiCoCr, and NiCoFeCrMn alloys. It is reported that the irradia-
tion resistance at the temperature of 500 °C is improved by controlling the number
and, especially, the type of alloying elements. Alloying with Fe and Mn has a stronger
influence on swelling reduction than does alloying with Co and Cr. The quinary alloy
NiCoFeCrMn, with known excellent mechanical properties, has shown 40 times
higher swelling tolerance than nickel.

Briefly, the recent progress in HEAs demonstrates the possibility of obtaining high
radiation tolerance through unique damage self-healing mechanisms. It is desirable to
design high-performance HEAs for serving as irradiation resistance materials.

6. Serration behaviors and self-sharpening

Serration behaviors in plastically deforming solids are related to avalanches of
deformation processes. In the stress-strain curves, the serration characteristics are
visible as stress drops or strain jumps. In fact, similar serration characteristics are
ubiquitous in many structural and functional materials [19], such as amorphous
materials, high-entropy alloys (HEAs), superalloys, ordered intermetallic, shape-
memory alloys (SMAs), electrochemical noise, carbon steels, twinning-induced plas-
ticity steels, phase transformation-induced plasticity steels, Al-Mg alloys,
nanomaterials, magnetic functional materials, and so on.

The serration behaviors are produced by the material under the action of the
external field present a disordered distribution in time and space, which is closely
related to the rheological structural unit of the material. The zigzag rheological phe-
nomenon of materials in the process of plastic deformation objectively reflects some
characteristics of its deformation mechanism, such as the interaction of interstitial
solute atoms or replacement solute atoms and dislocations, local shear instability,
grain boundary migration, and twinning. At the same time, the rheological character-
istics of sawtooth are affected by many factors (such as external factors including
temperature, strain rate, and heat treatment process; and internal factors including
composition, grain morphology, size, and phase composition of the material).

“Self-sharpening,” the capability of a material maintaining its acute head shape
during penetration, is a highly required attribute of materials in armor piercing. Liu
and co-workers [20] firstly reported the self-sharping behavior of HEAs in a compo-
sition of WFeNiCo. It was observed that the remnant of 93 W penetrator has suffered
severe plastic deformation and exhibits an obvious mushroom-like head. In contrast,
the remnant of WFeNiMo penetrator maintains an acute head shape, demonstrating a
conspicuous self-sharpening ability, which is responsible for the improved penetra-
tion performance of WFeNiMo penetrators. In comparison with conventional single-
principal-element tungsten alloys where precipitated phases are strictly suppressed,
they found that the new tungsten HEA by chemical disordered design promotes
precipitation of rhombohedral p phase, which can trigger dynamic recrystallization
softening mediated shear banding and give rise to the prominent self-sharpening
behaviors. They proved that inhomogeneous deformation and relatively higher strain
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Figure 9.
Deformation diagram of conventional materials and self-sharping materials.

gradients caused by precipitates stimulate dynamic recrystallization and lead to shear
band formation.

In this case, the inhomogeneous deformation is a key issue for self-sharping
behaviors, and the serration is an important reflection of inhomogeneous deforma-
tion, as shown in Figure 9. Hence, we infer that there should be a correlation between
serration behavior and self-sharpening behavior, which is expected to shed light on
the origin of self-sharpening and might open new opportunities for developing high-
performance penetrator materials.

7. Strength-ductility trade-off

As an emerging material system, unique characteristics of HEAs in dynamics,
thermodynamics, and structure have aroused great interest in potential structural
materials. Considerate efforts have been focused on the mechanical properties and
related mechanisms of HEAs. As we all know, most metallurgical mechanisms for
increasing strength lead to ductility loss. One of the most exciting breakthroughs of
HEAs is breaking the trade-off of strength and ductility. It can be attributed to several
mechanisms as follows:

(1) Concentrated solid-solution structure: Causing significant solid solution
strengthening effect. (2) Severe lattice distortion: A core effect in the design of HEAs,
it has been proved that can effectively improve both yield stress and its sensitivity to
grain size. In this case, fine grain strengthening effect plays a more positive role in
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Comparison of the Zr-Ti-Nb-Al HEAs with existing HEAs and amorphous alloys. (a) Maps of yield strength
versus tensile strain of HEAs reported previously at voom temperature [ Abbreviation: Yield strength (YS), Tensile
strength (TS), Amorphous alloy (AM)]. (b) Maps of specific strength versus density of HEAs reported previously
at room temperature [22].

HEAs, which improves the strength as well as optimizes the deformation stability. (3)
Tailoring the stability of the constituent phases in HEAs in the wide compositional
space: such as designing nanoprecipitates, phase transformation, twinning, and regu-
lating the chemical short-order.

There are many salient works that have developed HEAs possess high strength, as
well as good ductility, which show great application potential in new generation of
structural materials. Li and co-workers [21] have reported that Fegy_,Mn,Co;¢Cryg (at.
%) alloy systems successfully overcome the strength-ductility trade-off by regulating
metastable phase. Transformation-induced plasticity and dual-phase strengthening
are two key contributions to such a breakthrough. In the Fegy_,Mn,Co;(Cr;o HEA,
two contributions lead to enhanced trans-grain and inter-grain slip resistance, and
hence, increased strength. The increased strain hardening capacity that is enabled by
dislocation hardening of the stable phase and transformation-induced hardening of
the metastable phase produces increased ductility.

The high strength is a typical advantage of body-centered-cubic HEAs (BCC-
HEAs). However, brittleness and weak strain-hardening ability are still their Achilles’
heel. Developing ultra-strong and ductile BCC-HEAs are highly desirable but
extremely challenging. Yan and co-workers [22] have reported a
(Zro 5Tip 35Nbg 15)100_xAlx (x=10 and 20 at. %) HEAs, which show extraordinary
strength (~1.2 to 1.8 GPa) together with good tensile ductility (~8% to 25%) at room
temperature. Ultrahigh strength and excellent tensile ductility are record-high values
over existing BCC-HEAs, as shown in Figure 10. Remarkably, relatively low densities
of less than 6 g/cm” are exhibited in these alloys. They demonstrated that inducing
nanoprecipitates and diversifying dislocation motion modes are the key factors to
achieving such a remarkable breakthrough.

8. Conclusion

The unique characteristics of HEAs in dynamics, thermodynamics, and structure
have aroused great interest in the new generation of structural and functional
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materials. The ability of HEAs to be designed with unique properties in an unlimited
space of alloy compositions is encouraging. In the past two decades, many salient
efforts have been conducted to explore unique and useful properties of HEAs. Many
attractive properties that break the limits of traditional materials are reported. It is
desirable that the development of HEAs can shed light on the novel alloy design
concept and open new opportunities for developing next-generation structural and
functional materials.
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Chapter 4

Solid Solution Strengthening
in High-Entropy Alloys

Ibrahim Ondicho, Benard Alunda and Kahinga Kamau

Abstract

This book chapter discusses solid solution strengthening (SSS) as one of the main
hardening mechanisms in high-entropy alloys (HEAs) that form basis as one of its
core effects (lattice distortion). The various techniques used to quantify SSS and the
role of different substitutional and interstitial elements/atoms in improving the
strength of HEAs are outlined in detail. This review provides a good assessment on
ways to enhance the mechanical properties of HEAs to suit the extreme demands of
modern engineering applications. Based on theoretical modeling and experimental
validation, Al and Nb provide superior substitutional SSS in face-centered cubic and
body-centered cubic crystal structures, while carbon has a 50% more effect on
improving the mechanical properties of HEAs than in stainless and twinning-induced
plasticity steels. Moreover, a detailed description of the application of machine learn-
ing in design of HEAs shows that trial and error can eliminated in identifying HEAs
with exceptional yield strength. The atomic size difference should be used to evaluate
the lattice distortion effect.

Keywords: high-entropy alloys, solid solution strengthening, lattice distortion,
interstitials

1. Introduction

For decades since the Iron Age, many engineering applications have relied upon
metallic materials that are designed on the basis of one principal element. Their
physical properties of the matrix are enhanced by introducing small quantities of
alloying elements. However, with the increment of complex engineering systems
operating in extreme conditions, the need for materials with excellent mechanical
properties has also increased exponentially. For instance, even though austenitic
stainless steels have been successfully used as a structural material in a nuclear reactor
core, irradiation embrittlement, irradiation-induced stress corrosion cracking and low
fatigue life limits their extensive application in design of future nuclear reactors [1].
The aforementioned challenges among others require new materials that withstand the
physical demands of their application environments that cannot be harnessed from
the current traditional alloys. Recently, a new alloy design approach, which utilizes
more principal elements in a metallic alloy was proposed by Yeh et al. [2, 3] and
Cantor et al. [4]. These alloys, which were christened as high-entropy alloys (HEAs),
consist of five or more principal elements with a concentrate range of 5-35 at. %.
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These alloys have been reported to possess some excellent physical and mechanical
properties compared to the conventional alloys [5-7]. This makes them suitable can-
didates for structural applications such as chemical and nuclear reactors, which have
highly corrosive and extreme temperatures, aircraft engine turbines, hydrogen stor-
age facilities, where creep strength and resistance to hydrogen embrittlement are key
design considerations [8-11].

It is noteworthy that the strengthening mechanisms in HEAs are not any different
from the ones observed in conventional alloys although the activation pathways and
their contribution to strengthening can be different. These strengthening mechanisms
include solid solution strengthening (SSS), grain boundary (GB) strengthening, dis-
location strengthening (DS), precipitation hardening (PH), transformation-induced
plasticity (TRIP), twinning-induced plasticity (TWIP), and composite microstruc-
tures (CM) [12-19]. Among these strengthening mechanisms, SSS is the only inherent
hardening mechanism courtesy of the high atomic size mismatch in the crystal struc-
ture inducing lattice distortion, which is enlisted as one of the core effects of HEAs.
Consequently, SSS forms the basis upon which other strengthening mechanisms are
built on, hence, warranting in-depth review on the recent advances as new HEAs are
designed. Therefore, this chapter discusses the SSS mechanism in HEAs spanning
from the theorical and analytical method to experimental techniques used in screening
of this hardening mechanism.

2. Solid solution strengthening mechanism in high-entropy alloys

In conventional alloys, solid solution strengthening can be achieved by substation
or interstitial atoms of alloying elements (Figure 1). In the former, solute atoms
replaces solvent atom in the crystal structure while in the latter, the smaller interstitial
atoms such as carbon, nitrogen and boron, tend to dissolve into the interstitial spaces
within the atoms of the solvent element. Both substitutional and interstitial SS
strengthening induces a local lattice distortion as shown in Figure 2a. The stress fields
caused by both substitutional and interstitial atoms coupled with the local lattice
distortion impede dislocation motion and make it difficult for the introduction of new
dislocations into the crystal structure during plastic deformation. Therefore, it
requires higher stresses to introduce and induce dislocation motion past the strain
fields and the solvent atoms. It is important to note that lattice distortion is localized in

Al-Cu alloy Fe-C alloy

Substitutional SS Interstitial SS

Figure 1.
Schematic drawing of substitutional and interstitial solid solution strengthening in conventional alloys.
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Co Cr Fe Mn Ni

““ (b) .?.. R

(a)

CoCrFeMnNi HEA CoCrFeMnNi-C HEA (Carbon-doped)

Al,CoCrFeMnNi-type HEA

Figure 2.

Schematic diagram of (a) CoCrFeMnNi equiatomic high-entropy alloy crystal structure (b) carbon-doped
CoCrFeMnNi high entropy alloy, and (c) severely distorted crystal structure of a typical Al,CoCrFeMnNi high-
entropy alloy.

conventional alloys as compared to global distorted crystal lattice in HEAs as shown in
Figure 2b.

2.1 Estimating solid solution strengthening in high-entropy alloys
2.1.1 Theoretical models

Labusch et al. [20] developed a model that describes the SS hardening in conven-
tional multicomponent alloys by considering the impact of frictional effect caused by
the continuous interaction of the solute and solvent atoms on the dislocation motion as
in the Fleischer model [21]. According to this model, the effect of solute atoms acting
as blocking barriers is negligible compared to the frictional effect. The Labusch model
ascribes SS hardening of an alloy to its elastic mismatch and atomic size misfit [22].

2
Aoy =BX? (1)
where the parameters B; and ¢ | can be expressed as:

4 %
B = 3/4€iGZ; € = (n,lz + azéf) ’ )
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where X; is the solute content and B, is a constant that depends on the alloy shear
modulus, mismatch parameter and a fitting constant Z as shown in Eq. (2): The
mismatch parameter is a convolution of the elastic misfit and the atomic size misfit,

which can be described by Eq. (3):

n/i:#§ nizd—#l; izd—ﬂl 3)
+ 05|7’l,| Xm yZ4 Xm a

where a is the lattice parameter and a being the paramter that accounts for
difference in interacting forces between edge and screw dislocations. For the screw
dislocations the acceptable value is 3 < @ < 16 while for the edge dislocations a > 16.

The lack of a reference atom in HEAs, especially in equiatomic or near equiatomic
alloys, complicates the direct application of the Labusch model in evaluating SS
hardening in HEAs. Therefore, Toda-Caraballo et al. proposed another theoretical
model based on the Gypen and Deruyttere’s model [23] to calculate SS hardening in
HEA by taking into account the average interatomic distance S;; and average lattice
constant:

2 2
o SiKiXi + S;K;X; @)
7SiKiX; + SjKX;
where s;; is the atomic size of pure elements, K; is the bulk modulus of pure
elements and x; is the concentration of the elements. The average lattice constant of
the alloy, a, is calculated as:

a= fzijs,-jxl-}g )

where f'is a constant depending on the crystal structure assuming a rigid sphere
model (e.g., f = p2 for FCC).

The above approach was adopted for HEAs due to their unique design in which five
or more principal elements are involved in equiatomic or close to equiatomic composi-
tions. Therefore, it is difficult to distinguish between the solvent and solute atoms since
there is no reference atom and the entire crystal lattice is severely distorted as shown in
Figure 2b. As a result, the Labusch model cannot be directly implemented in HEAs
since it becomes difficult to determine the average lattice parameter theoretically.
Toda-Caraballo compared predicted and experimental lattice parameters and an
overestimation in bcc HEAs and underestimation in fcc HEAs was observed. A correc-
tive multiplicative factor A was included and Eq. (3) can re-written as:

am}e — Suvepr (6)

where A = 0.98 for bcc and A = 1.01 for fcc HEAs. The other parameters remained
the same as expressed in the Labusch model [22]. Furthermore, the calculated misfit
of CrFeNbV equiatomic HEA shows that the model can be used to track the change in
the interatomic spacing. It was found that this change obeys is linear and can easily be
regarded as an extension of the Vegard’s law. The effect of different elements on the
SS hardening of HEAs was mapped out by evaluating the average interatomic spacing
as their atomic concentration is varied. For instance, both theoretically and experi-
mentally, it was established that addition of Cr enhances the strength of CoFeNi by
increasing its interatomic spacing while addition of Fe softens CoCrNi [22]. Okamoto
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et al. used root-mean-square atomic displacements X-ray diffraction (XRD) and first-
principles calculation to predict the strength of the equiatomic CoCrFeMnNi HEA,
which can scaled to its MEA subsets (i.e CrMnCoNi, CoCrNi, FeCoNi, MnFeCoNi,
MnCoNi, MnFeNi, and CrFeCoNi). It was established that the MSAD increases as the
atomic number of pure elements decreases. Moreover, the lattice distortion depends
on both the atomic size of the pure element and the surrounding atom in HEAs. For
instance, Mn has a MSAD of 60.9 pm? in CrMnFeNi quaternary alloy compared to
26.2 pm” in MnFeCoNi HEA. Therefore, the choice of elements has a great influence in
lattice distortion of HEAs [24]. Moon et al. [25] utilized a geometrical model to
evaluate SSS in a single crystal of CoCrFeMnNi HEA based on the intrinsic residual
strain criterion proposed by Ye et al. [26] in conjunction with lattice friction stress. It
was empirically established that there is an exponential increase of the normalized
intrinsic yield strength (c,/E) with an increasing residual mean strain (RMS) and

Eq. (7):

% =Y,+A. exp (Bm) (7)

where €” is the RMS and Y,, A, and B are fitting parameters. The values of
aforementioned parameters were found to be 27.81, 35.57, and 202.28, respectively,
using a minimization function of experimental and calculated yield stress values, f =
Oexperimental — Ocalulated — Min [25]. The comparison of the experimental and calculated
data is shown in Figure 3b.

Ultimately, it was elucidated that there was an exponential increment of the
intrinsic yield strength (i.e. lattice friction) with an increasing residual strain. In
addition, the CoCrFeMnNi, which has a higher RMS residual strain than the quater-
nary CoCrFeNi HEA, was reported to have a 14.3% higher in intrinsic yield strength.
This enhanced solid solution strengthening was ascribed to the presence of Mn atoms,
which tend to enhance mean-square atomic displacements (MSADs) as confirmed
theoretically and experimentally by Okamoto et al. [24].

2.1.2 Machine learning

Machine learning (ML) is a subset of involves using computer algorithms to study
the available data and statistics and ultimately improving the performance or the
output of the systems. ML has been successfully used to accurately predict phase
stability in HEAs [31-33]. Recently, Wen et al. [34] recently demonstrated that ML is
able to identify the underlying factors that contribute to SSS. It was established that
the electronegativity difference between local interacting atoms plays a dominant role
in SSS of HEAs by inducing variation of the atomic level pressure or stresses, which
determines the bonding strength of element. The superior SSS in HEAs is ascribed to
the greater driving force that is required to induce an electronic rearrangement [35].
Therefore, the authors proposed a model based on the electronegativity difference in
predicting HEAs with superior SSS.

Ao =E(EZ.G.8Xr ... (8)

Based on this model, it was established that Mn and Cu had no profound influence
on the SSS when added in a CoCrFeNi matrix while refractory elements such as Hf,
Zr, Nb, and Mo showed a remarkable contribution to the SSS effect in both CoCrFeNi
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Figure 3.

(a) Relationship between intrinsic yield strength (YS) normalized by the elastic modulus and the RMS residual
strain for low to high entropy alloys and (b) comparison of the calculated and experimental data. Adopted from
Moon et al. [25]. The other experimental data was referenced from [27-30].

and CoMnFeNi base matrix. It was further elucidated that a higher Co and Cr content
with a decreased amount of Mn enhances SSS, which is consistent with the observa-
tions made by Toda Caraballo [22].

Huang et al. [36] also utilized ML to model SSS in HEA using atomic environment
and interactions as the input parameters. The developed ML model was used to
predict hardness of single solid solution HEAs by combining the critical theoretical
SSS descriptors such as shear modulus, atomic size mismatch, bulk modulus and phase
stability descriptors such as mixing enthalpy, mixing entropy, and a phase stability
descriptor, Pauling electronegativities, valence electron concentration (VEC) and
melting temperature. In this study, Random Forest (RF) was selected as the best
algorithm for hardness prediction over the other four commonly used algorithms
(Multilayer Perceptron, LibSVM, Bagging, and k-Nearest Neighbor). RF was adopted
based on its high correlation coefficients (CC), low mean absolute error (MAE) and
root mean squared error (RMSE).

Previously, Ding et al. [37] proposed that competition between lattice strains and
concentration differences give rise to a strong local concentration fluctuations in
CrFeCoNiPd HEA, which induces a strong resistance to dislocation glide. Based on the
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local chemical environment, Huang et al. [36] proposed a modified physical model for
SSS by adding the charge transfer (dQ) between atoms to the Varvenne and Maresca-
Curtin models. This charge transfer induces atomic-level pressure (DPgyjyte) fluctua-
tions, which dominates the SSS of several Cantor based HEAs [35]. According to the
Varvenne model, the yield strength and atomic-level pressures have the following

4
relationship osssex APsﬁm and the first ionization energy (Ell‘t) is used to estimate the
charge transfer. Based on the aforementioned parameters, the following equation was

proposed to quantify the correlation between dQ factor and osss.

1+v
1-—v

_4
3

3
Osss = M X 0.051oc5G< ) f1(0c) x m, (EF)

9

=my, X m, (E}'“t)%

where M denotes the Taylor factor, a and v are line tension parameter and Poisson’s
ratio, respectively, G is the shear modulus, f, (@) is the minimized core coefficient, m, is
the transfer coefficient between dQ and ssss and all the material constants are merged
and termed as m,. the results of fitting as shown in Figure 4a, indicate that ogsss has a
linear relationship with the dQ factor. A total of 556 as-cast alloys were screened using
the developed ML-SSS model for single phase solid solution (FCC/BCC) and hardness
prediction in HEA compositional space [36]. Two HEA families CrMoNbTi and
FeNiCuCo with a dominant BCC- and FCC-single phase solid solution, were adopted for
alloy design and experimental validation with a compositional variation of between 5 and
35% of each element. Interestingly, the predicted and experimental hardness of SPSS-
HEAs from the five equiatomic and non-equiatomic exhibited an excellent agreement as
shown in Figure 4b and c for FeNiCuCo (FCC) and CrMoNDbTi (BCC) HEAs, respec-
tively. Moreover, in this study it was demonstrated that some non-equiatomic HEAs
(FCC or BCC) have superior hardness compared to their equiatomic counterparts. For
inStanCG, Fe32Ni12C1.127C029 HEA has a 236 HV while FCZSNi25cuZ5C025 HEA has 184 HV
for the FCC famlly and Cr18M032Nb35Ti15 has 607 HV while CI‘BM025Nb25Ti25 has hard-
ness value of 558 HV for the BCC family based on the experimental results. Therefore,
this shows that the developed ML-SSS model is able to accurately screen a large compo-
sitional space of HEAs and identify alloys with superior mechanical properties.

2.1.3 Experimental techniques

XRD and Hall-Petch relationship are some of the experimental techniques that
have been used to experimentally mapping out SSS in HEAs [38-40]. In XRD, the

(a) o (b) %0 ®  Experimental Hardness (c)3sof W Esperimentsl Hardness |
_ . = @  Predicted Harduess ®  Predicted Harduess
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Figure 4.
(a) Charge transfer part versus experimentally measured solid solution strengths s, of cantor alloys. The predicted
and experimental havdness of (b) FeNiCuCo and (c) CrMoNDbTi high entropy alloys.
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change in lattice constant due to the large atomic size misfit experienced in HEAs as a
result of having more principal elements with different atomic sizes has been
observed in many HEA systems. Macro- or micro-chemical inhomogeneity can lead to
a change in lattice parameter in HEAs, which causes a proportional change of 26 in
XRD diffractograms according to the classical Bragg’s law (nA = 2dsin6). From the
Bragg’s law, an obvious indication of SSS is the shift of peaks to lower 26 angles in
HEA possessing high degree of SS hardening compared to the reference alloy [41].
This is due to the change in the average lattice parameter of HEAs caused by high
atomic size misfit [42]. Addition of Al either as a principal or as alloying element has
been used to induce substantial lattice distortion in HEAs systems due to its large
atomic size [43]. Wang et al. [43] studied the effect of Al addition in the crystal
structure evolution of Al,CoCrFeNi HEA system and established that fcc solution is
formed when <11 at.% of Al is used while bcc is stabilized when Al content is
>18.4 at.%. A careful observation of XRD peaks (200)¢. and (200),, for Aly — Al; and
Alg 7 — Al, o respectively, shows a peak shift to lower 26 angles with increasing Al
content due to the expansion of the d-spacing of both fcc and bec phases as shown in
Figure 5a and b. A proportional increase of the lattice constant values for both fec and
bee values is observed as Al content is increased as shown in Figure 5c. Changes in the
lattice constant and Vickers hardness exhibit different behaviors. Addition of Al ; to
the base system (CoCrFeNi) induces substantial change in lattice constant while a
gradual increase is observed between Alg ; — Alg s in the fee region. However, there is
minimal change in hardness between Aly — Al 4 while a drastic change is observed in
the alloy with Al 4 content, which is in the boundary of single-phase fcc and fcc + bec
regions. Therefore, this infers that substantial SSS is achieved when the Al content is
above x = 0.5 (11 at.%). Alg g alloy (bcc) has the highest hardness value of all the alloys
with a bec phase although it has the least lattice constant. Al, o alloy has the highest
lattice constant. Chen et al. [44] observed a similar shift of peaks with the addition of
different amounts of Nb and Cr to the base of MoCrTiAl bcc HEA as shown in
Figure 6. Addition of Nb to MoCrTiAl as shown in Figure 6b and c, induces a slight
peak shift to lower 26 angles signifying a proportional expansion of d-spacing and
eventual increase of the lattice constant. It is interesting to note that replacing Cr with
Nb induces a larger peak shift to lower 26 angles than when Nb content is less.
Therefore, it is reasonable to deduce that Nb has a superior SSS ability compared to Cr
in both fec- and bec-based HEAs [22, 44]. However, Cr was reported to be a superior
SSS element in CoFeNi fcc compared to Co, Fe, Ni elements [45]. Moreover, the
sensitivity of change in lattice spacing in higher 26 values can be observed in Figure 4,
where peak shift is higher compared to that at lower 26 values. It is important for the
readers to examine carefully the accuracy of lattice parameter values reported in
literature when describing SSS behavior of HEAs even though the trend may remain
unchanged in some cases. The authors [43, 44] have used an extrapolation function
1(cot? 0+ cotf. cos 0) according to Nelson-Riley [46], to calculate accurate lattice
parameter values, which are extrapolated back to 6 = 90°, where inherent systematic
errors of diffractometers are minimized instead of using single peak such as ref. [45]
or all peaks without extracting systematic errors [47].

The yield strength (YS) of metals and alloys is related to grain size by the classical
Hall-Petch equation [48, 49]:

K
0y =00 + \/_E (10)
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Figure 5.

XRD patterns showing peak shift of 200 peaks of Al, — Al, and Al, , - Al, , for (a) fcc and (b) bec phases,
respectively. (c) Lattice constant and hardness of the AlxCoCrFeNi alloys as functions of Al content. Symbol ()
and symbol (m) denote lattice constants of FCC and BCC phases, respectively. Symbol (@) denotes hardness.
Adopted from reference [43].

where oy is the YS, o, is the friction stress (which is defined as the flow stress
required to move dislocations within the grain matrix without the effect of grain
boundaries), K is a constant, which depends on the ability of the grain boundaries to
resist transmission of dislocations from one grain to the adjacent grain, and d is the
mean grain size. To evaluate SSS, first term on the right-hand side of Eq. (4) (friction

75



High Entropy Materials - Microstructures and Properties

o

NbMog':rTiAi

1/a.u.

MoCririAl

Y

50 10
201/° o

Figure 6.

XRD patterns with logarithmic intensity scale of alloys with equiatomic composition in homogenized condition: (a)
NbMoTiAl annealed at 1500°C, (b) NbMoCrTiAl annealed at 1300°C, and (c) MoCrTiAl annealed at 1200°
C, each for 20 h. peaks arising from residual Cu-Kp vadiation are indicated by open triangles. The dotted lines are
used to indicate peak shifts with the change of alloying elements (Nb and Cr). Data is adopted from vef. [44].

stress), will be considered. Friction stress is affected by solutes and any second phases
present in the grain matrix. To effectively and accurately determine the effect of SSS
on the mechanical properties of HEAs, the friction stress values of single-phase fcc
alloys were compared as shown in Figure 7. Yoshida et al. [39] utilized the theoretical
models of Toda-Caraballo et al. to predict SSS in HEAs with a single-phase fcc and
compared the results with trends of their respective friction stress values obtained
from the Hall-Petch equation. The theoretical model is used to predict the atomic size
misfit HEA, where lattice distortion and eventual SSS is expected to be high in HEAs

N
3

[
(=3
o

g

100

Friction stress, o, (MPa)
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Figure 7.
Friction stress of various HEAs with single-phase fcc obtained from the Hall-Petch relationship using tensile yield
stress. Data extracted from Refs. [39, 40].
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with large atomic size misfit especially in those alloys with Cr, Mn, Nb and Al as
constituent elements [22, 39, 40, 43, 47]. Theoretically, it was established that
Cry0(CrNi)go MEA has the largest atomic size misfit; hence, its crystal structure is
severely distorted with a potential of having SSS as one of the main contributing
mechanisms towards its overall YS. Further experimental investigation using the Hall-
Petch equation, accurately validated the theoretical prediction by showing that indeed
Cry0(CrNi)go MEA had the highest friction stress compared to other HEAs and MEAs
under study. This is despite this alloy having a non-equiatomic composition and three
constituent elements. Surprisingly, its friction stress (280 MPa) was even higher than
that of CoCrNi MEA (265 MPa) previously reported by [40] and the quinary
equiatomic CoCrFeMnNi HEA (194 MPa) [50] as shown in Figure 7. A recent study
by Ondicho et al. [51] reported a continuous decrement of friction stress as the
amount of Fe is increased in the equiatomic CoCrFeMnNi HEA as the other four
elements remain in equiatomic composition. This increment of Fe weakens both SSS
and GB strengthening because of monotonic decrease of friction stress and Hall-Petch
coefficient. This phenomenon elucidates on the critical role the type and amount of
constituent elements plays in SSS of HEAs. Therefore, simple stress-strain curves from
tensile test can be effectively used to quickly check and pick HEAs with superior SSS
without computational-intensive theoretical models. In addition, it provides an
opportunity to extract GB strengthening data concurrently instead of separate evalu-
ation as is in the case of computational models. It is important to note that an increase
in SSS does not guarantee a proportional improvement of the GB strengthening

[39, 40].

2.1.4 Interstitial atoms

Interstitial atoms have successfully used in conventional alloys such as steels, to
enhance by both SSS and precipitation of carbides and nitrides (as discussed in Section
2.4). Similarly, as illustrated in Figure 2b, carbon and nitrogen have been employed in
HEAs to improve their mechanical properties. Stepanov et al. [52] investigated
microstructure evolution and mechanical properties of CoCrFeNiMn-1(at.%)C after
cold rolling and annealing between 800°C and 100°C. They established that the as-
cast specimen had a fcc phase with a lattice parameter of 0.3595 nm, which is slightly
higher than that of carbon-free CoCrFeMnNi (0.3593 nm) [53]. This increment of
lattice parameter was attributed to the dissolved carbon. The friction stress of this
alloy as obtained from the Hall-Petch relationship was reported to be 288.15 MPa,
which is higher than 125 MPa reported by Otto et al. [12] for undoped CoCrFeMnNi.
This increment of the lattice resistance to dislocation by more than two-fold can be
attributed to the dissolved carbon, which induces lattice dilation of the crystal lattice
as evidenced by an increase of the lattice parameter. This phenomenon is in agree-
ment with the linear dependence of strength in stainless steels and TWIP steels, where
1 at.% of C induces 76.6 MPa and 42 MPa of strength, respectively. However, in
CoCrFeMnNi HEA system, 1 at.% C induces approximately ~160 MPa of strength,
indicating that carbon has a superior influence on the strength of HEAs than in steels
[54]. In addition, a systematic addition of carbon up to 0.25 wt.% in CoCrFeMnNi
HEA induced a proportional increase of lattice parameter from 0.3593 nm for un-
doped alloy to 0.3602 nm for the CoCrFeMnNi-Cy ;s in the as-solidified state [53].
Annealing heat treatment for between 600°C and 800°C of the as-solidified HEAs
induces a decrease of the lattice parameter but increases again at 1000°C and 1200°C
as shown in Figure 8 below.
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Figure 8.
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3. Conclusion

It is evident that solid solution plays a critical role in the hardening of HEAs and

the following conclusions can be inferred:
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i.

ii.

iii.

iv.

The distortion of the crystal lattice strongly determines the degree of SSS in
HEAs. And that the choice of elements has a great influence on the degree of
lattice distortion which largely depends the atomic size of pure elements and
the surrounding atom in HEAs. Based on the average interatomic spacing, it
was Cr tends to enhance the strength of HEAs while Fe tends to have a
softening effect as confirmed by both theoretical and experimental methods

HEAs with high residual mean strain tend to have a high intrinsic yield
strength. The presence of some atoms such as Mn in CoCrFeMnNi HEA
increases its strength by 14.3% compared to its quaternary subset CoCrFeNi
because of the significant enhancement of the MSADs.

An integration of machine learning into alloy design provides a quicker
pathway to screening a large compositional HEA space and identifying alloys
with superior mechanical properties. For instance, it was predicted and
verified experimentally using a modified ML-SSS model that non-equiatomic
Fe3,Ni;;Cuy;Coy9 and CrigMos;NbssTis HEAs with FCC and BCC crystal
structures, respectively, have higher hardness compared to their equiatomic
counterparts.

In substitutional SS hardening, Al has been proven to be a strong SSS agent in
fcc based HEAs. it is noteworthy that Al content more than ~11 at.% in
Al,CoCrFeNi HEA system transforms the crystal structure from FCC to

FCC + BCC and finally to fully BCC phase. This transformation is ascribed to
the need for the FCC crystal structure to ‘shed off’ the excess energy from the
distorted crystal lattice. Additionally, Nb has superior SSS ability both in FCC
and BCC-based HEAs.
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v. Carbon can be used to improve the already available substitutional SSS in
HEAs as it is the case in stainless steels. In fact, 1% C induces ~160 MPa of
strength in equiatomic CoCrFeMnNi HEA compared to the 76.6 MPa in
stainless steels and 42 MPa in TWIP steels.
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Chapter 5

Proposition of a Growth Law

as a Function of Solidification
Parameters for Monotectic Alloy
Systems

Adprina Silva, José Braga, Paulo Monteiro Jr, Cassio Silva,
Camila Konno, Thiago Costa and Emmanuelle Feitosa

Abstract

Monotectic alloys show promising applications in wear-resistant automotive
components, once these systems have remarkable self-lubricating properties that are
of great interest for using in bearings. Much research has been devoted to better
comprehend monotectic reactions. Some studies assume that the interphase spacing
evolution in monotectic alloys follows the classical relationship used for eutectics or
the dendritic growth relationship; however, some studies reported that the growth
laws seem not to be valid for some cases. Because of that, obtaining single mathemat-
ical expressions that allow describing the development of solidification structures as a
function of thermal parameters is very important. Based on the above, this chapter
proposes a systematic analysis of the monotectic growth laws proposed in the litera-
ture and suggests exclusive growth laws as a function of solidification parameter for
monotectic alloys solidified under different heat extracting configurations.

Keywords: mathematical expressions, solidification structures, interphase spacings,
low miscibility

1. Introduction

Monotectic alloys have limited solubility in the liquid state as a determining char-
acteristic. Some of these alloys are of unique importance, such as aluminum alloys
dispersed with lead, bismuth, and indium, used as self-lubricating automotive com-
ponents [1-3]. Bismuth, lead, and indium dispersed in the aluminum matrix have a
low melting point and remain dispersed in the matrix, which reduces the hardness of
the material but can improve the performance in service against adhesive and abrasive
wear since they can flow easily in conditions of slipping, like on components that are
in a relative motion [4, 5]. The sum of these characteristics results in a favorable
tribological behavior. According to [6, 7], Al-Bi alloys are potential substitutes for
materials containing lead additions.

87 IntechOpen



High Entropy Materials - Microstructures and Properties

Among the bearing alloys used today in the automotive industry, bronze with
irregularly distributed lead stands out. The cars of the future require a bearing mate-
rial with lower coefficients of friction and wear, besides being able to sustain higher
dynamic pressures compared with those offered by bronze-lead alloys [8]. In addition,
recent investigations have pointed to the possibility of manufacturing porous alumi-
num with deep pores using monotectic alloys and electrochemical attack, since with
this method it is possible to produce anisotropic porous media with pore sizes between
5 pm and 20 pm, smaller than those obtained by classical procedures for manufactur-
ing porous materials [9, 10].

In monotectic alloys, the immiscibility of the elements tends to give rise two very
distinct phases during solidification. Normally the structure of this material is formed
by a soft constituent (in smaller content) dispersed in the matrix of the constituent
with greater resistance [11]. This low miscibility maybe caused by the atomic size
mismatch, which makes that each element diffuses differently and leads to unique
microstructure, and the great wear resistance property in monotectic alloys is seen as a
characteristic of high-entropy alloys (HEAs). Recently, HEAs have drawn enormous
attention in diverse fields because of their distinctive concept and unique properties
[12, 13].

Due to their interesting peculiarities, important studies have been developed in the
last three decades to improve understanding about the phenomena involved in the
formation of the monotectic alloys [7, 8, 14-21]. It is extremely important to under-
stand the process of formation and development of these structures to control the
properties of the final product, for example, recently, due to the potential application
in tribological systems, some authors have developed studies with the purpose of
verifying the influence of monotectic structures on micro-abrasive wear resistance
[11, 22].

Interphase spacing is the commonly investigated microstructural parameter, with
the attempt to obtain mathematical expressions that allow to describe the develop-
ment of solidification structures as a function of solidification thermal parameters
such temperature gradient or growth rate, but some other parameters, such particles’
diameters were also analyzed.

In analyzing the monotectic reaction, [14] found that the development of many
monotectic alloys during directional solidification is in accordance with a relationship
between interphase spacing () and growth rate (v). This relationship, given by A*v =
C, where C is a constant, is the same that governs the development of regular eutec-
tics, according to studies by [23]. The monotectic systems can be separated into two
categories, i.e., those that are in accordance with the model cited with acceptable
agreement and those that respect the power-function relationship but with exponents
different from that proposed by [14]. Furthermore, in many studies where values for
C have been determined, the solidification conditions are not transient [8, 14, 17, 24,
25], which tends to distance the conditions of these experiments from those occurring
in industrial processes.

Calberg and Bergman [15] have found that the relationship of growth to some
irregular monotectic structures is like the relationship governing dendritic growth,
given by Av2.GP = C, where v is the growth rate, C is a constant for both cases, G is the
temperature gradient, and a and b are constants.

