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Preface

High-entropy alloys (HEAs) are a new class of materials defined by crystals in
which more than five elements, each with an atomic fraction between 5% and 35%,
randomly occupy one crystallographic site. The concept of HEAs initially developed
in single-site crystal structures such as face-centered cubic (fcc), body-centered
cubic (bec), and hexagonal-closed packing (hcp). However, the concept is now
adopted in many multi-site alloys (multi-site HEAs). Due to the severe lattice
distortion effect, many fcc or bcc HEAs show superior mechanical properties.

The superior mechanical properties result from the cocktail effect, which means
an enhancement of property beyond the simple mixture of constituent elements.
The cocktail effect is also observed in a multi-site HEA; for example, outstanding
thermal stability or enhancement of magnetic frustration in a high-entropy alloyed
oxide. Due to the massive elemental combination of the HEA system, there are
unlimited possibilities of finding new phenomena in the materials research on
HEAs. The synthesis of a new single-phase or multiphase bulk sample is crucial
work. In addition, fabrications of thin-film and nanocrystalline samples of
well-known HEAs are important works. It is widely accepted that first-principle
calculations, machine learning, and calculation of phase diagram (CALPHAD) are
powerful methods for screening new compounds.

This book covers some very interesting topics concerning the mechanical, physical,
and chemical properties of new HEAs, including high strength, high ductility, good
thermal stability, superconductivity, exotic magnetism, and so on. It also examines
potential applications of HEAs, such as coating against corrosion, biomaterials,
catalysts, shape memory alloys, magnetic refrigeration materials, and more. This
book provides the reader with a comprehensive overview of the frontier of materials
research and the exotic properties (mechanical, physical, chemical, etc.) and exciting
applications of HEAs.

The book consists of three sections. Section 1 focuses on HEA superconductors.
Chapter 1 summarizes the frontier studies of multi-site HEA superconductors.

The chapter focuses on HEA-type compounds with the NaCl-type, the CuAl2-type,
high-Tc cuprates, and BiS2-based layered structures. In the three-dimensional
structures with the NaCl-type and the CuAl2-type, the improvement of supercon-
ducting properties by introducing the HEA state is not clearly observed, whereas
some interesting properties are found. However, high-Tc cuprates and BiS2-based
layered HEA superconductors, characterized by two-dimensional crystal structures,
exhibit improved superconducting properties due to high-entropy effects. The
HEA effects depend on structural dimensionality. Chapter 2 describes the materials
research on fcc and Mn5Si3-type HEA superconductors.

Section 2 is devoted to HEA composites. Chapter 3 examines an Al-B4C metal
matrix composite (MMC), which is useful for shielding material for nuclear
reactors. In this chapter, the authors introduce the microstructures of Al-B4C
MMC samples. Furthermore, they examine the mechanical properties of samples
and present the results from the viewpoint of microstructures. Chapter 4 reviews
papers concerning the effect of mischmetal, La or Ce, and La+Ce additions on Al-Si



cast alloys. The review discusses the microstructures and mechanical properties of
multicomponent systems. In this chapter, the authors introduce the microstructures
of many Al-Si multicomponent alloys. The mechanical properties of samples are
well correlated with the results of microstructures. Chapter 5 summarizes the
frontier studies of high-entropy superalloys (HESAs) and laser surface modification
used to protect them. HESAs are potential alternatives to nickel superalloys and

are good candidates for gas turbine applications. After presenting the advances of
nickel superalloys and HESAs, the authors discuss the protection of superalloys,
which is necessary for gas turbine applications. The authors focus on laser surface
modifications, including laser surface melting, laser transformation hardening,
laser surface alloying, and laser glazing. It is stressed that HESAs exhibit good
oxidation resistance and high yield strength compared to traditional nickel
superalloys.

Section 3 discusses the current state of HEA design. Chapter 6 surveys the material
design of HEAs and explains the thermodynamic and electronic structure param-
eters. The authors review calculation and simulation methods such as density func-
tional theory (DFT), CALPHAD, and machine learning. Finally, the authors discuss
high-throughput screening methods for HEAs. Chapter 7 reports on the design of
HEAs using Artificial Intelligence (AI). In materials research, it is expected that

Al is quicker than other computational methods in the case of no physical model.
The authors explain machine learning in the design of HEAs as well as discuss the
methodology for implementing Al in HEAs.

I hope that many readers will be interested in this book and enter into the research
of HEAs.

Jiro Kitagawa
Fukuoka Institute of Technology,
Fukuoka, Japan
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Chapter1

Superconductivity in HEA-Type
Compounds

Yoshikazu Mizuguchi and Aichi Yamashita

Abstract

Since the discovery of superconductivity in a high-entropy alloy (HEA) Ti-Zr-
Nb-Hf-Ta in 2014, the community of superconductor science has explored new HEA
superconductors to find the merit of the HEA states on superconducting properties.
Since 2018, we have developed “HEA-type” compounds as superconductors or
thermoelectric materials. As well known, compounds like intermetallic compounds
or layered compounds are composed of multi crystallographic sites. Ina HEA-type
compounds, one or more sites are alloyed and total mixing entropy satisfies with the
criterion of HEA. Herein, we summarize the synthesis methods, the crystal struc-
tural variation and superconducting properties of the HEA-type compounds, which
include NaCl-type metal tellurides, CuAl,-type transition metal zirconides, high-T,
cuprates, and BiS,-based layered superconductors. The effects of the introduction
of a HEA site in various kinds of complicated compounds are discussed from the
structural-dimensionality viewpoint.

Keywords: superconductor, layered compounds, material design, high entropy alloy

1. Introduction
1.1 Superconducting materials

Superconductivity is a quantum phenomenon, which is characterized by
zero-resistivity states in electrical resistivity and exclusion of magnetic flux from a
superconductor [1, 2]. Superconductivity has provided many exotic research topics
not only in the field of science but also in application of superconductors. The
zero-resistivity states can achieve large-scale electricity transport with ultra-low
energy loss, very high magnetic fields, which has been used in various devices like a
magnetic resonance imaging (MRI) and a superconducting Maglev train. Although
superconductor devises look perfect, the use of superconductors are regulated by
temperature in reality because superconducting states are observed only at temper-
atures below a superconducting transition temperature (T.), which is a parameter
unique to the superconductor. To use superconducting devices, the system must be
cooled down to low temperatures lower than the T of its superconducting compo-
nents. Therefore, discovery of high-T, superconductors has been desired.

In 1986, superconductivity with a high T in a Cu oxide (La,Ba),CuO,4 was discov-
ered [3, 4]. Soon after the discovery, T of the Cu-oxide superconductor (cuprate)
family reached 90 K for REBa,Cu30; 4 (RE: rare earth) [5], which is higher than
liquid nitrogen temperature, and finally reached 135 K in a Hg-Ba-Ca-Gu-O system
[6]. After the discovery of the cuprate family, many layered compounds have been
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searched for high-T, superconductivity. In 2001, superconductivity in MgB, witha T,
of 39 K was reported [7]. Furthermore, in 2008, FeAs-based layered superconduc-
tors REFeAsO,..Fx with a T exceeding 50 K were discovered [8, 9]. Particularly, in
the cuprates and FeAs-based families, unconventional (non-phonon-mediated)
mechanisms of superconductivity has been proposed to explain their high T [10].

A surprising discovery of superconductivity at very high T; of 203 K in H;S was
reported in 2015 [11]. The phenomenon could be achieved at extremely high pres-
sures above 150 GPa, the high T; and possible conventional (phonon-mediated)
mechanisms have recently been attracting many researchers in the field of condensed
matter physics. Furthermore, higher T.s have been reported in related hydrides,
LaHy (Tt > 250 K at ~200 GPa) [12, 13] and a carbonaceous sulfur hydride system
(T: = 287.7 K at 267 GPa) [14]. To use high-T, superconducting states in hydrides, dis-
covery of new superconducting hydrides which become superconductive at ambient
pressure. The possible strategy to realize that is the utilization of chemical pressure
effects, which are applied via chemical substitutions and sometimes work like exter-
nal pressure effects. Therefore, further investigations on chemical pressure effects in
novel superconductors are needed, and high-entropy alloying of compounds would
be one of the routs to chemically modify the crystal structure of superconductors.

1.2 Superconductivity in high-entropy alloys

Although layered compounds had been the central topic in searching high-T.
and/or unconventional superconductors over the last three decades, recent works
on new superconductors have focused on various kinds of materials, which includes
complicated compounds and pure metals as well. Among them, high-entropy-alloy
(HEA) superconductors have been a developing field of study [15].

HEA is an alloy possessing high configurational mixing entropy (ASp), which
is achieved by making the alloy with more than five constituent elements with an
occupancy ranging 5 to 35 at% for each element [16, 17]. Typically, AS,;; of HEA is
calculated by AS.,ix = —R Z; ¢; In ¢;, where ¢; and R are the compositional ratio and the
gas constant [17], and reaches 1.5R. Due to high AS,,;;, HEAs exhibit stability or high
performance in high temperature and/or extreme conditions [17]. Therefore, HEAs
have been extensively studied in the fields of materials science and engineering.

In 2014, Kozelj et al. reported superconductivity with T, = 73 Kina HEA
Tag 34Nbg 33Hf0 08210 14Ti0 11 [18]. The HEA superconductor has a bee structure with
a space group of Im-3 m. In Figure 1, we compare the crystal structures of (a) a pure
Nb metal (T; = 9.2 K), (b) aNbTi alloy (T, ~ 10 K), which is the mostly-used practical
superconductor, and (c) HEA Tag 34Nbg 33Hf0 0sZ10 14Ti0 11. All those materials show
superconductivity and the crystal structure type is the same. The difference between
them is the mixing entropy ASy,;; and T,. Although the T, of HEA is lower than that
of the other two, it was surprising for researchers that such a disordered alloy exhibits
superconductivity with bulk nature. After the discovery of Ref. [18], various HEA
superconductors have been developed; material information [18-26] islisted in Table 1.

As shown in Figure 2, a superconducting transition was observed in
Tag 34Nbg 33H) 08Z10 14Tio 11 [18]. The temperature dependence of electrical resistiv-
ity (Figure 2(a)) shows metallic behavior but exhibits a relatively small residual
resistivity ratio (RRR) at low temperatures. This would be due to the presence of
disorder, and a similar trend has been observed in various HEA-type superconduc-
tors. Bulk superconductivity could be confirmed through specific heat measure-
ment as shown in Figure 2(b). From specific heat data, it has been found that most
HEA superconductors exhibit conventional (phonon-mediated) pairing states.

T, of HEA superconductors show correlation with valence electron count (VEC)
[15, 21, 27]. The type-A HEAs with lower VEC exhibit a dependence of T, on VEC

1
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(a) (c)
Nb NbTi Tag 34NDbg 33Hfq 08Zr 14 Tig 11
AS,,, =0 AS,; =0.69R AS.« =1.45R
(metal) (alloy) (HEA)
Figure 1.

Schematic image of crystal structure of (a) Nb (pure metal), (b) NbTi (alloy), and (c)
Ta0.34Nb0.33Hf0.08270,14Ti0.11 (HEA)

similar to that for crystalline metals, alloys, and amorphous materials, and the T; of
HEAs are intermediate between crystalline materials and amorphous. In contrast,
the T, of the type-C HEAs with middle VEC shows opposite behavior to that for other
forms. For the type-B HEAs, the trend of T, on VEC seems resembling that for other
forms, but their T;s are clearly lower than that for crystalline and amorphous materi-
als. As mentioned in Ref. [15], there would be a clear effect of crystallinity on T, at
the same VEC range, but the origin of the different trends between type-A, type-B,
and type-C regimes have not been clarified from physical viewpoint (Figure 3).

Another notable character of HEA is a robustness of superconductivity to
extremely high pressure. As reported in Ref. [20], the T, of Ta-Nb-Hf-Zr-Ti slightly
increases by external pressure effect and the 10 K-class T, maintains under extreme
pressures like 200 GPa. However, the robustness of superconductivity to extremely
high pressure was reported for simpler NbTi with a clear increase in T, to 19.1 K at
261 GPa [28]. Therefore, the issue if HEA can improve the stability of superconduc-
tor under extremely high pressures has not been clarified.

1.3 Concept of HEA-type compounds

As described in subsection 1-2, superconductivity in HEAs has been discovered
and been regarded as a new research field of superconductivity. However, the
merit of HEA states for superconductors has not been fully understood. Therefore,
development of new types of HEA superconductors is needed. The hint to expand
the material variation of HEA superconductors was proposed in Ref. [29],
in which a HEA superconductor with a CsCl-type structure was reported. Since
the CsCl structure contains two independent crystallographic sites, we have
flexibility of elemental solution at the two sites. When calculating total AS,;,
of (ScZrNbTa)¢s(RhPd) 35 by taking the sum of AS,,;,s for site-1 and site-2,
it appears to reach very high AS,,;x of 1.79R. A similar site separation has been
observed in (Nbg 11Reg s6) (HfZrTi) 33 [30]. Motivated by those studies on HEAs
with site separation, we have tried to synthesize various “HEA-type compounds”,
which contain NaCl-type metal chalcogenides [31-33], CuAl,-type tetragonal TrZr,
(Tr: Fe, Co, Ni, Cu, Rh, Ir) [34, 35], high-T, RE123 cuprates [36], and BiS,-based
layered superconductors [37, 38]. The concept of HEA-type compounds it that we
achieve a high AS,;; by site-selective alloying. As shown in Figure 4, HEA-type
compounds have a HEA-type site, in which five or more elements are solving and a
normal site, which is not in the HEA state. The list of superconducting HEA-type
compounds is shown in Table 2. By studying HEA effects to crystal structure and
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Composition ASmix/R T. (K) Structure Ref.
Tay 34Nbyg 33Hf 08710 14Tio.11 145 73 bec [18, 19]
(TaNb) o 67(HfZrTi)o 33 146 77 bec [20]
(TaNb)o7(ZrHfTi)o3 143 8.0 bec [21]
(TaNb) (ZrHfTi) o33 124 78 bce
(TaNDb)o7(ZrHfTi) 4 131 76 bec
(TaNb)o7(ZrHfTi) o5 139 6.5 bcc
(TaNb)7(ZrHfTi) g4 1.60 4.5 bec
(TaNb)o67(Hf) 033 110 73 bee
(TaNb) o 67(HfZr)o 33 133 6.6 bec
Nby¢,(HfZrTi) o33 1.00 9.2 bee
(NbV)6,(HfZrTi) o33 146 72 bec
(TaV)o67(HfZrTi)o 33 146 4.0 bee
(TaNb)6;(HfZrTi) 33 146 73 bec
(TaNbV)¢67(HfZrTi) ¢33 173 4.3 bec
Hf.21Nbo 25 Tio.15V0.5Z10.24 159 53 bee [22]
Tag 3sNbg 3521015 Ti0 15 1.30 8.0 bee [23]
(ZrNDb)(,(MoReRu) g 1.52 4.2 bcc [24]
(ZrNb)(1(MoReRu) (9 1.38 53 bec
(HfTaWIr)¢Reg 4 1.50 19 bec + hep
(HfTaWIr)gsReg s 1.39 2.7 bec + hep
(HfTaWIr)4Reg 6 1.23 4.0 bec
(HfTaWIr)(3Req 7 1.03 4.5 bcc
(HfTaWIr)(,Reg g 0.78 57 bcc
(HfTaWPt)osReg 5 1.39 22 bec + hep
(HfTaWPt)o4Req ¢ 1.23 44 bec
(HfTaWPt)3Reg 7 1.03 57 bcc
(HfTaWPt),5Req 75 091 6.1 bcc
Nbye1Tays1Tiy34Z10 254 1.39 8.3 bee [25]
Nbo 198Ta0.189T0.208Z10.187Hf0 218 161 71 bee
Nbo 163T0.157Ti0 16920 171Hf0.175Vo 165 179 5.1 bee
Nbyg,Tag,Tig2Zr0 Feo 2 161 6.9 bec
Nby,Tag,Tip,Zro,Geg 161 8.4 bec
Nby ,Tag ;Tig2Z10 2Si92Vo 2 1.79 4.3 bee
Nby ,Tag,Tip2Zr0,Sip 2Geo 2 179 74 bec
(TaNb) 31 (TiUHf) g 69 1.59 3.2 bec [26]
Table 1.