Yang and Liu [17] analyzed the particle diameter of hypermonotectic alloys and
found results that lead to power-type functions, however, with different exponents
from those proposed ever, with different exponents from those proposed for the
quantification of interphase spacings.
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Silva et al. [6, 7, 18, 26-29] tried to evaluate the microstructural behavior of
hypomonotectic and hypermonotectic alloys solidified in devices with upward and
downward configurations. They found that the alloys that showed cellular configura-
tion presented mathematical expressions correlating cellular spacing with growth rate
in agreement with the one found and merged in the literature, A; = Cv bl where vis
the growth rate and C is a constant [30-33]. In addition, the alloys solidified in an
upward device and exhibited particle morphology, presented mathematical expres-
sions congruent to the one for regular eutectic alloys. On the other hand, some alloys
solidified in a downward setup, and the ones that presented fibrous morphologies did
not fit in any expression, as well as alloys' particle diameters. The relationship
governing dendritic growth could represent all the upward solidification microstruc-
tures. The results of particle diameters found also obey power-type functions, as
suggested by Yang et al., but with different exponents.

Freitas [34], when analyzing the behavior of monotectic and hypermonotectic
alloys, found power-type functions to quantify the interphase spacing and particle
diameter with growth velocity, all different from the laws proposed previously. Costa
et al. [31], who studied ternary monotectic alloys, but with a microstructure of parti-
cles and pearl strands, presented mathematical expressions to correlate interphase
spacings with the velocity of the type, A = C.v_ ", for cell growth and potency-like
functions, but with different exponents, to analyze the diameter of the particles.

There is no agreement as to the validity of these growth laws to characterize the
growth of monotectic systems. The vast majority of these studies are based on the use
of solidification devices of the Bridgman type that impose a stationary regime of heat
extraction [35], with few evaluating solidification processes of monotectic alloys
under transient conditions, considering the effects of the flow of particles rich in
solute in the remaining liquid volume, and correlating the measured thermal solidifi-
cation parameters with the monotectic structures got, which brings the experiences
closer to the industrial reality [28, 36]. There are also few studies that analyze the
influence of the growth direction on the interphase spacings and on the dimensions of
bismuth, lead, and indium particles [37]. The use of the relationships of [23] may not
be valid under certain conditions, as verified by [29], in the case of downward
directional solidification. Moreover, the relationship proposed by [15] for dendritic
growth cannot be suitable to be employed in the case of downward directional solid-
ification where the heat transfer can occur not only by conduction but also by con-
vection.

Researchers often aim to study whether there is some association between two
observed variables and to estimate the strength of this relationship. These research
objectives can be quantitatively addressed by correlation analysis, which provides
information about not only the strength but also the direction of a relationship. The
two most used correlation coefficients in medical research, the Pearson coefficient,
and the Spearman coefficient. With Pearson coefficient, two typical properties of the
bivariate normal distribution can be relatively easily assessed, and researchers should
check approximate compliance of their data. The correlation coefficient is sometimes
criticized as having no obvious intrinsic interpretation, and researchers sometimes
report the square of the correlation coefficient. This R” is termed the “coefficient of
determination.” It can be interpreted as the proportion of variance in one variable that
is accounted for by the other [38, 39].

With so many results already found, both for the same and different alloys and
under different solidification conditions, with all of them establishing power-type
laws as a proposition, it is understood to be a good alternative to organizing the results
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and performing visual and statistical analysis. To evaluate a possible correlation
between several experiments performed and get standardized laws of monotectic
growth that can make physical sense and thus specifically characterize monotectic
growth, with its particularities of solidification process and microstructural morphol-
ogies, besides being able to predict this growth and be able to set solidification
parameters that result in certain microstructural behavior.

Based on this consideration, this research aims to analyze statistically and physi-
cally various results to get a monotectic growth law as a function of position and
growth rate for directionally solidified systems under transient heat extraction condi-
tions, with expectations to be extended for all types of solidification.

2. Experimental procedure

In the present work, some results were analyzed: the ones of the works by [40, 41]
concerning the vertical, upward, and downward solidification of monotectic alloys of
the Al-Bi, Al-Pb, and Al-In system, by [34] regarding the upward vertical solidifica-
tion of monotectic alloys of the Al-Bi and Al-Pb system and by [42], whose summaries
of materials and methods are described in this work; however, details are found in the
former literature.

Directional solidification devices, in which heat is extracted only through a
water-cooled side, promoting vertical upward and downward and horizontal solidifi-
cation, were used in the experiments permitting a wide range of cooling rates to be
attained along the length of the castings.

The alloys detailed in Table 1 were prepared using alloying elements in a fixed
proportion, which were melted in a refractory crucible in a muffle furnace. The

Type of solidification device—author Alloy composition Temperature (°C)
Ti, ou Ty Tp ATp (%)
Upward-Silva et al. [41] Al-3.2wt.%Bi 658 690 5
Upward-Freitas et al. [5] Al-3.2wt.%Bi 658 690.9 5
Downward-Silva et al. [41] Al-3.2wt.%Bi 658 690 5
Upward-Silva et al. [7] Al-5.0wt.%Bi 708.6 744 5
Upward-Silva et al. [7] Al-7.0wt.%Bi 750 788 5
Upward-Silva et al. [19] Al-0.9wt.%Pb 659.6 692 ~5
Downward-Silva et al. [28] Al-0.9wt.%Pb 659.6 692 ~5
Upward-Silva et al. [19] Al-1.2wt.%Pb 659 692 ~5
Downward-Silva et al. [28] Al-1.2wt.%Pb 659 692 ~5
Horizontal-Konno [40] Al-1.2wt.%Pb 659 692 ~5
Upward-Silva et al. [34] Al-2.1wt.%Pb 720.6 798 10
Upward-Freitas [33] Al-2.5wt.%Pb 745 782.25 5
Upward-Silva et al. [27] Al-5.5wt.%In 652.2 671 3
Table 1.

Experiments performed with alloys of the Al-Bi, Al-Pb, and Al-In systems: Ty, monotectic temperature at
equilibrium; Ty, liquidus line temperature; Tp, pouring temperature; AT, percentage of overheating of the
liquidus line.
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molten alloy was then poured into the casting chamber of the directional solidification
apparatus. The melt temperature was parameterized in ATy above the liguidus tem-
perature of each alloy at the beginning of each experiment, according to Table 1.
Approaching the parameterized melt temperature, the electric heaters were discon-
nected and at the same time the controlled water flow was initiated, permitting the
onset of solidification. Continuous temperature measurements in the castings were
monitored during solidification via the output of a bank of fine type K, placed in the
geometrical center of the molds’ cavities along their length. All the thermocouples
were connected by coaxial cables to a data logger interfaced with a computer, capable
of automatically record temperature data.

The ingots were subsequently sectioned along their vertical axis, ground, and
etched with an acid solution to reveal the macrostructure (Poulton' s reagent: 5 mL
H20; 5 mL of hydrofluoric acid (HF) 48%; 30 mL of nitric acid (HNO3) 65%; 60 mL
of hydrochloric acid (HCI) 37%). The microstructural characterizations of the
directionally solidified (DS) alloy castings were performed by extracting samples at
different sections along the length of the castings. The samples were polished with SiC
papers, finely polished with diamond paste, and then etched with an acid solution to
reveal the microstructure (hydrofluoric acid (HF)). The examinations of the micro-
structures were performed using an optical metallurgical microscope. The interphase
spacings (A) were measured from the optical images of the solidified samples. They
were measured along the casting longitudinal section by averaging the horizontal
distance between the droplets, fibers, and/or strings of pearls, adopting as reference
the center of each morphology. The evolution of the particles size (droplet diameter:
d) along the casting lengths was also determined. A scanning electron microscope
equipped with an energy-dispersive spectrometer complemented the microstructural
characterization.

Table 1 presents: the list of directional solidification experiments performed with
the device used, alloy composition, liquidus temperatures (hypomonotectic and
hypermonotectic alloys) or monotectic temperature at equilibrium (Ty, or Ty, respec-
tively), and pouring temperature (Tp) along with the percentage of liquidus tempera-
ture super-heat (ATy%). Figure 1 shows some typical microstructures obtained from
the monotectic solidification processes: droplets, fibers, and strings of pearls.

Figure 1.
Macrostructure and longitudinal microstructuve of the Al-2.5wt.%Pb and Al-3.2wt.%Bi alloys, respectively,
solidified in a vertical upward device [14].
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To get a result as a function of position, all points from the experimental results by
[34, 40, 41] were used for interphase spacings and particle diameters for each posi-
tion, and the results were dimensionless by dividing each point by the value of spacing
or average diameter for each structure observed, i.e., for an ingot in which a structure
of particles from 0 mm to 40 mm and fibers from 60 mm to 90 mm was found, and
calling A; the value of the spacing for a position i in this structure, it is seen that:

Mviep for droplets morphology = Ay [pm]

* value of dimensionlessization for a position i in this structure = A;/A0
dimensionless

Mviep for fibrous morphology = A5 [pm]

* value of dimensionlessization for a position i in this structure = Ai/As5
dimensionless

Dimensionlessization is of fundamental importance in physical analyses because of
the significant reduction in experimental effort to establish the relationship between
two variables, besides producing a better approximation than the variables themselves.

After dimensionlessization, all points were plotted as a function of position, also
calculating the coefficient of determination (R?), which is one way to assess the
quality of the model's fit.

In statistics, simple linear regression is a linear regression model with a single
explanatory variable. That is, it concerns two-dimensional sample points with one
independent variable and one dependent variable (conventionally, the x and y coordi-
nates in a Cartesian coordinate system) and finds a linear function (a non-vertical
straight line) that, as accurately as possible, predicts the dependent variable values as a
function of the independent variables. The adjective simple refers to the fact that the
outcome variable is related to a single predictor [43, 44].

It is common to make the additional stipulation that the ordinary least squares
(OLS) method should be used: the accuracy of each predicted value is measured by its
squared residual (vertical distance between the point of the dataset and the fitted
line), and the goal is to make the sum of these squared deviations as small as possible.
Other regression methods that can be used in place of ordinary least squares include
least absolute deviations (minimizing the sum of absolute values of residuals) and the
Theil-Sen estimator (which chooses a line whose slope is the median of the slopes
determined by pairs of sample points).

Consider the model function

y=a+px (1)

which describes a line with slope  and y-intercept a. In general, such a relationship
may not hold exactly for the largely unobserved population of values of the indepen-
dent and dependent variables; it can be called the unobserved deviations from the
above equation the errors. Suppose it is observed n data pairs and call them {(x;, y,),
i =1, ..., n}. The underlying relationship between y; and x; involving this error term e;
can be described by

¥; =a+ px; + ¢ 2)
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This relationship between the true (but unobserved) underlying parameters @ and
p and the data points is called a linear regression model.

The goal is to find estimated values & and  for the parameters a and 8, which
would provide the "best" fit in some sense for the data points. On the case of this work,
the "best" fit will be understood as in the least-squares approach: a line that minimizes
the sum of squared residuals ¢; (differences between actual and predicted values of the

dependent variable y), each of which is given by, for any candidate parameter values
and S,

&=y —px (3)
In other words, & and /3 solve the following minimization problem:

Find min .3Q(a, B) for Q(a, f) = Z &+ Z (; — o — i)’ (4)
i=1 i=1

By expanding to get a quadratic expression in @ and f, a and f values can be
derived to minimize the objective function Q (these minimizing values are denoted &

and 3 [6]:

a=y, —a—px; (5)
i —x) (}’i _Z) Cov(x,y) Jy
p= gl = = Txy o (6)
S (i — x) Var(x) Oy

where x and y are the average of the x; and y;, respectively; r,, is the sample
correlation coefficient between x and y; 6, and 6, are the uncorrected sample standard
deviations of x and y; and Var and Cov are the sample variance and sample covariance,
respectively.

Substituting the above expressions for & and /3 into

f=a+px 7)
yields

f-y X —X

:in
5 -

(8)

This shows that 7, is the slope of the regression line of the standardized data points
(and that this line passes through the origin).

Generalizing the x notation, a horizontal bar can be written over an expression to
indicate the average value of that expression over the set of samples. For example:

1 n
= Zz’:1x’yi ©)
This notation allows a concise formula for 7,

WA

v -2 )

(10)
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The coefficient of determination (Pearson product-moment correlation coeffi-
cient, or “Pearson’s correlation coefficient,” commonly called simply “the correlation
coefficient” — “R squared”) is equal to ., when the model is linear with a single
independent variable, and it is the most familiar measure of dependence between two
quantities [45].

There is a corollary of the Cauchy-Schwarz inequality that the absolute value of the
Pearson correlation coefficient is not bigger than 1. The correlation coefficient is +1 in
the case of a perfect direct (increasing) linear relationship (correlation), —1 in the case
of a perfect decreasing (inverse) linear relationship (anticorrelation), and some value
in the open interval (—1,1) in all other cases, indicating the degree of linear depen-
dence between the variables. As it approaches zero there is less of a relationship
(closer to uncorrelated). The closer the coefficient is to either —1 or 1, the stronger the
correlation between the variables, although there is a detailed table of the representa-
tiveness of the values, in module, as shown in Table 2 [46].

The R? is, therefore, a descriptive measure of the goodness of fit got. It refers to
how the amount of variability in the data that is explained by the fitted regression
model. However, the value of the coefficient of determination depends on the number
of observations (n), increasing when n decreases. If n = 2, always R*=1.

R? should be used with caution, as it is always possible to make it larger by adding
enough terms to the model. Thus, if, for example, there are no repeated data (over one
y value for the same x a polynomial of degree (n — 1)), it will give a perfect fit (R* = 1)
for n data. When there are repeated values, o will never be equal to 1, as the model
cannot explain the variability, because of pure error.

Although R? increases with the addition of terms to the model, this does not
mean that the new model is superior to the previous one. Unless the new model's
residual sum of squares is reduced to an amount equal to the original residual mean
square, the new model will have a larger residual mean square than the original
because of the loss of 1 degree of freedom. This new model could be worse than the
previous one.

The magnitude of R” also depends on the amplitude of variation of the regressor
variable (x). R* will increase with greater amplitude of variation of the x5 and
decrease otherwise. It can be shown that

sl — %) an

E[Rz] 22— _\2 >
B i (xi — %) + o

IR

Thus, a big value of R* may be large simply because x has varied by a very
large amplitude. R” may be small because the amplitude of the x's was too small to

Value Representativeness

0.9 and beyond Very strong correlation

Between 0.7 and 0.9 Strong correlation

Between 0.3 and 0.7 Moderate correlation

Between 0 and 0.3 Weak correlation

0 Negligible correlation
Table 2.

Interpretation of the correlation coefficient values, in module.
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allow a relationship with y to be detected. In general, R* does not measure the
magnitude of the slope of the line. A big value of R* does not mean a steeper line. It
does not consider the model's lack of fit; it may be large, even if y and x are
nonlinearly related [47, 48]. Hence, although R? values were used as an adjustment
basis in this work, which is widely accepted in the literature [34, 36, 40, 49], this
should not be considered alone, but always combined with other diagnoses of the
model.

Although the establishment of a single morphology versus position relationship
for aluminum-based monotectic alloys directionally solidified is of great impor-
tance, it is known the thermal parameters have a considerable influence on the
development of the solidification structures. Therefore, it is interesting that a
relationship in function, e.g., of the growth rate could be established for these
alloys. In addition, if the solidification processes were performed again and the
growth rate values at each ingot position were different from those resulting from
the original experiment, the interphase spacing values at each position would also
be different compared to the results of the original experiment, which emphasizes
the importance of obtaining the growth laws of microstructural parameters as a
function of the solidification thermal parameters.

In this way, following the same methodology used for the analysis of the inter-
phase spacings and droplets diameters with positions from metal/mold interface, the
ordered pairs of the curves that relate the interphase spacing and the droplet diame-
ters with the corresponding growth rates obtained in the studies were used [6, 7,

20, 28, 29, 34, 36, 40]. Again, the values of interphase spacing, and droplet diameters
used in the present analysis were dimensionless.

With the dimensionless points of all the data collected and plotted, it was observed
that the points of a single experiment were quite parallel to the points of the other
ones, which led to the proposition of a function that translated and could represent the
growth of each microstructure. Once again, a statistical analysis by simple linear
regression was used since this is the most suitable tool for continuous input-output
values and represents the situation in question [50].

Konno [42] studied the behavior of an Al-1.2wt.%Pb alloy solidified in a
horizontal directional device. It is the only study performed in horizontal direction
of these type of alloys, and Konno et al. [21], who analyzed the influence of the
directionality of heat extraction on the morphology of the Al-1.2wt.% Pb alloy,
found that horizontal solidification has sufficient convective movements to break
the fiber formation and generate a morphology of only irregularly distributed
particles; however, it has higher cooling rates than the solidification performed in a
descending device, resulting in an interesting and differentiated behavior of the
solidification process. Thus, a comparison of the growth law as a function of speed
for this alloy was carried out separately, to ratify the accuracy of the proposed
expressions.

3. Results and discussion

The graph in Figure 2 presents the values of interphase spacing and particle
diameter (when applicable), respectively, as a function of position for all monotectic
structures analyzed. Where different morphologies occurred in the same ingot, this
was divided according to the type of morphology found (globular or fibrous). In these
cases, the position adopted as a reference for nondimensionalization was the average
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Figure 2.
Globular and fibrous interphase spacings and particle diameter (in which particles occurved) as a function of
position for all studied alloys.

position of each structure. As it can be seen, there was a collapse between all the
results got for both cases, which means that a single law of growth can be established,
A = k.(P)°. It is observed, besides the collapsed points, that the curves tend to a
certain parallelism between them, a fact used to find the value of k that best repre-
sents each of the experimental situations got. The collapse between the points is best
visualized in a log-log scale, which can reduce data dispersion and, therefore, present
better quality in relation to the linear scale for this case.

Table 3 presents the condensed k values got for the best determination
coefficients found for each case, separated by alloy. By observing the tables, it is noted
that no coefficient of determination was in the range considered being of weak
intensity (0-0.3), with most being between moderate intensity (0.3-0.7) and some
between strong intensity (above 0.7), which is considered a satisfactory result con-
sidering the number of experiments analyzed. The lower values of determination
coefficients were found for the downward experiments, which could be justified
because of the intense convective flow that occurs on these cases. Even so, the
results are acceptable both by visual analysis and by the values of the coefficient of
determination.

It was also noted that the k values, both for fibers and for particles, are between 0.1
and 0.19, except for lead particles, which all found k values beyond those mentioned
above, which are even higher when considering the results got in experiments with
upward configuration (k ranging from 0.32 to 0.33). In addition, it could be seen that
the values of k, when observed in experiments with the occurrence of particles, are
quite close in certain situations, which leads to the elaboration of Table 4, which
shows the new values of k got for each situation, evidencing that for these cases a
single function can be established to represent the evolution of the spacings and
diameters of the particles as a function of the position from the metal/mold interface
in each system, except for the Al-Pb alloy, where the upward solidification cases differ
from downward.
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Alloy Type of solidification Structure, parameter k R?
device
Al-3.2wt.%Bi Upward and Droplet, interphase spacing, 0.14-0.16 0.48-0.81
Downward diameter
Al-5.0wt.%Bi Upward Droplet, interphase spacing, 0.15-0.17 0.60-0.70
diameter
Al-7.0wt.%Bi Upward Droplet, interphase spacing, 0.16 0.67-0.83
diameter
Al-0.9wt.%Pb Upward and Droplet, fiber, interphase spacing, 0.10-0.33 0.35-0.71
Downward diameter
Al-1.2wt.%Pb Upward and Droplet, fiber, interphase spacing, 0.11-0.33 0.36-0.77
Downward diameter
Al-2.1wt.%Pb Upward-Silva et al. [34] Fiber, interphase spacing 0.19 0.84
Al-2.5wt.%Pb  Upward-Freitas [33] Fiber, interphase spacing 0.15 0.62
Al-5.5wt.%In  Upward-Silva et al. [27] Droplet, interphase spacing, 0.12-0.13 0.50-0.66
diameter
Table 3.

Values of the constant k got and respective correlation coefficients for the spacing/diameter versus position function
found for the experiments carried out with the alloys of the Al-Bi, Al-Pb, and Al-In systems.

Alloy Type of solidification device Function R?
Al-Bi Upward and Downward A = 0.15.(P)°? 0.48-0.82
Al-Pb Upward A =0.33.(P)%° 0.54-0.67
Downward A= 0.23.(P)%° 0.37-0.71
Al-In Upward A =0.13.(P)%° 0.33-0.65
Table 4.

Adjusted values of the function got and vespective correlation coefficients for the spacing/diameter versus position
function found for the experiments carvied out with the alloys of the Al-Bi, Al-Pb, and Al-In systems.

Figure 3 highlights the behavior of the solidification processes of the ingots,
highlighting the morphology got in each alloy system and emphasizing the behavior of
the spacing and particle diameters that resulted in the proposed law.

The graph in Figure 4 shows the values of the interphase spacings and the droplet
diameters, respectively, as a function of the growth rate, for all monotectic structures
analyzed. A parallel behavior is observed between the resulting curves of the
experiments. Thus, the growth law A = k (v) =21 could be established.

Table 5 presents the condensed values of k obtained for the best coefficient of
determination found in each case, separated by alloy and morphology. Observing
the tables, it could be noted that no coefficient of determination was in the range
considered of weak effect (under 0.3), being the majority in the range of moderate
effect (0.3-0.7) and some in the strong effect range (above 0.7), which is considered a
satisfactory result considering the number of experiments analyzed. Once again, the
lower values of determination coefficients were found for the downward experi-
ments, which could be justified because of the intense convective flow that occurs on
these cases and for fibrous morphologies, which are more irregular.
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Figure 3.
Schematic representation of the behavior of solidified alloys, which resulted in the proposed law.
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Figure 4.
Evolution of droplet diameters and interphase spacings of the droplet and fiber structures as a function of growth
rate for all analyzed alloys.

Considering that the results were more acceptable for the formulation of a growth
law as a function of position for monotectic alloys and the position from the metal/
mold interface of the ingots is directly related to the cooling rate of the alloys, a
growth law as a function of the cooling rate can be quite adequate, a parameter that
has not yet been directly considered in the formulations of monotectic growth laws.
Even so, the results are acceptable both by visual analysis and by the values of the
coefficient of determination.

When droplets occur, the values of k obtained for both spacing and diameter are
remarkably close (except for the Al-3.2 wt.%Bi alloy solidified in the upward vertical
device). This indicates that they can be represented by a single function.

Table 6 shows the new values of k obtained for each situation, including for the
situation where more discrepant k values were obtained, showing that, when droplet
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Alloy Type of solidification Structure, parameter k R?
device

Al-32wt.%Bi  Upward and downward Droplet, interphase spacing, 0.07-1.89  0.30-0.78
diameter

Al-5.0wt.%Bi Upward Droplet, interphase spacing, 0.92-1.10  0.74-0.75
diameter

Al-7.0wt.%Bi Upward Droplet, interphase spacing, 3.10-3.20 0.56-0.76
diameter

Al-0.9wt.%Pb Upward and downward  Droplet, fiber, interphase spacing, = 0.20-1.40  0.33-0.73
diameter

Al-12wt.%Pb  Upward and downward  Droplet, fiber, interphase spacing,  0.02-1.60 0.34-0.85

diameter
Al-2.1wt.%Pb Upward Fiber, interphase spacing 1.80 0.33
Al-2.5wt.%Pb Upward Fiber, interphase spacing 0.54 0.30
Al-5.5wt.%In Upward Droplet, interphase spacing, 0.72-0.80  0.56-0.63
diameter

Table 5.

Values of the constant k obtained and the respective coefficients of determination for the interphase spacing/droplet
diameter as a function of the growth rate found for the experiments performed with the alloys of the Al-Bi, Al-Pb,
and Al-In systems.

structure occur, a single function can be established in each experiment to represent
the correlation between spacing and diameter with growth rate. No other correlation
between k values was observed.

As well as in the previous analysis, Figure 5 highlights the behavior of the solidifi-
cation processes of the ingots, highlighting the morphology got in each alloy system
and emphasizing the behavior of the spacing and particle diameters that resulted in
the proposed law.

In their results, [20] was able to correlate the results obtained for the evolution of
the interphase spacing to the growth rate with the relation proposed by [23], A = C.
(v) %3, only for occurrence of the droplet structure. The relationship proposed by
[15], A = C.G*.v®, was valid for cases of occurrence of fiber and droplet morphologies;
however, that study is limited to cases of solidification in the upward vertical device.

In the other cases, different power functions were obtained A = a.(V) ~b withb
reaching the following values: —2.2 for the occurrence of fibers in the upward vertical
solidification [20]; —2 and —6.5 for the occurrence of droplets and fibers in the
downward vertical solidification, respectively [29].

The results show that, contrary to what some authors have assumed [4, 14, 17, 24,
51] the growth of a monotectic alloy is not like eutectic, because although two phases
grow side by side simultaneously, the thermocapillary effect acts in some cases,
making the law proposed by [23] not valid. In their studies, [14] had already shown
this fact when they developed their model for monotectic behavior, as well as [52],
also in the development of their model.

Silva et al. [6] found power-type functions to evaluate the evolution of the
particle diameter as a function of the solidification growth rate but with different
exponent values as following: —0.4 for the solidification of Al-3.2% Bi alloy in a
downward vertical device and —1.5 for the same alloy solidified in an upward vertical
device. Silva et al. [7, 20, 36] also found power-type functions to express the particle
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Figure 5.
Schematic representation of the behavior of solidified alloys, which resulted in the second proposed law.

Alloy Type of solidification device k RZ(2) R? (d)
Al-3.2wt.%Bi Upward 0.65 0.39 0.39
Al-3.2wt.%Bi Downward 0.07 0.34 0.30
Al-5.0wt.%Bi Upward 1.01 0.72 0.74
Al-7.0wt.%Bi Upward 3.15 0.75 0.55
Al-0.9wt.%Pb Upward 1.40 0.57 0.73
Al-0.9wt.%Pb Downward 0.40 0.65 0.49
Al-1.2wt.%Pb Upward 1.45 0.46 0.72
Al-1.2wt.%Pb Downward 0.04 0.57 0.46
Al-5.5wt.%In Upward 0.76 0.52 0.47
Table 6.

Adjusted values of the constant k obtained and the respective coefficients of determination for the interphase
spacing/droplet diameter as a function of the growth rate found for the experiments performed with Al-Bi, Al-Pb,
and Al-In system alloys when the droplet morphology occurs.

diameter as a function of growth rate of many alloys from monotectic systems and a
single exponent value, —1.5, was found for all alloys solidified in an upward vertical
device.

According to the obtained results in this study, it is possible to establish a single
law for growth for monotectic structures, which ratifies the growth mechanism pro-
posed by [52]. These authors have developed a model based on the approximation of
Hunt and Jackson for eutectics systems, which emphasize that as one of the phases
concomitantly growing is a liquid, convection must have prominent role in total mass
transport above the monotectic interface. Thus, the shape of the interface is particu-
larly important for the flow field and the concentration field in front of the phase
boundaries and, therefore, cannot assume a planar solidification front without surface
convection.

The growth law proposed in this study (A = k.(V) ~*') was applied to the data
obtained by [42]. The value found for k was 25. The coefficient of determination, R% -
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Figure 6.
Evolution of interphase spacing of the droplet structure as a function of growth rate for Al —1.2 wt.% Pb alloy
solidified under transient conditions in a hovizontal directional device.

0.94, was in the very strong intensity range (above 0.9), showing that the law pro-
posed in this work can also be applied to the growth of binary monotectic alloys
solidified in horizontal devices (Figure 6). The K value extremely higher than the
ones found for other heat extraction configurations ratifies the evidence of a strong
flow convection on this type of device.

From the results of this analysis, it was observed that growth based on the solidi-
fication growth rate leads to a single growth law, A = k. v_ >, and it is supposed that
the analysis of the growth for monotectic systems can be extended for different
situations, as for solidification experiments in steady state, for example.

4. Conclusions

Based on the results of the investigations carried out throughout this work, added
to the comparisons made, and having as reference the other studies in the literature on
the subject, the following major conclusions are derived from the present study:

1. When taking the values of spacing versus position and diameter versus position
for the alloys studied, a single experimental law could be proposed, as % = k.(P)°~,
with no coefficient of determination found in the range considered as “weak
intensity,” which is satisfactory, given the number of experiments analyzed.

2.When the values of A and d versus v for the alloys studied were taken, a single
experimental law could be established, in the form A = k (v) —21, Again, no
coefficient of determination was found in the range considered as "weak effect,"
which is considered satisfactory considering the number of experiments
analyzed. For this case, it has been found that both spacings and droplet
diameters can be represented by a single function.
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3.The growth of a monotectic alloy is not analogous to the eutectic one, because
although two phases grow side by side simultaneously, the thermocapillary effect
acts in some cases, making the law proposed by Hunt and Jackson not valid for
monotectic growth.

4.The proposed law was found to be applicable on monotectic horizontal transient
solidification allowing to suppose that the function may be valid for the analysis
of the growth for monotectic alloys for different situations, such as solidification
experiments in steady state, for example.

5.Obtaining a single law of growth for all cases shows that the mechanism of
formation and growth of structures in monotectic systems appears to be the set
between the effects of Marangoni thermosolutal convection and coupled
repulsive diffusion, regardless of morphology and/or of the solidification front.
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Chapter 6

High Entropy Thin Films by
Magnetron Sputtering: Deposition,
Properties and Applications

Mohamed El Gavah, Fredevic Schuster and Fredevic Sanchette

Abstract

Surface coating is of a great interest to increase the performances of the materi-
als and extend its lifetime. High entropy films (HEFs) become the hot spot for
developing surface engineering applications due to their good performances. They
are reported to have superior properties such as good corrosion, wear resistance
and excellent high temperature oxidation. Various deposition techniques have
been exploited to fabricate HEFs such as laser cladding, spraying, sputter deposi-
tion and electrochemical deposition. These techniques are known to be an easy
process to achieve a rapid quenching. Magnetron sputtering is seen as the most
efficient methods to deposit the HEFs. Different gas can be used to prepare the
ceramic materials. Besides, the deposition parameters reveal a strong influence
on the physicochemical properties of HEFs. Working pressure, substrate tem-
perature, bias voltage and gas mixture flow ratios have been reported to influence
the morphology, microstructure, and functional properties of HEFs. The chapter
overviews the development of the recent HEFs prepared by magnetron sputtering
technique. First, it describes the principal of the technique. Then, it reports the
classes of HEFs followed by the effect of the deposition parameters on their differ-
ent properties. Applications have been developed using some HEFs for biomateri-
als and machining process.

Keywords: high entropy films, magnetron sputtering, corrosion, oxidation

1. Introduction

Conventional alloys are usually based on one main element. To improve the
structural and functional properties of the alloy, other elements can be added.
However, this strategy leads to the formation of several phases. Indeed, physical
metallurgy and phase diagrams show that multifunctional alloys can develop dozens
of structures with several phases. Structurally, they can be fragile, and scientifically
their analysis will be difficult. On the other hand, high entropy alloys (HEAs) [1, 2]
are characterized by high mixing entropy. Therefore, they have become primordial
structures for developing potential applications tanks to their superior properties.
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HEAs materials are characterized by four effects: high entropy, severe lattice distor-
tion, slow scattering and the cocktail effect. They are detailed in the reference [3].
Excellent properties of HEAs have been reported such as outstanding thermal stabil-
ity [4], good wear resistance [5], good corrosion resistance [6] and best oxidation
resistance [7].

On the other hand, the surface is seen as an important component of the mate-
rial for developing industrial applications. It can be easily modified and adapted
to improve the performance of the materials according to demanding conditions.
Thus, the quality of the material surface has a significant impact on its lifetime. Thin
films are found in many applications with improved surface properties for high-
performance materials. For example, tools used in machining are often coated with
protective and hard thin films to achieve high mechanical properties and better wear
resistance [8-10]. Better physical properties such as a good oxidation resistance are
also required for aerospace and automotive applications. Protective films can also be
found in biomedical applications such as bio-implants [11, 12]. Review articles have
been reported on the effect of process parameters on the phase structure of HEFs
with also a discussion on the preparation process and the functional properties of the
films [13]. Others have been focused on the development of HEAs/HEFs operating in
extreme conditions and other characteristics [14-16].

Magnetron sputtering is a widely used technique to deposit thin films. It is used in
several industrial applications. This technology has been continuously developed to
improve the target utilization and increase the deposition rates by reducing operating
costs. Preparing high entropy films (HEFs) by this technique is of considerable inter-
est to provide coatings with superior properties. To this end, several research works
report on the development of coatings with improved performances but with low-cost
materials. Conventional hard coatings, such as traditional nitrides and carbides, have
shown the potential to increase wear resistance. However, these traditional materials
seem to not meet the current needs. For example, some traditional nitrides have a lim-
ited oxidation resistance. Recently, HEFs have shown much improved performances.
A comparison of different alloys is presented in the reference [17] where the oxida-
tion resistance of an HEF reaches 1300°C. (AICrNbTaTi)N HEF shows an oxidation
resistance at 850°C for 100 hours [18] which is better than various traditional nitrides.
Many HEFs, prepared by magnetron sputtering technique, revealed other excellent
performances [19-22].

By using magnetron sputtering technique, various deposition parameters are
exploited to control the properties of HEFs. Among these parameters, we find gas
flow rate, substrate temperature, working pressure, and bias voltage. The chapter
overviews magnetron sputtering process, the classes of different HEFs and it shed
light on the effect of the different parameters on the properties of HEFs. Applications
of some HEFs are also presented.

2. Magnetron sputtering deposition

There are several ways to prepare thin films. The most common methods used in
research laboratories and in industry are PVD and CVD techniques. Among the PVD
procedures, magnetron sputtering shows several advantages. It offers the possibility
to obtain a stoichiometry like that of the used target. The quenching rate is high (10°
K/s) leading to the formation of sutured solid solutions. In the following paragraph,
the process of the magnetron sputtering will be briefly introduced.
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2.1 Direct current magnetron sputtering (DCMS) deposition

The synthesis of coatings by using magnetron sputtering technique can be done in
three steps. In the first step, an atomic vapor is created by extracting the atoms from
the target thanks to applied potential difference between the target and the reactor
walls. Then this vapor is transferred to the substrate in a rarefied atmosphere of
chemically neutral gas. In the last step, the atomic vapor condenses into the substrate
surface allowing the germination process and consequently the growth of the film.

This basic process is limited by various effects like low deposition rate, low ioniza-
tion coefficient in the plasma, and a substrate heat. To circumvent these limitations,

a magnetron dispositive is integrated into the process. The magnets are placed behind
the cathode. They generate a magnetic field parallel to the surface of the target, per-
pendicular to the electric field. The electrons emitted by the cathode and present in
the gas and are trapped by the field lines (Figure 1). The probability that an electron
meets argon is so high. The ion bombardment of the target results in a higher sputter-
ing rate and the deposition rate increases.

2.2 High power impulse magnetron sputtering (HiPIMS) deposition

The difference between the High Power Impulse Magnetron Sputtering (HiPIMS)
and DCMS is the use of high power densities. HiPIMS is a recent advance in sput-
tering process using magnetron sputtering with a high voltage power source. High
voltage with short duration is used to generate high-density plasma resulting in
high degree of ionization of the coating material. HiPIMS, has various advantages.
The highly energetic ions, produced by high voltage, result in denser film compared
to that deposited by conventional techniques. HiPIMS bombards the sample with
high-energy gas ions that can remove oxides and therefore clean the surface. This can
improve the adhesion of the coating to the surface. A description of plasma process
using HiPIMS can be found in Anders’s tutorial [23].

Few studies have been reported in the literature on using HiPIMS to prepare
the HEFs. The papers revealed the formation of dense microstructures of the films
compared to that obtained by DCMS process. The change of the microstructure
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Figure 1.
Magnetron sputtering process.
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strongly influences the mechanical and electrochemical performances of HEFS. For
example, Bachani and co-workers [24] investigated (TiZrNbTaFe)N using HiPIMS
process and found that the film containing 32 at.% of nitrogen exhibits a very dense
microstructure compared to others. Its hardness is improved (36.2 GPa). The corro-
sion resistance is increased, according to the variation of the nitrogen content, due

to the densification of the films. CuNiTiNbCr dual-phases were formed at different
working pressures as reported by Li and co-workers [25]. AICrTiVZr HEFs have been
studied under the effect of nitrogen. Due to its densification, the nitride obtained at
12 sccm presents a hardness of 41.8 GPa which is the super-hard film compared to
others. Figure 2 presents SEM images showing the difference in the morphology of
(AICrNDSITiV)N films obtained by both processes DCMS (Figure 2a,b) and HiPIMS
(Figure 2c,d) [26].

3. HEFs classes

HEFs can be classified into three categories: metallics, ceramics and composites
films as presented in Figure 3.

Metallic HEFs: they consist basically of Cantor-based elements. They are mostly
composed of transition elements such as Al, Cr, Fe, Ti, Mo, etc. Refractory elements
are also used to develop coatings for high-temperature applications. The refractory
elements, such as Hf, Ta, Nb, V, W, etc have much higher melting point. These materi-
als are classified into HINbTaZr, CrMoNbTa [27].

(c) : . ; . 100nm e
Figure 2.
SEM images showing the surfaces and cross-sectional microstructure of (AICrNbSiTiV)N deposition using DCMS
(a,b) and HiPIMS (c,d). The figure is reproduced with permission of [26].
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Classes of HEFs.

Ceramic HEFs: consist of nitrides, carbides, oxides and borides. These materials
can be deposited on substrates by using reactive mode (introduction of gas). Solid
solutions are reported and strong nitride-, carbide-, oxide-forming elements like Zr,
Cr, Si and Ti are used. These ceramics exhibit superior properties such as high oxida-
tion resistance, good corrosion resistance and high tribological performances.