List of HEA superconductors and HEA-type superconducting compounds; composition, mixing entropy, T, and
structural type are summarized.

physical properties in various crystal structures, we could identify the merit of HEA
states in those compounds. In section 2, we review the material synthesis, crystal
structure, and physical properties of newly synthesized HEA-type compounds.
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Composition ASix/R ASix/R ASix/R T. (K) Structure Ref.
(sitel) (site2) (Total)

(ScZrNbTa)o ¢s(RhPd) g 35 118 0.61 179 93 csCl [29]

(ScZrNb) 63 (RhPd) o 37 116 062 179 75 Pm3m

(ScZrNb)g6,(RhPd) 35 1.16 0.63 1.79 6.4

(ScZrNb) ¢ ¢o(RhPd) 49 114 0.64 1.78 39

(NboReo s¢) (HFZHTi)o 33 0.73 0.57 130 44 hep 30]

(Ago_zlno_zsno_zpbngio_z) Te 161 0 1.61 2.8 NaCl [31]
Fm-3m

(Ag0.20Cdo.20S10 20Sbg 15Pbyg 20) 1.60 0 1.60 1.2 NaCl [32]

Tey.05 Fm-3m

(Ago.24Ing 225100 18Sbo 14Pbo 19) 159 0 1.59 14

Ter.03

(Ag0.22Cdo 2In0 23510 175b0 14) 159 0 1.59 0.7

Ter02

(Ag0.19Cdo.19S10.20Pbo 18Bi0 1) 161 0 1.61 1.0

Tey.03

(Ago.21Cdg 191N 55Pbo 16Bio 18) 1.60 0 1.60 1.0

Tey.00

(Ag0.21Cdo 211N 24S10.19Bi 19) 161 0 1.61 1.0

Teoo7
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Composition ASpnix/R ASnix/R ASpnix/R T. (K) Structure Ref.
(sitel) (site2) (Total)

(Ago.24In9 25Pbg 27Big 26) Ter.02 137 0.00 137 2.7 NaCl [33]
Fm-

(Ago 2910 26Pbo B0 24) 138 051 1.89 25 m-3m

(Teo78Se0.20)

(Ago.34In015Pbo.24Big 29) 135 0.65 2.00 2.0

(Teo 655€0.34)

(Co,Nig1Cug 1Ry 311 3) Zr, 147 0 147 7.8 CuAl, [34]
I4/mem

(Feo.093C00.194Nig 113Rhg 271110 1.50 0 1.50 7.8 CuAl, [35]

39)21 I4/mem

(Fe.108C00.297Nig 20:Rho.073 148 0 148 6.7

Iro 300) Z12

(Feo.190C00.190Nig 200Rho 212 161 0 1.61 54

Tro 208) Z1>

(Feo.293C00.190Nio 300Rho 093 1.52 0 1.52 4.8

Tro124) Z1,

(Yo.28Ndg 16Smg 18EU0 18Gdg 20) 1.59 0 1.59 93.0 Layered [36]

Ba,Cu307.4 Pmmm

(Yo.18L.20.24Ndg 14Smy 14Eug 15 177 0 177 93.0

Gdo15)Ba,Cu307.4

(Lag,Ceq2Prg,Ndg ,Smy ) 161 0.69 2.30 4.3 Layered [37,

00.5F0.sBiS; P4/nmm 38]

(Lag3Ceq 3Pro,Ndy1Smg 1) 1.50 0.69 2.20 34 Layered [37]

00.5F0.sBiS; P4/nmm

(Lag1Ceo 1Pro3Ndg 35my ) 1.50 0.69 2.20 47

0,.5F0.5BiS;

(Lag‘1Ceo,1Pro.2NdoA3Sm0,3) 1.50 069 2.20 49

Og5Fo5BiS,

(Lag 23Ce0.32Pr0.21Ndg 09Sm0 10) 1.50 0 1.50 34 Layered [39]

BiS, P4/nmm

(Lag.10Ceo.29P10.33Ndg 195mMy 09) 149 0 149 4.3

BiS,

(Lag 23Ceo 21Pro19Ndg 19Smy 17) 1.60 0 1.60 33

BiS,

(Lag.09Ce0.29P10.12Ndg 215mp 29) 1.52 0 1.52 4.6

BiS,

Table 2.

List of HEA-type superconducting compounds; composition, mixing entropy (site-1, site-2, total), T, and
structural type ave summarized.

2. NaCl-type metal chalcogenides MCh
2.1 Metal tellurides MTe

The NaCl-type metal telluride family is one of the hot systems because it includes
thermoelectric PbTe [40] and a topological crystalline insulator SnTe [41]. For
superconducting tellurides, high-pressure synthesis was used to stabilize the NaCl-
type structure [42-44]. For example, the low-pressure phase of InTe has a TISe-type
structure, but the high-pressure phase of InTe has a NaCl-type structure. The high-
pressure phase can be obtained by high-pressure synthesis [43, 44]. Motivated by
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these facts, we tried to synthesize HEA-type tellurides M Te where the M site is in the
HEA state (see Figure 4(b) for crystal structure) by high-pressure synthesis.

Figure 5(a) shows the temperature dependence of electrical resistivity for
AgInSnPbBiTes, in which the M site is evenly occupied by Ag, In, Sn, Pb, and Bi (five
metals) [31]. Very small RRR was observed, which is a similar trend to that in HEA
superconductors [18]. In addition, four different MTe (M: Ag, In, Cd, Sn, Sb, Pb, Bi)
superconductors with a HEA-type site has been obtained [32]. Interestingly, there is
a correlation between the lattice constant and T; in HEA-type MTe. In Figure 5(b),
the data for typical MTe superconductors are plotted. It is found that the trend that
T, increases with increasing lattice constant is common among the plotted MTe. The
T.s of HEA-type are, however, lower than those of low-entropy tellurides, such as
InTe and (In,Sn)Te. Therefore, the introduction of the HEA-type M site is found to
negatively work for T, in MTe. This negative effect would be due to the direct effect
of strong disorder to the M-Te bonding states and hence electronic states.

2.2 Hybrid high-entropy alloying in MCh
The Te site of MTe can be substituted by S and Se. The flexibility of both M

and Te sites to element substitution enables us to design “hybrid HEA”, in which
both sites are alloyed [33]. Figure 6(a) shows the X-ray diffraction patterns for

(C) (GoNCURNI) (d) ) . (e) gja.Ce,Pr‘Nd.Sm)

(a) (Ti,Zr,Nb,Hf. Ta) (b) (Ag,In,Sn,Pb,Bi)
' 0

BCC metal NaCl-type MTe CuAl,-type TrZr, REBa,Cuz07 REOQ, sF, sBiS,
(HEA) (HEA-type compound) (HEA-type layered compound)
Figure 4.

Crystal structure images of conventional HEA (a) and HEA-type compounds (b—e).
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(a) Temperature dependence of the electrical resistivity of AgInSnPbBiTes. Original data has been published in
Ref. [31]. Copyright 2019 by the Physical Society of Japan. (b) Relationship between lattice constant and T, for
metal tellurides including HEA-type tellurides. The elements written in the figure indicate compositions of the
M site. Original data has been published in Ref. [32]. Copyright 2020 by IOP.
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(a) X-ray diffraction patterns for hybrid-HEA-type (Ag, ,5In,.,5Pb25Bio5) Te, xSey. (b) Schematic image of
the crystal structure and mixing entropy for x = 0.25 (c) temperature dependences of electrical rvesistivity
(Ago.25In.,5Pb o ,Bio »5) Te, xSe, under magnetic fields. (d) Temperature dependence of magnetic susceptibility.
The inset shows the magnetization-field curves. Original data has been published in Ref. [33]. Copyright 2020

by the Royal Society of Chemistry.

(Ago.25Ing 25Pby 25Big 25) Ter.,Sey. Notably, mixing many elements at two sites

does not result in phase separation, and a single-phase sample was obtained for

x = 0.25, while small impurity phases were detected for x = 0.5. Forx = 0.25, as
displayed in Figure 6(b), the AS,;, for the M and Ch sites are 1.38R and 0.51R,
and the total AS,;, reaches 1.89R. Furthermore, the total AS,;, for x = 0.5 reaches
2.00R. These ASx values are clearly higher than that for HEAs (Table 1).
Therefore, alloying at two or more sites (hybrid high-entropy alloying) results in
very high total AS .
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The superconducting properties for (Agg2sIng 2sPbg 25Bio 25) Ter Sey are shown
in Figure 6(c). A superconducting transition with T, > 2 K was observed forx = 0
and 0.25. By focusing on these two phases, interesting trend was found. Although
the T, for x = 0.25 is lower than that for x = 0, the suppression of T, forx = 0.25
under magnetic fields is clearly smaller than that for x = 0. From the estimation of
upper critical field (H,,), it was found that the H., (0 K) forx = 0.25 is higher than
that for x = 0. In addition, from the measurements of the magnetization-field loop,
it was confirmed that the critical current density (J.) at 1.8 K for x = 0.25 is larger
than that for x = 0. These results suggest that an increase in AS,;, may be useful
to improve H, and/or ], characteristics of superconductors if the problem on the
suppression of T; could be solved.

3. CuAl,-type TrZr,

As shown in the last section, high-entropy alloying of a compound, which pos-
sesses two or more crystallographic sites, is a route to develop new superconductors
with a high mixing entropy. In addition, in HEA-type compounds, not only the site
entropy but also the entropy of chemical bonding states should be higher than nor-
mal alloys or compounds. To discover new HEA-type superconductors, the use of
material database is quite useful. SuperCon (NIMS database) [45] is a database of
superconductors and contain information of composition, structural type, Tc, and
reference of the material. To achieve the material design of HEA-type superconduc-
tors, we have to find a system in which compositional variation is rich within the
same structural type, and superconducting transition has been observed. Herein,
we introduce an example of material design for new HEA-type superconductors.

TrZr, (T, transition metal) with a tetragonal CuAl,-type structure
(Figure 4(c)) is a superconducting system. For Tr = Fe, Co, Ni, Rh, Ir, super-
conductivity was reported. Among them, CoZr,, RhZr,, and IrZr, exhibits a
higher T of 5.5, 11.3, and 7.5 K, respectively [46]. Furthermore, the T site can
be partially substituted by Sc, Cu, Ga, Pd, and Ta [34, 45]. These facts suggest
that the T site of TrZr, can be modified into a HEA-type site. We synthesized
Cog,Nig 1Cug 1Rhg 3Irg 3Z1; by arc melting and observed superconductivity with
a T, of 8 K [34]. The Tr site of Cog,Nig1Cug1Rhg 3lrg3Zr, contains five transition
metals, and the AS,,;, for the T site is about 1.5R. In addition, (Fe,Co,Ni,Rh,Ir)
Zr, superconductors were also synthesized and exhibited superconductivity [35].
Interestingly, the resulting T, in HEA-type phases was very close to the weighted-
average T. of pure TrZr, systems. Although the origin of the unexpected behavior
is still unclear, the effects of disordering by the HEA-type site to superconducting
properties seem very limited. The difference in the HEA effects between MCh and
TrZr, may be caused by the different structural complexity.

As shown in Figure 7(a), the temperature dependence of resistivity exhibits a
relatively large RRR as compared to other HEA-type superconductors. However, a
large RRR of ~30 was reported for CoZr, single crystals [47], which is clearly larger
than that for HEA-type TrZr,. Therefore, the HEA effects (disordering effects) to
transport properties would be a common trend. Figure 7(b) shows the tempera-
ture dependences of the specific heat for Cog ,Nip 1Cug 1Rhg 3Ir¢ 3Zr; in the form
of C/T. Although a clear jump of C/T at the T, is seen, the transition is broader as
compared to the case of CoZr,. The trend of broad transition in specific heat at T
was not observed in a HEA superconductor but observed in HEA-type compounds.
Because the superconducting transitions observed in resistivity and magnetization
were sharp, the broad transition in the specific heat would suggest microscopic
local phase separation in HEA-type superconducting compounds.
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4. Cuprate (high-T.) superconductors REBa,Cu;0;_,
As mentioned in introduction, cuprates (Cu oxides) have been extensively

studied in the fields of science and engineering because of its high T.. Among them,
REBa,Cu307., (RE123) system [5] is one of practical materials for superconductivity
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Figure 8.
Orthorhombicity parameter (2Ja-b|/(a + b)) dependences of (a) T, and (b) magnetic J. (T =2 K, B=1T) for
REBa,Cu;0,.4. Original data has been published in Ref. [36]. Copyright 2020 by Elsevier.
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application. In addition, a high J. was reported in RE123 samples with three ele-
ments at the RE site [48]. Motivated by the fact, we synthesized polycrystalline
samples of REBa,Cu;0;_,; with different AS,;; for the RE site [36] by standard solid-
state reaction in air. In the study, two-step annealing was performed to optimize
oxygen content (d) because oxygen content affect crystal structure (orthorhom-
bicity) and superconducting properties of REBa,Cu30;.,. A high superconduct-

ing property is generally achieved in an orthorhombic phase in the system, we
estimated the orthorhombicity parameter (OP), which is given by 2|a-b|/(a + b),
and plotted the estimated T, and magneticJ. (T = 2K, B = 1 T) for REBa,Cu30;, as
a function of OP as shown in Figure 8. Note that the data points are colored accord-
ing to the number of elements contained at the RE site. From the plot, it is found
that Tc does not show a remarkable correlation with AS,,ix (RE site) and exhibits a
clear correlation with OP. J. also exhibits a trend of improvement with increasing
OP. These facts suggest that disorder introduced by high-entropy alloying at the
RE site (see Figure 4(d)) does not largely affect superconducting properties of
REBa,Cu;30;.4, which is a two-dimensional layered compound. Because the trend is
clearly different to that observed for cubic (NaCl-type) tellurides with a HEA-type
site, crystal-structure dimensionality is a key factor to how the introduction of
HEA-type site affects superconducting properties in compounds.