Composite HEFs: These materials can be prepared by reinforcing the film matrix
with ceramics. Various ceramics like WC, TiC, NbC, and others have been used as
reinforcements to improve the properties of HEFs. Metallic reinforcements have been
also used. For example, Tian and co-workers [28] prepared a compact ACoCrniFeTi/
Ni coating with Ni splats uniformly distributed in the matrix (ACoCrniFeTi). Due to
this reinforcement, the results reveal an improvement in its tensile test compared to
that of the matrix alone.

4. Properties of HEFs
4.1 Morphology and structural of HEFs

DCMS was largely used to prepare the HEFs under different conditions. The
most-reported films have three different morphologies, columnar, dendrite-like and
fibrous-like. The deposition parameters are reported to have a strong influence on the
HEFs morphology. The mobility of particles into the surface of the substrate is the
main reason of resulted morphology of the films. Studies have reported the effect of
gas mixture on the films properties. Nitrogen, carbon and oxygen are used to form
high entropy ceramics. For example, AICrNbYZr exhibits dendrite-like morphology.
By adding the nitrogen (AICrNbYZr)N films reveal V-shaped columnar morphol-
ogy. Zhang et al. [29] studied the effect of nitrogen on CrNbTiAlIV films. Smooth
surface and dense cross-sectional morphology are observed in the metallic film
(CrNbTiAlV). With addition of the nitrogen, (CrNbTiAl)N gradually changes into
columnar morphology. Some carbides show a different trend. Jhong et al. [21] studied
CrNbSiTaZr as a function of CH, flow rate. They show that all films exhibit smooth
surface and featureless cross-sectional morphology. The mobility of the atoms on
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the surface can be the main reason for the formation of dense structures. Oxygen gas
also influences the morphology of HEFs. In the case of AICoCrCu0.5FeNi, the films
exhibit agglomerated grains at a low oxygen flow rate. However, as the oxygen flow
increases the grains become equiaxed with a size of 35 nm.

The morphology of HEFs can be also influenced by other parameters like the
pressure and the bias voltage. AICrTiWNbT shows a columnar morphology when the
bias voltage changes from —50V to —100V but at —150V fine spaced striation lines are
formed of the film [30]. Fine fibers morphology is formed for CrNbSiTiZr at —50V
which is transformed to compact at —200V [31].

For the structure, the prepared HEFs by magnetron sputtering are reported to
have amorphous or crystalline structure. The most crystalline structures exhibit fcc
solid solution. The structure can change under the effect of various parameters such
as the high entropy and the atomic mismatch. The high entropy promotes the forma-
tion of the solid solution instead of metallics compounds. However, if the difference
in atomic mismatch is enough, the film remains amorphous. In the case of HEFs by
magnetron sputtering, three different structures are reported: amorphous, fcc and
bee. AICoCrNi [32], NbTiAlSiZr [33] and FeCoNiCuVZrAl [34] HEFs exhibit an
amorphous structure which remains unchangeable even after adding the nitrogen. On
the other hand, other studies revealed the phase transformation from amorphous to
crystalline structure upon increasing the nitrogen contents in the films. Cheng et al.
[22] examined the effect of nitrogen on AICrMoTaTiZr by varying its flow rate from
0% to 50%. The percentage of the flow rate is calculated according to argon quantity
by the followed formula Ry=N,/(Ar+N,). The results show that the film exhibits an
amorphous structure at Ry=0%. However, when the nitrogen flow increases fcc-single
phases structures are formed as is presented the Figure 4.

The nitrogen atoms are adsorbed in interstitial sites leading to the formation of
nitrides. The interaction between the nitrogen and the elements varies along with
the periodic table. Group 4-6 are strong nitride former while metals in group 7-11
are weakly nitride former. This interaction has a mix of ionic, metallic and covalent
bonding. The reported HEFs nitrides have NaCl-type structure as mentioned above.
Because of the similarities of the structure between different standard nitrides,
extended homogeneity regions for solid solutions can be obtained.

Among other ceramics, carbides can be also prepared. Up to now, they have not
been widely investigated like the nitrides. Most references focus on the use of strong
carbide forming metals. Kuang et al. have investigated the tribological properties of
CrNbTiMoZr carbide films [35]. Kao and co-workers studied the effect of carbon
content on the mechanical and electrochemical properties of CrNbSiTaZr films [36].
There is also others few studied on the same subject [21, 37]. Figure 5 shows XRD
diffractograms of (CrNbSiTiZr)Cx films as a function of CH, rate flow. In the case of
carbides, textured solid solutions are also formed. (111), (200), (220) and (311) peaks
of the prepared films reveal the formation of fcc NaCl-type structure (Figure 5).

4.2 Surface chemistry of HEFs

X-ray photoelectron spectroscopy (XPS) is a powerful technique to provide
information on the composition and the chemical binding between the elements.
Up to date, few XPS analysis are reported on HEFs studies. More efforts are needed
to provide more information on the binding nature and the compound of different
elements constituting HEFs.
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Figure 4.
X-ray diffractogramme of (AICrMoTaTiZr)N as function of nitrogen flow rate (N,). The figure is reproduced
with permission of [22].
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Figure 5.
X-ray diffractogramme of (CrNbSiTiZr)C, as function of nitrogen flow rate (N,). The figure is reproduced with
permission of [21].

Khan et al. [38] examined AlCoCrCu, sFeNi nitride films by XPS. They showed
that the porosity of films grows with a higher nitrogen flow fraction facilitating than
the atmospheric oxidation. XPS analysis confirmed the formation of protective oxides
AlQs, CrO; and nitrides AIN and CrN on the films surfaces [38].
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Khan and co-workers [38] used XPS to determine the oxidation states of
AlCoCrCuy sFeNi HEFs. The films were deposited at various nitrogen flow rates.

The results revealed the formation of both nitrides and oxides on the surface of the
films. At higher nitrogen flow, binary oxides AL,O; and Cr,0; were formed together
with nitrides AIN and CrN on the films surfaces. Feng and coworkers [39] studied
(ZrNbTaTiW)N HEFs and reported by XPS the formation of a mixture of metallic
(Nb, W, Ta), nitride (ZrN, TiN, TaN) and oxide ZO,.

Our group studied the nitridation effect on AlTiTaZrHf, prepared by the magnetron
sputtering technique [40]. All the elements are nitride after adding the nitrogen. As
the nitrogen flow rate increases, the nitride content changes according to the affinity
of each element. The atomic percentage is estimated according to XPS analysis and
is presented for each individual element in Figure 6. Both metal Ta and Hf show a
quick increase of nitridation followed by quasi-stable evolution when Ry,=N,/(N,+Ar)
increases from 0 to 50%. Al and Zr elements show a weak increase at Ry,=5% and
stabilization when Ry, continues to grow. However, Ti reveals a quasi-stable formation
of nitride even though Ry, increases (Figure 6). The results demonstrate that all the
elements are nitride during the deposition leading to the formation of high entropy
nitride films.

4.3 Mechanical properties

The mechanical properties have been investigated for large amounts of HEFs
and the results revealed an improvement in the materials' performances. Indeed,
good hardness and wear resistance make the HEFs as well as their nitrides promising
candidates for cutting tools for example. HEFs prepared by the magnetron sputtering
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Figure 6.
Atomic percentage of individual elements, Al, Ti, Ta, Zr, and Hf as a function of nitrogen flow rate Ry,=N,/
(N,+Ar) during the preparation of AlTiTaZyHf (-N) HEFs. The curves are presented according to XPS analysis.
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technique showed that the mechanical properties are influenced by various deposi-
tion parameters. For example, Yu and co-workers [31] studied CrNbSiTiZr by
changing the substrate bias voltage. The results showed that the hardness increased
ata maximum of 12.4 + 0.3 GPa with —50 V bias followed by a decrease to 9.8 + 0.2
GPa when the bias is —200 V. Young’s modulus shows the same trend by increasing

at 187.7 + 3.3 GPa for —100 V and a decreasing to 162.3 + 3.7 GPa for —200 V. The
working pressure is also another parameter influencing the mechanical properties of
HFEs. Kim and co-workers [32] reported high mechanical properties of AICoCrNi
films obtained with a pressure of 1.33 x 10" Pa. Indeed, at low pressure (1.33 Pa),
the hardness is measured at 8.9 + 0.9 GPa and the modulus at 142 + 11 GPa. However,
when the pressure reaches 1.33 x 107! Pa, the hardness increase to 16.8 + 0.5 GPa and
the modulus to 243 + 39 GPa.

The nitrides show an increasing of mechanical properties as the nitrogen flow rate
increases followed by a decrease as the flow continues to increase. This trend is seen
for various high entropy nitrides [29, 41-44]. An example is presented in Figure 7a.
(AICrMoTaTiZr)N HEFs, obtained with 40% nitrogen flow ratio, is the hardest film
compared to others with a hardness of 40 GPa with Young’s modulus higher than 370
GPa. Residual stresses have been also studied and their evolution is depending on
the nitrogen content. Zhang and co-workers [29] investigated the residual stress of
(CrNbTiAIV)N HEFs at different nitrogen flows. The result is presented in Figure 7b.
The metallic film has the lowest value of —2.35 GPa while a maximum (—6.55 GPa) is
obtained for the nitride at 38 sccm.

In the case of oxides, as the oxygen flow rate increases the microstructure became
dense and consequently the mechanical properties are improved. At a high flow rate,
these properties degrade. The hardness of AlICoCrCuy sFeNi reaches the maximum
(11.3 + 0.9 GPa) at 25% of O, and decreases as the flow continues to increase.

Other results show that this trend is not always true. Khan and co-workers [45]
reported no change in the mechanical properties by studying AlICoCrCuy sFeNi films.
These laters are prepared as a function of the working pressure. Their hardness was
measured at 13 GPa while Young's modulus was evaluated at 204 GPa and no change
was revealed as the pressure increased.
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Hardness (a) and Residual stress (b) of (CrNbTiAIV)Nx films deposited under different nitrogen flows. Figure
reproduced with permission from [29].
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4.4 Tribological performances

The change in microstructure could be the result of several factors such as pref-
erential orientation and variation in crystallite size. These phenomena improve the
tribological performance of HEFs. The presence of defects can also prevent plastic
flow during deformation in the material that can change its hardness. The change in
the hardness will lead to a change in its tribological properties.

The tribological performance of (AICrNbSiTiMo)N has been studied by Lo and
co-workers [46] at ambient temperature and after annealing at 700°C. The results
showed a decrease in the friction coefficient, especially after annealing. This reduc-
tion difference in the coefficient of friction was measured at 0.2. At room tempera-
ture, the coefficient was 0.68 + 0.09 while after annealing at 700°C it became 0.48 +
0.08 as shown in Figure 8. The result revealed an improved wear resistance due to the
formation of MoO; after annealing, which acts as a lubricating effect.

By changing the content of the elements, the tribological properties can be
improved. For example, the effect of Al was studied by Cui and co-workers [47] on
FeCoCrNiMnAl, alloy. As the Al content increases, the friction coefficient of these
films decreases. On the other hand, the incorporation of carbon, producing a lubri-
cating effect can also reduce the friction coefficient [35].

4.5 Corrosion

Corrosion is described as a physical-chemical interaction between a metal and
its environment leading to changes in its properties and significant degradation of
its function. Developing corrosion-resistant materials is a necessary need to resolve
the issue and improve their performance. Due to the elevated entropy, HEFs form
solid solutions rather than intermetallic compounds. This makes the materials with
best functional properties. The corrosion of HEFs has been mostly studied in nitric
acid, salt (NaCl) and in HCI. It has been reported that Cr, Ni, Co and Ti elements can
improve the corrosion resistance in acid solution. Mo element could inhibit pitting
corrosion in a solution containing Cl. Such phenomena have been carried out for
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Figure 8.
Friction Coefficient of the AICrNbSiTiMoN coatings. Figure reproduced with permission from [46].
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HEFs prepared by magnetron sputtering. The results revealed that these properties
are influenced by different deposition parameters. To carry out the electrochemical
measurements of the films, potentiodynamic polarization tests are used. The param-
eters include corrosion potential (E..r), pitting potential (E;;) and corrosion-current
density (Ieor). This later can be used to estimate the corrosion rate as described by the
equation below [48]:

I
Corroion mte( mm ] =3.27x107 x-2 x EW
year p) W

Where p is the density of the alloys (g/cm3) , Leorr (A/cm?) and EW present the
equivalent weight given by:

EW - [zﬁ]
W,

i )

ny, f; and W are the ith elements, the masse fraction and the atomic weight of ith
element in the alloy respectively.

Anti-corrosion performance of (CrNbTaTiW)C has been studied by Malinovskis
and co-workers [19] in HCI solution with a concentration of 1M. The results revealed
that the carbides showed the best corrosion resistance compared to that Stainless
Steel. Gao and co-workers [49] performed a deposition of (CoCrFeNiAly ;) on silicon
by using magnetron sputtering. The films show better corrosion resistance compared
to austenitic 304L stainless steel. Wang and a coworker [50] studied corrosion behav-
ior of AlCoFeNiTiZr HEFs in NaCl solution. Three coatings, (Fe-Co-Ni),s(Al-Ti-Zr)s,
(Fe-Co-Ni)(Al-Ti-Zr)gp, (Fe-Co-Ni);5(Al-Ti-Zr)gs have been tested. According to the
reported results, (Fe-Co-Ni),5(Al-Ti-Zr);5 exhibits the lowest I..,, and the highest E,,
revealing its best corrosion resistance compared to other films. Wang and co-worker
[37] investigated the electrochemical properties of (CrNbSiTiZr)C in a 3.5 wt% NaCl
solution. Figure 9 presented the potentiodynamic polarization curves of the film.
The result is compared to that of 304L stainless steel (SS). The study reported that
(CrNbSiTiZr) C shows a Ecoyy of =189 mV and I, of 0.0026 pA/cm? Eyy is higher
and I, is smaller than that of 304L SS (Eco= —319 mV; Icorr= 0.13 pA/cm?). Th
result then reveal that (CrNbSiTiZr)C exhibits a higher corrosion resistance com-
pared to that of 304L SS.

The change in composition (variation in the elements contents) influences the
microstructure. Therefore, the change of the microstructure will improve the func-
tional properties such as corrosion resistance. Wang and co-workers [50] reported an
improved corrosion resistance of (Fe-Co-Ni),(Al-Ti-Zr)90.x as a result of the increase in
Fe-Co-Ni content. As a result, (FeCoNi),s(AlTiZr),s showed a better corrosion perfor-
mance. The addition of Al in the refractory HEF films VNbMoTaW was beneficial in
terms of increasing the corrosion resistance. With 2.37 at.% of Al present in the alloy,
excellent corrosion resistance was measured compared to 304 stainless steels in 0.5M of
H,SO, [51]. However, increasing the Al content can have a negative effect on the quality
of the film. Indeed, at high Al content porous oxides can be formed and the pores can
easily facilitate the diffusion of acid. As aresult, the corrosion resistance decreases.

Other deposition parameters strongly influence the anticorrosion performance
of HEFs. Kao and co-workers [36] reported an improved corrosion resistance of
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Figure 9.
Potentiodynamic curve of (CrNbSiTiZr)C in 3.5 wt% NaCl solution. Figure reproduced with permission
from [37].

CrNbSiTaZr films. The films were prepared in a C;H, containing environment.
Varying the bias voltage can also change the properties of the films. Von Fieandt
and co-workers [52] showed a better corrosion resistance of (AICrNbYZr) N, films
compared to stainless steel. The electrochemical measurements were done in HCI by
changing the polarization voltage and the temperature.

4.6 High temperature oxidation

Various HEFs have been prepared to investigate their high-temperature oxidation
behavior. (Alo_34CI'0_22Nb0_1lsi0_11Ti0_22)50N50 HEFs have been annealed at 900°C for
50 hours [17]. Two different oxides were formed: a-Al,O; and rutile-TiO,. The dense
AlO; formed on the top layer of the films was a key reason to improve their oxida-
tion resistance. Compared to traditional films TiN and TiAIN prepared under the
same conditions, (Al 34Crg2,Nbg11Sip11Tig 22)50Ns50 HEFs reveal the best oxidation
resistance and can be potential candidates for developing high-temperature applica-
tions. The element content is one of the influencing parameters that can improve the
oxidation resistance of the films. Indeed, Al and Si can lead to the formation of dense
a-AlLO; and a-SiO; layers on HEFs at high temperature which improves their oxida-
tion resistance. The oxidation behavior of (AICrNbTaTi)N films, in air as a function
of Si concentration, was reported by Kretschmer and co-workers [18]. The films
were annealed at 850°C for 100 hours. Without Si, the oxide thickness of the film is
important (2700 nm), however when Si was added the oxide thickness was measured
at 280 nm. This means that Si forms a dense layer on the surface during the oxidation
preventing then the diffusion of the oxygen in the film.

Tsai and co-workers [53] reported the same trend of Si effect. Figure 10 shows
the variation of the oxide thickness formed according to Si content in the films. As Si
content increases, the thickness of oxide layer decreases revealing a good oxidation
resistance at high temperature.

In the case of HINbTaTiZr film HEFs, it was shown that oxygen reacted with all
elements forming oxide nanoclusters. XPS was used to analyze the oxidation behavior
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Figure 10.
Cross-sectional SEM micrographs of the (AlICrMoTaTi)N HEFs with (a) 0 at.%, (b) 2.77 at.%, and (c) 7.51 at.%
of Si coatings after annealing at different temperature in air. Figure reproduced with permission from [53].

and the results revealed 66 at.% of oxygen content where no oxide was determined by
other techniques like SEM, TEM and X-ray diffraction [54]. The oxygen was found to
preferentially bind to Ti, Zr and Hf rather than other elements.

5. Applications

HEFs deposited by magnetron sputtering techniques have been exploited to
develop some applications. They can serve as surface protective materials. Among the
different applications, materials for biomedical and for machining will be presented
in this section.

5.1 Biomedical application

Various scientific research has been focused on coatings to improve the per-
formance of implants and prostheses. Compared to traditional coatings using this
field, HEFs become the hot spot in surface engineering development. Two films,
(HfNbTaTiZr)N and (HfNbTaTiZr)C, have been prepared by magnetron sputter-
ing technique [55]. The corrosion property of these films was simulated in body
fluid. The results have revealed a very small ratio of dead cells that were observed
for both (HfNbTaTiZr)N and (HfNbTaTiZr)C HEFs. Si was used to improve the
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biocompatibility of the materials. Valdescu and co-workers [11] have replaced

Ta with Si in the case of (TiZrNbTaHf)C. Considering the role of electrostatic
interactions between the biomaterial surface and the cells, the authors examined
the effects of surface charge (characterized by electrical potential and work func-
tion) on the biocompatibility property. A low electrical potential and high work
function of (TiZrNbSiHf)C film was obtained revealing that this film exhibits best
biocompatibility.

5.2 Machining application

The dry machining process is seen as the best alternative to replace the oils in the
industry. Because the oils have a negative impact on both operator health and the ecol-
ogy. An environmental transition is, therefore, necessary to develop clean processes.
HEFs are now interesting materials where scientific efforts are underway to improve the
performance of cutting tools. thermal and machining properties of (Aly34Crg2Nbg 11
Sip11T10.22)50Nso HEF, have been examined by Shen and co-workers [56]. The cutting
performances of the films are better as the milling was operating at a high temperature.
Due to its superior properties like high hardness, good thermal stability and outstand-
ing oxidation resistance, the HEF shows great potential to be exploited in machining
applications. The study reported that, after 900 m of cutting, the wear depth is 226, 202,
184, and 175 pm for uncoated, TIN, TiAIN and (A1034CI‘0~22Nb0.1lsi0.11Ti0‘22)50N50 HEF
respectively.

6. Conclusion

The chapter reports and discusses briefly various properties of HEFs fabricated
by magnetron sputtering. Intensive scientific efforts have been paid to this area for
improving the materials surfaces and developing innovant materials. The preparation
of the films is performed according to various deposition parameters.

Two processes are reported, standard direct current magnetron sputtering
(DCMS) and high power impulse magnetron sputtering (HiPIMS) that are used to
prepare HEFs in different environments. HiPIMS process led to the formation of
denser microstructure compared to that with DCMS. Substrate bias voltage, work-
ing pressure, gas flow rate as deposition parameters, all are discussed and revealed
that they strongly influence the physico-chemical properties of HEFs. Amorphous to
crystalline structure of the most prepared HEFs transition took place upon introduc-
tion of gas like N, or CH, or O,.

Two functional properties, electrochemical (corrosion) and physical (oxidation)
are reported and discussed. Th both properties have been reported to be influenced by
different deposition parameters. The preparation of dense films prevents acid attack
and improve corrosion resistance. The formation of some oxide layers such as a-Al,O3
and a-SiO, on the top film surface plays a great role in protecting the materials from
oxidation at high temperature.

Some HEFs are exploited to develop application in the various materials field.
Examples are reported on biomaterials and machining processes showing the best
performances of the films compared to traditional coatings.

The prepared HEFs revealed enhanced surface protection ability. Even with the
promising performances that possess the HEFs, more efforts are needed to develop
a deep understanding of this class of materials. The complexity of the materials
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increases with the number of possible combinations of elements. Traditional metal-
lurgy cannot meet the requirements of quick results, which requires a lot of time
depending on the combinations. Advanced characterization techniques are needed
which must be combined with theoretical simulation to solve this type of problem.
Artificial intelligence can also be added to the knowledge of traditional metallurgy to
define new approaches for studying innovative HEFs.
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Chapter7

Optimization of Retained Austenite
and Corrosion Properties on

EN-31 Bearing Steel by Cryogenic
Treatment Process

Shunmuga Priyan Murugan

Abstract

In this work, the percentage of retained austenite and corrosion rate presented on
EN 31 bearing steel was identified by which cryogenic treatment processes. Further
investigation carried out the possible mechanism brought in by which treatment has
significantly improving the properties of the EN-31 bearing steel. The hardness values
of CHT and DCT were compared by using the microstructure view of the CHT and
DCT samples. The optimised cryotreated samples were prepared for metallographic
examination as per ASTM E3-01. Then, the specimen were subjected to factor level
settings such as cooling rate, soaking period, soaking temperature and tempering
temperature at various conditions. Moreover, the precipitation of fine carbides and
the transformation of retained austenite to martensite showed considerable varia-
tions in the hardness of the optimised DCT samples compared with the CHT samples.
The mean hardness value of this sample is 861 HV and 19.20%, 847 HV and 17.25%,
838 HV and 17.10%, 857 HV and 18.40%, 790 HV and 13.45% improvement in the
hardness compared with CHT.

Keywords: cryogenic treatment, EN 31 steel, retained austenite, corrosion,
optimization

1. Introduction

EN-31 Bearing steel is a chromium-alloy steel, which is suitable for most applica-
tions such as bearing, plunger, barrel, etc. According to Ashish Bhateja et al. [1], the
effect on the hardness of three sample grades of steel i.e. EN31, EN-8 and D3 after
heat treatment processes such as annealing, normalising, hardening and temper-
ing were conducted. According to their study after annealing specimen of EN31 it
becomes softer than untreated specimen. After normalising hardness is more as
compared to untreated specimen. Amey et al. [2], studied the effect of heat treat-
ment on the degree of distortion due to phase transformation on 100Cr6 material.

It was inferred that cooling rate plays a major role in decreasing distortion. It also
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suggested that the presence of retained austenite, in the large amount, on the mate-
rial can lead to distortion/.failure of the component. Sri Siva et al. [3], conducted

a study to examine the effect of cryogenic treatment on the enhancement of wear
resistance of 100Cr6 bearing steel. The study also aims to reveal the underlying
mechanisms responsible for the enhancement of wear resistance by deep cryogenic
treatment. It was found that the wear resistance was increased by 37% due to DCT
when compared with that of conventional heat treatment (CHT). However, DCT may
also be employed due to the increased benefits reported in terms of wear resistance
and compressive residual stress compared with SCT. The presence of dimples and
fractured surface are more in conventional heat treatment than the cryogenic treat-
ment reported by Bensely et al. [4]. Author reported the carbon clusters increases
during the heat treatment the cardide resulted improving wear resistance in the steels
by Huang et al. [5]. JosephVimal et al. [6], conducted a Deep cryogenic treatment
improves wear resistance of EN-31 steel. The bearing steel was selected and cryogeni-
cally treated to improve the physical properties of EN-31 steel. Before treatment
EN-31 steel hardness is 18HRC hardness of untreated material is less. After done the
heat treatments the hardness of the specimen is improved. Das et al. [7], the amount
of carbide was decided the properties such as mechanical and wear resistance on D2
steel and also the carbide precipitation employed the behaviour of the steel materials.
Harish et al. [8], conducted a comparative study of EN-31 bearing steel samples after
CHT, SCT and DCT. The study reveals the presence of equi axed dimples and flat
facets in the SCT specimen, micro cracks and wide ranged dimples in DCT specimen
with respect to CHT samples. Hao-huai Liu et al. [9], investigated the characterisa-
tion on CrMnB high-chromium cast iron with the help of optical microscopy (OM),
scanning electron microscopy (SEM) and X-ray diffraction (XRD), which can be
improved due to the precipitation of carbides, the martensite transformation, and
arefined microstructure resulting from cryogenic treatment [10]. The refrigeration
of metals to improve their performance was generally classified as either shallow
cryogenic treatment, sometimes referred to as subzero treatment, or deep cryogenic
treatment (DCT) based on the treatment temperature. Fadare et al. [11], conducted
an Effect of heat treatment on mechanical properties and micro structure of NST
37-2 steel. This study based upon the empirical study which means it is derived

from experiment and observation rather than theory. The heat treatment opera-

tion is controlled heating and cooling rates but also determine microstructure and
the grain size. The main aim of heat treatment is control the properties of a metal

or alloy through the alternation of structure of metal or alloy. Harish S et al. [12],
conducted a Micro structural study of cryogenically treated EN-31 bearing steel. The
bearing steel was selected and cryogenically treated to improve the physical proper-
ties of EN-31 bearing steel. Before treatment EN-31 hardness is 18HRC hardness of
untreated material is less. After done the heat treatments the hardness of the speci-
men is improved. Vadivel and Rangasamy [13], conducted Performance analysis of
cryogenically treated coated carbide inserts. This performance analysis is produce
micro structural view of two or more carbides. Images of micro structure taken at
50x magnification shows lot difference between conventional heat treatment and
cryogenic treatment. Especially around the grain boundaries the fine precipitates
carbides of size 0.1-0.3 micron. Based on the above literature survey, it was observed
that the mechanical properties like hardness for the bearing steels. This paper has
been carried out to study the effect and microstructure analysis of various heat
treatments and cold treatment on EN-31 bearing steel and its influence on hardness
of bearing steel.
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2. Experimental investigation
2.1 Chemical composition

The optical emission spectroscopy (OES) was used to identify the chemical com-
position of the material. Moreover, the chemical composition was employed by using
the spark analyser software to determining the weight percentage of the elements
from the sample. Normally, the size of the specimen sized as per the standard used for
the test is cylindrical, 20 mm in diameter and 10 mm in height. From the test which
was identified the quantitative elements from the samples in ambient condition by
optical spectrometer mentioned in the Table 1.

2.2 Experimental procedure

EN-31 bearing steel samples was machined as per ASTM standards for various
mechanical tests. The experimental procedure adopted in the present work is shown
in Figure 1. According to the flow chart, the composition of the raw material was ana-
lysed in optical emission spectroscopy (OES). The material considered for the study
was obtained in the form of 6 mm diameter rod. The test was carried out separately
for different treatments. Then the sample was subjected to conventional heat treat-
ment and deep cryogenic treatment as per orthogonal array. Followed by the thermal
treatment hardness test and microstructural study has been carried out. Finally the
comparison of microstructure and the influence of the microstructure the hardness
were studied.

2.3 Conventional heat treatment

The Conventional Heat treatment (CHT) was given to the EN31 bearing steel
specimens as per the procedure prescribed in the ASM standards. The materials were
subjected to hardening (austenitizing) at 850°C for 1 hour, followed by an oil quench,
and tempered immediately after quenching at 200°C for 2 hours. The process graph
for conventional heat treatment is shown in Figures 2 and 3 respectively.

Figure 2 represented the procedure of conventional heat treatment on martensitic
steels has employed at various heat treatment process starting from desired tempera-
ture at 850°C. The following quenching medium such as air, oil and water involve the
martensitic steel which was decided the properties of steels behaviour. Moreover, the
properties of steel tempered depend on the rapid cooling with various time and tem-
peratures. The martensite steel surface became soft and ductile nature due to spheroi-
dite dispersed present in materials during cryogenic treatment conditions. Most of
the applications of steel materials resulted either pearlitic and bainitic nature during
the production in lower cost. The EN 31 steels must tempered at microstructure of
martensitic due to their significant brittleness. The microstructure and mechanical

Element C Mn Si S P Cr
Range (%) 0.95-1.10 0.25-0.40 0.15-0.35 <0.03 <0.03 1.40-1.70
Table 1.

Chemical composition of EN-31 bearing steel.
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Figure 1.
Experimental procedure.

properties which are decided based on the elevated treatment and also being getting
the retained of carbide in the materials. The samples revealed various microstructures
such as Pearlite, Bainite and Martensite was decided the properties during the heat
treatment process. The following heat treatment Annealing, Normalising, Quench
Hardening, Tempering, and Austempering often used to change the properties of
steels surface significantly. Moreover, the surface resulted solid strengthening also
being desired the properties of the materials.

2.4 Deep cryogenic treatment

Deep cryogenic treatment was performed as per the factor level setting of the
taguchi’s OA. The chemical composition of the material should be confirmed by opti-
cal emission spectroscopy. Then the samples for mechanical testing were as machined
as per the ASTM standard and the machined samples were subjected to hardening
at 850°C for 1 hour, followed by a rapid oil quench, and treated in an A.C.I.CP-200vi
cryogenic treatment processor(Applied Cryogenic Inc., Burlington, MA, USA) as
required for the Taguchi orthogonal array. The cryogenic processor consists of a
treatment chamber, which is connected to a liquid nitrogen tank through an insulated
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Process chart for conventional heat treatment.
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Process graph for conventional heat treatment.

hose. The thermocouple inside the chamber senses the temperature, and accordingly
the proportional —integral-derivative (PID) temperature controller operates the
solenoid valve to regulate the liquid nitrogen flow. The liquid nitrogen passes through
the spiral heat exchanger and enters the duct leading to the bottom of the chamber

as nitrogen gas. The blower at the top of the chamber sucks the gas coming out at the
bottom and makes it circulate inside the chamber. The programmable temperature
controller of the cryogenic processor is used to set the cryogenic treatment param-
eters, as per the Taguchi orthogonal array. Following DCT, the samples were prepared
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for 2 h and the performance characteristics of the samples were evaluated by conduct-
ing a reciprocating hardness test. At the time of the experiment, as per the Taguchi
factor-level settings, three replications were performed for each test. The cryogenic
processor consists of a treatment chamber, which is connected to a liquid nitrogen
tank through an insulated hose. The thermocouple inside the chamber senses the
temperature, and accordingly the proportional-integral-derivative (PID) temperature
controller operates the solenoid valve to regulate the liquid nitrogen flow. The liquid
nitrogen passes through the spiral heat exchanger and enters the duct leading to the
bottom of the chamber as nitrogen gas. The blower at the top of the chamber sucks
the gas coming out at the bottom and makes it circulate inside the chamber. The
programmable temperature controller of the cryogenic processor is used to set the
cryogenic treatment parameters, as per the Taguchi orthogonal array. Following DCT,
the samples were prepared for 2 h and the performance characteristics of the samples
were evaluated by conducting a reciprocating hardness test. At the time of the experi-
ment, as per the Taguchi factor-level settings, three replications were performed for
each test. DCT Process factors and their levels were shown in the Tables 2 and 3.

2.5 Specimen preparation and microstructure analysis

When grinding manually, the specimen should be a moved back and forth across
the paper to allow for even wear. Between grinding steps, the specimen should be
rotated 450-900. The moulded specimens were first polished using emery paper of
grits 80, 120, 200, 600, 800 and followed by polishing using on a rotating linen disc,

Symbol Factors Level1 Level 2 Level 3

A Cooling rate (°C/min) 1 1.5 2

B Soaking temperature (°C) -130 —150 —185

C Soaking period (hr.) 24 36 48

D Tempering temperature (°C) 150 200 250
Table 2.

DCT Process factors and their levels.

Exp. No Coolingrate (A) Soaking temperature Soaking period Tempering
(°C/min) (B) (°C) (C) (hr.) temperature (D) (°C)

1 1 -130 24 150

2 1 -150 36 200

3 1 —-185 48 250

4 15 -130 36 250

5 15 —-150 48 150

6 15 —185 24 200

7 2 -130 48 200

8 2 -150 24 250

9 2 —-185 36 150
Table 3.
Orthogonal array.
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and finished on a velvet cloth using alumina powder and water as a coolant. After
polishing, the moulded samples were subjected to microstructure analysis. A micro-
structural study was conducted to explain the improvement in hardness of EN-31
bearing steel subjected to CHT and DCT. The samples were prepared as per the ASTM
E3-01 for metallographic examination. These samples were etched with 2 vol% Nital
and dried in air. The etched samples were examined using Metallurgical microscope
at 50x magnification to study the changes in hardness. High resolution digital micro-
graphs were taken randomly at different regions of the specimens.

3. Results and discussion

3.1 Chemical composition

The measured values of the sample were tabulated in the Table 4. The result of the

chemical analysis confirms the chemical composition of EN-31 bearing steel.
With the above results of chemical composition it is proved that the selected mate-
rial is EN-31 alloy bearing steel, according to BS 450 ASTM standard.

3.2 Vickers’s hardness test

The result obtained from the Vickers’s hardness of the EN-31 alloy bearing steels is
given as below in the Table 5. From the results of Vickers hardness test, the hardness
value of Conventional Heat Treatment sample is compared to the hardness value of

Element C Mn Si S Ph Cr
Measured value (%) 0.97 0.27 0.28 0.002 0.006 1.43
Table 4.

Chemical composition of EN-31 Bearing steel.

Process Exp. No Vicker’s hardness Mean
Y1 Y2 Y3

CHT I 698 696 706 700

DCT 1 866 853 854 858
2 850 845 843 846
3 864 854 864 861
4 851 839 850 847
5 838 837 840 838
6 804 802 800 802
7 850 857 863 857
8 784 786 799 790
9 846 864 846 850

Table 5.

Hardness values of EN-31 bearing steel.
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Deep Cryogenic Treatment samples using orthogonal array. It is significantly increase
in the hardness of DCT sample. It is clear from the table that the raw material has the
lower hardness.

The DCT samples have the highest hardness when compared to SCT and CHT
samples. DCT followed by tempering improves the hardness by 14% and sub-zero
treatment followed by tempering improves hardness by 13% when compared to
the CHT. The untemper structure has the highest hardness in all the cases but the
material is more brittle due to presence of untemper martensite which is seen in the
microstructure. Martensite is a highly supersaturated solid solution of carbon in
iron. Hence, tempering should be done to reduce the brittleness by scarifying some
hardness and tensile strength to relieve internal stresses and to increase toughness
and ductility. It results in a desired combination of hardness, ductility, toughness
and structural stability. During tempering, marten site rejects carbon in the form
of finely divided carbide phases. The end result of tempering is a fine dispersion of
carbides in the iron matrix, which bears little structural similarity to the original
as-quenched martensite.

3.3 Microstructure analysis

A microstructural investigation was carried out to identifying the possible
mechanism brought in by the thermal treatment in improving the hardness of the
EN-31 bearing steel. The hardness values of CHT and DCT were compared by using
the microstructure view of the CHT and DCT samples. The micrograph view of the
CHT sample is given in below Figure 4. The CHT sample was prepared for metal-
lographic examination as per ASTM E3-01. The specimen was investigated using a
Metallographic microscope at 50X magnification to study the changes influence the
hardness. The CHT sample exhibited non-uniform distribution of large, elongated
carbides on the tempered martensite matrix and a notable amount of retained
austenite in the specimen. The mean hardness value of CHT sample is 700 HV. The
optimised cryotreated samples were prepared for metallographic examination as per
ASTM E3-01. Then the specimen were subjected to factor level setting like cooling
rate, soaking period, soaking temperature and tempering temperature for experi-
ment-1in OA table. After the specimens were investigated using a Metallurgical
microscope at 50x magnification to study the changes that influence the hardness.
The micrograph of the optimised DCT samples shown given below. The micrograph
of the optimised DCT sample-01 revealed a marked reduction in the amount of
retained austenite and an increase in the amount of fine secondary carbides. At cryo-
genic temperature, the amount of retained austenite decreased, resulting in a greater
amount of tempered martensite; the increased amount of martensite led to more
uniform distribution of fine carbides throughout the structure. The precipitation
of fine carbides and the transformation of retained austenite to martensite showed
considerable variations in the hardness of the optimised DCT sample-01 compared
to the CHT samples. The mean hardness value of this sample is 858 HV and 18.43%
improvement in the hardness compared to CHT. The micrograph of the optimised
DCT samples shown given below. The optimised cryotreated samples were prepared
for metallographic examination as per ASTM E3-01. Then the specimen were sub-
jected to factor level setting like cooling rate, soaking period, soaking temperature
and tempering temperature for experiment-2 in OA table. After, the specimens were
investigated using a Metallurgical microscope at 50x magnification to study the
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Figure 4.
Microstructure of the optimised DCT sample at 50x magnification.

changes that influence the hardness. The CHT sample exhibited non-uniform distri-
bution of large, elongated carbides on the tempered martensite matrix and a notable
amount of retained austenite in the specimen. The mean hardness value of CHT
sample is 700 HV.
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The optimised cryotreated samples were prepared for metallographic examina-
tion as per ASTM E3-01. Then the specimen were subjected to factor level setting like
cooling rate, soaking period, soaking temperature and tempering temperature for
experiment-1in OA table. After the specimens were investigated using a Metallurgical
microscope at 50x magnification to study the changes that influence the hardness.
The micrographs of the optimised DCT sample-01 were shown in below. The SEM
micrograph images found the wear debris of the CHT samples as shown in Figure has
large platelets and flake shaped particles worn out and further determined the par-
ticle size which is comparatively smaller than the optimised DCT samples. The SEM
micrographs were seen the worn morphology DCT samples considerably smoother
than that of the CHT samples at significant loading conditions. Further it shows the
SEM images more delamination lips and small considerably cracks could be seen in
the CHT samples than the DCT samples. The precipitation of fine carbides and the
transformation of retained austenite to martensite showed considerable variations
in the hardness of the optimised DCT sample-01 compared to the CHT samples. The
mean hardness value of this sample is 858 HV and 18.43% improvement in the hard-
ness compared to CHT.