In Figure 8(b), we found three data points for HEA-type samples show a ] larger
than that for the other low-entropy samples at OP = 0.01-0.015. Although it has not
been fully clarified whether the slightly large J.s in the HEA-type samples are caused
by high-entropy alloying or not, the effect of high-entropy alloying for cuprates
should be further studied to find the way to improve practical performance of
cuprate superconductors.

5. BiS,-based layered superconductors RE(O,F)BiS,

BiS,-based superconductor family is one of the layered superconductor families
and was discover in 2012 [49-51]. The crystal structure is composed of alternate
stacks of a conducting BiS, bilayer and a blocking layer (for example, a REO layer),
which is similar to that of high-T, systems. Furthermore, unconventional super-
conductivity has been proposed from theoretical and experimental studies on the
BiS,-based compounds [51].

A typical BiS,-based system is REOBIS, (see Figure 4(e)). Because non-doped
REOBIS, is a semiconductor, electron carrier doping is required to induce metal-
licity [50]. For RE = La, a superconducting transition was observed at 2.5 K after
electron doping through partial substitution of O by F in LaO sF, sBiS,. However,
the superconductivity states in La(O,F)BiS; is not bulk in nature. This is due to the
presence of the local disorder due to Bi lone pairs, and the local disorder could be
suppressed by in-plane chemical pressure effects [52-54]. In-plane chemical pres-
sure can be generated by RE-site substitution by smaller RE ions or Se substitution
for the S site. By increasing in-plane chemical pressure, local disorder is suppressed,
and bulk superconductivity is induced [52, 53]. Therefore, one can say that RE(O,F)
BiS;, is a useful system to investigate the effect of structural modification on local
crystal structure and superconducting properties. This suggests that the investiga-
tion of the effects of introduction of a HEA site in RE(O,F)BiS, would provide us
with key information about interlayer interaction through the HEA states.

The HEA-type samples of REQ, sF, sBiS, with RE = La, Ce, Pr, Nd, Sm were syn-
thesized by solid-state reaction in an evacuated quartz tube [37]. Figure 9(a) and (b)
show superconducting properties of four different HEA-type REO sF, sBiS, samples.
The T, varies depending on the RE-site composition. As shown in Figure 9(c), these
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(a, b) Temperature dependences of (a) electrical vesistivity and (b) magnetic susceptibility for HEA-type
REO, ;F,sBiS,. (c) Lattice constant a dependences of T, and Aqmy (T = 2 K). Original data has been published

in Ref. [37]. Copyright 2020 by IOP,

four samples have different lattice constants &, which is corresponding to different
in-plane chemical pressures. Therefore, the variation of T, can be understood with
the in-plane chemical pressure scenario. When focusing on the samples with the
same lattice constant  and different mixing entropy, we find that the supercon-
ducting properties (T, and A4xy) of the HEA-type sample are higher than those of
low-entropy samples (Figures 9(c) and (d)). The facts indicate that an increase in
AS i for the RE site may positively work in improving superconducting properties.
Therefore, we systematically prepared REO sF, 5BiS, samples with the same lattice
constant a and different AS, to investigate the interlayer interaction [38].

As summarized in Figure 10(a), we succeeded in preparation of a set of five
REOQ, 5F, sBiS, samples with almost the same a and systematically varied ASy;x.
Because the lattice constant 4 nearly corresponds to the degree of the in-plane
chemical pressure, the set of samples have almost similar in-plane chemical
pressure. Therefore, we could detect the effects of the increase in AS;, to super-
conducting properties and local structural disorder [38]. Through magnetic suscep-
tibility measurements, we confirmed that shielding volume fraction increases with
increasing ASp,ix while the T, does not change (Figure 10(c) and (d)). To under-
stand the origin of the improvement of superconducting properties, local structure
was analyzed using synchrotron X-ray diffraction. As summarized in Figure 10(b),
suppression of in-plane structural disorder, which was detected by anisotropic
displacement parameter for the in-plane direction (Uy;), was achieved by the HEA
effect at the RE site. Similar trend was observed in another set of REQ, sF sBiS,
samples with larger lattice constant (comparable to that of CeOgsFsBiS,). The
results propose that high-entropy alloying at the blocking layer would modify
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has been published in Ref. [38]. Copyright 2020 by Elsevier.

the local structure at the conducting layer in BiS,-based layered compounds. This
effect should be a new strategy to develop novel functional materials with a layered
structure.

6. Conclusion

In this chapter, we reviewed the works on HEA superconductors and HEA-type
superconducting compounds, which have been developed applying the HEA con-
cept in simple alloys to more complicated compounds. By introducing a HEA-type
site (or alloying multi sites) in a compound, a high mixing entropy can be achieved.
HEA-type compounds would have a high mixing entropy at the alloyed site and a
highly (randomly) disordered bonding states. For a three-dimensional system, such
as NaCl-type chalcogenides, introduction of the HEA-type M site in MCh resulted
in suppression of T, but, at the same time, slight enhancements of Hy, and J. were
observed. For tetragonal (CuAl,-type) TrZr,, the introduction of the HEA-type
site does not suppress T.. Furthermore, for layered systems, such as REBa,Cu30; 4
cuprates and BiS,-based RE| sF, sBiS,, high-entropy alloying rather improves their
superconducting properties. Through investigations of the HEA effects to supercon-
ducting and structural properties for HEA-type compounds with different struc-
tural types, we conclude that the HEA effects are highly depending on the structural
dimensionality. Hence, to effectively use the HEA effect to improve superconduct-
ing properties of compounds, target structure should be lower-symmetric, a layered
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structure or a one-dimensional structure. To obtain further knowledge about

the presence/absence of local phase separations, pinning characteristics, and the
HEA effect to superconducting pairing states, further investigations on HEA-type
superconducting compounds using various probes are required.
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Chapter2

Materials Research on
High-Entropy Alloy
Superconductors

Jivo Kitagawa, Naoki Ishizu and Shusuke Hamamoto

Abstract

The first purpose of this chapter is materials research on face-centered-cubic
(fcc) high-entropy alloy (HEA) superconductors, which have not yet been reported.
We have investigated several Nb-containing multicomponent alloys. Although we
succeeded in obtaining Nb-containing samples with the dominant fcc phases, no
superconducting signals appeared in these samples down to 3 K. The microstructure
analyses revealed that all samples were multi-phase, but the existence of several new
Nb-containing HEA phases was confirmed in them. The second purpose is the report
of materials research on the MnsSi;-type HEA superconductors. This hexagonal
structure offers various intermetallic compounds, which often undergo a super-
conducting state. The MnsSi;-type HEA is classified into the multisite HEA, which
possesses the high degree of freedom in the materials design and is good platform for
studying exotic HEA superconductors. We have successfully found a single-phase
Mn;Si;-type HEA, which, however, does not show a superconducting property down
to 3 K. The attempt of controlling the valence electron count was not successful.