The micrographs of the optimised DCT sample-02 were shown in below. The
optimised cryotreated samples were prepared for metallographic examination as per
ASTM E3-01. Then the specimen were subjected to factor level setting like cooling
rate, soaking period, soaking temperature and tempering temperature for experi-
ment-2 in OA table. After, the specimens were investigated using a Metallurgical
microscope at 50X magnification to study the changes that influence the hardness.
The mean hardness value of this sample is46 and 17.23% improvement in the hard-
ness compared to CHT. The micrograph of the optimised DCT samples was shown in
below. The optimised cryotreated samples were prepared for metallographic exami-
nation as per ASTM E3-01. Then the specimen were subjected to factor level setting
like cooling rate, soaking period, soaking temperature and tempering temperature for
experiment-3 in OA table. After the specimens were investigated using a Metallurgical
microscope at 50x magnification to study the changes that influence the hardness.
The DCT samples examined the surface after the heat treatment revealed the car-
bides produce good mechanical properties which is the help of secondary carbides.
Sometimes the surface was marked as a condition is homogeneity; it may be resulted
in better surface during the treatment process. From the micrograph of the optimised
DCT sample which was observed the fine secondary carbides in martensitic steels.
The optimised DCT sample-03 compared to the CHT samples. The mean hardness
value of this sample is 861 HV and 19.20% improvement in the hardness compared to
CHT. The optimised cryotreated samples were prepared for metallographic examina-
tion as per ASTM E3-01. Then the specimen were subjected to factor level setting like
cooling rate, soaking period, soaking temperature and tempering temperature for
experiment in OA table. After the specimens were investigated using a Metallurgical
microscope at 50X magnification to study the changes that influence the hardness.
The micrograph of the optimised DCT sample revealed a marked reduction in the
amount of retained austenite and an increase in the amount of fine secondary car-
bides. At cryogenic temperature, the amount of retained austenite decreased, result-
ing in a greater amount of tempered martensite; the increased amount of martensite
led to more uniform distribution of fine carbides throughout the structure. The
micrograph of the optimised DCT sample retained carbide dispersed on homogenous
condition of the microstructure.
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Moreover, the optimised DCT sample-7 compared to the CHT samples which
is resulting the better hardness due to the transformation of retained austenite to
martensite. The mean hardness value of this sample is 857 HV and 18.40% improve-
ment in the hardness compared to CHT. The optimised DCT sample-08 compared
to the CHT samples. The mean hardness value of this sample is 790 HV and 13.45%
improvement in the hardness compared to CHT. The micrograph of the optimised
DCT sample estimated the percentage of retained austenite fine secondary carbides.
During the cryogenic temperature resulted fine carbides in the form of closed packed
and hardened. Some sample of DCT has revealed carbides presented in homogeneity
structure during the treatment process. Moreover, the carbides which are employed
better mechanical properties due to the solid precipitation. The transformation of
retained austenite to martensite due to precipitate the fine carbides in the surface of
DCT samples significantly. Finally, the hardness of the optimised DCT sample-09
compared to the CHT samples. The mean hardness value of this sample is 850 HV and
17.54% improvement in the hardness compared to CHT.

3.4 Corrosion behaviour

Figure 5 shows the potentiodynamic polarisation curves for the bulk of the CHT
and DCT samples in 1 M Na,CO; solution. It can be noted that the DCT show lower
Icorr than the CHT and SCT (Icorr for DCT is about one order the magnitude lower
than that of CHT) indicating more general corrosion resistance. In this experiments
were taken three samples showing the passive state conditions. The Figure resulted
the current has moving the positive terminal is to identify the low corrosion tendency
in martensite samples in the same potential. Moreover, the corrosion peak identified
all three samples at passivation behaviour in a slow manner.

Sometimes the increasing the anodic scan limit to 2 V (versus Ag/AgCl, basic line)
and breakdown potential is observed at almost the same potential (about 0.75 V).
Normally the alkali media were resulted the properties of low corrosion resistance
of martensite materials at conventional treatment especially for the deep cryogenic
treatment (DCT). However, it seems the samples of CHT and DCT the passivation
layer forms at slower rate than in the case of the SCT as observed with the lower cor-
rosion currents.

For the En 52 valve steel material, the potential of the DCT specimen shows
—0.485 mV and the CHT specimen shows —0.54 mV at the initial condition. The
potential of the CHT specimen decreases continuously and reaches a stable value, and
for the DCT specimen the potential decreases up to around 1300 sec and increases to
some extent and gets stable at the end. The increase in the potential for the DCT speci-
men is due to the repassivation effect; this may be due to the presence of more chro-
mium carbides in the martensitic structure. From Figure 6 the initial potential for the
21-4 N valve steel at the CHT condition is —0.195 mV and at the DCT it shows a value
of —0.205 mV. The potential value for both the specimen decreases continuously with
time and the DCT specimen reaches a stable value at the end; the potential of the CHT
specimen increases after around 1500 sec and reaches a stable condition. The higher
potential value in the OCP curve indicates the higher corrosion resistance of the En 52
DCT and 21-4 N CHT specimen. The polarisation curves for the CHT and optimised
DCT specimens of both the materials are shown in Figures 6 and 7. The corrosion
potential Ecorr and corrosion current Icorr are determined by the Tafel extrapolation
method, by carrying out scans in both the positive and negative directions.
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The hardness of the EN-31 bearing steel almost varied after both CHT and DCT
which is evident from the mean VICKERS’S hardness test. The microstructural analy-
sis reveals that the precipitation of fine carbides and transformation of the retained
austenite to martensite enhanced the hardness. The hardness of the DCT samples is
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Normal corrosion tafel plot for CHT samples.

higher than the CHT. The Images of microstructure were taken at 50X magnification
source lot of differences between CHT and DCT. Fine carbides are found in that treat-
ment CHT and DCT. It was very fining nature with reasonable hardness. The DCT
seems to offer higher corrosion resistance than CHT samples.
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Chapter 8

Simulation and Calculation for
Predicting Structures and
Properties of High-Entropy Alloys

Yong Zhang and Yuanying Yue

Abstract

High-entropy alloys (HEAs) have attracted the attention of scholars due to their
outstanding properties such as excellent fracture, and irradiation resistance for various
applications. However, the complex composition space hinders the exploration of new
HEAs. The traditional experimental trial-and-error method has a long periodicity and is
difficult to understand the complexity of the structural characteristics of HEAs. With
the rise of the “Materials Genome Initiative”, simulation methods play an important
role in accelerating the development of new materials and speeding up the design
process of new HEAs. In this chapter, some of the multi-scale simulation methods, such
as density functional theory (DFT) calculations and molecular dynamics (MD)
methods, used in designing HEAs and predicting their properties are reviewed. The
advantages and limitations of these methods are discussed, and the role of computa-
tional simulation methods in guiding experiments is illustrated. This study aims to
promote the rapid development of computational simulation methods in HEAs.

Keywords: high-entropy alloys, simulation and calculation, density functional theory
calculations, molecular dynamics, phases, properties

1. Introduction

Metal materials play an essential role in aerospace, transportation, national defense
equipment, and other important areas of the national economy, and the development
of science and technology has put forward higher requirements for new metal mate-
rials. Traditional alloys such as aluminum alloys [1, 2] and magnesium alloys [3] are
mainly based on 1 or 2 elements, and the properties are changed or optimized by
adding small amounts of other elements. The traditional alloy preparation technique
and its performance have become mature and stable after years of research and
development, and new alloys are urgently required to alleviate the bottleneck. In
2004, high-entropy alloys (HEAs) were first proposed [4, 5], breaking away from the
traditional alloy single-element-based design concept. Because of their excellent
properties and wide potential for application, HEAs have gained considerable atten-
tion in recent years and have become a hot field of research in materials science. HEAs
are new multi-principal metallic materials with a predominantly configurational
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entropy. In HEAs, there is a wide variety of primary elements, and no element
dominates, so the mixing entropy value is high. According to Boltzmann hypothesis,
the mixing entropy AS,,;, of n-component alloys is

AS,m»x = 7RZC1‘L71€,‘ (1)
i

where R is gas constant, C; is the i™ element molar fraction.

The thermophysical parameter calculation is based on the “Hume-Rothery crite-
rion.” This rule is extended to the field of HEAs, and a variety of related parameters
are proposed for predicted phase formation, which may not be applicable to all HEAs.
Zhang et al. [6] summarized the factors of the atomic-size difference, §, and the
enthalpy of mixing, AH,,;,, of the multi-component alloys:

N N 2
5= in (1—xi/2xjrj> (2)
i—1 j=1

AHyi = Y 4xixjAHj; (3)
i

where N is the number of the elements in HEAs, x; or x; is the atomic percentage of
the i® or j® component, 7; is the atomic radius of the j™ component, and AH,,,;, is the
mixing enthalpy for i and j element.

Subsequently, to further understand the connection between AH,,;, and AS,,,;y,
Zhang and Yang [7] proposed a new parameter, £, defined by:

where T, is the melting temperature of the N-component alloy. Zhang et al. [8]
summarized the published HEAs and suggested a phase-formation rule using the &
and 2 with 2 > 1.1 and 6 < 6.6% as shown in Figure 1. The £ criterion enables simple
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Figure 1.
The velationship between parameters & and Q for multi-component alloys [7]. Copyright © 2011 Elsevier.
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and convenient phase structure prediction by combining the parameters that
affect HEAs: size difference, mixing enthalpy, and mixing entropy. However, the
FCC-type phase-forming 6 shows a significant overlap with that of the BCC-type
phase, which means new rules or parameters need to be considered for the phase
formation.

Since FCC and BCC phases overlap, from the perspective of alloy design, Guo et al.
[9] proposed the valence electron concentration (VEC) to determine the formation of
FCC or BCC solid solution in HEAs.

VEC =

¢i(VEC); (5)
i=1

where ¢; and VEC; are the atomic percentage and VEC of the i component.

The analysis of experimental data leads to the following conclusions: BCC structure
of HEA is easier to predict than FCC structure; VEC < 6.8 will form BCC structure
solid solution; if 6.8 < VEC < 7.8, FCC + BCC structure solid solution will be formed;
VEC > 7.8, FCC structure solid solution will be formed. Therefore, it is the potential to
separate FCC and BCC phases by the VEC criterion, but it is not probable to determine
whether there is intermetallic compound formation. The above parameters that
emerged during the development of HEAs are important conclusions for researchers
in their quest to accelerate alloy development. The prediction of thermodynamic
parameters improves the research efficiency and gives strong theoretical headings for
the experiment, thus reducing waste. Due to the huge composition space of HEAs,
these parameter judgments cannot satisfy every possible composition, and therefore,
researchers are eager to have dependable databases and high-performance calcula-
tions in order to increase the efficiency of alloy design.

It has been particularly notable that the Materials Genome Initiative (MGI) was
announced in 2011 to accelerate the pace of materials discovery, design, and implemen-
tation through the integration of experimentation, theory, and computation in a highly
integrated, high-throughput manner [10]. By integrating both computational and
experimental data, as well as high-throughput computations and multi-scale simulations,
this project aims to change the research and design culture of materials and advance
material development methods and approaches [11]. MGI project has contributed to the
development of HEAs. Even though predictive computational modeling of HEAs is
challenging primarily due to the complex multi-component system and disordered solid-
solution structure, HEAs are challenging systems to model. Although computational
modeling of HEAs is becoming increasingly popular as a tool for studying the structure
(including defects, dislocation), thermodynamics, kinetics, and mechanical properties
[12]. In the material simulation, we can simulate the material from various scales, and
qualitatively as well as quantitatively describe the characteristics of the material and
promote our understanding of it from multiple perspectives. For materials with different
scale-space, there are corresponding material calculation methods, including the first-
principles density functional theory (DFT), molecular dynamics (MD), the calculation of
phase diagram (CALPHAD), and high-throughput methods [13-20]. Hence, from the
microscopic to the macroscopic scale, this chapter reviews the limitations and potentials
of different simulation methods by summarizing in a targeted manner the characteristics
and application areas of different simulation methods. It also looks at database-driven
machine learning, as well as the use of multi-scale simulation methods in the future to aid
in the design, development, and performance tuning of new HEAs.
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2. DFT calculations

In comparison with other computational techniques, first-principles calculations
are an effective method for predicting the physical and structural properties of mate-
rials. It is calculated only by parameters such as the number of atoms inherent to the
material. The essence is to obtain the various properties of the material by solving the
Schrédinger equation. However, the state of motion of an electron corresponds to a
Schrodinger equation, which can be solved for simple single-electron systems and is
hard to solve for complex multi-electron systems. Kohn and Sham [21] considered
that the particle density function of a multi-particle system can be achieved by a
simple single-particle wave equation, and the Kohn-Sham equation [22] is self-
consistent. Scientists usually use scientific approximations to simplify the Schrodinger
equation to reach an exact solution. One of the most widely used first-principles
calculations based on DFT [23]. The DFT calculation process converts the multi-
electron problem into a single-electron problem by describing the physical properties
of the electron density of states. DFT calculations usually include only fundamental
physical constants such as speed of light, Planck’s constant, electron, and charge mass
as input parameters [24]. Solving the Schrodinger equation is an iterative process,
given an initial electron number density iteration to determine if it converges, to
obtain the total energy. Then calculate fundamental material properties such as lattice
constants, elastic constants, stacking fault energies, vacancy formation energies and
migration barriers, and cohesive energies as a function of composition and crystal
structure [25, 26]. The first-principles approach referred here deals with the DFT.
Although the DFT simplifies the Schrédinger equation, the computation process is still
challenging because HEAs have multiple principal components. Thus, special quasi-
random structure (SQS) modeling, coherent potential approximation (CPA), and
virtual crystal approximation (VCA) calculations are used for the DFT calculation of
HEA [16, 27]. Common software used for DFT calculations is VASP (Vienna Ab Initio
Simulation Package, Vienna, Austria) [28], CASTEP (Cambridge Sequential Total
Energy Package) [29], and SIESTA [30].

2.1 Modeling methods
2.11VCA

The VCA is based on the mean-field theory. Commonly, atomic potentials
representing atoms of two or more elements are averaged. This is an oversimplified
approach to substitutional solid solutions [31]. As there is no need to construct a
supercell, the calculation time can be reduced considerably. In most cases, the VCA
can be applied and are effective when the alloying elements are neighbors on the
periodic table [27, 32] (i.e. TiVNbMo [33]). Nonetheless, it remains to be seen
whether the VCA can be applied to other HEAs. The VCA was used to investigate the
effect of alloying elements on phase stability, elastic and thermodynamic properties of
random Nb-Ti-V-Zr HEAs. Liao et al. [32] found that the lattice constant, elastic
constant, and thermal expansion coefficient of NbTiVZr were in agreement with
other calculations and experiments, confirming that the VCA scheme was suitable for
random Nb-Ti-V-Zr systems. A similar study was conducted by Chen et al. [14] which
focused on the phase structure, elastic constants, and thermodynamic properties of
Ti,VNbMo refractory high entropy alloy (RHEA) by the VCA in conjunction with
the equation of state (EOS) equilibrium equation of state and the quasi-harmonic
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Deby-Griineisen model. Researchers are involved in the exploration of new HEA
systems suitable for use in the VCA. Gao et al. [14] explored the elastic constants and
elastic properties of VMoNbTaWM,, (M = Cr, Ti) RHEA by using the first principle
and VCA method. In addition, they found that, when Cr content was raised, the bulk
modulus B, Young’s modulus E, and the shear modulus G increased, while the Pugh
ratio B/G and Poisson’s ratio v fluctuated to some extent. Among them,
VMoNbTaW(Cr; 75 had the highest plasticity and VMoNbTaWCr, had the highest
strength, respectively. It is important to note that VCA is computationally compact,
highly efficient, and easy to model, yet the influence of the environment on the
system is ignored, thereby resulting in a somewhat limited application.

2.1.2 CPA

The CPA rests on the assumption that the alloy may be replaced by an ordered
effective medium, which is self-consistent in its parameters. The single-site
approximation is applied to the impurity problem, which is a description of a
single impurity embedded in an effective medium and no extra information is
given about the individual potential and charge density beyond the sphere or
polyhedron around the impurity. The CPA relies on two main approximations.
One is to presume that the local potentials (P4, Pg, Pc, Pp, Pg) around an atom
from the alloy are the same, resulting in the disregard of local environment
effects. Accordingly, a similar approximation can be made by replacing the system
with a monoatomic medium described by the site-independent coherent potential
P, as shown in Figure 2 [27].

CPA has proven to be a very successful and popular technique that has been used
extensively in the calculation of total energy, density of states, conductivity, and
other electronic structure properties of random alloys [20]. The Exact Muffin-Tin
Orbital (EMTO) in conjunction with the CPA method is demonstrated to be effec-
tive for a series of HEA systems including refractory HEAs [34] and HEA systems
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Figure 2.
Two-dimensional illustration of the CPA for the equimolar ABCDE HEAs (HEAs). The symbol P represents the

real alloy potential, P for coherent potential, P4, P, Pc, Pp, and Pg are the potentials of the alloying elements
[27]. © 2017 Tian.
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composed of transition metals [35]. Niu et al. [35] calculated AH,,;,, lattice parame-
ter (ap), bulk modulus (B), and shear modulus (G) by the exact EMTO-CPA for over
2700 compositions of the NiFeCrCo alloy as a single-phase solid solution in para-
magnetic state. An application of the CPA method is a mean-field approximation
that is computationally small and, therefore, has an advantageous efficiency. The
application can describe phenomena such as magnetic disorder and lattice vibra-
tions. Rao et al. [36] studied the abnormal magnetic behavior of FeNiCoMnCu HEAs
using DFT implemented in the EMTO-CPA formalism. Cu played a significant role
in stabilizing the ferromagnetic order of Fe, they found. The calculated magnetiza-
tion and Curie temperatures of alloys closely match the experimental results. Fur-
thermore, comparing SQS with CPA, where there were no convergence problems,
the results were very similar. It is important to emphasize that the difficulties
associated with treating different magnetic states in the supercell approach further
emphasize the advantages of the EMTO-CPA method for the present study. Through
the Korringa-Kohn-Rostoker (KKR-CPA) method, Cieslak et al. [37] calculated total
energy electronic accounting for chemical disorder effects of high entropy
Cr,AlFeCoNi alloys (x = 0, 0.5, 1.0, 1.5). Singh et al. [38] examined the total energy
of Tip »5sCrFeNiAl, and found increasing Al stabilized the BCC phase and the FCC
phase became stable above %65-Al. However, there are also certain disadvantages
associated with the CPA method. The first problem is that the effective atom is
fiction, and the resulting uniformity of the environment is not correct. Second, since
all surrounding lattice sites are identically occupied, each atom is in a position of
high symmetry, i.e. there is no force that would normally cause it to move from its
own lattice site, thus, there is no lattice distortion [39].

2.1.35QS

SQS is a special periodic structure that is constructed using a small number of
atoms per unit cell. The correlation functions within the first few nearest-neighbor
shells are designed to approach the periodic functions of a random alloy to ensure that
periodicity errors occur only among more distant neighbors. An SQS can be consid-
ered to be the best unit cell possible representing random alloys since interactions
between distant neighbors generally contribute less to the system energy than inter-
actions between near neighbors [40]. There are two approaches to generate SQSs. One
is to generate exhaustively all possible combinations of supercells for a given cell size,
and then select the one that best mimics the correlation functions of the random alloy.
The second method involves performing Monte Carlo simulations to locate the opti-
mal SQS. The two methods have been, respectively, realized in the gensqs and mcsqs
codes within the Alloy Theoretic Automated Toolkit (ATAT) developed by Axel van
de Walle and coworkers [41, 42]. While the gensgs code can only be used to generate
smaller SQS, the mcsqs code [43] is more powerful and can be used to produce large
SQS containing hundreds of atoms per unit cell. The SQS method combined with
VASP software can be used to calculate properties such as lattice constants, layer
misalignment energy, phase stability, elastic constants, magnetic properties, and elec-
tronic density of states of HEAs. According to Zhang et al. [44], stacking fault ener-
gies (SFEs) were computed in FCC and HCP HEAs utilizing the first-principles
method combined with the SQS technique, revealing the mechanism for the formation
of stacking faults and nanodiamonds. According to their findings, the negative SFEs
are related to the energetic preference for HCP stacking and the metastability of FCC
structures at low temperatures. During the past decade, a series of ferromagnetic
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HEAs systems such as Fe-Co-Ni-Al-Si, Fe-Co-Ni-Mn-Al, Fe-Co-Ni-Mn-Ga, Fe-Co-Ni-
Cr-Si, Fe-Co-Ni-Mn-Si, and Fe-Co-Ni-Cu-Si. have been reported [45-47]. As well,
non-ferromagnetic elements can significantly influence the magnetic properties of
HEAs [36]. The importance of understanding the influences of non-ferromagnetic
elements on the magnetic behavior of HEAs cannot be overstated. This can be
achieved by using a first-principle method in conjunction with the SQS technique. Zuo
et al. [19] used the SQS approach to create the structures of CoFeMnNi, CoFeMnNiCr,
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Figure 3.

(a) Spin-polarized total DOS; (b) Co d partial DOS; (c) Fe d partial DOS; (d) Mn d partial DOS; (e) Nid
partial DOS; and (f) Al s, p and Cr d partial DOS for the FCC CoFeMnNi, FCC CoFeMnNiCr, and BCC
CoFeMnNiAl from DFT calculations at zero temperature; and (g) Mn d-ovbital decomposed partial DOS. The
vertical dotted lines indicate the Fermi level [48]. © 2017 Acta Materialia Inc.
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and CoFeMnNiAl, with the DFT calculations conducted at 0 K through the VASP. The
DFT calculations on the electronic and magnetic structures reveal that the anti-
ferromagnetism of Mn atoms in CoFeMnNi is suppressed especially in the
CoFeMnNiAl HEAs, because Al changes the Fermi level and itinerant electron-spin
coupling that leads to ferromagnetism as illustrated in Figure 3. Furthermore, Wei
et al. [19] investigated the mechanism of the magnetic behavior of FeCoNiSig,Mg >
(M = Cr, Mn) HEAs using first-principles calculations combined with the SQS
method. It was found that doping the Mn resulted in a reduction in the number of
spin-down electrons, which ultimately led to the transition of the Mn from an anti-
ferromagnetic to ferrimagnetic state. SQS method may also be used for investigating
short-range order effects in the chemical environment.

The SQS method can obtain a more realistic disordered distribution of HEAs and to
consider the influence of the local atomic environment within the alloy matrix on the
physical and chemical properties of the alloy. However, the complexity of the constit-
uent elements of HEAs leads to the construction of SQS supercells considering more
correlation functions among the principal elements, which has some influence on the
efficiency and accuracy of the calculation. Therefore, how to reduce the difficulty of
supercell construction is also a pressing issue for researchers to address.

3. MD calculations

Molecular dynamics (MD) methods rely heavily on Newtonian mechanics to cal-
culate the properties and structure of molecules at the molecular level by simulating
molecular motion. It is derived from samples that originate from a whole system made
up of different states of the molecular system. The configuration of the system is then
derived using calculation. Since computer computing power has increased rapidly, the
research system of the MD method has also progressed to a larger spatial and temporal
scale. A gap exists between the mechanical property values derived from simulation
and the actual macroscopic mechanical properties of materials. However, this does not
hinder the systematic study of the microstructural evolution of materials using MD
methods. The main software groups currently used for molecular dynamics simula-
tions are Lammps [49], Gromacs, Amber, Material studio, etc. Constructing models is
the basis of molecular dynamics studies, and models are generally constructed by the
random occupation of lattice sites by constituent atoms. Potential functions describe
interatomic interactions, and the accuracy of the MD simulation results is dependent
on the potential function describing the interatomic interactions. The main potential
functions commonly used are Lennard-Jones (L-J) potential, Embedded atom method
(EAM) potential, and Average-atom potential [50-52]. Currently, the most extensive
description of interatomic interactions in HEAs is the EAM potential, which compen-
sates for the shortcomings of the pair potential by forming a many-body potential
function. Nevertheless, the EAM potential does not consider the covalent bond direc-
tionality. Based on this, the researchers also proposed the modified embedded-atom
method (MEAM) potential and the EAM-Morse potential [53, 54], etc.

Qi et al. [55] used the MD method with MEAM potential to simulate the micro-
structure evolution and mechanical properties of CoCrFeMnNi HEAs under nano
scratching. Several new behaviors were found in HEAs, such as twin boundary migra-
tion and dislocation locks. In HEAs, MD methods have been applied to mechanical
properties, irradiation damage, thermal stability, and film growth by studying the
microstructure evolution of the alloy and its mechanism. Jiang et al. [56] used MD

150



Simulation and Calculation for Predicting Structures and Properties of High-Entropy Alloys
DOI: http://dx.doi.org/10.5772 /intechopen.105963

Newtonian
layer
Thermostat
layer
Boundary
layer

) (b)

Figure 4.
Nanoindentation models of (a) the single crystal HEA, and (b) Cu [57].

simulations combined with EAM potential to study microstructural evolution and
mechanical properties of Al,CoCrFeNi HEAs under uniaxial tension. Higher aluminum
content was found to deteriorate Young’s modulus, yield stress, and yield strain of
Al,CoCrFeNi HEAs. However, the dislocation density declined with increasing temper-
ature. The high Al concentration suppressed the decrease of tensile properties with
increasing temperature. Nanoindentation experiments utilize an indenter of a specific
shape to apply a load to the surface of a material in a vertical direction and through
computer control of the variation in load, determine the depth of the indentation in
real-time. To gain a better understanding of the surface properties of HEAs, it is
imperative to learn more about the deformation mechanism of indentation; however,
due to the limitations of instruments and means of observation, experiments generally
yield loaddisplacement curves, elastic moduli, hardness, and other macroscopic prop-
erties, and the microstructure and deformation mechanism cannot be examined at the
nanoscale. MD simulation has proved to be a useful tool for analyzing and predicting
the evolution of tissue and mechanical properties of HEAs under indentation. There-
fore, more MD research on nanoindentation has been conducted. Based on MD simula-
tions, LUO et al. [57] constructed the nanoindentation models of single-crystal
FeCoCrNiCu HEA and Cu as shown in Figure 4. MD models included (i) FeCoCrNiCu
HEA workpiece + virtual indenter and (ii) Cu workpiece + virtual indenter. Compared
to Cu, the FeCoCrNiCu HEA exhibited a high dislocation density and high loading force
during indentation. These findings indicated that the HEA had high strength.

HEA coatings have attracted more and more attention from researchers, especially
HEA hard coatings, which can be used for cutting tools used in harsh environments,
etc., to significantly improve their service life. This suggests that the exploration of HEA
high wear-resistant coatings has a high prospect of application. The growth mode of
thin films influences their structure and properties, so molecular dynamics simulations
of thin film growth can be used to study the mechanism of film growth. Xie et al. [17]
studied AlICoCrCuFeNi HEA coatings. Figure 5 showed the deposition of HEA coatings
on Si(100) substrate. The atoms in Al,CogCr3,CuzgFe;;Nig and Al3Co,6CrisCuigFe;oNisg
were arranged in a crystalline structure, while Al;3Co;0Cr;4Cu;gFe;3Nig formed an
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Figure 5.
HEA films deposited on Si(100) substrate [17]. Copyright © 2015 Elsevier.

amorphous structure over the entire thickness. The simulation results show that the
differences in the number of elements and atomic sizes have a significant effect on the
atomic configuration, and a tendency to develop from solid solution to bulk amorphous
is predicted by calculating the parameters of the HEAs.

4, CALPHAD methods

In terms of phase diagrams, they are a geometric representation of a system in
equilibrium and thus serve as the basis for the study of solidification, phase transfor-
mation, crystal growth, and solid-phase transformation. Traditional phase diagrams
such as binary or ternary phase diagrams can rely on experimental determination but
for multivariate systems, the experimental approach is not desirable. To overcome the
obstacles, CALPHAD methods based on thermodynamic theory and thermodynamic
databases are created. CALPHAD methods estimate the Gibbs free energy of each
phase, such as solid solution (SS) phase, intermetallic compound (IM), etc., by calcu-
lating the mixing enthalpy and the conformational entropy. It is now possible to
develop new materials on a more reliable basis. Figure 6 shows the steps of the HEAs
design using CALPHAD methods [15]. HEAs can be developed from these thermody-
namic models directly or HEA databases can be created from the models specifically
for HEAs. Once the parameters have been optimized, the relevant thermodynamic
information can then be derived, such as the composition of each phase, phase ratio,
activity, and mixing enthalpy. Several companies offer databases and associated soft-
ware tools, notably PANDAT, FactSage, and Thermo-Calc [58], each of which has
developed databases geared toward the study of HEAs. The main thermodynamic
databases that have been developed for HEAs are PanHEA [59, 60] and TCHEA
[13, 58] etc.

Because of their high hardness and excellent wear resistance, light-weight HEAs
are suitable as protective coatings for machine components and tools [61]. Sanchez
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Figure 6.
The steps of HEAs compositional design using CALPHAD [15]. © 2020 Li, Xie, Wang, Liaw, and Zhang.

et al. [62] designed low-density and inexpensive AlyoCu;sCrisFe;sSiss,
A165Cu5CrSSi15Mn5Ti5, and A160Cu10Fe10Cr5Mn5Ni5Mg5 alloys by the CALPHAD
method in conjunction with thermodynamic database TCAL5. CALPHAD thermo-
dynamic modeling was successful in predicting the constituent phases, which were
in close agreement with experimental results. But there remains a gap between
Thermo-Calc calculations and the experimental results. Overall, this database has
been proven to be an appropriate technique for designing Al-based HEAs. The
growth of microelectronics has highlighted the importance of silicide materials -
high entropy silicides (HES) [63, 64] that are especially promising due to their
potential for use in microelectronics. ThermoCalc Software equipped with the
TCHEA3 HEA thermodynamic database was used for complex HES compositions
with targeted phase stability by Vyatskikh et al. [65]. Two single-phase HES mate-
rials were identified, the ternary (CrMoTa)Si, and quinary (CrMoTaVNb)Si,. Both
materials were identified using the CALPHAD method. It could be decided that
both the ternary and quinary alloys were predicted to exhibit a single phase with a
C40 hexagonal crystal structure.

Therefore, we conclude that the CALPHAD methodology is capable of formulating
compositionally complex, HEA systems, and overcoming obstacles associated with
certain experiments (such as high-temperature and high-pressure environments). To
realize the rapid scientific design of materials, it is possible to use the component that
is easy to calibrate by experiment to predict the component that is difficult to cali-
brate. Still, the non-equilibrium solidification structures observed in experiments and
the CALPHAD calculations based on equilibrium have some differences.

5. Machine learning

Considering the complex elemental composition of HEAs, the use of an empirical
“trial and error” material design paradigm may result in significant time and cost
overruns, and thus a new material development paradigm is urgently required to
guide the design of HEAs. Computing power and the development of computing
platforms have led to an increase in computational materials science that has pro-
moted the development of materials research and development from a trial-and-error
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mode to a computation-driven process. As of late, the importance of MGI has resulted
in the development of big data on materials and the full application of artificial
intelligence to the development of HEAs. Among them, machine learning models such
as support vector machine (SVM), principal component analysis (PCA), and cluster
analysis play an important role in the construction and screening of HEA features and
the prediction and classification of phase structures, and the prediction of HEA prop-
erties can be performed with the help of artificial neural networks, linear regression,
and logistic regression. At the same time, active learning strategies based on Bayesian
optimization and genetic algorithms are applied to the inverse optimization design of
HEAs, which makes them have better comprehensive performance. Zhang et al. [66]
used atomic radius, melting temperature, mixing entropy, and empirical parameters
of HEA phase formation as features, and established a high-precision HEA phase
classification model using a combination of genetic algorithm screening material
features and machine learning models. Based on 322 data samples of cast HEAs, Liand
Guo [67] built a support vector machine classification model by screening five mate-
rial factors: VEC, &, melting temperature (T,), AS,,ix, and AH,,;, as features by
sequential selection method, and the model achieved more than 90% accuracy in
classifying HEAs as BCC single-phase, FCC single-phase and non-forming single-
phase solid solution. Huang et al. [68] developed K-nearest neighbor (KNN), SVM,
and artificial neural network (ANN) classification models based on 401 HEA data
samples featuring VEC, electronegativity difference Ay, 8, AS,,ir, and AH,,;,. And
then the prediction of whether the HEA formed SS, IM, and mixed SS and IM

(SS + IM). The prediction accuracies of the three models obtained from cross-
validation for the three classifications were 68.6%, 64.3%, and 74.3%, respectively.
The reason for the low classification accuracy was found to be the unclear interphase
boundary between SS and SS + IM by the self-organizing mapping (SOM) neural
network. Then, the binary classification models of SS and IM, SS + IM and IM, SS and
SS + IM were developed using multi-layer feed-forward neural network (MLFFNN)
with classification accuracies of 86.7%, 94.3%, and 78.9%, respectively. Zhao et al.
[69] applied machine learning to combine elemental characteristics with long-term
ordering and established 87% of prediction accuracy. A deep neural network classifi-
cation model for HEAs was developed by Lee et al. [70]. To compensate for the lack of
experimental data, additional HEA data were generated using a conditional generative
adversarial network (GAN), which improved the classification accuracy from 84.75%
to 93.17%, exceeding the prediction accuracy of previous literature. Machine learning
is generally based on big data, and data mining and cleaning are difficult. The quality
of data will also directly determine the accuracy of prediction. Therefore, is it possible
to make accurate predictions based on high-quality and relatively small data sets? A
bilinear log model based on 21 HEA compositions was proposed by Steingrimsson

et al. [71], and the break temperature, Tpyea, Was introduced to predict the ultimate
strength of temperature-dependent body-centered-cubic HEAs. They derived the
ultimate strength as a function of composition and temperature by using Figure 7 at
high temperatures and defined the key Tjyeq1 for optimizing the high temperature
properties of the alloys.

HEAs experimental data has increased dramatically over the past two decades,
and ML provides a means to utilize this information. In particular, ML in HEAs is
currently focused on the prediction of phases, and there are 13 commonly used
criteria as shown in Table 1 [72]. In the future, a focus of machine learning will be
to identify new unified criteria for phase formation in HEAs. Combined with
simulation methods and machine learning already can accelerate the compositions
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Figure 7.

Identification of compositions with the ability to retain strengths at high temperatures [71].
Parameters Formula
Mean atom radius a=>y 7 ciri
Atomic size diff " 2

omic size difference 5= /S a1 -n)
Average of the melting points of constituent elements Ty =1 16 Tmi

Standard deviation of melting temperature

n T, 2
or = Zi:lci (1 — ﬁ)

Average mixing enthalpy

AHm,'x = 4211#61‘6]'1‘1,7

Standard deviation of mixing enthalpy

OAH =

Dinics (Hj — AH i)
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Parameters Formula
Ideal mixing entropy Sig = —kpd>_;_qcilng;
Electronegativity X =D iaCiki
Standard deviation of elect tivit [~n

andard deviation of electronegativity Ay =S il — 1)
Average VEC VEC =37 16 VEC;

Standard deviation of VEC ovic = /34 (VEC; — VEC)?

Mean bulk modulus K=3%" cK;

Standard deviation of bulk modulus ok = /S e (Ki — K)?

Table 1.
The 13 design parameters and the corresponding formula [72].

and procedures of HEAs compositions and procedures. ML will play an important
role in addressing challenges that are too difficult for relationships among
phases/structures, the processing structure-property, the microstructure, and the
performance of materials.

6. Conclusions

As computers have developed rapidly, materials have faced new challenges and
opportunities. Developing new alloys is no longer a time-consuming and laborious
trial-and-error process, but rather a method for efficiently exploring alloys using
computations. Contrary to conventional alloys, HEAs are positioned in the center of
the phase diagram. Many primary elements indicate a large composition space, which
presents both impediments and challenges for the development. A number of HEAs
are studied including RHEAs, light-weight HEAs, and others, all of which have great
industrial applications. Based on the proposed simulations and calculations,
researchers can target the exploration of alloy compositions based on properties in
order to develop new HEAs. The focus of this chapter is on reviewing the simulation
tools at different scales and summarizing cutting-edge research. The use of alloy
design calculations based on DFT or MD calculations of alloy properties and multi-
component phase diagrams calculated by CALPHAD is an effective method for saving
time and reducing costs. However, the multi-element (more than 5) and microstruc-
ture (solid solution) of HEAs make the calculation process more complex and time-
consuming than that of conventional alloys. In addition, there is a gap between the
phase composition of HEAs determined by the experimental method and that
predicted by the CALPHAD method. Therefore, combining more than two computa-
tional methods is a focus for future simulations. An example is the combination of
DFT and CALPHAD methods. CALPHAD is often limited in scope due to the lack of
reliable data. DFT method can calculate various thermodynamic properties, such as
formation energy, heat of formation, etc. to supplement the data to provide support
for phase diagrams. Last, it is also vital that a robust and comprehensive database be
established for HEAs through the MGI project.
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Chapter 9

CALPHAD as a Toolbox to
Facilitate the Development of HEAs

Wei Wang and Zhou Li

Abstract

This chapter would be a comprehensive review of the successful application of the
CALPHAD method in the research and development of high-entropy alloys (HEAs) in
recent years. The structure of this chapter is obedient to the conventional framework
in materials science, and several topics would be covered, including composition and
structure design, heat treatment and solidification processing, and some properties
and performances, such as mechanical and electrochemical corrosion behaviors and
high-temperature oxidation characteristics. A conclusion and outlook of the
CALPHAD method are also provided at the end of this chapter. Hope this chapter
could offer a thermodynamic and kinetic perspective for facilitating the field of HEA
research and inspire other researchers to contribute more valuable ideas and works.