Keywords: high-entropy alloys, superconductivity, face-centered-cubic, niobium,
Mn;Siz-type

1. Introduction

High-entropy alloys (HEAs) are a new class of materials and have attracted
a great deal of attention [1, 2]. The concept of HEA was originally proposed for
a face-centered-cubic (fcc), body-centered-cubic (bec), or hexagonal-closed
packing (hcp) structure. The most prominent feature of a HEA is that more than
five elements, each having an atomic percentage between 5% and 35%, randomly
occupy one crystallographic site (see also Figure 1(a)). This produces a large mix-
ing entropy, and HEAs exhibit the combination of high yield strength and ductility
[3], high strength at elevated temperatures [4], strong resistance to corrosion and
oxidation [5], and so on. The high-entropy concept is extensively adapted in various
materials such as oxides, chalcogenides, and halides [6, 7].

One of the novelties of HEAs is a cocktail effect, which indicates an enhance-
ment of physical properties beyond the simple mixture of those of components.
For example, several bcc HEAs show superior mechanical properties compared to
conventional hard materials. Another example is found in magnetic spinel oxide
(Mg 2C0¢2Nig ,Cug ,Z1ng 2) AL,O4. The high-entropy type spinel oxide interestingly
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(a) (b)

Figure 1.
Crystal structure of compounds with (a) fec and (b) MnsSis-type structures. In (a), a multicolored ball means
a random occupation by constituent elements.

shows enhanced magnetic frustration [8]. The cocktail effect is also reported in the
structural stability of high-entropy-type materials. A y-type disilicate structure is
stable from room temperature to 1900°C in (Gdy6Tb1/Dy1/6Tmy6Y by gLt /6) 251,05
The outstanding thermal stability is ascribed to the high-entropy state at the rare-
earth site [9]. The other novelty of HEAs is the tuning of physical properties via the
change of microstructure. The manufacturing process of HEAs considerably affects
their microstructures, which are often deeply related to their physical properties.
Fe;5Co;5NiyMn,oCusg shows a spinodal decomposition after the heat treatment
[10]. The spinodally decomposed sample exhibits enhanced Curie temperature and
magnetization compared to the homogenized single-phase sample. The tuning of
magnetic properties is also reported in dual-phase HEAs [11-13].

One of the new research topics in HEA is the superconductivity found in
2014 [14]. Transition metal-based superconductors, forming simple crystalline
structures, follow the so-called Matthias rule. When the superconducting critical
temperature T is plotted as a function of valence electron count per atom (VEC),
this rule shows broad peak structures at the specified VEC [15]. On the other hand,
transition metal amorphous superconductors do not follow this rule and frequently
show relatively high T values in the valley of the curve of the Matthias rule [16].
HEA superconductors with simple crystal structures have been found in bec
[17-22] and hcp [23-26]. The T, vs. VEC plots of these HEAs seem to fall between
a crystalline curve and an amorphous one [27, 28]. Thus, HEA superconductors
will shed light on the study of the relationship between crystalline and amorphous
compounds.

In the typical HEAs with fcc, bee, or hep structure, the superconductivity seems
to appear in bec or hep HEAs. According to the classification by VEC, single-phase
fcc HEA is stabilized for VEC larger than 8.0 [1, 2], where T, would be substantially
reduced in the VEC dependence of T, observed in the Matthias rule. So it may be
unrealistic to search for an fcc HEA superconductor. However, this is valuable
to challenge because an fcc HEA superconductor would contribute to the deep
understanding of HEA and/or the relationship between crystalline and amorphous
compounds. In this chapter, we introduce our attempt at the search for an fcc HEA
superconductor. Our strategy is to employ a rather high T element because the
HEA superconductors reported to date contain superconducting elements [28]. We
focused on the Nb-containing HEAs.

The concept of HEA is now used in superconducting materials with the crystal
structures possessing multiple Wyckoff positions. For example, CsCl-type, a-Mn-
type, A15, NaCl-type, 6-phase and CuAlL,-type HEA superconductors are reported
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[29-37]. High degree-of-freedom in such a multisite HEA design would promote
the investigations of multisite HEA superconductors. The second purpose of this
chapter is the materials research on the hexagonal MnsSi;-type HEAs, possessing
multiple Wyckoff positions. Recently, several superconductors with the MnsSi;-
type—or its ordered derivative TisGay-type—structure have been found and attract
much attention [38-44]. Besides, many intermetallic compounds are crystallizing
into these crystal structures [45, 46]. Figure 1(b) shows the crystal structure of the
Mn;Siz-type compound represented by MsX;. The space group is P63/mcm, and the
M atoms occupy the 44 (for M1 atom) and 6 g (for M2 atom) Wyckoff positions
and the X atom another 6 g one. The M2 atoms form a face-sharing octahedral chain
along the c-axis. The X atoms also form another octahedron, which encloses the M1
atom forming a one-dimensional atomic chain along the c-axis.

In this chapter, we report the synthesis and characterization of the fcc and
the MnsSiz-type HEA samples. The measurement of AC magnetic susceptibility
checked the superconducting state. We also present the phase analyses of both kinds
of samples. Finally, the future direction of materials research on superconducting
HEAs is mentioned.

2. Materials and methods

All samples were synthesized by a home-made arc furnace in an Ar atmosphere.
The constituent elements as listed in Table 1 were arc-melted on a water-cooled Cu
hearth. The samples were turned over and melted several times. The Mn;Si;-type
HEAs were annealed at 800°C for four days in evacuated quartz tubes.

A powder X-ray diffractometer (XRD-7000 L, Shimadzu, Kyoto, Japan) with
Cu-Ka radiation was employed to detect the X-ray diffraction (XRD) patterns of

Element Supply company Purity Crystal Atomi(i VEC
(%) structure radius (A)
Zr Soekawa Chemicals, Tokyo, Japan 99 A3 (hep) 1.6025 4
Nb Nilaco, Tokyo, Japan 99.9 A2 (bcc) 1.429 5
\% Kojundo Chemical Laboratory, Sakado, 99.9 A2 (bec) 1.316 5
Japan
Ru Soekawa Chemicals, Tokyo, Japan 99.9 A3 (hcp) 1.3384 8
Ir Furuya Metal, Tokyo, Japan 99.99 A1 (fec) 13573 9
Rh Soekawa Chemicals, Tokyo, Japan 99.9 A1 (fcc) 1.345 9
Pd Tanaka Kinzoku Kogyo, Tokyo, Japan 999 A1 (fec) 13754 10
Cu Soekawa Chemicals, Tokyo, Japan 99.99 Al (fec) 1.278 11
Sc Furuya Metal, Tokyo, Japan 999 A3 (hcp) 1.641 3
Ti Nilaco, Tokyo, Japan 99.9 A3 (hcp) 1.4615 4
Ga Kojundo Chemical Laboratory, Sakado, 99.99 All 1.392 3
Japan
Si Soekawa Chemicals, Tokyo, Japan 99.999 A4 1.153 4
Ge Soekawa Chemicals, Tokyo, Japan 99.999 A4 1.24 4
Pt Tanaka Kinzoku Kogyo, Tokyo, Japan 99.9 A1 (fcc) 1.387 10
Table 1.

Materials used in this study. The supply company, purity, crystal structuve at voom temperature, atomic vadius
[47], and VEC are also listed.
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prepared samples. The microstructure of each sample was examined by a field
emission scanning electron microscope (FE-SEM, JSM-7100F; JEOL, Akishima,
Japan). The atomic compositions of the samples were checked by an energy disper-
sive X-ray (EDX) spectrometer equipped to the FE-SEM.

To confirm the diamagnetic signal due to the superconducting state, the tem-
perature dependence of the AC magnetic susceptibility y,. (T) was measured by a
home-made system in a GM refrigerator (UW404, Ulvac cryogenics, Kyoto, Japan)
between 3 and 300 K. The amplitude and the frequency of the AC field were 5 Oe
and 800 Hz, respectively.