Keywords: high-entropy alloys, CALPHAD, materials design, processing
optimization, mechanical properties, electrochemical corrosion, high-temperature
oxidation

1. Introduction

The concept of high-entropy alloys (HEAs), where the configurational entropy
plays a significant role, is closely related to the content of thermodynamics. As a
phenomenological methodology of computational thermodynamics, CALPHAD could
be the most direct tool for the design of HEAs [1]. CALPHAD stands for the abbrevia-
tion of CALculation of PHAse Diagram, which is a computational approach proposed in
the early 1970s to bridge the gap between the theoretical calculations and the experi-
mental phase equilibrium information [2]. The Gibbs energy function occupies the core
of the CALPHAD method. Thermodynamic properties of the materials could be
described by the Gibbs energy of each phase. The phase diagrams are constructed by
minimizing the total Gibbs energy of the system. The model parameters of Gibbs
energy, which is the main constitute of the CALPHAD databases, are assessed by fitting
the input data via CALPHAD-based software, such as Thermo-Calc [3], Pandat [4], and
FactSage [5]. The experimental results would be the first choice for the input, and the
first-principle calculations would be a good complement wherever there is a lack of
experimental input [6]. The Gibbs energy of an element can be written as follows [7]:

G —H, "= a+bT +cTn(T) +dT> +dT ™ +fI° + . (1)
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where H?ER represents the enthalpy of the pure element i in its reference state
standard element reference (SER). This reference state is defined as the most stable
state of the pure element at 298.15 K and 1 bar. Coefficients a, b, ¢, d, ... are the
parameters to be optimized.

To deal with the case containing more elements, several models were proposed to
describe the atomic interactions, such as compound energy formalism (CEF) [8],
cluster variation method [9], quasi-chemical model [10], and so on. In this chapter,
the compound energy formalism (CEF) as the most widely used model was intro-
duced. In the CEF, the structure of a phase is considered to be constituted by a set of
sublattices represented by the formula (A, C)x(B, D)y, with A, C mixing on the first
sublattice and B, D occupying the second one [6].

G;l” — Srme + chgsm + Phme + Ex Gm
= Py (Y)Ged +RTY. S wyiIn (y;) + "G, + 3 PL(Y)L, + Y PL(Y)Ly, .. (2)

$7G,, is named “surface of reference,” which is a linear combination of the Gibbs
energy of end-members. %S,, denotes the configurational entropy of the phase,
considering the ideal mixing only. The sum of ' G,, and T%S,, is the so-called ideal
solution model. "?G,, describes the physical effect (usually the magnetic effect),

which was treated separately. G, represents the excess Gibbs energy describing the
interactions between the constituents in different sublattices. Py, (Y) refers to the
product of site fraction in Iy, which means an array of zeroth order including only one
constituent in each sublattice. P;, (Y) corresponds to the nth-order array, which con-
tains # extra constituents in sublattices 1, 2, ..., n — 1. #* is the number of sites in
sublattice s and y; is the site fraction of element j in sublattices. L denotes the

interaction parameter, which is a Redlich-Kister polynomial.

One of the aims of the CALPHAD method is to develop the reliable databases for the
users of interest. The descriptions of stable binaries and ternaries are the building blocks
for the multicomponent CALPHAD databases. The CALPHAD method uses extrapola-
tion to extend the range from these stable constituent lower systems to the unstable
region and higher order systems. The semiempirical nature and the unique structure of
the database (Figure 1) make CALPHAD an accurate and self-consistent technique and
gain the popularity in the research of structural materials [11]. Therefore, the
CALPHAD has been considered as an important part of the Integrated Computational
Materials Engineering (ICME) and Materials Genome Initiative (MGI) [12].

With the combination of thermodynamic and kinetic databases, the CALPHAD
method could not only depict the characteristics of thermodynamics (phase diagrams
and thermophysical properties) but also simulate the kinetic process (precipitation
and diffusion) by solving the diffusion equations numerically. The following sections
will show how the CALPHAD method serves as a powerful toolbox to facilitate the
development of the HEAs.

2. Thermodynamic calculations in the composition and phase design of
HEAs

The emergence of the HEA provides a new alloying strategy for the materials
scientists. Different from the conventional way of adding a handful of alloying
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Figure 1.
The structuve of the CALPHAD thermodynamic databases.
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Figure 2.
The contour map of entropy of mixing on an illustrated ternary alloy. The blue regions represent the conventional
alloys with only one principal element and the bright avea indicates the high-entropy region [13].

elements to a primary one, the HEA creates a mixture of the multiple principle
elements with (near) equiatomic concentration [13, 14]. The most intuitive represen-
tation of this strategy would be the composition map of the phase diagram (Figure 2).
The conventional alloys locate at the corner regions (blue region), and the HEAs
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occupy the central region of the phase diagram. Therefore, the name of “central
alloys” is perhaps a good choice to eliminate the ambiguity caused by the confusing
use of “high-entropy alloys,” “medium-entropy alloys,” “complex concentrated alloys
(CCAs),” “multiprincipal element alloys (MPEAs),” etc. Its vastness of the composi-
tion space and the complex combination of elements open the possibilities of discov-
ering novel alloys with exceptional properties [15]. Meanwhile, it is a more
challenging task of the HEA design to find the desired point in this composition sea.
As the sole technique of visualizing the phase diagram directly, the CALPHAD
method that is expert in the composition and phase design for the multicomponent
systems could serve as an equipped ship for the HEA researchers. Hundreds of
published works have applied the CALPHAD method in the phase prediction of HEAs
[16, 17]. In this section, the advantage and limitations of the CALPHAD method will
be discussed with several examples.

2.1 Application of CALPHAD databases in the HEA design

Phase diagrams have been considered as the road map for the research of materials
science, which act as a guiding role to design the experiments and understand the
behavior of the materials. As mentioned above, the accuracy of the calculated phase
diagram depends on the reliability of the CALPHAD databases. Owing to the lack of
specific HEA databases, the early works usually uses the Ni-base and, sometimes, the
Fe-base databases to explore the alloy composition of the desired phase. Choi et al.
[18] used the TCFE2000 database [19] to design a new face-centered cubic (FCC)
phase HEA with nonequiatomic composition. Figure 3 shows that the prepared
samples fall well on the FCC single-phase region, which verifies the validity of the

B60Fe5N:i
0.6

BCC+FCC

0 0.1 02 03 04 05 06

GONi Mole fraction Mn 60MnSNi

Figure 3.
Calculated FCC phase region of 10Co-15Cr-10 V-65 (Fe, Mn, Ni) [18].
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Figure 4.
Pseudobinary phase diagram of CoCrFeNiCux [20].

CALPHAD calculation. Zhang et al. [20] employed the Thermo-Calc software [3] with
database TCNI8 [19] to calculate the phase diagram of the CoCrFeNi-based HEAs. In
Figure 4, the pseudobinary phase diagram of CrCoFeNi-Cux was calculated to show
the alloying effect of Cu on the phase stability of the HEA. Miscibility gaps of FCC and
liquid phase begin to form with the increasing Cu content. This calculated result has
been experimentally confirmed by the work of Wu et al. [21]. Butler et al. [22] studied
the phase stability of AINiCoCrFe alloy using the CALPHAD approach. Figure 5d
shows their prediction on the phase fractions of the Al15 HEA calculated by using the
TCNi8 database. They found that the predicted phase stability was generally in agree-
ment with the experimental measurements except the FCC phase. These findings
indicate that the CALPHAD could be a powerful tool for the design of HEAs, but the
quality of the databases needs to be improved. Therefore, the specific thermodynamic
databases, TCHEA [23] and PanHEA [24], have been tailored in recent years to
accelerate the development of HEAs. Feng et al. [25] extensively investigated the
phase stability of the lightweight HEAs using both the experimental and computa-
tional methods. They calculated the phase fraction of each in Al1.5CrFeMnTi alloy
(Figure 6a) and the isopleth of Al1.5CrFeMnTix (Figure 6b) using Pandat software
with the PanHEA database. A reasonable agreement has been reported between the
experimentally determined and predicted compositions. One of the disagreements is
that the nanosized L21 phase was experimentally observed at higher annealing tem-
perature than the predicted one. MacDonald et al. [26] thoroughly discussed the FCC
phase decomposition of the equiatomic CoCuFeMnNi alloy with the aid of the
CALPHAD method. They performed the calculation on the equilibrium step diagram
of CoCuFeMnNi alloy at the temperature range from 400 to 1600°C employing the
Thermo-Calc software with database TCHEA3 and compared the experimentally
observed compositions of three phases with the CALPHAD-predicted ones at 500°C.
It can be seen in Figure 7 that the composition predicted by CALPHAD reasonably
agrees with the measured ones except the case in the Cu-rich FCC phase. Although the
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Figure 5.
BSE image of Al15 HEA heated treating at (a) 700°C and (b) 1050°C, (c¢) XRD spectra of Al 15 HEA, and (d)
calculated phase fractions for the Al 15 HEA [22].

CALPHAD has been successfully applied to the phase and composition design of
HEAs, its power has not been fully explored due to the imperfection of the databases.
The difficulties of developing a high-quality HEA database could be attributed to
several reasons. As we noted earlier, the traditional alloy databases were developed
based on the binaries and ternaries with only one principal component, while the
HEAs focus on the central regions of the alloy systems. Therefore, one of the difficul-
ties is that there is lack of experimental data on this region as the input for the
CALPHAD assessment [27]. Another thing that should be noted is that the ternary
interaction could be significant at the highly concentrated region, so all the ternaries
should be carefully evaluated [28]. Those barriers will burden the workload of assess-
ment exponentially and make it almost a “mission impossible” to develop a perfect
HEA database in a short term [27].

2.2 High-throughput CALPHAD (HT-CALPHAD) calculations for the HEA
design

Alternatively, the high-throughput CALPHAD method and the machine learning
(ML) models provide us a promising way of accelerating the design of advanced
HEAs. Feng et al. [29] utilized the CALPHAD-based high-throughput calculation to
screen the optimal composition of the lightweight HEAs. The vast composition space
has been narrowed to a small range by meeting the criteria on phase fraction and
temperature, with eight candidate alloys surviving out finally (Figure 8). In
Figure 8b-e, region 1 meets only one criterion, region 2 meets two of criteria, and
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Calculated phase diagram of the (a) alloy Al1.5CrFeMnTi and (b) isopleth of Al1.5CrFeMnTix [25].

region 3 meets three. This approach significantly reduces the cost of experimental
work. Zeng et al. [30] proposed several phase selection rules by combining the
machine learning method and the CALPHAD calculations. The flowchart of this
chapter is summarized in Figure 9. More than 300,000 of entries of phase equilibrium
information were generated by the CALPHAD method. Then, the XGBoost method
was employed to explore five most important features to depict the composition space
spanned by the generated data. Based on the trained ML model, five-phase selection
rules were established, which provides an efficient approach of designing a single-
phase HEA. The CALPHAD method has accumulated tons of high-quality phase
equilibria and thermochemical data in decades, which would be a valuable resource
for the machine learning models. At the same time, ML could help CALPHAD extend
its application and establish the structure—property connection quantitatively. A
recent review of the HT-CALPHAD method could be found in [31].

Besides, thermodynamic analysis on the phase stability of single solid solution
(SSS) phases in HEA has also been extensively studied by using the CALPHAD
method [14, 32]. Unexpectedly, the configurational entropy does not play the
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(a) Calculated equilibrium step diagram of the CoCuFeMnNi alloy from 400-1600°C compared with
experimentally measured phase composition from STEM EDS, (b) Fe-Co rich B2 phase, (c) Cu-rich FCC phase,
and (d) the matrix FCC phase [26].
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dominant role in many cases [1]. Other entropic contribution and enthalpy should also
be valued in the analysis because the phase stability of the SSS depends on the Gibbs
energy (G = H - TS) of its competing intermetallic phases [14, 15]. A widely accepted
framework of this analysis is needed for further research.

3. CALPHAD-based prediction in processing optimization
3.1 Heat treatment processing optimization

Known as the idiom “the refined steel, softly winds fingers,” the condensed words
were refined as the most significant information about heat treatment in the present
perspective. For metallic materials, heat treatment represents some thermal as well as
thermochemical processes to bring a series of complicated transformations in physical
metallurgy, mechanical, and corrosion resistance performances. Therefore, to under-
stand heat treatment, it is necessary to study the thermal phenomena, microstructure,
phase stability/transformation, properties, and so on. As a kind of promising material,
HEAs like other ferrous and nonferrous alloys, heat treatment is also an important
process for improving formability, machinability, strength, and ductility.

As the name implies, the CALPHAD method is a technique of calculation for phase
diagram initially. Therefore, in the field of the phase diagram, the CALPHAD method
is inherently associated with a unique advantage in comparison with other techniques.
One of the most important advantages of the CALPHAD method is to predict high-
order thermodynamic information via extrapolation from the corresponding low-
order subsystems. To realize the CALPHAD method, it is required to combine both
computational platforms and some thermodynamic and mobility databases, and so on.
Some commercial software is available to perform various calculation and simulation,
including Thermo-Calc software (also add-on diffusion and precipitation module,
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Dictra & TC-Prisma) [3, 19], Pandat [33], and FactSage [34]. Some commercial
databases also need to be matched in these software to provide various thermody-
namic and mobility information, including TCHEA5 and MOBHEA?2 [35],
PanHEA_TH, PanHEA_MB, and PanHEA_MYV [36]. The continuous update data-
bases, which contained dozens of elements and hundreds of subsystems, provide a set
of self-consistence thermodynamic and kinetic parameters to assist a high-quality
prediction. With the development of thermodynamic and kinetic modeling, the
CALPHAD method has played a more and more important role in materials design,
processing optimization, phase transformation, mechanical and corrosion behavior
investigations, and so on.

In this section, some CALPHAD-based research on the heat treatment of HEAs was
collected to aim at highlighting the significant role of the CALPHAD method in the
thermodynamic, kinetic, and precipitation predictions, which are the three main parts
of this section.

3.1.1 Thermodynamic analysis of heat treatment

The phase diagram is one of the most important components in the field of mate-
rials science and technology, obviously in the field of heat treatment. Thus, the
CALPHAD method has an inherent advantage due to the technique that was initially
originated to couple the phase diagrams and thermochemistry, especially due to the
extrapolation characteristic. For “multiprincipal element alloy (MPEA)” [37, 38] or
“complex concentrated alloy (CCA)” [39] systems, the extrapolation characteristic
from the known low-order subsystems to the unknown high-order HEAs system
becomes an outstanding superiority of the CALPHAD method, particularly in com-
parison with the conventional one or two principal metallic materials. To complete a
high-quality thermodynamic prediction needs an important prerequisite, i.e., a set of
critical, reliable, and self-consistence thermodynamic modeling, especially in the
whole composition and at a wide temperature range, due to the equiatomic or near-
equiatomic composition region of the HEA system.

The application of the CALPHAD-based thermodynamic analysis in heat treatment
will be introduced as follows.

The equilibrium mapping and stepping calculations of the phase diagram, viz.,
calculated isothermal/isoplethal sections and calculated equilibrium phase fraction at
various temperatures, are two major applications in materials design and also in heat
treatment optimization. The basic investigation approach is to study from the sub-
systems (i.e., binary and ternary) to the multicomponent HEA systems; some exam-
ples for determining the temperature of annealing heat treatment for a proposed alloy
are shown in (Figures 10 and 11) [27, 40, 41].

For casting, a low liquidus temperature and a narrow window between
liquidus temperature (Tiiquiqus) and solidus temperature (Tgoliqus) are desirable [42].
However, for high-temperature alloys (i.e., superalloys) and high-temperature
HEAs (also known as high-entropy superalloys (HESA) [1]), a higher Tiiquiqus and
T'solidus and also a narrow window between the two temperatures are beneficial.

For homogenization heat treatment, a wide temperature range of the one-phase
region at high temperature (i.e., high-temperature solid solution phase) is
preferable (Figure 10). Meanwhile, for precipitation heat treatment, a wider
window in-between T,jiqus and the solvus temperature of the precipitation phase
(Tsolvus) is favorable. Therefore, in certain or designed compositions for an HEA
system, these typical temperatures of heat treatment can be predicted by using the
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The calculated Co-Cr phase diagram (a1) and the phase fractions at various temperatures for Co-15Cr (a1—1)
and Co-15Cr (a1-2) [40].

CALPHAD-based thermodynamic calculations, which are very important for
facilitating various heat treatment processing optimization.

3.1.2 Kinetic analysis of heat treatment

The CALPHAD-based thermodynamic calculation is usually performed as a sig-
nificant starting point for materials design, processing optimization, and so on.
Sequentially, kinetic simulation tends to become an important link.

To perform kinetic simulation, it is necessary to combine a simulation module,
which has been implanted in some specific kinetic models (e.g., 1D homogenization
models [43-45]), and various thermodynamic and kinetic databases (Section 3.1). The
simulation of diffusion is usually both time- and space-dependent and is particularly
suitable for solving one-phase problems and moving boundary problems. Kinetic
simulation for assisting to optimize processing parameters of homogenization heat
treatment is an important application.

For homogenization heat treatment, the kinetic simulation is a valuable method to
predict and optimize the specific processing parameter, especially for the relationship
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Solidification curves and homogenization heat treatment of M5 alloy (thermodynamic and kinetic database:
TCHEA2 and MOBNI2) [40] (This figure was not displayed in this reference).

between temperature, time, and distance in some given phases. Meanwhile, various
heat treatments can be optimized by CALPHAD-based simulations, for instance, to
facilitate appropriate heat treatment procedures for manipulating solid solution
strengthening and precipitation hardening of HEAs [46], and so on.

3.2 Solidification and precipitation simulations

The Scheil-Gulliver solidification simulation [47, 48], also called Scheil solidifica-
tion simulation, is usually performed on the basis of the CALPHAD method. For
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analyzing solidification processes, some equations were used by assuming that the
diffusivity in the solid phases is extremely slow to be treated as zero and the diffusion
in the liquid phase is very fast. With the assumption, a type of nonequilibrium
transformation can be treated as a local equilibrium state. An example of the Scheil
solidification simulation can be found in [40] (Figure 12).

Various modules and packages mentioned in Section 3.1, such as TC-Prisma and
Pandat, have been developed especially to predict the precipitation problems. Taking
TC-Prisma as an example; for predicting the concurrent nucleation, growth, and
coarsening of dispersed precipitate phases, the module built by the Langer-Schwartz
theory [49] also adopted the Kampmann-Wagner numerical method [50] and many
models [51]. To simulate multimodal particle size distribution of precipitate phase is a
typical application.

As shown in Figure 13, to investigate the precipitation kinetics and to predict
the temperature-time-transformation (TTT) diagram for high-entropy superalloys
with a typical structure of y matrix phase (i.e., disordered structure A1) and y’
coherent precipitate phase (i.e., ordered structure L1,), various simulations can
be performed by TC-Prisma with an available software development kits (SDKs)
of TC-Python language combined with many thermodynamic and kinetic data-
bases [52].
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Experimental temperature profile for the alloys conducted by homogenization and solid solution heat treatment at
1500 K for 20 h and then air cooling to room temperature (a); based on the experimental temperature profile,
simulated particle size distribution and cubic factor of the y’ precipitate phase for the alloys by continuous cooling
from the solvus temperature (b); and the simulated TTT diagram for the y’ precipitate phase from the y matrix
phase (c and d) (The details can be found in [52]).
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4. Theoretical understanding of materials properties and performances
4.1 Mechanical properties

Until now in this chapter, the application of the CALPHAD method in composition
and structure design and the processing optimization has been briefly described in the
previous sections. On the basis of the classical framework and the conventional
research route in materials science, only left the last section here, i.e., the CALPHAD-
based calculation and simulations for facilitating the theoretical understanding of
materials properties and performances. The materials science computational modeling
is a key crosslink point to connect the other three points, including composition and
structure, processing, and properties and performances. In this section, the
CALPHAD-based prediction in understanding mechanical properties, electrochemical
corrosion, and high-temperature oxidation performances is described as follows.

As described previously, CALPHAD calculations and simulations are a coupling
technique for experimental and theoretical phase diagrams, thermodynamic and
kinetic information, and so on. Therefore, the thermodynamic and kinetic databases
are compiled by a set of expressions of Gibbs energy and atomic mobility on the basis
of a number of composition—/temperature- and time—/distance-dependent functions
(also contain other influence factors, e.g., pressure, volume, magnetic, etc.). In this
framework, predicting mechanical properties is probably not the main direction of the
CALPHAD method. However, the characteristic of the thermodynamic and kinetic
database also provides some fundamental data and information to establish various
mechanical databases to predict the corresponding mechanical performances. Take
CALPHAD-based prediction for the Young’s moduli of the Ti-Nb-Zr-Ta/Mo system as
an example [53-59]. Based on Young’s moduli data through experimental investiga-
tion and/or theoretical calculations, the composition-dependent Young’s moduli data-
base can be built also from low-order systems to high-order systems like other
thermodynamic and kinetic databases. In Figure 14, the predicted data are in good
agreement with the experimental results for Young’s moduli of the body-centered
cubic (BCC) Ti-Nb-Zr-Mo system. It shows that the CALPHAD-based prediction for
Young’s moduli on the basis of the accurate database is a reliable method.

4.2 Electrochemical corrosion performance

From the corrosion mechanism perspective, electrochemical corrosion and high-
temperature oxidation are the most important two types of corrosion. Therefore, both
of the main kinds of corrosion predicted by the CALPHAD-based calculations and
simulations will be introduced in the last two sections.

The electrochemical corrosion is usually treated as wet corrosion, i.e., the metal
undergoes some reactions in various specific aqueous solutions. Therefore, under-
standing the electrochemical corrosion mechanism in thermodynamics and kinetics
are two key points. The CALPHAD-based prediction is a powerful technique to study
the thermodynamic theory of electrochemical corrosion; a typical representative
application is the calculation of the Pourbaix diagram.

The Pourbaix diagram, i.e., potential-pH diagrams, derived by M. Pourbaix, col-
lected thermodynamic information for the relevant electrochemical and chemical
reactions. With the development of the experimental and theoretical thermodynamic
data for the Pourbaix diagram, the calculation of the Pourbaix diagram can be applied
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not only in corrosion science but also in hydrometallurgy and electrodeposition
processing. In the field of corrosion science, the potential-pH domain represents two
significant physical and chemical processes. That is, potential is an important charac-
teristic parameter to reflect the metal either kept in an immunity state or reacted to
various specific oxidation or ionic states; pH is a significant typical parameter to
mirror the activities of H* or OH™ in corrosive media or environment. The two
parameters usually represent the anodic and cathodic reactions, respectively. There-
fore, the calculation of the Pourbaix diagram is a unique method to predict electro-
chemical corrosion behaviors.

Like other thermodynamic calculations, the calculation of the Pourbaix diagram
also needs many thermodynamic databases especially to combine aqueous database
(e.g., TCAQ3 database [60]). A calculated Pourbaix diagram and a diagram of the
potential and the phase amount of compounds for CoCrFeNi alloy at pH = 7 are shown
in Figure 15 [20]. From the calculation results, some important information can be
obtained, such as the main stable oxides and spinels in the passive layers, the specific
potential and pH series for different oxidation and reduction reactions, and so on. It
needs to notice that the potential in the Pourbaix diagram and in the real corrosion
system represents equilibrium and nonequilibrium potential, respectively. Therefore,
the equilibrium and non-equilibrium states should be distinguished when analyzing
the corrosion behaviors.

4.3 High-temperature oxidation performance

Compared with the metallic materials suffering various types of destruction at
room temperature, the high-temperature alloys (i.e., superalloys) undergo much
more heavily deterioration at elevated temperatures. To take the turbine as an
example, as the most important core component, like the skeleton for a human,
in fossil-energy/nuclear power plants and vehicles, especially in aircraft, the
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The calculated Pourbaix diagram (a) and the diagram of potential and the phase amount of oxides and spinels for
CoCrFeNi alloy at pH = 7 (b) [20].

high-temperature metallic materials should conquer a series of complex chemical,
physical, and metallurgical process, for instance, high corrosion, wear, fatigue, stress,
and creep resistance performances, particularly for the interaction between these
mechanics and corrosion factors. Therefore, the superalloys with high performances
at elevated temperatures are the most significant materials in high-temperature
components.

For the corrosion behaviors at room temperature and elevated temperature, the
basic theories have some common points, such as thermodynamic and kinetic theo-
ries. However, the corrosion mechanisms of the high-temperature corrosion, usually
called high-temperature oxidation, still have some specific theories including thermo-
dynamics and kinetics in comparison with the theories for electrochemical corrosion
at room temperature. To draw inferences from the above sections, perform the
CALPHAD-based calculations, and simulations for high-temperature oxidation also
focus on the thermodynamic and kinetic computation. That is, some predictions can
be obtained from the above sections in this chapter, and some calculations and simu-
lations can usually be performed especially to predict the behaviors of high-
temperature oxidation. Some common examples are described in the following.

Some thermodynamic predictions for different usages based on the materials in
specific environments or working conditions can be applied here. For instance, iso-
thermal and isoplethal sections can be calculated for various HEA systems, not only
for the alloying elements systems but also especially for the alloying element-oxygen
systems. Figure 16 shows the calculated stable phases of the Fe-Cr-O system at 650°C
at various oxygen activities [61]. A spinel miscibility gap appears in the S1 + S2 region
(S1: Fe3.,Cr, Oy, S2: FeCr,_Fe,0,), S1 and S2 represent the spinel phase between
Fe30, and FeCr,0,4 phase, and the miscibility gap will be disappeared above ~665°C.

In the calculated phase diagram of the alloying element-oxygen systems, the oxy-
gen can be exchanged for carbon, nitrogen, or sulfur, because the processes of
oxidization, carbonization, nitridation, and vulcanization are treated as generalized
oxidization.

In Sections 3.1.2 and 3.2, the application of the kinetic and precipitation simula-
tions on heat treatment has been introduced. As described above, the thermodynamic
calculations can be applied to study materials design, processing optimization, and
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Figure 17.

A Dictra simulation of high-temperature oxidation. The oxide thickness time was dependent on the Fe-Cr-Al
system for 24 h at 600°C. the simulation sets an assumption that the bulk composition in alloys only is affected by
the grain size and grain boundary diffusion in the oxide.

various properties and performance; however, each prediction has some different
specific emphases for different studies. The kinetic and precipitation simulation is the
same situation.

Kinetic simulation has the capability to predict the formation of oxide layers during
the high-temperature oxidation. The thickness of the oxide layers formed with time for the
Fe-Cr-Al system for 24 h at 600°C was simulated by Dictra, as shown in Figure 17 [62].
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The simulation sets an assumption that the bulk composition in alloys only is
affected by the grain size and grain boundary diffusion in the oxide layers.
Meanwhile, precipitation simulation is capable of predicting particle size distribu-
tion of precipitate phases. Until now, the studies of the precipitation simulation
for the HEAs are not very common like steels. The reason probably is that the
typical precipitation and inclusion in different HEA systems are not like M;Cs3 or
M,3Cg in steels. However, much stronger support for the precipitation simulation
of the HEAs will be provided in the future resulting in more and more experi-
mental investigation of HEAs [63-66].

5. Conclusions

In this chapter, the applications of the CALPHAD-based calculations and
simulations in the recent advances and the new perspectives of HEAs were introduced
briefly. The framework of the chapter is followed by the classical components, i.e.,
modeling, composition and structure, processing, and properties and performances.
Here, the CALPHAD-based thermodynamic and kinetic modeling play the key role to
connect the other three components. As can be seen, some examples were not only
limited in the CALPHAD prediction in HEAs, but also contained some examples in
different alloy systems, probably because not so much corresponding research was
found. To draw inferences from the similar research, it is no problem to apply the
similar thermodynamic and kinetic calculations and simulations in the specific HEAs
systems if the specific alloy systems have the matched databases. Besides the content
described in this chapter, there still exist a number of other research studies on the
basis of the CALPHAD computations, and many techniques can also couple with the
CALPHAD data or combined with CALPHAD software programs. These new trends
extremely extend the boundaries of the CALPHAD method. For instance, the
CALPHAD modeling can couple with first principle, phase field, machine learning,
etc.; meanwhile, many conventional CALPHAD software can interact with Python or
MATLAB through specific application programming interfaces (APIs).

HEA is a fast-growing field attractive to the scientists of different backgrounds.
Many emerging applications of CALPHAD have not been included in this chapter,
such as the refractory HEAs, high-entropy ceramics (HECs), additive manufacturing
of HEAs, etc. These areas would offer new chances of exploring the unexpected and
exciting features of HEAs. Hope CALPHAD could play a more important role in the
new journey of discovering advanced HEAs.
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Chapter 10

Development of Orthopedic
Implants with Highly
Biocompatible Ti Alloys

Yoshimitsu Okazaki and Kiyoyuki Chinzei

Abstract

The material properties of metallic materials used for manufacturing of orthopedic
implants are important for understanding the factors affecting the biological, biome-
chanical, and biochemical performances of orthopedic implants. This chapter will pro-
vide the test method for characterizing potential materials for metallic orthopedic device
such as artificial joints and osteosynthesis. Particularly, the alloy design and low-cost
manufacturing processes of titanium (Ti) metals, cytocompatibility of metals, biocom-
patibility and corrosion resistance of Ti alloys, and mechanical compatibility of ortho-
pedic implants are summarized. Future trends on both materials and biological
evaluation methods are also introduced here. Three-dimensional (3D) layer
manufacturing technologies are expected as new technologies for manufacturing, artifi-
cial hip joint stems, acetabular cups, and femoral components and tibial trays of artificial
knee joints among others. 3D layer manufacturing technologies are also expected for
manufacturing porous materials such as acetabular components. It is possible to obtain
marketing approval for highly biocompatible implants that are optimized for the skeletal
structures and needs of patients by combining 3D layer manufacturing technologies with
imaging technologies such as computed tomography (CT).

Keywords: orthopedic implant, Ti alloys, biological evaluation, mechanical
compatibility, manufacturing process

1. Introduction

Orthopedics is a medical field that deals with the diagnosis and treatment of
diseases of the musculoskeletal system including bones, joints, ligaments, and mus-
cles. Patients range from children to the elderly. The organs treated in orthopedics
include the spine, spinal cord, peripheral nerves, joints, arms, and legs. The clinical
conditions treated by orthopedic specialists include congenital diseases, degenerative
diseases, inflammatory diseases, bone and soft tissue tumors, age-related changes, and
traumatic conditions such as fractures and dislocations. As we are entering into a
super-aging society, the use of orthopedic implants is increasing yearly with the

189 IntechOpen



High Entropy Materials - Microstructures and Properties

{ % Common fracture sites
\

../ inelderly patients Artificial shoulder joint
Glenoid Humeral
component Humeral component
(SOOI head
Humeral \ Bone plate E v
component i) l‘

\ )
\  Radial ~
Ulnar L\compunent Peg Stem
component P i)
T 1 /
-
e ol 4 Spinal
Artificial elbow joint ]

MP joint  PIP joint =
DIPjointN\ Il |
- %

' Artificial vertebral

-~ body

Stem

Middle Proximal g Artificial
metacarpalP"@1@"X phalanx Distal  finger joint
phalanx ‘A V' na|
Femoral

Cup component
Llner\ :
Femoraf'—" o
head V V“ \)/O « Tibial

Il :\u‘\ insert

Tibial tray

Metaphyseal plate

f'

Tibial component

— L
Polyethylene

-

Talar component

Stem

Artificial hip joint Artificial knee joint
Artificial ankle joint

Figure 1.
Aptificial bones and joints curvently in use in aging society.

increasing number of patients with fractures caused by aging and osteoporosis, among
others. Figure 1 shows orthopedic implants currently in use. There are various
implant products, such as bone plates, metaphyseal plates, bone screws, compression
hip screws (CHSs), short femoral (y) nails, intramedullary nails, artificial femoral
heads, artificial hip joints, artificial knee joints, artificial shoulder joints, artificial
elbow joints, artificial ankle joints, artificial finger joints, and spinal fixation devices.
Biochemical and biomechanical compatibilities as well as biological safety are required
for orthopedic implant devices. Therefore, metallic orthopedic devices, which are
manufactured from various metals having excellent mechanical properties, are widely
used in the orthopedic field. To determine biological safety, and biochemical and
biomechanical properties, various chemical, biological, and mechanical evaluations
are performed for device development and obtaining marketing approval of implant
devices. This chapter will provide the evaluation methods for characterizing potential
materials for metallic orthopedic devices such as artificial joints and osteosynthesis
devices. Recent chemical, biological, and mechanical test results of new biocompatible
materials are introduced here, as well as the development of new orthopedic devices.
The compatibility of implants with bone geometry and size matching is especially
important for elderly patients with fractures around the joints. The risk of damage to
tendons and ligaments around joints after implant arthroplasty is likely to increase
when there are discrepancies in size and bone geometry.
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2. Implantable metals and cytocompatibility of metals
2.1 Main metals used in orthopedic implants

Stainless steel, cobalt (Co)-chromium (Cr)-molybdenum (Mo) alloys,
commercially pure titanium (C.P. Ti), and Ti alloys are widely used in orthopedic
implants. In particular, the use of Ti-6 mass% aluminum (Al)-4 mass% vanadium (V)
(Ti-6Al-4V) alloys has been increasing in various orthopedic implant devices. The
biological safety and corrosion resistance of stainless steel are improved by increasing
the amount of Cr and Mo alloying elements added to the steel. Fatigue strengths are
increased to a level equivalent to those of Ti alloys by adding nitrogen (N) and 20%
cold working. The fatigue strengths of an industrial Ti material are improved by
increasing the amount of trace elements such as oxygen (O) and iron (Fe), whereas
the fatigue strength of C.P. Ti grade 4 can be close to those of Ti alloys by 20% cold
working. Ti alloys have higher biocompatibility and corrosion resistance than C.P. Ti
owing to zirconium (Zr), niobium (Nb), and tantalum (Ta) elements is added. More-
over, the fatigue strengths of materials are substantially improved by changing the
conditions of hot forging and heat treatment.

Ti alloys, C.P. Ti, and stainless steel are globally used in various osteosynthesis
devices, whereas Co-28Cr-6Mo alloy is widely used in bearing parts of various artifi-
cial joints. Artificial hip joint stems are classified into cement hip stems that are fixed
to bone using polymethylmethacrylate (PMMA) bone cement and cementless stems
that are fixed to bone by osseointegration without PMMA bone cement. Ti alloys with
high biocompatibility are used for the cementless hip stem. Cementless stems are
coated with bioactive ceramics such as hydroxyapatite (HA) to enhance new bone
formation. Co-28Cr-6Mo alloy and high-N stainless steel with high stiffness and
strength are popularly used for the cemented hip stem materials.

2.2 Mechanism of cytotoxicity of metal ions

In recent years, the toxicity of Co ions released from metal-on-metal artificial hip
joints has attracted attention. Moreover, there have been reports on aseptic lymphocytic
vasculitis-associated lesions (ALVALSs) associated with Co ions [1]. There are also sev-
eral clinical reports on the in vivo effect of metal ions released from orthopedic implants.
Particularly, the clinical concern about the toxicity of V ions has been reported [1].
When the relative growth ratio is 1 or lower in the cytotoxicity tests, cytotoxicity
increases. V and Al ions strongly inhibit the cell growth of both mouse fibroblast 1L.929
and osteoblastic MC3T3-E1 cells compared with Co, Ni, and lead (Pb) ions, causing a
marked decrease in relative growth ratio at a concentration of 0.1 ppm or above [1].

Figure 2 shows a schematic illustration of the incorporation of metal ions into cells.
Metal ions are incorporated through various ion channels and bind to proteins and
amino acids [1]. To clarify the mechanism of cytotoxicity expression, the quantities of
V and other metal ions incorporated into mouse fibroblast L929 and osteoblastic
MC3T3-E1 cells have been investigated using an inductively coupled plasma-mass
spectrometry (ICP-MS) system [1]. Figure 3 shows the relationship between the
concentrations of various metals in the cell culture medium and the mean quantity
[(femtogram (fg), 107" g] of incorporated metal ions. The quantities per cell of metal
ions incorporated into the L929 and MC3T3-E1 cells increase with increasing metal
concentration in the culture medium, depending on the metal ion type. Lower quan-
tities of gold (Au), Ti, Zr, Nb, Ta, and Cr ions are released into the medium and also
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incorporated into the cells. Higher quantities of magnesium (Mg), palladium (Pd),
Mo, Fe, Ni, Co, Mn, and tungsten (W) ions are incorporated. Moreover, silver (Ag),
Pb, V, Cu, and Zn are incorporated at the highest quantities. As shown in Figure 3b,
higher quantities of Zn, Pb, Fe, and V ions are incorporated into the MC3T3-E1 cells.
The quantity of V ions incorporated into the MC3T3-E1 cells is considerably higher
than those of other metal ions. Thus, the cytotoxicity of a metal ion changes with the
quantity of the metal ion incorporated into cells. Particularly, V ions are incorporated
into cells through xanthine derived from fetal bovine serum. The strong interactions
of Mo, Co, and Ni with amino acids have also been clarified by high-performance
liquid chromatography (HPLC) [1].

The effects of lipopolysaccharide (LPS) (positive control), V, and Ni concentrations
in a medium on the relative growth ratio of mouse-macrophage-like J774.1 cells have
been investigated in Ref. [1]. The relative growth ratio at approximately 0.05 ppm V ion
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concentration decreases from 1. For V ion concentration, its ICgg (20% inhibitory
concentration) is 0.5 ppm and its ICsg is 0.8 ppm. On the other hand, for Ni ion
concentration, its ICg is 1.5 ppm and its ICsg is 3 ppm. The cytotoxicity of V ions for
J774.1 cells is approximately 10-fold than that of Ni ions. The rate of increase in the
concentration of nitric oxide (NO) released with the activation of J774.1 cells starts to
increase at a concentration of V ions 10 times lower than that of Ni ions [1].

Also, an increase in the concentration of cytokines such as tumor necrosis factor-a
(TNF-a) and interleukin-6 (IL-6) causes osteoclast differentiation and promotes bone
resorption in the orthopedic implant field. Bone resorption is promoted by osteoclasts
around artificial joints. Marked increases in TNF-a and IL-6 concentrations in patients
with rheumatic disease accelerate bone resorption [1]. The release of TNF-a from
J774.1 cells starts at approximately 0.5 ppm V concentration; the concentrations of IL-
6 and transforming growth factor-p (TGF-B) markedly increase at a high rate above
1 ppm V concentration. The Ni concentration required to produce cytokines is higher
than the V concentration [1].

2.3 Biocompatibility of various metals

The relationship between the cytocompatibility and polarization resistance of var-
ious pure metals is summarized in Figure 4a and b [2-5]. Cytotoxicity of various pure
metals is shown in Figure 4c¢. V ion cytotoxicity is strongly concentration-dependent
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as shown in Figure 4d. On the other hand, Zr, Nb, and Ta elements exhibit excellent
biocompatibility and corrosion resistance, all of which belong to the vital (loose
connective vascularized) group with regard to tissue reactions. In the 70 metals in the
periodic table of elements, only Ti and Zr elements show excellent cytocompatibility
with both bone-derived mouse osteoblast cells and soft-tissue-derived mouse fibro-
blast cells.

3. Low-cost manufacturing processes of biocompatible Ti alloys
3.1 Material design of highly biocompatible Ti alloys

The Ti alloys are classified into three types depending on their microstructure:
alpha-type (a-) alloys having a hexagonal-close-packed (hcp) structure, beta-type
(B-) alloys having a body-centered-cubic (bcc) structure, and alpha-beta-type(a-f-)
alloys having a mixed structure comprising a- and p-phases. In the a-f-Ti alloys, Ti-
6Al-4V alloy is widely used for various orthopedic implants. The a-p-Ti alloys have
higher fatigue strength than that of the p-Ti alloys. Another o-p-Ti alloy, Ti-15mass%
Zr-4mass% Nb-(0-4)mass% Ta [Ti-15Zr-4Nb-(0-4)Ta] alloys, is developed in Japan
as an excellent biocompatible alloy for long-term orthopedic implant applications and
is standardized in JIS T 7401-4 [6].

Zr, Nb, and Ta elements are effective alloying elements of Ti alloys for resulting
excellent long-term biocompatibility and corrosion resistance. However, the excessive
addition of Ta and Nb to Ti alloys brings a higher manufacturing cost. Therefore, to
develop low-cost manufacturing processes, we have investigated the effects of hot-
forging and continuous hot-rolling conditions on the hot forgeability, microstructure,
biochemical, and biological properties, tensile properties, and fatigue properties of
Ti-15Zr-4Nb-(0-4) Ta alloys [7, 8].

3.2 Low-cost manufacturing processes

To develop the biocompatible orthopedic implant devices, Ti-15Zr-4Nb-(0-4) Ta
alloys are vacuum-arc melted. The Ti-15Zr-4Nb-(0—4) Ta alloy ingots are homogenized
at approximately 1200-1250°C for more than 5 h and beta(p)-forged from the same
temperature to forging ratios (cross section before forging/cross section after forging)
of more than 3. Then, beta(p)-forgings are conducted to minimize the beta (f, bcc)-
phase at 1000 to 1150°C relative to the forging ratio and the size of the billet. Afterward,
a-p-forgings at starting temperature of Tg-30°C are conducted to obtain a(hcp)- and
p(bcc)-phases by decoupling the fine p-phase. Ty indicates the p-transus temperature
(100 vol% p-phase). Finally, 1-m-longx100-mm-square Ti alloy billets are hot-forged
by a-B-forging, which are performed using a 1200-ton forging machine under atmo-
spheric conditions. To prevent the edge of the billet from cracking caused by heat loss,
the forging time is minimized by adjusting the forging reduction and forging width/
speed. The reheating of the ingot and forging are repeated once or twice to optimize the
ingot size and microstructure. Between - and a-f-forgings, the billet surface is ground
with a grinder to prevent cracking due to the oxide scale formed on the ingot surface.

A continuous hot-rolling process for Ti alloys is shown in Figure 5. A continuous
hot rolling is conducted using 1-m-longx100-mm-square Ti alloy billets. After
maintaining them at Tg—60°C for 2 h, the Ti alloy billets are hot-rolled continuously in
the a-p-temperature region (below Tj) at a low rolling speed to prevent an increase in
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Figure 5.

Schematic illustration of continuous hot rolling of Ti-Zr alloy to obtain rod specimens.

the internal temperature of the rolling rod. After a-f-rolling, the annealing of the Ti
alloy is generally followed by the removal of internal stress, heat treatment at 700°C
for 2 h to optimize the microstructure, and then cooling in air.
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Effects of rod diameter on (a) room temperature mechanical properties (6, .9 ps, outs, T.E., and R.A.) and

(b) room temperatuve Vickers havdness (Hv) of hot-rolled Ti-15Zr-4Nb-4Ta (Ti-Zr A) and Ti-15Zr-4Nb-1Ta
(Ti-Zr B) alloys.
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Figure 6 shows the room temperature mechanical properties (0.2% proof strength,
Go.2ups; ultimate tensile strength, oyrs; total elongation, T.E.; and reduction in area, R.
A.) of continuously hot-rolled Ti-15Zr-4Nb-4Ta (Ti-Zr A) and Ti-15Zr-4Nb-1Ta
(Ti-Zr B) alloy rods. High strength, high hardness, and excellent ductility are obtained
in this continuous hot-rolling process for each rod diameter (12 to 50 mm) [8].

4. TEM analysis of passive films formed on Ti alloys

Figure 7a—d shows field emission transmission electron microscopy (FE-TEM)
images of the passive oxide films formed on the annealed Ti-6Al-4V alloy, Ti-15Zr-
4Nb-1Ta alloy, solution-treated high-N stainless steel, and Co-28Cr-6Mo alloy sur-
faces by anodic polarization up to 0 V vs. SCE (saturated calomel electrode) in 0.9%
NaCl at 37°C [9]. To compare the distribution of each metallic element in the passive
oxide films formed on metal surfaces, 0 V vs. SCE is selected as the potential in the
passive region. As can be seen from the FE-TEM images, the surface of each passive
oxide film is protected by carbon, and a passive oxide film is observed on the metal
surface. According to the electron diffraction patterns of the Ti-6Al-4V and Ti-15Zr-
4Nb-1Ta alloys, the metals have a hexagonal-close-packed (hcp) structure, whereas
the oxide films have an amorphous structure. Thin passive oxide films of
3.2+ 0.2nm, 4.2 + 0.2 nm, 2.3 &+ 0.1 nm, and 1.7 &= 0.2 nm thicknesses (mean =+ stan-
dard deviation) are observed on the Ti-6Al-4V alloy, Ti-15Zr-4Nb-1Ta alloy, high-N
stainless steel, and Co-28Cr-6Mo alloy surfaces after anodic polarization up to 0 V vs.
SCE, respectively [9]. Energy-dispersive X-ray spectrometry (EDX) analysis revealed
that the passive oxide film that formed on Ti-15Zr-4Nb-1Ta alloy consists of TiO,
containing Zr and small quantities of Nb and Ta. The oxide film on Ti-6Al-4V alloy
consists of TiO, containing Al and a small quantity of V. The oxide film on high-N
stainless steel consists of Cr,05 containing Fe and a small quantity of Ni. The oxide

Figure 7.
FE-TEM images of oxide films formed on (a) Ti-15Zr-4Nb-1Ta, (b) Ti-6Al-4V, (c) Co-28Cr-6Mo alloy, and
(d) high-N stainless steel surfaces by anodic polarization up to o V vs. SCE in 0.9% NaCl at 37°C.
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film on Co-28Cr-6Mo alloy consists of Cr,03 containing Co and a small quantity of
Mo. Figure 8 shows the changes in the concentration (at%) of each element in the
oxide films from the oxide/metal interface to the oxide film surface obtained by the
EDX analysis of the oxide films. At the oxide/metal interface, the metal concentration
is relatively high, and with increasing distance from the oxide/metal interface, the
metal concentration decreases and the oxygen (O) concentration increases. The Ti-
15Zr-4Nb-1Ta alloy has a higher oxygen concentration in the oxide film than the Ti-
6Al-4V alloy. In the oxide films formed on the high-N stainless steel and Co-28Cr-
6Mo alloy surfaces, the concentrations of Fe and Co at the oxide/metal interface are
high and decrease as the distance from the oxide/metal interface increases. This high
oxygen concentration in the oxide films is due to the formation of ZrO,, Nb,Os, and
Ta,0s from Zr, Nb, and Ta, respectively.

The metal surface of an oxide film (electric double layer) is equivalent to a capac-
itor. The oxide film resistance (Rp) and capacitance (Ccpg, pF) diagrams of implant-
able metals have been investigated by electrochemical impedance spectroscopy (EIS)
[9]. The oxide film resistance (Rp, MQ) is expressed by Rp = €,-¢,-kox /Ccpg, where g,
and &, are the vacuum permittivity (8.854 x 10~ ® pF/cm) and the relative dielectric
constant of the oxide film, respectively, and kox is the resistivity (MQ-cm) of the
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Figure 8.
Changes in metal concentrations (at%) in oxide films formed on (a) Ti-15Zr-4Nb-1Ta, (b) Ti-6Al-4V, (c)
Co-28Cr-6Mo, and (d) high-N stainless steel from oxide/metal interface to oxide film surface.
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oxide film. Rp and Ccpg are inversely proportional. The Ti-15Zr-4Nb-(0 to 4) Ta alloys
have large Rp (maximum: 13 MQ-cm?) and small Cepg (minimum: 12 pF-cm™%s" ~ 7,
n = 0.94) values.

5. Metal ion release in vitro and in vivo

Concerns such as metal sensitivity remain with regard to the long-term exposure to
metal ions released from metallic orthopedic implant devices into the body. Seven-day
static immersion tests of alloys are conventionally performed to examine the quanti-
ties of metal ions released from an alloy in different solutions and their pH depen-
dence [10]. The effects of pH on the quantities of metal ions released from Ti-6Al-4V
and Ti-15Zr-4Nb-4Ta alloys, respectively, are reported in Ref. [10]. Bottles of each
solution without a specimen are prepared as blanks. The weekly quantity of each
metal ion released (pg/cmz) is estimated as (amount of solution: 50 ml) x [(metal
concentration in each solution)—(mean metal concentration of three blank bottles)]/
(surface area of specimen).

The quantities of metal ions released from Ti-6Al-4V alloy markedly increase with
decreasing pH from 4 to 2, although the changes are relatively small above pH 4. In
contrast, even a low pH has virtually no effect on the quantity of each metal ion
released from Ti-15Zr-4Nb-4Ta alloy, with the exception of Ti; the quantity of
released Ti ions starts to increase below pH 3.5, although more gradually than that of
Ti-6Al-4V alloy. Thus, 0.9%NaCl containing HCl (0.9%NaCl+HCI) solution adjusted
to pH 2 by adding HCl is suitable for accelerated immersion tests.

In metal ion release test in vivo, the metal quantity in a solution containing
dissolved bone tissue is measured using ICP-MS (inductively coupled plasma mass
spectrometry). The quantities (pg/g) of various metals released into the bone tissue
are calculated by dividing the amount (pg) of each metal in the dissolved bone tissue
solution by the weight (g) of lyophilized bone tissue [11]. The Ti quantity in the rat
tibia tissue-implanted Ti-15Zr-4Nb-4Ta alloy is considerably lower than that in the
tibia tissue-implanted Ti-6Al-4V alloy. The Zr, Ta, and Nb quantities are not signifi-
cantly higher than those of the control sample (without an implant). The Ti quantity
in the tibia tissue-implanted Ti-15Zr-4Nb-4Ta alloy is about 40% lower than that in
the tibia tissue-implanted Ti-6AI-4V alloy. The total quantity (Zr + Nb + Ta) of Zr,
Nb, and Ta is approximately 20% lower than the total quantity (Al + V) of Aland V.

6. Biological safety evaluation under the accelerated extraction condition
6.1 Accelerated extraction condition for biological safety evaluation

Biological safety evaluation tests of two Ti-Zr alloys are performed under the
normal extraction condition in accordance with the ISO 10993 series and under the
accelerated extraction condition [12]. Ta-free Ti-15Zr-4Nb (Ti-15-4) and Ti-15Zr-
4Nb-1Ta (Ti-15-4-1) alloys are used for various biological safety evaluation tests. Plate
specimens each with dimensions of 20 mm x 20 mm x 1 mm (thickness) are cut from
these Ti-15-4 andTi-15-4-1 alloys for extraction in the biological safety test. The
surface of each plate specimen is polished with 1000-grit waterproof emery paper.
Rod specimens with a diameter of 1.2 mm and a length of 2.5 mm are used for rat
implantation. Each specimen is ultrasonically cleaned in ethanol.
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Cell culture medium containing serum is used for extraction in cytotoxicity test,
because it supports cellular growth as well as enables the extraction of both nonpolar
and polar substances. For normal extraction in main biological safety tests except for
cytotoxicity test, plate specimens are extracted in the 0.9%NaCl solution at 121°C for
1 h. On the other hand, the accelerated extraction (0.9%NaCl+HCI) solution adjusted
to pH 2 can be prepared in accordance with ISO 16428 as follows [12]. 1 mol/L
hydrochloric acid is added to 0.9%NaCl (physiological saline) solution, and the mixed
(0.9%NaCl+HCI) solution is adjusted to pH 2. All test specimens are ultrasonically
cleaned in ethanol and then sterilized in an autoclave at 121°C for 15 min. After
drying, the test specimens are immersed for 7 d in the accelerated (0.9%NaCl+HCI,
pH = 2) solution at 37°C. After sufficient stirring, the pH of the accelerated (0.9%NaCl
+HCI) solution after extraction is neutralized to 6 + 1 using 0.1 and 1 mol/L NaOH
solutions to obtain various biological evaluation test extracts. Blank extracts (blank
control) are similarly prepared without the Ti-15Zr-4Nb-(0 to 4) Ta alloy specimen.
Positive control and negative (blank control) groups, and test specimen-treated group
are established under different conditions necessary for each biological safety evalua-
tion test to confirm the sensitivity of the test systems.

In implantation tests, new bone formation, bone contact, and osteoid formation
rates are compared between test and control specimens. The behavior of newly
formed bone tissue around implants can be calculated using the following three
parameters. New bone formation rate (%) = (total length of new bone formed around
implant)/(length of surrounding implant), bone contact rate (%) = (total length in
direct contact with implant)/(length of surrounding implant) x 100, and osteoid
formation rate (%) obtained by Villanueva staining = [(total area of osteoid bone)/
total area of new bone (osteoid plus calcified bone)].

6.2 Test results of biological safety evaluation

Biological safety evaluation test results obtained with Ti-15Zr-4Nb (Ti-15-4) and
Ti-15Zr-4Nb-1Ta (Ti-15-4-1) alloys are reported in Ref. [12]. The effects of normal
condition (in 0.9%NaCl and medium) and accelerated condition (in 0.9%NaCl+HCI,
pH 2) extracts are compared using Ti-15Zr-4Nb alloys. All of the tests performed in
accordance with the ISO 10993 series show no effect (negative) of either extract.

1.No decrease (93-101%) in the colony formation rate is obtained by the colony
formation tests at six (3.13, 6.25, 12.5, 25, 50, and 100%) concentrations of the
medium extracts for the Ti-15Zr-4Nb and Ti-15Zr-4Nb-1Ta alloys. These results
indicate that the Ti-15Zr-4Nb and Ti-15Zr-4Nb-1Ta alloys are noncytotoxic.

2.For skin sensitization evaluation (in maximization tests), an average score of 1 or
higher is considered positive for skin reactions in accordance with the ISO
10993-10 standard. The average scores for the accelerated condition (in 0.9%
NaCl+HCI) extracts are O for the test specimens subjected to 24- and 48-h
treatments, indicating that the Ti-15Zr-4Nb and Ti-15Zr-4Nb-1Ta alloys caused
no sensitization (no erythema) response.

3.Normal condition and accelerated condition extracts of 0.2 mL each are
intradermally injected in the irritation tests of rabbits. No edema and erythema
are observed at any of the injection sites and the observation times in all groups,
resulting in a score of 0 for intradermal reactions. No significant differences in
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scores are observed among the blank extract-injected, normal condition extract-
injected, and accelerated condition extract-injected groups, indicating that the
Ti-15Zr-4Nb alloy causes no intradermal reactions.

4.For the acute systemic toxicity of normal condition and accelerated condition
extracts, no effects of the extracts on the general conditions or the weight of any
of the mice and no abnormalities are observed in either intrapleural or
intraperitoneal organs. This result indicates that the normal condition and
accelerated condition extracts from the test Ti-15Zr-4NDb alloy specimens have
no acute systemic toxicity.

For normal condition (in 0.9%NaCl at 121°C for 1 h) extracts intravenously
injected to rats for 21 days, there are no significant differences between the
control and test Ti-15Zr-4Nb and Ti-15Zr-4Nb-1Ta alloy groups for both female
and male rats in the weight, the quantity of food intake, and the results of the
urine test. No toxicological significance is observed in the weights of organs and
the results of the blood biochemical and hematologic tests. No abnormalities in
the macroscopic examination of the systemic organs are also observed for both
female and male rats. Moreover, no noteworthy abnormalities are observed in the
histopathological examination for both female and male rats. These results show
that no clear systemic toxicity is expressed when the normal condition extracts
with the Ti-15Zr-4Nb and Ti-15Zr-4Nb-1Ta alloys are intravenously injected to
female and male rats once a day for 21 days.

5.In the genotoxicity tests, (a) no increase in the number of revertant colonies is
found for gene mutation inducibility. The Ti-15Zr-4Nb alloy immersed in the
accelerated extraction 0.9%NaCl+HCI solution shows no gene mutation
inducibility. (b) For chromosomal aberration inducibility, no increase in the
frequency of appearance of cells with chromosomal aberrations is found. This
indicates that the Ti-15Zr-4Nb and Ti-15Zr-4Nb-1Ta alloys do not induce
chromosomal aberrations.

6.No cellular infiltration in the implantation tests is observed around the Ti-15Zr-
4Nb and Ti-15Zr-4Nb-1Ta alloy specimens, and no degeneration, necrosis,
bleeding, or other tissue reactions are found. The formation of new bone is
observed around the test specimen in the histopathological examination: The
new bone is in direct contact with the Ti-15Zr-4Nb and Ti-15Zr-4Nb-1Ta alloys
and is calcified for all rats. Similar reactions are observed for the sites where the
control Ti-6Al-4V alloy is implanted. These results indicate that the Ti-15Zr-4Nb
and Ti-15Zr-4Nb-1Ta alloys are not inflammatory but osteoconductive, similar to
the control Ti-6Al-4V alloy.

7. Fatigue property of Ti alloys
7.1 Fatigue test method

Fatigue resistance is one of the most important mechanical characteristics of struc-
tural biomaterials because biomaterials are generally used under cyclic loading condi-
tions. Tension-tension fatigue tests are conducted in accordance with JIS T 0309 [13].
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The fatigue tests are conducted in the tension-to-tension mode using sine wave. The
testing conditions are a frequency of 10 or 15 Hz and a stress ratio (R = maximum stress/
minimum stress) of 10. To obtain S-N curves (profiles of maximum stress vs. number
of cycles to failure on logarithmic scale), the test specimens are cycled with a constant
load amplitude for a maximum of 10° cycles or until they fail. Hourglass-shaped
specimens are popularly used to fracture at the same position of minimum diameter.
Rod-shaped specimens exhibit higher fatigue strength than plate-shaped specimens.

7.2 Fatigue strengths of Ti materials

Figure 9 shows the S-N curves obtained by tension-to-tension fatigue tests (10 Hz sine
wave) using different types of annealed Ti-15Zr-4Nb-4Ta rod. The arrows on the symbols
show the specimens in which fracture does not occur. Figure 9a shows the results
obtained with hourglass-shaped and uniform rod specimens, which shows the same
tendency. The number of cycles to failure increases with decreasing the maximum cyclic
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Figure 9.
S-N curves obtained from tension-to-tension fatigue test with sine wave (10 Hz) in Ringer’s solution at 37°C for

annealed Ti-15Zr-4Nb-4Ta vods. (a) Effect of specimen shape (hourglass-shaped and uniform specimens); (b)
effect of specimen diameter (3, 4.5, and 6 mm).
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stress. The fatigue strength (maximum cyclic stress) at 1 x 10° cycles is approximately
730 MPa. The effect of specimen diameter on fatigue strength is weak as shown in
Figure 9b. The curves of the hourglass-shaped and uniform plate specimens show similar
patterns. The fatigue strength of the plate at 1 x 10° cycles is approximately 485 MPa
[14]. Higher-grade C.P. Ti shows higher fatigue strength at 1 x 10’ cycles: grade 2,

280 MPa; grade 3, 355 MPa; and grade 4, 485 MPa. The fatigue strengths of the annealed
Ti-15Zr-4Nb-4Ta, Ti-6Al-4V, V-free Ti-6Al-7Nb, and Ti-6A1-2Nb-1Ta rods are approxi-
mately 730, 685, 600, and 700 MPa, respectively. The annealed Ti-6Al-4V alloy consists
of an a-phase matrix with an approximately 20 vol% p-phase. The annealed Ti-15Zr-4Nb-
4Ta mostly consists of an a-phase matrix with an approximately 25 vol% B-phase. Table 1
shows the tensile properties of various implantable Ti metals. The means and standard
deviations of 0.2% proof strength (60 29ps), ultimate tensile strength (cyrs), total elon-
gation (T.E.), and reduction in area (R.A.) are calculated with three test specimens. The
fatigue ratios (fatigue strength at 1 x 107 cycles/ultimate tensile strength) are shown in
Table 1 and are above 65% for the a-f- and a-type Ti materials.

8. Hot die forging of artificial hip stems
8.1 Hot die forging method

The conditions for rolling Ti-15Zr-4Nb-(0-4) Ta alloy billets (100 mm square)
into rods (e.g., 22 and 25 mm in diameter), which are optimal shapes for the high-
temperature forging of artificial hip joint stems, are established as described in Section
3.2. With the p-transus temperature (T, 850°C) used as a reference, hot rolling is
started at a temperature of T-50°C. Ti-15Zr-4Nb-(0-4)Ta alloy billets are

Alloy 60.20ps/MPa oyTts/MPa T.E. (%) R.A. (%) E/GPa ors/6uTs

Ti-15Zr-4Nb-4Ta

Annealed (Plate) 800+14 910+10 19+2 0.54
Annealed (Rod) 848+2 915+3 2142 55+3 94+2 0.80
S.T. +Aged (Rod) 89445 1020+8 15+2 48+3 98+2 0.89
C.P. Ti Grade 2 276+6 410+4 40+2 60+6 106+2 0.68
C.P. Ti Grade 3 380+2 54042 3242 54+2 108+3 0.66
C.P. Ti Grade 4 600+6 70148 262 46+3 118+2 0.69
Ti-6Al-4V 849+1 93441 16+1 4243 102+4 0.73
Ti-6Al-7Nb 84518 960+10 18+2 47£3 108+2 0.63
Ti-6Al-2Nb-1Ta 84242 90043 1843 43+4 110+1 0.81

Ti-15Mo-5Zr-3Al1

Solution-annealed 910£10 93048 1942 5042 92+2 0.38

Hot-forged 963+12 988+10 1842 50+6 102+2 0.71

E: Young’s modulus.

Table 1.
Tensile properties of implantable metals and ratios of fatigue strength at 107 cycles(ops) to ultimate tensile
strength (oyrs) shown for comparison among the alloys tested.
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Figure 10.
(a) Mold forging of artificial hip stem at high temperature and (b), (c), (d) hot-forged hip stems of sizes L, M,
and S, respectively.

continuously hot-rolled and shaped into rods with a diameter of 22 or 25 mm. The
round bars [wrought Ti-15Zr-4Nb-(0-4) Ta alloy] are annealed at 700°C for 2 h [15].
Figure 10 shows the hot die forging for manufacturing cementless artificial hip
stems. Ti-15Zr-4Nb alloy rods with a diameter of 22 or 25 mm are shaped into artificial
hip stems by die forging at a high temperature [15]. Molds of three sizes, small size S,
medium size M, and large size L are manufactured for forging artificial hip stems with
the same shape as the approved product Alloclassic SL artificial hip stems. Two molds
are set the upper and lower parts. Considering the forging ratio at positions where
burrs are frequently generated, the swaging technique is used to shape a Ti-15Zr-4Nb
alloy rod to be processed into a spindle to reduce the quantity of generated burrs. The
Ti-15Zr-4Nb alloy rod is shaped into a spindle so that the forging ratio [(cross-
sectional area after forging)/(cross-sectional area before forging)] is 1.5-2.0. The
spindle-shaped Ti-15Zr-4Nb alloy specimens are continuously introduced into a
high-frequency continuous heat treatment furnace, and die forging is started at a
temperature of 740 or 780°C (mainly 780°C). The spindle-shaped Ti-15Zr-4Nb alloy
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specimens are subjected to bending, rough forging, deburring, and finish forging to
obtain three sizes (L, M, and S) of artificial hip stem. The oxidized layer formed on the
artificial hip stem surface during hot forging is removed by blasting and pickling after
annealing at 700°C for 2 h. Thereafter, the surface of artificial hip stems is grit-blasted
to have surface roughness (Ra) of approximately 3 to 5 pm using 24-grit Fuji Random
WA high-purity Al,O5 particles. This is similar to the Ra of the approved product
Alloclassic SL artificial hip stems.

8.2 Microstructure of hot-forged artificial hip stems

Figure 11 shows an (a) optical micrograph and (b) SEM image of the transverse
(T) section near the center at the 80-mm position from the head of the annealed Ti-

Miller indices and d-values (nm)

hkl dExp. dCal.
110 0.236 0.235

110 023 0235

020 0.166 0.166

Figure 11.
(a) Optical micrograph and (b) SEM and (d) TEM images of Ti-15Zr-4Nb stem hot-forged starting at 780 °C;
(e) electron beam diffraction pattern of the encircled avea in (d); (c) optical micrograph of Alloclassic SL stem.
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15Zr-4Nb hip stem (size S) after hot forging [15]. As shown in Figure 11b, the p-phase
(bce) appears white in the SEM image. In the optical micrograph and SEM image of
the annealed Ti-15Zr-4Nb hip stem, the p-phase that precipitated at the grain bound-
aries of the a-phase (hcp) matrix is found to be produced by hot forging. Figure 11d
and e shows TEM images of the T sections of hot-forged artificial hip stem. Figure 11e
shows Miller indices and the calculated and measured interplanar distances (d). There
is good agreement between both interplanar distance (d) values. The lattice parame-
tersa = b = 0.295 nm and ¢ = 0.468 nm for o (hcp) Ti [ICDD (International Centre for
Diffraction Data) No. 044-1294] and a = b = ¢ = 0.331 nm for § (bcc) Ti (ICDD No.
044-1288) are used in the calculation of d values for the o (hcp)-phase and p(bcc)-
phase. The p (bcc)-phase is found to precipitate at the grain boundaries of the o (hcp)-
phase matrix from the results of electron beam diffraction analysis. The microstruc-
ture of the hot-forged Ti-15Zr-4Nb alloy artificial hip stem is finer than that of the
Alloclassic Zweymiiller SL artificial hip stem (Ti-6Al-7Nb alloy), as shown in

Figure 11c. Similar microstructures are obtained for M and L stems.

8.3 Mechanical property of hot-forged artificial hip stems

Miniature mechanical specimens are cut from the hot-forged hip stems and
subjected to tensile tests at room temperature and fatigue tests up to 10” cycles. Each
of the five uniform rod specimens shown in Figure 12b [rod diameter, 3 mm; gauge
length (GL), 15 mm] is cut from the hip stem at the position shown in Figure 12a. The
tensile tests at room temperature are conducted at a crosshead speed of 0.5% of the
GL/min until the proof stress reaches 0.2%. The test specimen is then pulled at a
crosshead speed of 3 mm/min until the specimen fractures. The tensile properties
(60.20ps> ouTs, T-E., and R.A.) are measured with five specimens [15].

Tension-tension fatigue tests at room temperature under the air are carried out in
accordance with JIS T 0309 [13]. Miniature hourglass-shaped rod specimens with
3 mm in minimum diameter and 50 mm in total length, as shown in Figure 12c, cut
from hot-forged artificial hip stems at the position shown in Figure 12a. The tension-
tension fatigue tests with cylindrical rods are conducted using a sine wave at a stress
ratio R [(maximum cyclic stress (6ymax)/ (minimum cyclic stress (6,i,)] of 10 and a
frequency of 15 Hz in air. To obtain S-N curves [profiles of maximum stress (maxi-
mum applied load/area of cross section) vs. the number of cycles to failure on loga-
rithmic scale)], the rod specimens are cycled at various constant maximum cyclic
loads until failure or maximum of 10® cycles. The fatigue strength (ogs) at 107 cycles is
estimated from the S-N curves.

Table 2 shows the tensile properties (n = 5, mean =+ standard deviation) of mini-
ature mechanical specimens cut from the Ti-15Zr-4Nb alloy artificial hip stems
annealed at 700°C for 2 h after hot forging at 780 or 740°C. The tensile strength of the
hot-forged artificial hip stem tends to be higher than that of the 22 or 25 mm
(wrought) Ti-15Zr-4Nb alloy rod before hot forging. Also, the tensile strength of the
hot-forged artificial hip stem at 780 or 740°C is close to that of the Alloclassic SL (Ti-
6Al-7Nb alloy) artificial hip stem [15].

The fatigue strength of the Ti-15Zr-4Nb alloy hip stem hot-forged at 780°C is
~855 MPa and slightly higher than that of the artificial hip stem hot-forged at 740°C,
which is higher than those of the Alloclassic SL artificial hip stem and wrought Ti-
15Zr-4ND alloy rod. The 6rs/oyrs (0.85) of the hot-forged Ti-15Zr-4Nb alloy is
slightly higher than that of the Alloclassic SL artificial hip stem (0.78). Thus, the
fatigue strength of the hot-forged Ti-15Zr-4ND alloy stem is higher than that of the

205



High Entropy Materials - Microstructures and Properties

v

21
. (50) R
(b)
Ra0.2 | o on M8 x P1
,e
Wt
(13) (13)
) ! (50) ) ;

Figure 12.
(a) Position of miniature specimens cut from hot-forged artificial hip stems; dimensions of specimens used for
(b) room temperature tensile, and (c) fatigue tests.

Ti Alloy Go_z%pslMPa GUTs/MPa T.E. (%) R.A. (%) GFs/MPa. GFS/GUTS

Hot-forged stems

Ti-15Zr-4Nb rod (before forging) 887+5 94242 20+1 60+1 785+17 0.83

780°C Forged Ti-15Zr-4Nb stem 919+10 98319 21+1 58+2 855+14 0.86

740°C Forged Ti-15Zr-4Nb stem 912+6 979+7 19+2 5545 840+5 0.85
SL stem (Ti-6-7) 949+23 1034423 16+1 54+1 805426 0.78
Table 2.

Tensile properties (6, ,9,ps, uTs, and T.E., R.A.), fatigue strength at 107 cycles (ors), and fatigue vatio
(ops/ours) of hot-forged Ti-15Zr-4Nb stems.

Alloclassic SL artificial hip stem. It is considered that this improvement in the fatigue
strength of the hot-forged Ti-15Zr-4Nb alloy hip stem is attributable to its fine
microstructure, as shown in Figure 11a.
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8.4 Durability of hot-forged artificial hip stems

Tension-tension durability tests of artificial hip stems are carried out in
accordance with ISO 7206-4 standard (third edition) [16]. As shown in Figure 13,
the artificial hip stem is fixed at angles of 10° («) in adduction and § (9°) in flection
to stem axis, and at the vertical distance(D) from the head center of the artificial hip
prosthesis to the upper level of the fixation. The D is set to 80 mm for the hot-forged
Ti-15Zr-4Nb alloy artificial hip prosthesis. a (the angle between the load axis and the
stem axis) is 10° (in abduction to stem axis), and p (the angle between the line from
the center of the head to the tip of the artificial hip femoral stem and the longitudinal
sectional stem axis when viewed from the back) is 9° (in flection to stem axis). The
durability tests are carried out under tension-tension loading with a sine wave at a

Load point
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Figure 13.
Fixation method in duvability test using artificial hip stem in accordance with ISO 7206-4.
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Figure 14.
P-N curves of hot-forged Ti-15Zr-4Nb hip stems (sizes S and M) and Alloclassic SL stems (sizes S and M)
obtained from the results of compression bending durability tests.

load ratio [(minimum cyclic load (Py,;,)/(maximum cyclic load (Py,,y)] of 0.1 and
a frequency of 3 Hz in air. The durability limits (PD) at 5 x 10° cycles are deter-
mined from the P-N curves (profile of maximum load vs. number of cycles to
failure on logarithmic scale). The durabilities of artificial hip femoral stems

made of Ti-6Al-7Nb and Ti-6Al-4V alloys, which are globally used in clinical set-
tings, are investigated for comparison with that of the Ti-15Zr-4Nb alloy. The
cementless total hip femoral stems used are the Alloclassic Zweymiiller SL artificial
hip stems.

Figure 14 shows the P-N curves of Ti-15Zr-4Nb (Ti-15-4) alloy artificial hip stems
(sizes M and S) and Ti-6Al-7Nb (Ti-6-7) alloy Alloclassic Zweymiiller SL artificial hip
stems. A durability test is conducted for more than 5 million cycles according to ISO
7206-4 standard [15]. The durability limits (PD) at 5 million cycles are 6800 £+ 606 N
for the size M stem and 3400 + 495 N for the size S stem. The PDs of the Alloclassic
Zweymiller SL artificial hip stem (Ti-6Al-7NDb alloy) are 6400 + 463 N for the size M
stem and 3000 =+ 512 N for the size S stem. The Ti-15Zr-4Nb alloy artificial hip
femoral stem hot-forged using the forging technology has a durability limit higher
than that of the Ti-6Al-7Nb alloy Alloclassic Zweymiiller SL artificial hip femoral
stem. It fully satisfies the PD (durability limit) at 5 million cycles of 2300 N specified
in ISO 7206-4 standard (third edition) [16]. Thus, the artificial hip stem
manufactured by hot forging can be used clinically.

8.5 Stress analysis for durability of artificial hip stem

The stress analysis of the tension-tension durability test results of artificial hip stems is
performed using the fatigue strengths shown in Table 2 [15]. Figure 15 shows the stress
analysis for the durability test of artificial hip femoral stem according to ISO 7206-4
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Figure 15.
Stress analysis of results of durability tests in accordance with ISO 7206-4.

standard (third edition). Since the hip force F in A-B section is inclined by 9° from the
vertical direction, it is resolved into two components, F; = F x cos9°and F, = F x sin9°. As
the neck angle(a) of the artificial hip femoral stem is 131°, the component force F; can be
resolved into F3 = F; x cos (180° — a + 10°) = F; X cos (190° — a) and F4 = F; x sin (190°).
Moreover, F; can be decomposed into two components (Fs = F; x cos10° and Fg = F; x
sin10°); My = Fs x dy, My = Fg X dy, and My = F, x d; [15].

When the compressive stress is positive, the net axial stress of the cross section
(0,) generated at position (x, y) on the A-B plane is given by the following:

Fs n M, M,
oz = —y — —2x,
2™ Cross — sectional area L Y I,

7F5 F5d1—F6d2 dez
szthr I y — I, x. (1)

Here, the inertia moments are I, = b x h3/12 and I, =h x b3/12. The shear stresses
Tzx and Tzy generated in the x and y directions, respectively, by the bending moment
can be calculated as follows:
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. __QF . ~ QxFs

= by’ ¥ hlx’

b (K h (b
Qx=§<z—)’2>,Qy:§<Z—xz>- (2)

Here, fatigue crack is generated from the corners of the stem surface in this
durability test of hip stem. Therefore, since Qx and Qy become zero at the material
surface (x = b/2, y = —h/2 mm), the shear stresses (7,4 and 7,;) become zero.

In addition, torsion moment (T) is given by T = F, x dj. The shear force generated
by the torsion moment is given by

T T
T = 50 Y Ty = iyx 3)

The absolute values of the shear force generated by the bending moment and
torque are used to calculate t,, and t,y, which are substituted into the following
equation to determine the equivalent stress (c.q) using the Von Mises criterion:

[N

(4)

Geg = 05" + 3(ax” + 7%

The equivalent stress (ceq) can be used to directly compare the fatigue strengths
as shown in Table 3. Table 3 shows the maximum equivalent stress (c.q)
calculated for the hot-forged Ti alloys with Eq. (4). 6.q is calculated using the
durability limits (x = 3.6 mm, y = —5.5 mm; 3400 N for Ti-15Zr-4Nb alloy and
3000 N for Alloclassic SL) of the S stems. The 6.4 values of the Ti-15Zr-4Nb and
Alloclassic SL S stems are 871 and 791 MPa, which are close to those (855 and
805 MPa) shown in Table 3, respectively [15]. The c.q/cps values of the Ti-15Zr-4Nb
and Alloclassic SL S stems are 1.02 and 0.98, respectively, and a good match is
obtained. The same can be calculated for a fracture at the neck. Figure 16 shows the
changes in 6.4 as a function of maximum cyclic load (N). This analysis is useful for
developing artificial hip joints, identifying the worst specimens, and analyzing the
durability test results of hip stems.