3. Results and discussion
3.1 Nb-containing fcc HEAs

The starting compositions of prepared Nb-containing samples were determined,
considering the conventional design rule [1, 2]: a 6-value less than 5% and a VEC

larger than 8.0. To realize the requirements, fcc elements were predominantly used
(see also Tables 1 and 2). The parameters of § and VEC were calculated as follows:

No. Sample Composition of Phase I, Il or III 6 VEC
1 CuiaoNbisPdysRhsoVio 352 865
Phase Cug 3(8)Nby1.28)Pda16(4)Rha29(5) Ve.o(s) 314 8.29

Phase II Ctizs.45)Nbrz(sy PdsgcyRhaga o) Vigecs) 326 8.32
Phase 11 Cuigs(s)NbaoyPdys sy Rhyy Vi 356 1038
2 Cuyylry;NbysPd,,Rhyy 345 9.04
Phase Cuy.4(6)I136.4(3)Nb24 34)Pdi0 19)Rhzs(3) 2.52 8.16

Phase II Cuig s Irs(yNbyz 56, Pdss sy Rhara) 266 913
Phase 111 CttiogsyNbaoyPdsyRhyqy 374 1016

3 CuyNbysPdy,Rhy Zry 8.00 799
Phase I Cuyo33)Pds7202)Rho24)Z124 35 8.30 8.54

Phase I CttyyNbys oy Pds oy Rhary Zriry 6.60 673

Phase III Cusy(1)Pds31)Rhy(1)Zr 1) 9.33 9.22

4 CuizoNbysPdyyRhysVieZrs 562 834
PhaseI Cus 5(3)Nbys 7(5)Pda1 1) Rhos 15y V1) Zrg 75 5.98 8.26

Phase I Cuys,0(5)Nbya1yPdis1yRha72(5) Vis s s) 3.72 7.89
Phase III Cugg(1)Pdiaqry 2.62 10.86

5 CusoNbaoPdsoVio 444 89
PhaseI Cup112)Nbazg2)Pd397¢) Vii 57) 4.05 8.25
Phase IT Cugoz5)Pdio 565) 2.35 10.89

6 Ir;0Nby7Pd33RhygRuy, 221 8.54
Phase I Ir1552)Nbi77(8)Pd20.3(7) Rhag 72) R ss) 230 833

Phase II Ir4,06)Nbig 05 Pds11yRhao 1y Ruz7) 2.02 8.8

Table 2.

8 and VEC of Nb-containing samples and phases detected by EDX measurements.
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1

and

VEC =>¢,VEC,, @)
i=1

where c;, 7;, and VEC; are the atomic fraction, the atomic radius, and the VEC
of element i, respectively, and 7 is the composition-weighted average atomic
radius. The parameter § means the degree of the atomic size difference among the
constituent elements. The calculated parameters for the prepared samples are
listed in Table 2, in which the samples are named as their starting compositions.
CuzoNb15Pd25Rh30V10, Cu21Ir21Nb15Pd22Rh21 and IrloNb17Pd33Rh28Ru12 fulfill the
design requirements. To investigate the effect of larger § values, two samples,
including a Zr atom, were prepared.

Shown in Figure 2 is the XRD patterns of prepared samples. In the upper
five samples, all containing Nb, Pd, and Cu atoms, Cu,oNbysPd,;sRh30V; and
CuyIry;NbysPd,;Rhy; possess dominant fec phases. On the other hand, the XRD pat-
terns of Zr—containing samples (Cu21Nb15Pd22Rh21Zr21 and CU.20Nb15Pd24Rh25V10Z1‘6)
cannot be characterized by fcc phases. These results suggest that Zr is unfavorable
for the formation of an fcc structure. In order to further investigate the formation
condition of the single fcc phase, the quaternary alloy CusoNbyPd3oVyo was
synthesized. As shown in Figure 2, this sample exhibits two fcc phases with quite
different lattice parameters. The XRD pattern of the sample with no Cu atom

6.4

1 T 1)
[ ] =
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- A ] ™ e o |
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Figure 2.
XRD patterns of Nb-containing samples. The origin of each pattern is shifted by an integer value.
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: l_()-;.un

Figure 3.

Back-scattered electron (15 keV) images of (a) Cu,oNb s Pd,sRh3oVye (b) Cttyidry,Nb,sPd,,Rb,,, (c)
CuanszdzthnZVzu (d) CuzoNb15Pd24Rh25‘/1¢)ZVH: (e) Cu4oNh20Pd3a‘/1m and (f) IrzoNbuPd;;haSRuzz:
respectively.

(see the bottom of Figure 2) can be explained by an fcc phase. The lattice param-
eters of all fcc phases were obtained by the least-square method [48, 49] and are
shown in Figure 2.

Figures 3(a)—(f) display the SEM images of samples, all indicating multi-phases.
In CuzoNblspdzsRh30V10 (Figure 3(3)) and Cu21Ir21Nb15Pd22Rh21 (Figlll‘e 3(b)),
three contrast phases I, IT and III were detected. In each case, the brightest area
(phase I) showed a dendritic morphology, which is surrounded by phase II with the
median contrast. The darkest area (phase III) would be the precipitate that formed
in the final solidification process. A part of Cu,;Nb;sPd;;,Rh;1Zr,; (Figure 3(c)) or
CuyoNbysPdy4RhysVigZre (Figure 3(d)) showed a eutectic-like structure formed by
phase I and phase II (see, for example, the green elliptic closed-curve). As shown
in Figure 3(e), CusoNb,Pd;0V1o possesses two phases, both of which would be fcc
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phases taking into account the XRD results. Ir;(Nb;;Pd33RhygRuy, displays two contrast
areas (see phases I and II in Figure 3(f)). The shape of the main phase has a dendritic-
like morphology. The compositions of all phases determined by EDX are listed in
Table 2.

Zac (T) measurements of all prepared samples suggested no superconductivity
down to 3 K, which means that a Nb-containing fcc-HEA might be an inadequate
strategy for searching fcc HEA superconductors. The appearance of supercon-
ductivity in a Nb-containing fcc compound might be a rare event because almost
all Nb-based superconductors form bec-related structures. NbN or NbC super-
conductor is a rare example, crystallizing into a NaCl-type structure related to the
fee structure [50, 51]. Although our results would be negative for the research of
Nb-containing fcc HEA superconductors, it is to be noted that phase II in sample
no. 1, phase I in sample no. 6 and possibly phases I and II in sample no. 4 are new
members of HEA.

Here, we discuss the fcc phase stability, viewed from the parameters of 5 and
VEC, which is summarized in Table 2. We also calculate these parameters for the
phases detected by EDX. The values of § were very large in Cu,;NbysPd;;Rh;1Zry;
and CuyoNb;sPdysRh,5Vi9Zre due to the larger atomic radius of Zr, which would
lead to no fcc phase in each sample. While § is reduced in CuyoNbysPdysRhzoVig
and Cuy;Ir)Nb;sPd;Rhy;, each sample shows three phases, all with rather low §
values. In each case, going from phase I to phase III, the VEC value increases, which
accompanies the decrease (increase) of the Nb (Cu) atomic fraction. This suggests
that the combination of Nb and Cu is not recommended even with a reduced &,
because an Nb-rich phase and a Cu-rich phase are stabilized for a smaller VEC and
alarger VEC, respectively. Probably due to this reason, quaternary CuyoNb,oPd3V1o
does not show a single fcc phase. We note here that the addition of Cu leads to
the breakdown of single-phase fcc CoCrFeNi into two fcc phases. This is ascribed
to the positive enthalpy of mixing between the Cu and several elements [52].
Ir1oNb;7Pd33Rh,gRu;; with substantially suppressed 6 and no Cu atom was expected
to show a single fcc phase; however, two phases were detected in the sample. The
detected phases possess reduced & values and a similar VEC. Thus, it may not be
easy to synthesize a single-phase Nb-containing fcc HEA.