Figure 17 shows the calculation method of the first moment of area (Q, and Qy),
second moment of area (I, and 1), and shear stress (1,4 and 1,y) required for the
calculation when the cross-sectional shape of hip stem changes. The racetrack-shaped
Q4 shown in Figure 17 can be calculated by numerical integration from the y-
coordinate of the breaking position to (h + b)/2 (e.g., numerical calculation in a
trapezoidal shape) [15].

Specimen Goq/MPa x, y/mm ops/MPa Geq/Ors

Hot-forged Ti-15Zr-4Nb 871 (3.6, —5.5) 855 1.02

Alloclassic SL 791 (3.6, —5.5) 805 0.98
Table 3.

Maximum equivalent stvess (o,,), coordinates (x, y) of the location of 6,4, crs, and the ratio of maximum
equivalent stress to fatigue limit of A-B cross section.
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Figure 16.
Changes in maximum equivalent (o) as a function of maximum cyclic load.
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Figure 17.
Calculation of first moment of area, second moment of area, and shear stress.

8.6 Implantation of grit-blasted Ti-15Zr-4Nb alloy rods in rabbits

The effects of the maximum pullout properties of grit-blasted Ti-15Zr-4Nb (Ti-15-4)
and Ti-15Zr-4Nb-4Ta (Ti-15-4-4) alloys have been investigated by implantation in rabbits.
Figure 18 shows a schematic illustration of the method of implantation into the femur of
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Figure 18.
Schematic illustration of method of implantation into femur of rabbit.

rabbits [12]. For comparison, rods made of grit-blasted Ti alloys (Ti-15Zr-4Nb and
Ti-6Al-7Nb), shot-blasted Ti-15Zr-4Nb-4Ta alloy, and smooth-surface and machined Ti-
15Zr-4Nb alloys are implanted into the distal epiphysis of the femur. After the grit-
blasted, shot-blasted, and machined Ti-15Zr-4Nb rods are implanted for 4, 8, 12, 16, and
24 weeks, the pullout test is carried out at a cross-head speed of 0.5 mm/min. Maximum
pullout loads are determined from load-displacement curves.

The effect of surface modification is commonly evaluated by a withdrawal test after
the implantation test using rabbits. Figure 19 shows the changes in maximum pullout
load after implantation into rabbits as a function of implantation period. The maximum
pullout loads of the grit-blasted, shot-blasted, and machined Ti-15Zr-4Nb, Ti-15Zr-
4Nb-4Ta, Ti-6Al-7Nb (Ti-6-7), and Ti-6Al-4V (Ti-6-4) alloys increase linearly with
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Figure 19.
Maximum pullout loads after implantation in vabbits.
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implantation period. The pullout load of the grit-blasted Ti-15Zr-4Nb alloy rods is
higher than that of the shot-blasted ones. The area ratios of residual AL,O; particles of
the grit-blasted Ti-15Zr-4Nb and Alloclassic stem surfaces are 9.1 + 0.4 and

10.4 £ 1.6%, respectively [12].

8.7 Relationship between durability limit and bending strength of osteosynthesis
devices

M-N curves (maximum bending moment vs. number of cycles to failure on loga-
rithmic scale) of osteosynthesis devices are measured for the compression bending
and four-point bending durability tests [17]. The maximum bending moments (M)
are calculated as M = L x P, for the compression bending durability test and
M = h x P,,/2 for the four-point bending durability test, where Py, is the maximum
cyclic load (N) in the compression bending durability or four-point bending test. L is
lever arm in compression bending tests. h is the distance between the supporting and
loading rollers in four-point bending test. The durability limit of various types of
osteosynthesis devices linearly increases with increasing bending strength. Figure 20
shows the relationship between the durability limit (at 10° cycles) and the bending
strength plotted on a log-log graph. The relationship (durability limit at
10° cycles) = 0.67 x (bending strength) (N-m) (R? = 0.85) is obtained for bone plates,
spinal rods, intramedullary nail rods, CHSs, short femoral nails, and epiphyseal plates
by regression. This slope of 0.67 is close to the ratio of the fatigue strength to the
tensile strength of the raw metals. The relationship for the highly biocompatible
Ti-15Zr-4Nb alloy is also linear [17].

Mechanical properties of metallic screws and bone models are used for mechanical
testing have been investigated in Ref. [18].
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Figure 20.
Relationship between durability limit and bending strength of osteosynthesis devices determined by four-point

bending and compression bending tests.
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9. Selective laser melting of Ti alloy artificial hip stems
9.1 Selective laser melting conditions

Ti-15Zr-4Nb-4Ta alloy powder is prepared by LPW Technology Ltd. (Cheshire,
United Kingdom). Ti-15Zr-4Nb-4Ta and Ti-6Al-4V (EOS GmbH Electro Optical Sys-
tem, Krailling, Germany) powders are prepared by plasma atomization [15]. The Ti-
15Zr-4Nb-4Ta and Ti-6Al-4V powders are selective laser-melted in Ar atmosphere
using a system comprising an EOS M290 machine (EOS GmbH Electro Optical Sys-
tem, Krailling, Germany), EOSPRINT v. 1.5 and HCS v. 2.4.14 software, and the Ti64
Performance M291 1.10 parameter set. The laser beam power (P) is 280-300 W; the
hatch spacing between scan passes (H) is 0.13-0.14 mm; the laser scan speed (V) is
fixed from 1200 to 1300 mm/s; powder-deposited layer (stacking) thickness (T) is
0.03 mm; the laser spot focus diameter is 0.1 mm. The volumetric energy density (E)
calculated as E = P/(H-T-V) is about 60 J/mm? [15].

Cylindrical rods with diameter of 9 mm and height of 50 mm built by selective laser
melting are cut from the support materials. The building direction of the cylindrical
specimens is set to 90° or 0° direction for the base plate using the Ti-15Zr-4Nb-4Ta
powders. The Ti-15Zr-4Nb alloy cylindrical rods after selective laser melting are heat-
treated at 760°C for 4 h followed by air cooling. For comparison, Ti-6Al-4V alloy stems
and Ti-6Al-4V alloy rods are similarly selective laser-melted. The selective laser-melted
Ti-6Al-4V alloy specimens are annealed at 840°C for 4 h followed by air cooling [15].

9.2 Microstructure and mechanical properties of selective laser-melted Ti alloys

Figure 21 shows optical micrographs and SEM and TEM images of the T section of
annealed Ti-15Zr-4Nb-4Ta rods after selective laser melting (90° direction) [15]. The
selective laser-melted Ti-15Zr-4Nb-4Ta rod has an acicular structure. TEM images of
the selective laser-melted Ti-15Zr-4Nb-4Ta rod show that the rods consisted of fine o’
(hcp) lath martensitic structure (lattice parameters a = b = 0.295, ¢ = 0.468 nm) that
precipitated with the fine p(bcc)-phase (lattice parameters a = b = 0.331 nm) at the
grain boundary of the o’ lath martensitic matrix caused by rapid solidification.

Tensile properties of the selective laser-melted Ti-15Zr-4Nb-4Ta and Ti-6Al-4V alloy
rods are shown in Table 4. The tensile properties of the selective laser-melted Ti-15Zr-
4Nb-4Ta and Ti-6Al-4V rods are similar to those of the hot-forged Ti-15Zr-4Nb rod
shown in Table 2. The tensile strengths of the selective laser-melted Ti rods are close to
that of the wrought Ti-15Zr-4Nb alloy rod. The tensile properties of the selective laser-
melted Ti-15Zr-4Nb-4Ta and Ti-6Al-4V alloy rods fully satisfy those (60 29,ps > 780,
outs = 860 MPa, and T.E. >10%) specified in JIS T 7401-4 and ISO 5832-3 [19]. The
fatigue strengths (ogs) of the 90°-direction-built Ti-15Zr-4Nb-4Ta (once-melted) and
Ti-6Al-4V (once- and 10-times-melted) alloy rods are ~640, ~680, and ~ 660 MPa,
respectively. It is considered that to increase the fatigue strength of selective laser-
melted Ti alloys, it is effective to improve the morphology of the &’ lath martensitic
structure and change the o’ lath martensitic structure to a (hcp)-p (bec)-two-phase
structure by heat and hot isostatic press (HIP) treatments. Selective laser melting is a
promising new manufacturing technology for artificial hip stems in the future.

Dimples are observed on the fracture surfaces after room temperature tensile test.
A fatigue crack develops with a fatigue fracture from the internal parts of the speci-
men, and striations are observed.
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Figure 21.
(a) Optical micrograph and (b) SEM and (c), (d) TEM images of selective laser-melted Ti-15Zr-4Nb-4Ta; (e)
electron beam diffraction pattern obtained at the location indicated by P in (d) (precipitation).

9.3 Durability of selective laser-melted artificial hip stems

Tension-tension durability tests of selective laser-melted Ti-15Zr-4Nb-4Ta and
Ti-6Al-4V alloy artificial hip stems are performed to obtain the P-N curves (maxi-
mum cyclic load vs. the number of cycles to failure on logarithmic scale) according to
ISO 7206-4 standard (third edition) [16]. The artificial hip stem is fixed at D (vertical
distance from head center of artificial hip prosthesis to upper level of the fixa-
tion) = 80 mm and at angles of a (in adduction) = 10° and f (in flection) = 9°, as
shown in Figure 13. On the other hand, D was 0.4 x CT in ISO 7206-4 second edition.
CT (stem length) is the distance between the head center of the artificial hip
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Ti/Alloy 60.20ps/ ours/ T.E. R.A. ors/ ops/
MPa MPa (%) (%) MPa 6uTs

Selective laser-melted rods

Once-melted 0° Ti-15Zr-4Nb-4Ta 88042 1032+1 1441 31+2

Once-melted 90° Ti-15Zr-4Nb-4Ta 860+3 102242 16+1 36+7 640+11 0.63

Once-melted 90° Ti-6Al-4V 949+3 1041+2 15+1 4642 680+37 0.65
10-times-melted 90° Ti-6Al1-4V 94642 1036+2 15+1 4741 660414 0.64
Table 4.

Tensile properties (65,9ps> ourss T.E., and R.A.), fatigue strength at 107 cycles (ors), and fatigue ratio
(ors/oyrs) of selective laser-melted Ti-15Zr-4Nb-4Ta and Ti-6Al-4V rods.

prosthesis (C) and the tip of the hip stem (T). At this D = 80 mm fixation, it is
assumed that the cement is loose in a cement-type stem. The cementless-type stem,
for example Alloclassic SL artificial hip femoral stem, is fixed by the fixing force of the
autologous bone from the proximal portion to the distal portion. Therefore, for the
selective laser-melted Ti-15Zr-4Nb-4Ta and Ti-6Al-4V alloy artificial stems, consid-
ering that the stem is the cementless type, D = 0.4 x CT; o and f are 10° and 9°,
respectively. The tension-tension durability tests are performed at room temperature
in air with a sine wave at a minimum-to-maximum load ratio of 0.1. The frequency is
3 Hz. The durability limits (PD) at 5 x 10° cycles are estimated from the P-N curves.

Figure 22 shows the L-N curves of the selective laser-melted Ti-15Zr-4Nb-4Ta
and Ti-6Al-4V stems and the approved product HA-TCP and S-ROM stems.
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Figure 22.
LN curves of selective laser-melted Ti-15Zr-4Nb-4Ta and Ti-6Al-4V hip stems (size S), approved product HA-
TCP fiber metal, and S-ROM hip stems obtained by compression bending duvability tests.
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The durability limit of the selective laser-melted Ti-15Zr-4Nb-4Ta stem is lower because
the selective laser melting conditions developed for the Ti-6Al-4V alloy are used and the
selective laser melting conditions for the Ti-15Zr-4Nb-4Ta alloy are as yet not developed.
On the other hand, the durability limit of the selective laser-melted Ti-6Al-4V stem is
~2500, which is much higher than those of the approved product HA-TCP and S-ROM
stems. With a load of 2300 N and the laser-melted Ti-6Al-4V artificial hip femoral stem
fixed at D = 80 mm, the stems brake after around 100,000 cycles. To clarify the
durability limit of 2300 N at fixation of 80 mm, it is necessary to consider the selective
laser melting conditions of the Ti-6Al-4V hip stem. The durability of artificial hip femo-
ral stem can be improved by examining the annealing conditions after the selective laser
melting. On the other hand, in the cementless type, the stem is fixed by the fixing force
of the autologous bone from the proximal part to the distal part. Even in the durability
test with fixation D = 0.4 CT (52 mm), the fixation position is clinically lower. Therefore,
selective laser melting (SLM) can be applied to manufacture of custom-made artificial
hip stems [20]. SLM is also a new promising manufacturing technology for fabricating
Co-Cr-Mo alloy TKA (Total Knee Arthroplasty) femoral component [21].

10. Evaluation of bearing parts of artificial prostheses

Artificial prostheses such as total hip arthroplasty (THA) and total knee replace-
ment (TKR) are performed in increasing numbers of elderly patients. The differences
between bipolar hip arthroplasty (BHA) and total hip arthroplasty (THA) are shown
Figure 23. The human hip joint consists of the femur and pelvis. The femoral head fits
into the concave part of the pelvis called the acetabulum and is moved by ligaments
and muscles around it. The surfaces of the femoral head and acetabulum are covered
by an elastic tissue called the cartilage, which absorbs shocks so that the joint moves
smoothly and experiences less abrasion. In BHA, only the femoral head is removed and
replaced with an artificial femoral head in cases of fractures caused by a fall, for which
the preservation of the femoral head is difficult. The functions of the acetabulum,
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Figure 23.
Differences between bipolar hip and total hip arthroplasties.
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namely, the sliding of the human hip joint, are maintained. On the other hand, in THA,
the acetabulum of the pelvis is removed and the entire hip joint is replaced with an
artificial hip joint. In contrast to BHA, the evaluation of wear characteristics of the
sliding part of the hip joint is required in THA because the acetabular component is
secured to the pelvis with bone screws. Most bearing part of the artificial hip joints
consists of the acetabular and femoral components. The acetabular component consists
of a liner made of ultrahigh-molecular-weight polyethylene (UHMWPE) with high
density and average molecular weight and an acetabular cup. The femoral component
consists of a stem and a stem femoral head. GUR1020, GUR1050, and GUR 4150
UHMWPE materials are popularly used for the bearing inserts of artificial hip joints.

Among the greatest advantages of implant arthroplasty are the recovery from the
bedridden state and joint pain relief. The sliding part of an artificial hip joint is
generally made of a combination of metal and UHMWPE (metal on polyethylene). As
the hard-on-soft bearing of THA, metal-on-polyethylene and ceramic-on-polyethyl-
ene bearings are being used worldwide. There are currently three types of UHMWPE
material: conventional UHMWPE (CPE), highly cross-linked UHMWPE (XLPE), and
vitamin E-containing highly crosslinked UHMWPE (VEPE). Hip simulator wear tests
are specified in ISO 14242-1 standard [22]. The volumetric wear rate per million cycles
(mm?/Mc) of artificial hip joints made of XLPE markedly decreases when the joints
are subjected to a radiation dose of 40 kGy or higher [23]. As shown in Figure 24, the
hip volumetric wear rates per million cycles (mm?/Mc) of both CPE and XLPE slightly
increase with increasing femoral head diameter [23].
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Figure 24.
Effect of femoral head diameter on hip volumetric wear rates of conventional UHMWPE and highly cross-linked
UHMWEPE.
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The penetration of the femoral head into a UHMWPE acetabular cup is evaluated
using Eq. (5) [24, 25].

v = 7Ry X p/[1+ (Ro-Rq)/p] )

Here, 8y (volumetric wear) represents the volume of the UHMWPE removed by
wear (mm?), p is the penetration (linear wear) of the femoral head into the UHMWPE
acetabular cup (mm/year), and R; and R, are the radii of the femoral head and
acetabular cup (mm), respectively. A linear wear of 0.1 mm/year or less is
recommended so that osteolysis does not occur; this value is the osteolysis threshold.
The UHMWPE wear rate in clinical use can be estimated using Eq. (5). A bearing with
a highly cross-linked UHMWPE (XLPE) insert shows a low wear rate, (5 mm?>/Mc)
suggesting its excellent long-term clinical performance.

In artificial knee prostheses, there is a variation in the constraint of the tibial insert
depending on whether the posterior cruciate ligament is preserved [cruciate retaining
(CR)] or sacrificed [posterior stabilized (PS)] at the time of knee joint surgery. The wear
rates of artificial knee joint UHMWPE inserts are examined using a knee joint simulator
that satisfies ISO 14243-1 (load control) [26] or ISO 14243-3 (displacement control) [27]
standard. The volumetric wear rate of XLPE knee joint markedly decreases when the
joints are exposed to a radiation dose of 40 kGy or higher [21]. Volumetric wear rates of
3 mm>/Mc for XLPE knee joint inserts and 15 mm®/Mc for CPE knee joint inserts are
recommended as goals for the development of new knee joints. The volumetric wear rate
(7.2+2 mm>/Mc) of the CPE insert against the selective laser-melted (SLM) Co-28Cr-
6Mo femoral component is lower than that (15.1+1.2 mm®/Mc) of CPE insert against cast
Co-28Cr-6Mo femoral component (Figure 25) [21]. Since the effect of precipitates of the
pi (n)-phase [(Cr, Mo, W)1,Cog(C, N) 4] on the increase in the wear rate is negligible,
SLM is a promising new manufacturing technology for knee femoral components.

In bipolar hip arthroplasty (BHA), clinically, the bearing part is not excised and
the bearing part of the femur is preserved, so it is not necessary to evaluate their wear
property using a simulator. In particular, the pullout properties of a bipolar cup are
important [28], particularly, the negative correlation between the maximum pullout
load and oscillation angle (OA) in the bipolar cup.

11. Future trends
11.1 Orthopedic implant application of highly biocompatible Ti-Zr-Nb alloys

Ti-15Zr-4Nb alloy has excellent room temperature strength and fatigue
properties with high biocompatibility. Moreover, for Ti-Zr-Nb alloy, a body-centered
cubic ZrsoTi3sNbys medium-entropy alloy with unique properties has been developed in
Ref. [29]. This ZrsoTi3sNb;s shows a unique combination of Young’s modulus (62 GPa),
yield strength (657 MPa), tensile ductility (22%), and excellent corrosion resistance.

11.2 Applications of additive manufacturing (AM) technologies

3D layer manufacturing technologies are expected as new technologies for
manufacturing acetabular cups, artificial hip joint stems, and femoral components and
tibial trays of artificial knee joints among others. 3D layer manufacturing technologies
are also expected for manufacturing porous materials such as acetabular components.
It is possible to obtain marketing approval for highly biocompatible implants that are
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Figure 25.
(a) Selective-laser-melted (as-built) Co-28Cr-6Mo femoral component and (b) cylindrical specimen.

optimized for the skeletal structures and needs of patients by combining 3D layer
manufacturing technologies with imaging technologies such as CT. 3D layer
manufacturing technologies using Co-28Cr-6Mo alloy powder can be also applied to
the manufacture of humeral components of artificial shoulder joints, metacarpal and
proximal phalanx components of artificial finger joints, tibial and talar components of
artificial ankle joints, and femoral components of artificial knee joints.

Additive manufacturing (AM) by selective laser melting is used to fabricate 3D
objects in a single stage directly from their computer-aided design (CAD). In a con-
ventional casting process, materials constantly expand and contract during the for-
mation of wax patterns, investment, and casting. Relatively dense femoral
components free of blow holes are formed with AM technology, reducing the occur-
rence of problems such as the breakage of femoral components caused by casting
defects. In selective laser melting, a laser is scanned along metal powders on the basis
of slice data to obtain a layer of a product. The powder for the next layer is placed on
the melted layer, and the laser is again scanned on the basis of the data for the next
slice [15]. The development of orthopedic implants customized to the skeletal struc-
ture and symptoms of each patient is now possible.

12. Conclusion

Zirconium (Zr), niobium (Nb), and tantalum (Ta) are effective alloying
elements for Ti alloys to achieve long-term superior biological, biochemical, and
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biomechanical compatibilities. The oxides ZrO,, Nb,Os, and Ta,0s strengthen

the passive (oxide) films and prevent metal ion release in long-term clinical use.
Ti-15Zr-4Nb alloy has excellent mechanical compatibility (room temperature
strength and fatigue properties). Indeed, the biological compatibility of this alloy has
been proven in cytotoxicity, sensitization, irritation, systemic toxicity, genotoxicity,
and rat and rabbit implantation tests. This has led to high expectations for the long-
term future use of this alloy as a viable implant material. The durability limit of
various types of osteosynthesis devices linearly increases with increasing bending
strength. The relationship (durability limit at 10° cycles) =0.67x (bending strength)
(N-m) (R? = 0.85) is obtained for bone plates, spinal rods, intramedullary nail rods,
CHSs, short femoral nails, and epiphyseal plates by regression. This slope of 0.67 is
close to the ratio of the fatigue strength to the tensile strength of the raw metals. The
relationship for the highly biocompatible Ti-15Zr-4Nb alloy is also linear. The fatigue
strength of the Ti-15Zr-4Nb alloy stem hot-forged at 780°C is 850 MPa, which is
higher than that of the Alloclassic SL Stem. Selective laser melting is a promising
new manufacturing technology for artificial hip stems and artificial knee femoral
components, and artificial joints. A bearing with a cross-linked UHMWPE (XLPE)
insert shows a low wear rate (5 mm>/Mc), suggesting its excellent long-term clinical
performance.

The oxide coloring of a Ti materials surface is globally used in osteosynthesis
devices. As shown in Figure 26, the correlation of color tone and oxide film thickness
(Y, nm) can be determined with respect to anodic oxidation potential (X, V), yielding
a linear correlation given by Y = 0.286 + 1.521 [X], R? = 1.0 [30].
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Correlation between oxide film thickness and anodic oxidation potential.
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Owing to the rapid progress of 3D layer manufacturing technologies, the develop-
ment of orthopedic implants customized to the skeletal structure and symptoms of
each patient is now possible.
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High-Entropy Alloys for Bone
Tissue Engineering: Recent
Developments in New Methods
of Manufacture

Agripa Hamweendo, Chiluba 1. Nsofu and Tevence Malama

Abstract

The demand for bone implants with superior biocompatibility and mechanical
properties in bone tissue engineering is increasing due to rising demand for
artificial bones and bone implant to replace degraded bones in human bodies.

The causes of bone degradation in human bodies are not just due to rising number
of road traffic accidents but are also due to disease burdens and injuries due to
war and game activities. As a result, there is an urgent need to develop modern
methods of manufacturing materials for implantable bone substitutes required in
defective skeletal structures that cannot grow or heal on their own. It is believed
that high-entropy alloys (HEAs) are best alternative materials for bone implants
and development of modern methods for processing such materials could lead to
manufacturing bone implants with the superior biocompatibility and mechanical
properties. Therefore, this chapter examines the recent advances made in developing
new methods for manufacturing bone implants using HEAs as raw materials. The
chapter finally recommends the most appropriate methods for this purpose.

Keywords: high-entropy alloys, biomaterials, bone tissue engineering,
recent development, manufacturing methods

1. Introduction

The demand for bone implants with superior biomechanical properties is increasing
due to rising number of causes for degraded bones in human bodies. These may include
road traffic accidents, disease burdens, and injuries arising from wars and game activi-
ties [1]. Asaresult, there is an urgent need to develop modern materials for implantable
bone substitutes required in defective skeletal structures that cannot grow or heal on
their own. Generally, these biomaterials need to be biocompatible; that is, they must
be bio-inert, with tensile strength of 3.7-140 MPa, Young’s modulus of 0.16-18.1 GPa,
high corrosion resistance, and porosity of 30-60% for easy osseointegration [2-5].
These properties have contradicting existence and therefore require careful preparation
methods.
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In the recent past, several research activities have been carried out to develop
biomaterials with most favorable properties such as good biocompatibility, appro-
priate corrosion resistance, low elastic modulus, and comparable scratch hardness
[6-13]. According to literature, titanium (Ti) alloys, especially with nickel (Ni) as an
alloying element, emerged to be the most suitable biomaterials and these have been
extensively investigated for possible application in biomedical implants. In addition,
TiNi alloys are preferred due to their super elastic ability and shape memory properties
[14]. Further, TiNi displays excellent biocompatibility due to the formation of a thin
titanium oxide surface [15]. Moreover, the addition of extra elements to Ti such as
copper resulted in an alloy with the improved properties. Therefore, TiNiCu alloy has
attracted interest for biomedical and other applications due to superelastic behavior,
better fatigue, and improved shape memory properties [16, 17]. From the aforemen-
tioned, it can be seen that alloying is among the most appropriate methods for improv-
ing properties of metal materials. Moreover, studies have shown that when there is an
increase in the number of alloying materials, a significant improvement in the proper-
ties of the alloy occurs. Consequently, high alloy materials also called high-entropy
alloys (HEAs) are emerging to be among the best alternative materials with the favor-
able properties for newer applications [18, 19]. However, further research suggests that
the medical application of HEAs especially those that are Ti-based is limited as these
materials are still being developed. This implies that there is not yet any comprehensive
in vivo evaluation of the Ti-based HEAs as implants to assess aspects such as biome-
chanics, biocompatibility, histology, and osseointegration [13, 20].

On the whole, studies have proved that during examining the traditional alloys, it was
established that there was one principal metallic element that was seldom mixed with
more than three principal metallic elements. Such a practice was common in alloys such as
steels that are usually based on iron, and are sometimes made as super alloys that include
nickel and cobalt as alloying elements, and intermetallics that had two metallic elements
such as nickel-aluminum as compounds and metal-matrix composites that were based on
three elements such as nickel, titanium, and aluminum. As such, under these traditional
arrangements, metallurgists could make and process the alloys, and study their micro-
structure and properties for targeted applications. Obviously, the degrees of freedom in
the alloy development are confined by the alloying concept. However, the development of
new metal alloys took center stage in the recent past in order to improve the properties of
the materials to meet the modern demands. As a consequence, alloys composed of mul-
tiple elements having higher mixing entropy than conventional alloys are being proposed
with a view to improve their properties mostly due to mixing enthalpy that allows the
addition of suitable alloying elements to improve their properties [20].

As such, several research works have been carried out to develop metallic biomateri-
als with the highest biocompatibility and least toxicity properties. As a result, more
complex compositions with higher mixing entropies have been introduced. However,
such complex compositions do not necessarily guarantee a complex structure and
microstructure due to accompanied brittleness. Conversely, significantly higher mixing
entropy from complex compositions could simplify the structure and microstructure
and impart attractive properties to the alloys [20]. Accordingly, high-entropy alloys
(HEAs) are emerging to be among the best alternative materials with favorable bio-
compatibility properties. In this respect, this chapter examines the HEAs and, based
on their structure and properties, suggests them as alternative materials for biomedical
implants. The chapter also examines the traditional and concurrent methods of manu-
facturing to guide processing engineers during selection of the most suitable method.
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2. High-entropy alloy (HEA)
2.1 Definition of HEAs

High-entropy alloys (HEAs) are defined as those alloys with at least five alloying
elements, each of which has an atomic concentration between 5 and 35% and are
mixed in equal or relatively large proportions. Prior to the synthesis of these alloys,
typical base metal alloys comprise one or two major components with smaller
amounts of other elements. The alloying elements can be added to base alloys to
improve their properties, thereby creating a complex alloy, but typically in fairly
small proportions. The alloys are created by a typical solid solution process. This
makes the high-entropy alloys to be among the most novel class of materials. The
term “high-entropy alloys” was coined because the large number of alloying elements
increases the mixing proportions that are also more nearly equal. This mixing strategy
significantly distorts the crystallographic structure of the HEAs with a high tendency
to improve their properties thereby making these materials to be currently the focus
of significant attention in materials science and engineering because they can be
made with potentially desirable properties. Furthermore, literature indicates that
some HEAs have considerably better strength-to-weight ratios, with a higher degree
of fracture resistance, tensile strength, and corrosion and oxidation resistance than
conventional alloys [20-22].

2.2 Lattice structures of HEAs

It is well known that the introduction of several alloying elements through
substitution solute atoms into a solvent parent matrix causes the displacement of
neighboring atoms from their ideal lattice positions. These displacements do not
only generate significant lattice distortions but also generate a strain energy field
that also induces changes in bulk lattice parameter, as illustrated in Figure 1. The
introduction of strain energies induces new properties to the metal crystals. Also,
these localized distortions around the solute atom will interact elastically with
dislocations moving through the material, resulting in solid solution with enhanced
altered properties [23]. A schematic representation of localized lattice distortion
effect in HEAs is illustrated in Figure 1. As shown in this Figure 1, the four colors
(green, orange, red, and blue) represent the four elements in the HEA alloyed
by substitution to create the distinctive distortion in the lattice structures. These
distortions induce distinctive properties to the alloy. What is also vivid from this
structure is that the geometric orientation, and the extension and location of the
lattice distortions are influenced by the type, size, and location of the alloying ele-
ment. This effect is very vital in choosing the type of alloying elements, sequencing
of atoms, and method(s) of alloying.

Well-established models for solution strengthening have been produced for both
dilute and concentrated alloys, and their modification for HEAs is discussed in the
literature [14]. A number of studies have suggested that severe lattice distortion con-
tributes significantly to new HEA properties, most notably with respect to increasing
alloy strength. Importantly, however, it is apparent that the strengthening effect of
precipitates may have been overlooked in some cases. It has been suggested that these
distortions arise not only from atomic size misfit, but also differences in the crystal
structure and bonding preferences of alloying elements before [14].
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Figure 1.
Schematic representation of strained lattices in HEA [14].

2.3 Properties of HEAs

Several studies that have been carried out and are reported in the literature dem-
onstrate that the HEAs could be made, processed, and analyzed just like conventional
alloys. Moreover, these alloys exhibit several interesting features that are also reported
in the literature. These alloys can be formed by simple solid solution phases such as
FCC and BCC with nanostructures or even amorphous structures. The following are
selected properties possible in HEAs materials:

* Elevated temperature strength and oxidation resistance.

* Improved resistance to (stress) corrosion.

* Low density.

* Super plasticity and high-strain-rate.

* Surface hardness with Hv100 to Hv 1100.

* Good thermal stability in microstructure [20, 24]

2.4 Applications of HEAs

Due to the above special properties, HEAs have many potential traditional and
nontraditional engineering applications: firstly, traditional applications such as
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aerospace, marine, furnaces, and several other parts requiring the properties of

high strength, thermal stability, and wear and oxidation resistances, anticorrosive
high-strength materials in chemical plants, and foundries. Secondly, nontraditional
applications such as biomedical implants, special game tools, super elastic alloys,
ultra-large-scale integrated circuits, and soft magnetic films for ultra-high-frequency
communication [13, 24].

3. Methods for manufacturing HEAs

The methods for manufacturing HEA can generally be classified as traditional
bulk material consolidation methods and nontraditional additive manufacturing.
Bulk consolidation methods include casting and sintering or powder metallurgy,
while additive manufacturing methods include surface coating technologies such
as thermal spraying, laser cladding, magnetron sputtering, selective laser melting,
Among these methods, powder metallurgy and selective laser melting are the most
used techniques to prepare the HEAs, while laser cladding and magnetron sput-
tering methods are commonly used in order to prepare HEA thin films or coatings.
The advantages and limitations of selected methods of preparation for HEAs are
listed in Table 1.

These methods are viable and advanced means of production and also the use
of technological method to improve the quality of the products such as metal
alloys and/or high-entropy-alloying processes, with the relevant technology
being described as “advanced,” “innovative,” or “cutting edge.” These technolo-
gies evolved from conventional processes some of which have been developed to
achieve various components of alloys [15]. The following are the selected methods
used to produce HEAs.

Preparationmethods  Advantages Limitations
Powder metallurgy * Near-net shape forming * Poor toughness
* Higher utilization of material * Higher die cost

* Uniform composition

¢ Save metals and reduce costs

Magnetron sputtering * Film thickness can be controlled by * Higher preparation cost.

adjusting sputtering parameters. « Complex equipment

* Low requirements on target

s * Lower target utilization
composition

* High sputtering rate, and low base
temperature can obtain a dense film

surface
Laser cladding * High melting and cooling rate * The cladding layer is easy to crack
* Small heat-affected zone * Uneven distribution of composition

* Metallurgical combination of coating
and substrate

Table 1.
Advantages and limitations of methods for preparations of HEAs [25].
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Figure 2.
Powder metallurgy process [26].

3.1 Powder metallurgy

Powder metallurgy (PM) also called bulk sintering, illustrated in Figure 2, is one
of the widely applied methods for manufacturing titanium alloys. This method can
also be applied to make HEAs. In this method, the feedstock powder elements are
mixed thoroughly using a suitable powder blender, followed by compaction of the
mixture under high pressure and by sintering at appropriate temperature for suitable
duration. In this manner, the powder particles bond to each other with minor change
in their shapes. The porosity of the alloy can be regulated by controlling the sinter-
ing temperature and time. When properly implemented, this method can produce
accurate parts with near-net shapes. The major advantages derived from this methods
include good mechanical properties of the products, near-net shape, lower cost, full
dense materials, minimal inner defect, nearly homogenous microstructure, good
particle-to-particle bonding, and low internal stress [26].

3.2 Magnetron sputtering

Magnetron sputtering is one of the additive manufacturers, which uses certain
high-energy particles to bombard the surface of a specific material. This process is
shown in Figure 3, in which argon gas is placed in a magnetron sputtering drum, in
which due to the action of strong electric field, argon particles are initially ionized
into argon ion and electrons. Then, these ions are accelerated toward the cathode
in the electric field to bombard target surface with high energy. Thus, the impact of
the ions causes the sputtering of the target. As a result, the target material will emit
secondary electrons and ionizes due to continued bombard of the target causing the
target to sputter deposition on the substrate surface to form a thin film [27].

3.3 Laser cladding

Laser cladding, illustrated in Figure 4, is one of the additive methods applicable
in manufacturing of HEAs. This method is sometimes called surface modification
process because it is predominantly a surface technology. As such, this process can
improve the surface hardness, wear resistance, and corrosion resistance of the surface
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Figure 3.
(A) The schematic of magnetron sputtering and (B) balanced and unbalanced types of magnetron configurations [27].
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Figure 4.
Schematic diagram of the laser cladding [18].

by cladding the alloy powder on the substrate. Laser cladding can also be carried out
using either a wire (including hot or cold wire) or powder feedstock. The laser devel-
oped provides the energy to melt the pool on the surface of the work piece into which
the wire or powder is simultaneously added. The result of the melt is that a metal-
lurgically bonded layer is created and usually, this is tougher than the layer that can
be achieved with thermal spray and less dangerous to health than the process of hard
chromium plating. This process is flexible because the operator can easily mix many
powders and he can control the feed rate for both separately and independently thus
making this process suitable for fabricating heterogeneous components on function-
ally graded materials. In addition, this technology allows the material gradient to be
altered at the microstructural level due to the localized fusion and mixing in the melt
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pool. This means that the clad materials can be designed to meet the performance
requirement of the added layer [18].

4, Conclusion

In conclusion, the properties and the need for HEAs have been reviewed, in which
it was established that HEAs are materials of the choice for future generation alloys.
Selected methods of manufacture for HEAs were briefly discussed, from which it
was evident that these methods range from traditional bulk forming to newer addi-
tive manufacturing technologies. With the advances in technologies, this trend in
manufacturing technologies for HEAs offer a new and exciting approach for alloy
design and manufacturing to meet the complex demand in bone tissue engineering.
In this respect, it is recommended that the research activities should move away from
trying to obtain single-phase HEAs, but instead develop alloys that possess the correct
balance of desired properties for biomedical implants.
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Chapter 12

Iron-Based Superconductors
Gedefaw Mebratie Bogale and Dagne Atnafu Shiferaw

Abstract

Superconductivity is the phenomenon of vanishing an electrical resistivity of
materials below a certain low temperature and superconductors are the materials that
show this property. Critical temperature is the temperature below which
superconducting state occurs. Based on temperature superconductors can be grouped
into high-temperature superconductors and low-temperature superconductors. Based
on the mechanism, they can be grouped into conventional and unconventional super-
conductors. Based on magnetism superconducting materials can also be separated into
two groups: type-I and type-II superconductors. In this chapter, we will discuss
superconductivity, the Meissner effect, type-I and type-II superconductors, convec-
tional and unconvectional superconductors, heavy fermions, cuprates, iron-based
superconductors, and high entropy alloy superconductors. High-entropy alloys (heas)
are defined as alloys containing at least five elements with concentrations between 5
and 35 atom%. The atoms randomly distribute on simple crystallographic lattices,
where the high entropy of mixing can stabilize disordered solid-solution phases with
simple structures. The superconducting behavior of heas is distinct from copper oxide
superconductors, iron-based superconductors, conventional alloy superconductors,
and amorphous superconductors, suggesting that they can be considered as a new
class of superconducting materials.

Keywords: superconductivity, resistivity, temperature, magnetism, BCS theory,
heavy fermions, cuprates, iron-based superconductors, high entropy superconductors

1. Introduction

Superconductivity is the set of physical properties observed in certain materials at
low temperatures, characterized by the complete absence of electrical resistance or the
resistance of the material to the electric current flow is zero [1]. It is a phenomenon in
which the resistance of a material to electric current flow is zero. Any material
exhibiting these properties or which have no resistance to the flow of electricity is
known as a superconductor [2]. It was discovered by Dutch physicist Heike
Kamerlingh onnes of Leiden University in1911, who was studying the resistance of
solid mercury at extremely low temperature using the recently discovered liquid
helium as a refrigerant. At the temperature of about 42K (—452°F, —252°F), when he
cooled to the temperature of liquid helium, He observed that the resistance abruptly
or suddenly disappeared. The current was flowing through the mercury wire and
nothing was stopping it, the resistance was zero (see Figure 1 which shows a graph of
resistance versus temperature of mercury wire which Onnes produced) [3].
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Figure 1.
Resistance in ohms of a specimen of mercury versus absolute temperature. This plot by Kamerlingh Onnes marked
the discovery of superconductivity [1].

2. Characteristics of superconductivity
2.1 Temperature effect

According to Onnes, “Mercury has passed into a new state; he named this new
state, called superconductivity” [4]. The temperature at which superconducting state
starts is called the critical temperature (T,). In one of Onnes experiments, he started a
current flowing through a loop of lead wire cooled at a liquid helium range, a year
later the current was still flowing without significant current loss. He found that the
new material exhibited what he called persistent currents. He discovered supercon-
ductivity and was awarded the Nobel Prize in 1913. Based on the temperature effect
the superconductivity grouped under low-temperature superconductor with the tem-
perature below 30K such as He, Al, Cd, Sn, Hg, U, Nb, Nb;Ge, etc. and high-
temperature superconductors with transition temperature above 30K such as
Cuprates and Iron base superconductors [5].

2.2 Meissner effect

In addition to zero resistance, a new scientific discovery is made in 1933 by
W. Meissner and R. Ochsenfeld that superconductors, which have an interesting
magnetic property of excluding a magnetic field, are more than a perfect conductor of
electricity. Because of Faraday’s law, the magnetic field inside a superconductor can-
not change; there is no electromotive force due to the lack of electric resistance [6].
The flow of current-induced magnetic field on the Fermi-surface of superconductor
cancels out the external field. A superconductor, when it is cooled below the critical
temperature Tc, expels the magnetic field and does not allow the magnetic field to
penetrate inside it (see Figure 2(a)). This phenomenon in superconductors is called
the Meissner effect [3]. The most spectacular demonstration of the Meissner effect is
the levitation effect [7]. That is if a small bar magnet rests on a superconducting dish;
the magnet will levitate above the superconducting dish when the temperature is
lowered below T..

The Meissner effect will occur only if the magnetic field is relatively small. If the
magnetic field becomes too great, it penetrates the interior of the metal and the metal
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Figure 2.
Expulsion of applied magnetics flux field [7].

loses its superconductivity [8]. The certain value of magnetic field beyond which
superconductor returns back to its ordinary state is called critical magnetic field. The
Meissner effect is so strong that a magnet can actually be levitated over a super-
conductive material. Following the discovery of the Meissner effect, in 1935 two
London brothers Fritz and Heinz proposed the first phenomenological theory known
as the London equation which explains the Meissner effect, where in a material
exponentially expels all internal magnetic fields as it crosses the superconducting
threshold [9]. By using the London equation, one can obtain the dependence of the
magnetic field inside the superconductor on the distance to the surface.

The London equations explained not only the Meissner effect, but also provided an
expression for the first characteristic length of superconductivity known as the Lon-
don penetration length (4r). The next theoretical advance came in 1950 with the
theory of Ginsburg and Landau, which described superconductivity in terms of an
order parameter and provided a derivation for the London equations [10]. This theory
provides an expression for the penetration length similar to the London equations and
also the expression for the second characteristic length known as the Ginsburg-
Landau coherence length (&) which is a measure of the distance within which the
superconducting electron concentration cannot change drastically in a spatially vary-
ing magnetic field [11]. A. A. Abrikosov used these concepts to roll up alloy for
superconductors. He observed that if the electronic structure of the superconductor
were such that the coherence length becomes less than the penetration depth, on
would get magnetic behavior similar to type II superconductors, with two critical
fields Bc; and Bc,. In the same year, the quantum theory of superconductivity was
predicted theoretically by H. Frohlich that the T, would decrease as the average
isotopic mass increased. This effect is called the isotope effect which is observed in
experimentally the same year by Maxwell [12]. The isotope effect provided support
for the electron-phonon interaction mechanism of superconductivity.

3. Type I and Type II superconductors

Based on the applied magnetic field superconductors are grouped under Type I
and Type II. Superconductors those converts into a normal state abruptly at the
critical field below critical temperature are known as Type I super conductors as
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Type of superconductors based on applied magnetics [1].

shown in Figure 3(a) [13]. These types of superconductors are usually of low-critical
temperature materials, such as metals and metal alloys (such as aluminum, lead, indium,
Nb;Ge, etc.). These superconductors have only one critical field (H¢) at which it converts
into normal state. And the critical magnetic field for such superconductor is very low; it is
of the order of 0.01-0.2 Wb/m?. Type II superconductors are depicted in Figure 3(b) as
superconductors whose diamagnetic property increases with applied magnetic field up to
a certain value (Hc,), after that, decreases gradually and drops to zero at the magnetic
field He, and converts completely into the normal state [14].

4. Conventional superconductors

The first widely accepted and detailed microscopic theory was developed in 1957
by American physicists John Bardeen, Leon Cooper, and John Schrieffer. This theory
is called BCS theory. According to BCS theory, superconductivity is quantum effect
which result from the cloud of electron pair, which is called the Cooper pair and was
first discovered by L. Cooper [15]. A Cooper pair is the electrons that are bound
together. The BCS theory assumes that superconductivity arises due to Cooper
pair, a state in which the attractive interaction dominates the repulsive Coulomb
force [16]. A Cooper pair is an electron—electron pair mediated by electron—phonon
interaction.

This attractive interaction is due to the attraction of negative charge ion by the
core ion known as positive charged ion results distort of its lattice in such a way as to
attract other electrons (the electron—phonon interaction) [17]. Figure 4 shows that a
Cooper pair is a bound state of two electrons with opposite spin and momentum
which is one in the state (k1) and the other in the state (k) [18].

The Cooper pair of the bound state becomes boson in an ordered manner therefore,
the flow of electric current is able to move easily through the lattice without any
electrical résistance. The BCS theory explored superconductivity at a temperature close
to zero for elements and simple alloys (conventional) superconductors. However, at
high temperature and with different superconductor system, the BCS theory has subse-
quently become inadequate to fully explain how superconductivity occurs [19].
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5. Unconventional superconductor

Unconventional superconductors are materials that display superconductivity
which does not conform to either the conventional BCS theory or Nikolay
Bogolyubov’s theory. The first unconventional triplet superconductor, organic mate-
rial (TMTSF),PF;, was discovered by Denis Jerome and Klaus Bechgaard in 1979. The
superconducting properties of CeCu,Siy, a type of heavy fermion material, were
reported in 1979 by Frank Steglich [9, 20].

5.1 Heavy fermions

In the late 1970s and early 1980s, superconductivity was discovered in heavy
fermions systems and in nearly magnetic systems [10]. These heavy fermions are
metallic materials that hold rare earth elements, such as Yb or Ce, or actinide elements
such as U with partially filled 5f shells. The name heavy fermion is given because the
effective mass of electrons in these superconductors is in the order of a hundred times
larger than the mass of usual electrons at low temperatures [21]. In heavy fermion
compounds, the superconducting charge carriers are bound together in pairs by mag-
netic spin—spin interactions [22], showing that spin fluctuations (electron—electron
interaction) mediate the electron pairing that leads to superconductivity in heavy
fermion compounds, such as URu,Si,, UPd,Al;, and UNi,Als.

5.2 Cuprates

Until 1986, physicists had believed that BCS theory forbade superconductivity at
temperatures above about 30K. Then, in 1986, a truly breakthrough discovery was
made in the field of superconductivity. Georg Bednorz and Alex Muller, working at
IBM in Zurich Switzerland, were experimenting with a particular class of metal oxide
ceramics of lanthanum-based LaBaCuO called cuprate perovskites material which had
a transition temperature of 35K (Nobel Prize in Physics, (1987). Bednorz and Muller
surveyed hundreds of different oxide compounds [23]. What made this discovery so
remarkable was that ceramics are normally insulators. They do not conduct electricity
well at all. Similar to the heavy fermion compounds, high-temperature cuprate com-
pounds also show a delicate balance between superconductivity and magnetism. In
order to understand the coexistence of superconductivity and magnetism in cuprate,
it is important to know the layered perovskite-like crystal structure of these super-
conductors [24]. Cuprates are the second class of unconventional superconductors.
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The layered structure includes CuO; planes. The CuO, plane acts as a charge
reservoir and is responsible for doping (electrons or holes) into the CuO; planes. The
movements of holes or electrons in the CuO2 planes cause to result in superconduc-
tivity [25]. The parent compound of cuprate compound is a Mott insulator, which
ought to be metal according to the band theory of electrons, but it is insulating, due to
electron-electron interactions. From a common temperature versus dopant concen-
tration, phase diagram for cuprate at very low doping concentration, antiferromag-
netic (AFM) order exists in the cuprate system, and the temperature dependence of
the resistivity shows an insulating behavior [26].

Increasing the doping concentration, AFM order is felled rapidly and vanishes at a
certain doping level, and the superconducting order rises. As the doping level
increases, T, increases. At an optimum value of doping level, T, reaches a maximum
and the system behaves as a non-Fermi liquid. On further increasing the doping
concentration, T, decreases and finally vanishes [15]. The phase diagram suggests that
AFM order does not play a conclusive role in the suppression of superconductivity,
because superconductivity does not appear immediately as AFM order vanished,
rather, it rises gradually with increasing doping level. Many other cuprate supercon-
ductors have since been discovered, and the theory of superconductivity in these
materials is one of the major outstanding challenges of theoretical condensed matter
physics [9]. Since about 1993, the highest-temperature superconductor has been a
ceramic material consisting of mercury, barium, calcium, copper, and oxygen
(HgBa,CayCu30g , 5) with Tc = 133-138K [20, 21]. The latter experiment (138K) still
awaits experimental confirmation [27].

6. Iron-based superconductors

The third class of unconventional superconductors is iron-based superconductors.
The first report of superconductivity in an iron superconductor was F-doped LaOFeP
below 5K in 2006 [22]. On February 23, 2008, a group from Tokyo Institute of
technology published paper in (JACS) Journal of the American Society, in which they
reported that the fluorine-doped lanthanum Oxide Fe-As superconductors at 26K
[28]. Similar to cuprates and several heavy fermion superconductors, superconduc-
tivity emerges here in close proximity to AFM state and like to cuprate superconduc-
tors, high-temperature superconductivity in the iron-based superconductors (FebSC)
systems is also induced from electron or hole doping of their parent compounds.
Parent compounds show long-range AFM static order. AFM order is suppressed on
electron/hole doping to induce superconductivity. In FebSCs magnetism arising from
nesting which induced spin density wave, unlike cuprates where the parent com-
pounds are Mott insulators, strongly repulsive electronic correlations yield an insulat-
ing and ground state despite a half-filled conduction band [8].

There are several good reasons why FebSC is so interesting. First, they show the
coexistence of superconductivity and magnetism. Second, they have too much variety
of compounds for research and, their multi-band electronic structure offer the hope of
finally discovering the mechanism of high-temperature superconductivity and finding
a way to increase Tc. Lastly, they are quite encouraging for a wide scope of applica-
tions. Having a much higher critical field (Hc) than cuprates and high isotropic critical
currents, they are attractive for electrical power and magnetic applications.

Compared to Cuprates, iron-based superconductors (FebSc) have some similari-
ties. Firstly, both of their parent compounds are antiferromagnets. Increased doping
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can destroy antiferromagnetism and lead to superconductivity. Secondly, supercon-
ductivity occurs in specific planes. In cuprates, it is Cu-O plane. While in FebSc, it is
Fe-As plane [29]. They also have significant differences. For Cuprates, its parent
compound is a special type of antiferromagnet—Mott insulator, which are a result of
strong local interaction; While in FebSc, it is an antiferromagnetic—“spin-density-
wave” metal. They are magnetic bad metals, originating from long-range (non-local)
magnetic correlations. Moreover, the Cu3dxz,y2 (a single electron) contributes to
superconductivity; while in iron-based superconductors, all five Fe 3d orbitals con-
tribute to superconductivity. Superconductivity can be achieved in both cases by
doping, but doping directly to the superconducting layers is allowed only in FebSc,
likely because they are more itinerant than cuprates. In superconducting samples,
cuprates have Sc order parameter with a sign-changing d-wave symmetry, while the
symmetry of the FebSc has a sign-changing s-wave symmetry. These differences make
this new type of high-temperature superconductors very interesting.

One of the most prominent issues in the physics of Fe-based superconductors is the
interplay between the magnetic and superconducting order parameters when charge
doping, pressure, or other parameters are modified. In this chapter, we describe
literature about iron-based superconductors. Electronic and crystal structures of iron-
based superconductors, magnetic ordering and spin density wave, electron, and crys-
tal structure of SrFe,As,, the effect of nickel substitution on SrFe,As,, superconduc-
tivity in SrFe, _ ;Ni As,, superconductivity, and magnetism [30].

According to a general phase diagram of temperature vs. dopant concentration for
cuprate, at very low doping concentrations, the cuprate system has an antiferromag-
netic order and the resistivity's temperature dependency behaves as an insulator. As the
doping is increased, the antiferromagnetic order quickly dissipates and disappears,
while the superconducting order emerges. TC increases as doping levels rise. Tc reaches
its maximum and the system behaves as a non-Fermi liquid when doping is at its
optimal level. Tc decreases with increasing doping until it reaches zero. Like cuprate
superconductors, FebSc systems derive their high temperature superconductivity from
electron or hole doping of their parent compounds.These parent compounds exhibit
long-range AFM static order, which is suppressed by electron or hole doping to induce
superconductivity. In contrast to cuprates, magnetism in FebSCs results from a nesting-
induced spin density wave [31].

The iron-based superconductors (FebSc) have many different systems that greatly
enlarge the family of unconventional superconductors [32]. The first FebSc system
LaFePO;_,F, was discovered by H. Hosono et al. in 2006 with Tc~4K, but it did not
draw much attention until the same group substituted P by As and discovered a Tc of
26K in LaFeAsO;_,F, in 2008. Before 2013, many FebSc compounds were discovered
with different crystal structure classes and compositions. Different systems are
denoted by the stoichiometric ratios of the chemical elements in their parent com-
pounds of FebSc. Therefore, the major FebSc systems are 1111, 122, 111, 11, and 245
(e.g., LaFeAsO, SrFe,As,, NaFeAs, FeTe, and Rb,Fe,Ses). Even though they have
different structures, all the FebSc systems share a building block: iron-based square-
planar sheets. Like to cuprates, in which copper and oxygen form the superconducting
layer, FebSc systems have iron-based layers which are crucial to their unconventional
superconductivity [18].

The FebSc classes listed above can be grouped into two groups according to the
elemental group of the atom that forms the superconducting layer with iron. The first
group is the iron-pnictides (nitrogen family from the periodic table), that iron makes
a zigzag layer with arsenic or phosphorous (Fe-As or Fe-P). The 1111, 111, and 122
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classes grouped to iron pnictides [33]. Pnictides have similar magnetic structures but
they have different crystal structures and symmetry groups. The second group is iron-
chalcogenides (oxygen family from the periodic table), that is the iron-selenium (Fe-
Se) or iron-tellurium (Fe-Te) makes the superconducting layer; this family includes
the 11 and 245 classes. Both the 11 and 245 classes have special properties. The 11 class
has only one system: Fe; , yTe;_,Se,. It does not have any buffer layers between the
Fe-(Te,Se) layers, and the Tc is determined by Se doping level and related to the
amount of extra iron in the compound. The 245 class is a relatively new discovered of
iron-based superconductors [34].

Iron pnictides and iron chalcogenides share many intriguing common proper-
ties. They both have the highest Tcs. The superconducting gaps are close to being
isotropic (not varying in magnitude) around Fermi surfaces, and the ratio between
the gap and T, 2A/T,, is much larger than the BCS ratio, 3.52, in both families.
However, the electronic structures in the two families, and the Fermi surface
topologies (geometrical properties), are quite different in the materials that reach
high T, [35].

6.1 Crystal structure of iron-based superconductors

Figure 5 illustrates that the structural unit common to Fe-based materials is the
square net of Fe?" (formal charge) coordinated tetrahedrally by four pnictogen or
chalcogen atoms. The iron containing plane is not flat; pnictogen or chalcogen atoms
extend above and below the iron plane because the pnictogen and chalcogen atoms are
much larger than iron atoms. They pack themselves in edge-sharing tetrahedral [13].
By contrast, the similar size difference between the copper and oxygen atoms in
cuprate superconductor leads to corner-sharing octahedral packing. This structural
difference is crucial.Due to their tetrahedral configuration of iron-based supercon-
ductors, the Fe atoms are close to each other than the Cu atoms in cuprate supercon-
ductors. Both Fe and Cu occupy the same row of the periodic table. Their valance
electrons occupy 3d orbitals. But because of the Fe atoms’ close packing, all five Fe 3d
orbitals contribute charge carriers. In the cuprate, only one Cu 3d orbital contributes.
The chalcogen and pnictogen also play an important role. Their p orbitals also

(a)

Figure 5.
Four families of iron-based superconductors, (a) the 1111 family compounds (P4/nmm), (b) the 122 family
compounds (I14/mmm,), (c) the 111 family compounds (P4/nmm), and (d) the 11 family compounds

(P4/nmm) [24].
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hybridize with the five 3d orbitals leading to a complicated electron band structure
and a characteristic multicomponent Fermi surface. The local structure of the Fe-
pnictide layer is affected directly by the atomic (or ionic) size of M (where M indi-
cates a metallic element such as an alkali metal, alkaline earth, or rare earth element
that lies between Fe-pnictide layers) because M elements in the blocking layer bond
to Pn elements [23]. Most of the iron-pnictides become superconductors only when
doped (adding an impurity) with holes or electrons. T, depends on doping concen-
tration.

6.1.1 The 1111 ivon-based superconductor family

Soon after the discovery of LaFePO in 2006, several others with similar crystal
structure, were discovered. La can be substituted for almost any other rare-earth
element and the superconductivity will still exist. That is because of the alternating
layered structure of FeAs and RO sheets (R as rare-earth element). From theoretical
studies, we can predict, that superconductivity mainly occurs in FeAs layer, while RO
layer provides a charge reservoir. These materials go through structural phase transi-
tion around 160K—from tetragonal to orthorhombic lattice structure. If we drop
temperature even lower, materials become antiferromagnetic [36].

LaOFeAs and other rare earth substituted compounds have a layered crystal struc-
ture and they crystallize with ZrCuSiAs type structure belonging to the tetragonal P4/
nmm space group [21], and the unit cell contains La,0, and Fe,As, molecules, and the
chemical formula is represented by (La,O,) (Fe,As;). The Fe,As; layer is sandwiched
between the La,0; layers and it serves as a carrier conduction path. Conduction
carriers are two-dimensionally confined in the Fe,As; layer, that causing strong inter-
actions among the electrons [37].

6.1.2 The 122 iron-based superconductor family

Next type is AFe,An,, where (A stands for Alkaline earth metals like Ba, Sr. or Ca
and Eu) and An is pnictide (As, P). Superconductivity can be achieved by introducing
dopants. There are several ways to introduce dopants. These are (1) hole doping is
achieved by substituting A for monovalent B* (B = Cs, K, Na) atoms partially in the
blocking layer and this substitution should add an extra hole into the system, for
example, Ba; _ (K Fe,As,; (2) partially substitute Fe for transition metals (Co, Ni, Pd,
Rh) into FeAs layers and yields electrons into the system. In this way, dopants are
directly substituted into the Fe layer, which can additionally stabilize the system, for
example, Co (A(Fe;_4Coy),As;), Rh (A(Fe,_(Rhy)As;), Ni (A(Fe;_4Niy),As;) and we
get electron-doped pnictide that forms a rich phase diagram where the superconduc-
tivity and magnetism compete or coexist; and (3) replacing arsenic partially with
phosphorus, and Phosphorus generates a chemical pressure effect that suppress SDW
and emerges superconductivity at the corresponding unit-cell volume [38].

The 122 Fe-based superconductors crystallize with tetragonal ThCr,Si,-type crystal
structure with space group I4/mmm. 122 systems, for example, SrFe,As, system
contain practically identical layers of edge-sharing FeAs4/4 tetrahedra, similar to
LaOFeAs but they are separated by Sr. atoms instead of LaO sheets and Sr. layer act as
a charge reservoir and FeAs as superconducting layer. The compound undergoes a
structural phase transition around 205K from tetragonal (I4/mmm) to orthorhombic
(Fmmm) [39].
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6.1.3 The 111 ivon-based superconductor family

This type is AFeAs type and A stands for alkali elements (Li or Na). Crystal
structure of this type is known as the CeFeSi type, with a tetrahedral P4/nmm
space group-FeAs 4 layers, separated with double layer of A ions. Distance
between Fe-Fe atoms in different layers is significantly shorter than in 1111 or 122
structure [36]. The crystal structures of 111 type is similar to those of 1111 type
superconductors with [LaO] layers substituted by Li layers. LiFeAs has T, =18K
without extra doping. Wang et al. (T, =18K: LiFeAs) and Tapp et al. (T. =18K:
NaFeAs) first reported superconductivity without doping for 111-type
materials [33].

6.1.4 The 11 iron-based superconductor family

The simplest form of Fe-based superconductors are ferrochalcogenides FeSe and
FeTe and their ternary combination FeSe,Te; _  and Fe; , (Se,Te; _ . Crystal
structure is similar to those FeAs layers mentioned above, only that this chalcogen
does not have a separating layer. T for FeSe is around 8K. The FeSe is much easier to
synthesize, since it does not include toxic arsenic [21].

6.1.5 The 245 iron-based superconductors family

The attempts to intercalate the 11 family FeSe, the simplest FebSc, resulted in
discovery of a new family A Fe, _ ,Se, (A stands for alkali metal like K, Rb, Cs,
and TI). The first alkali iron selenide (245) system K Feic , xSe, was discovered in
late 2010 with T, =33K. More superconductors were discovered with almost the
same T, when K was replaced with other alkali metals (Rb, Cs) or alkali metals
were partially substituted with TI. This family is most often called 245 because of
its parent compound A gFe; ¢Se;=A,Fe4Ses [16]. This type of material has a unique
crystal structure, and a unique magnetic structure with an unusually high struc-
tural/magnetic transition temperature; their phase diagrams and spin dynamics are
also very different from those of other FebSc systems. Despite the strange crystal
and magnetic structure, the 245 systems (1) have a huge moment of~ 30 — 34uB,
which is the highest moment among all FebSc systems; (2) have a Neel tempera-
ture of more than 550K, much higher than typical FebSC Neel temperatures
(<200K), and similar to those in cuprates; and (3) in the small samples, are
insulators [18].

6.2 Electronic structure of electron-doped iron-based superconductors

According to theories the parent compounds of iron-based superconductors are
semi-metallic and the density of state near Fermi surface is mainly contributed by the
iron 3d electrons and all five of the 3d electrons cross Fermi surface. The shape of the
electronic band structure depends on the doping level. In electron-doped materials,
such as 122 Fe-based superconductor compounds, the Fermi surface contains several
quasi-2D warped cylinders centered at I" point (k = 0, 0) and M point (k = 7, 7) ina
2D cross-section, and may also contain a quasi 3D pocket near k, = z as shown in the
Figure 6 [15, 17, 31].
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Figure 6.

The schematic electronic structure of electron-doped iron-based superconductors. In weakly and moderately
electron-doped materials, the Fermi surface consists of quasi-2D warped cylinders centered at(o, o) and (n, ) in a
2D cross-section. The ones near (0, 0) are hole pockets (filled states arve outside cylinders), and the ones near (r, r)
are electron pockets (filled states are inside cylinders) [17, 31].

6.3 The phase transitions iron-based Superconductors

The phase transitions of most FeAs-based superconductors undergo structural
and/or magnetic phase transitions as presented in Figure 7. These superconductors
show different ground states (structural, magnetic, and superconducting) which are
close to each other and sometimes compete with each other. It can be detected by
using X-ray and neutron scattering techniques [13]. The FeAs-based compound
exhibits a tetragonal-to-orthorhombic structural phase transition at low temperatures.
A tetragonal structure has the same length of the lattice parameters “a and b” (a = b)
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Figure 7.
Phase transition of some Iron base superconductors [31, 40—42].
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whereas the lattice parameters 4 and b (# a) are different in an orthorhombic struc-
ture. By measuring the difference in the peak positions, we can find the respective
lattice parameters and see a tetragonal-to-orthorhombic structural phase transition. A
typical measure of the tetragonal-to-orthorhombic phase transition is the

distortion (6 = %). The structural transition was first noticed in macroscopic mea-

surements. Magnetic order is found in many systems below some transition tempera-
ture [18].

Magnetic phase transition of the Bragg peaks depends on the periodicity of the
crystal structure. The AFM ordering gives rise to a magnetic structure that has differ-
ent symmetry elements (usually a subgroup of the crystallographic space group) from
the crystal structure which is in the vicinity of an antiferromagnetic (AFM) phase
transition [37]. Ant-ferromagnetism in the iron-based superconductors originates
from conduction electrons that also form the Cooper pairs below T and the antifer-
romagnetic is believed to arise from the Fermi surface nesting driven spin-density-
wave order (when parallel sheets of the Fermi surface can be translated by a nesting
vector and superposed). Magnetism in iron-based superconductors may have both
itinerant-electron and local-moment characters. In this point of view, many theories
and models have been proposed in which itinerant electrons and localized moments
coexist in iron-based superconductors and they play some roles in magnetism. A
measure of intensities of AFM Bragg peaks as a function of a control parameter, such
as temperature, is termed the AFM order parameter [38].

The phase transition of some Fe base compounds are: (1) the 1111 family com-
pounds undergo a structural phase transition from a high temperature tetragonal (P4/
nmm) to an orthorhombic (Cmma) at low temperature. (2) The undoped state, the 122
family compound exhibits simultaneous structural and magnetic phase transitions
below 140K, changing from the high-temperature paramagnetic tetragonal phase to
the low-temperature orthorhombic phase with the collinear AFM structure. (3) The
NaFeAs 111 family compounds undergo a structural phase transition from a high
temperature tetragonal (P4/nmm,) at temperature T 55K to an orthorhombic
(Cmma) at low temperature AFM emerges at ~ 37K. but not in LiFeAs. (4) The 11
family compounds undergo a structural phase transition from a high-temperature
tetragonal P4/nmm to an orthorhombic Cmmn at low temperature. But the structural
transitions are affected by subtle differences in the stoichiometry [39].

7. High entropy superconductors

As we have discussed above, cuprates are high-temperature superconductors,
which are discovered by Bednorz and Mueller in 1986 and superconductivity occurs
predominantly in the CuO, planes. Interlayer and intra-layer interactions in layered
Cuprates play an important role in the enhancement of T, whereas T, has been found
to be proportional to the number of Cu-O layer in cuprate compounds. Examples
include Y-Ba-Cu-O, Bi-Sr-Ca-Cu-O, Tl-Ba-Ca-Cu-O, Hg-Ba-Ca-Cu-O, bismuth-based
superconductors, etc.

Entropy is the disorder experienced in material media. For one mole of Bismuth-
based cuprates, the entropy is found to be 5.603 x 10~2*JK ! at the T of
Bi,Sr,CuOg (20K), Bi,Sr,CaCu,0g (95K), and Bi,;Sr,Ca,Cus049 (110 K). When the
temperature is lowered from a higher value (T.) to a lower value, the entropy also
decreases and the Cuprate materials become more ordered and entropy decreases with
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an increasing number of CuO, planes. Entropy per mole is constant not depending on
CuO; planes. When considered per unit mass entropy decreases with an increase in
the number of CuO, planes [43].

Layered superconductors often exhibit high superconducting transition tempera-
tures, such as cuprate superconductors, iron-based superconductors, and nitride-
based layered superconductors. High-entropy alloys (HEAs) are defined as alloys
containing at least five elements with concentrations between 5 and 35 atom%. The
atoms randomly distribute on simple crystallographic lattices, where the high entropy
of mixing can stabilize disordered solid-solution phases with simple structures. The
HEA concept can be useful to develop new superconducting materials containing an
HEA site and/or HEA-type layers. ROBIS, (R = La + Ce + Pr + Nd + Sm) is a BiS,-based
layered superconductor that is composed of alternating stacking sequences of BiS, and
RO layers. Superconductivity of BiS,-based compounds can be induced by carrier
doping and/or in-plane chemical pressure. The critical temperatures of ROBIS; single
crystals were nearly 2-4K. The superconducting critical temperature and
superconducting anisotropies of R-site mixed high-entropy samples increased with a
decrease in the average ionic radius of the R-site. Moreover, a deviation in the ten-
dency to exhibit superconducting properties was observed based on the difference in
the R-site mixed entropy. R-site mixed entropy in ROBIiS, superconductors may affect
their superconducting properties.

Experimentally, ROBiS, (R = La + Ce + Pr + Nd + Sm) single crystals were grown
using CsCl flux. The starting materials for the growth of ROBIS; single crystals were
La,S;, Ce,Ss, Pr,S;, Nd,S;, Sm,S;, BiySs, Bi05, and CsCl flux. Scanning electron
microscopy (SEM) was conducted using a TM3030 system from Hitachi High-
Technologies. The compositional ratio of the grown ROBiS2 single crystals was evalu-
ated using energy-dispersive X-ray spectrometry. The valence states of the La, Ce, Pr,
Nd, and Sm components in the obtained single crystals were estimated by X-ray
absorption spectroscopy [40].

HEA superconductor displays an excellent mechanical properties and it robust
superconductivity and quiet high upper critical field that occur to be favorable for
potential practical applications. The flux-pinning mechanism that control the field and
temperature dependence of critical current density is very important to the practical
application [41].

The superconducting behavior of HEAs is distinct from copper oxide superconduc-
tors, Fe-based superconductors, conventional alloy superconductors, and amorphous
superconductors, suggesting that they can be considered as a new class of
superconducting material. Until now, four types of HEA superconductors have been
discovered. These are: (1) type-A HEA superconductors (e.g., the Ta-Nb-Hf-Zr-Ti
superconductors) crystallize on a small unit cell BCC lattice, (2) type-B HEA-
superconductors (e.g., the (HfTaWIr);_,Re, superconductors, x < 0.6) crystallize on a
larger-unit-cell cluster-based BCC lattice, (3) type-C HEA superconductors (e.g., the
Sc — Zr — Nb — Ta — Rh — Pd superconductors) crystallize on small cell CsCl-type
lattice, and (4) type-D HEA superconductors (e.g., the Reg s¢Nbg 11Tig 11210 11Hfo 11
superconductor) crystallize on an HCP lattice. The HEA superconductors that crystal-
lize on the small cell BCC or CsCl-type lattices have the highest transition temperatures.

Even if the type-A and type-B HEA superconductors have highly disordered atoms
on simple lattices, the effects of elemental makeup and valence electron count on their
physical properties are important. For this property, the T, values mimic the classic
Mathias behavior observed for binary alloys, although not in detail, and are limited by
the chemical stability. Increasing the configurational entropy by adding elements has
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Valence electron count (VEC) dependence of the superconducting transition temperatures for type-A, type-B and
type-C HEA superconductors compared to amorphous alloys and classic crystalline alloys [42].

no conclusive effect on the T, of the HEA superconductors, but can stabilize their
cocktail-like crystal structures. Applying pressure, the HEA superconductors exhibit
vigorous superconductivity against volume shrinkage without structural phase transi-
tions, with the common feature that T, saturates at a constant optimal value at a
critical pressure that changes from system to system.

At the present time, the HEA superconductors display type-II superconducting
behavior. Therefore, the upper critical magnetic fields of the current HEA superconduc-
tors are not as high as those of NbTi or Nb;Sn. They are employed in fabrication of the
majority of commercial superconducting magnets at this time, researches expect that
future superconducting HEAs may be good candidate materials for the fabrication of the
superconducting magnets. The superconducting T's of the HEAs so far found are inter-
mediate between those of amorphous alloys and simple binary alloys, at a fixed VEC
following a trend of increasing T, with decreasing disorder [42] as shown in Figure 8.

8. Conclusion

The phenomenon of vanishing of electrical resistivity of materials below a particular
low temperature is called superconductivity and the materials which exhibit this property
are called superconductors. The superconducting state of a material is decided by three
parameters such as temperature, external magnetic field, and the current density flowing
through the material. These three parameters are coupled together to define the
superconducting limits of a material. For the occurrence of superconductivity in a mate-
rial, the temperature must be below T, the external magnetic field must be below H, and
the current density flowing through the material must be below J, [20].

After 20 years of the discovery of Onnes, a major breakthrough came in 1933 when
Walther Meissner and his student Robert Ochsenfeld discovered an important mag-
netic property of superconductors. They observed that [12] when a specimen (sam-
ple) is placed in a magnetic field and is then cooled through the transition temperature
for superconductivity, the magnetic flux originally present is ejected from the speci-
men [35] and exhibits diamagnetic behavior [8]. The Meissner effect suggests that
perfect diamagnetism is an essential property of the superconducting state [35].
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BCS theory is a comprehensive theory developed in 1957 by the American physi-
cists John Bardeen, Leon N. Cooper, and John R. Schrieffer to explain the microscopic
behavior of superconducting materials [30]. The principal insight of the theory is that
superconductivity results when electrons in a material form microscopic particles
known as Cooper pairs. Electrons are fermions, which are subject to the Pauli Exclu-
sion Principle; Cooper pairs are bosons, meaning they can collect in the same low
energy ground state that is the superconducting state [39]. It makes a crucial assump-
tion that is an attractive force exists between electrons. This force is due to the
Coulomb attraction between the electron and the crystal lattice. An electron passes
through the lattice and the positive ions are attracted to it, causing a distortion in their
nominal positions and a slight increase in positive charges around it. This increase in
positive charge will, in turn, attract another electron. These two electrons are Cooper
pairs [31] which are discovered by Cooper [30]. These are also referred to as
supperelectrons [8]. Superconductivity requires a low temperature that means the
thermal vibration of the lattice must be small enough to allow the forming of Cooper
pairs. In a superconductor, the current is made up of these Cooper pairs, rather than
individual electrons [2].

Based on temperature superconductors can be grouped into high-temperature
superconductors and low-temperature superconductors, and based on the mechanism
they can be grouped into conventional and unconventional superconductors [7]. Based
on magnetism superconducting materials can also be separated into two groups: type-I
and type-II superconductors [9, 20]. Type-I materials, while in the superconducting
state, are completely diamagnetic which is characterized by the Meissner effect [8].
They have sharp critical magnetic field, which is usually very low. There are two critical
fields for type-II superconductors, the lower critical field and the upper critical field. If
the external magnetic field is less than the lower field, the field is completely eject and
the material act the same as a type-I superconductor [8, 35].

The discovery of high transition temperature (T.) superconductor is a landmark in
the history of condensed matter physics. In 1979, the discovery of superconductivity
in the heavy fermion compound, CeCu, Si, [22] came as a surprise, because the
pairing of heavy fermions through electron-phonon interaction, as postulated by BCS
theory [7], is highly unlikely. After this discovery, other heavy fermions were discov-
ered. It has been suggested that in these compounds, the superconducting charge
carriers are bound together in pairs by magnetic spin-spin interactions. Cuprates are
the second class of high T, superconductors and was discover in 1986 by J. G. Bednorz
and K. A. Miiller with Tc = 35 K in La, ,Ba,CuO,. The other class of high T, materials
are iron-based superconductors (FebSc) which were discovered in 2008 by Hosono
and co-workers with T, =26K in LaOFeAs [7].

The first group is the iron-pnictides (nitrogen family from the periodic table [8]),
in which iron forms a zigzag layer with arsenic or phosphorous (Fe-As or Fe-P). The
1111, 111, and 122 classes group to iron pnictides. Despite their different crystal
structures and symmetry groups, they have similar magnetic structures. The second
group is iron-chalcogenides (oxygen family from the periodic table [8]), in which
iron-selenium (Fe-Se) or iron-tellurium (Fe-Te) forms the superconducting layer; this
group includes the 11 and 245 classes.

The superconducting dome is asymmetric, with rather sharp onset and more
gradual offset of superconductivity as a function of concentration. At the edge of the
dome, the width in temperature of the superconducting transitions increases, and the
diamagnetic screening fraction is substantially decreased. These characteristics may
be taken as signatures of inhomogeneous superconductivity appearing at the edges of
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the superconducting phase region, even though the chemical doping distribution
appears chemically homogeneous throughout the entire substitutional range [37].
High-entropy alloys (HEAs), newly discovered materials that were proposed in
2004, are typically composed of five or more major elements in similar concentra-
tions, ranging from 5 to 35 atom% for each element. Until now, four types of HEA
superconductors have been discovered. The type-A HEA superconductors (e.g., the
Ta-Nb-Hf-Zr-Ti superconductors) consist of the early transition metals and crystalize
on a small unit cell BCC lattice. Type-B HEA-superconductors (e.g., the
(HfTaWIr),;_Re, superconductors, x < 0.6) mainly consist of the 5d transition
metals, and crystallize on a larger-unit-cell cluster-based BCC lattice. Type-C HEA
superconductors (e.g., the Sc — Zr — Nb — Ta — Rh — Pd superconductors) are
composed of the early transition metals and the late transition metals and crystallize
on a small cell CsCl-type lattice. Type-D HEA superconductors (e.g., the
Reg 56Nbg 11Tig 11210 11Hfo 11 superconductor) crystallize on a HCP lattice [42].
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