No. Sample Composition of main Composition of VEC
phase minor phase
1 (NbScTiVZr) (GaGeSi) (Nby3.0(1)SCis5(1)Tii1.2a Gay(1)Geg1)Nbyg (g 4
Was@Zr19.0(1)) (Gauae) ySesy Sizay Tizay Vas
Gero31)Sirz1a1)) @Zrs()
2 (Nby 5S¢ 5T 25711 25) (GeygSiz2) (Nby73)Sciay Thsa — 4
1Zr171)) (Gega(ySinaqry)
3 (Nby 5S¢1 25T 25211 25) (Nbig.o2)Sca3s04 Nbyg (4 Ruzi4ySce T3 4.234
(Gey 55Rug.47Si0.98) yTi12.35)Z1205(6)) 1321401
(Gexa2)Siiaze))
4 (Nby4ScTiZry ) (Gey 6Pto3Sia) (Nbyog(3)Scsa(s)Tho90) Ges5(7)S¢37(2)Sh72) Tl 4.275
Ziy4(1)) (Gewgs)Ptiow 151)Pta0.7(7)
Siiso(s))
5 (Nby4ScTiZry6) (Geyelro3Siza) (Nbao.4(2)SCs9¢5) Ges3(5)[1277(9)Nbo 35 4.238
Tiy0.9(1)Z124.504)) Sc20.59)Si4.0(6) Thae.4(5)
(Gex33)Sits.00) Zris7(s)
Table 3.

Chemical compositions of phases detected by EDX measurements for MnSis-type HEA samples. VEC of each

starting composition is also shown.
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Figure 6.

Back-scattered electron (15 keV) images of (a) (Nb, 5S¢, 25Ti; 2527, 25) (Gey5sRU o 47Si0gs)> (b) (Nby ,ScTiZr, )

(Ge,6Pt,Si,.), and (c) (Nb, ,ScTiZr,s) (Ge,4lro;Si, ), vespectively.

X, (arb. units)

Figure 7.

Temperature dependences of y,. of MnSi;-type HEA samples.
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3.2 Min;Si;-type HEAs

We have prepared five MnsSi;-type HEAs as listed in Table 3, and the XRD
patterns are given in Figure 4. All XRD patterns are well indexed by the hexagonal
Mn;Sis-type structure, and the determined lattice parameters are displayed in
Figure 4. The SEM images of all samples are presented in Figures 5 and 6, and y,.
(T) of each sample is shown in Figure 7.

We have started from (NbScTiVZr) (GaGeSi), which shows a diamagnetic signal
(see Figure 7). However, as shown in Figure 5(a), the elemental mapping has
revealed the inhomogeneous distribution of constituent elements, which is obvi-
ously signaled by the V atom. The atomic compositions determined by EDX are
(Nby3.0(1)Scis.51) T2y Vas2) Z119.01)) (Gasa2)Gero31)Sisza(1)) for the V-poor phase
and Gay(1)Geg(1)Nbyo1yScg(1)Siz1) Titz1) Vas(1) Zrs(r) for the V-rich phase, respectively.
The separately synthesized latter phase crystallizes into a bce structure. This com-
pound also shows the diamagnetic signal at approximately 5 K, which is identical
to that of (NbScTiVZr)(GaGeSi). Therefore, (NbScTiVZr) (GaGeSi) would be an
intrinsically normal state down to 3 K. The result of the chemical composition of
the Mn;sSiz-type phase in (NbScTiVZr) (GaGeSi) suggests the difficulty of incor-
poration of V and Ga atoms in a MnsSis-type HEA. Taking into account this experi-
mental result, we have synthesized (Nby ;55¢; 25T 25211 25) (Ge; gSi1 2). As shown in
Figure 4, the sample is almost single phase, which is also supported by homoge-
neous elemental mapping (see also Figure 5(b)). The determined atomic composi-
tion is (Nby7¢1)Scia) Thie1)Zr17(1)) (Gexa(1)Sisacry) , which agrees well with the starting
composition. While the single-phase MnsSi;-type HEA is successfully obtained, the
diamagnetic signal cannot be confirmed down to 3 K, as shown in Figure 7.

One of the conceivable reasons for no superconductivity in the samples men-
tioned above is that the VEC value is slightly less than the optimal value (see also
Table 3). As pointed out in the review [28], multisite HEA superconductors follow
the respective Matthias rule, which means the important role of the density of
states at the Fermi level. The VEC values of Mn;Si;-type superconductors ZrsSbs
and ZrsGe;, sRug 5 are 4.375 and 4.25, respectively [40, 42], while the VEC value
of (NbScTiVZr) (GaGeSi) or (Nby15S¢; 25Ty 25211 25) (Gey gSiy 5) is 4. Thus, aiming
at increasing the VEC, we substituted Ru, Pt, or Ir atoms at the Si site of MnsSi;-
type HEA. The prepared samples were (Nby 255¢1 25T1.25211 25) (Gey ssRUg 47510 98) »
(Nby4ScTiZry ) (Gey Pto3Si11), and (Nby 4ScTiZr; 6) (Gey glrg 5Siy 1) with the respec-
tive VEC value of 4.234, 4.275, and 4.238. In each sample, the main phase of XRD
pattern is well characterized by the MnsSis-type structure (see Figure 4). However,
the atomic composition, deviating from the starting one, as shown in Table 3, indi-
cates that Ru, Pt, or Ir atoms cannot replace the atoms at the Si site. The SEM images
of these samples show the precipitation of impurity phases at the grain boundaries
of hexagonal-shaped main phases (see Figure 6(a)-(c)). y.c (T) measurements of
these Mn;Si;-type HEA do not show a superconducting signal down to 3 K.

4. Summary

We have carried out materials research on the fcc and the Mn;sSi;-type HEA
superconductors. In the study of fcc HEA superconductors, we employed the
Nb element, taking into account that the inclusion of rather high T, elements
is advantageous. Although some Nb-containing samples showed dominant fcc
phases, single-phase ones could not be obtained. While we have found several
new Nb-containing HEA phases in the multi-phase samples, no superconductivity
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appeared in each HEA phase down to 3 K. Considering that the Nb element forms
a bec structure at room temperature, and there are only several examples of
fcc-related Nb-based superconductors, the discovery of Nb-containing fcc HEA
superconductors would be a hard task. For the MnsSi;-type HEA samples, we have
successfully confirmed the single phase in (Nby 255¢1 25Tl 25711 25) (Gey gSis 5) with
VEC = 4. However, this HEA compound does not show the diamagnetic signal down
to 3 K. Some Mn;Si3-type superconductors possess the VEC value of 4.25 or 4.375.
Thus Ru, Ir, or Pt element was substituted at the Si site to increase VEC, resulting
in the unsuccessful attempt. We need a strategy to adjust the VEC value for the
Mns;Sis-type HEAs.

The conclusions regarding the manufacturing process or microstructure in HEA
superconductors are bulleted below.

* If one wants to obtain a single-phase sample with bcc, hcp, or fcc type
structure by the arc-melting method, it would be a rather hard task due to
an appearance of secondary phase and/or of phase with a slightly different
composition.

* Eutectic HEAs receive much attention due to the rich functions arising from
the microstructures [53]. In some cases, eutectic superconductors show
enhanced superconducting critical temperatures. Therefore, the study of the
eutectic phase in HEA superconductors might be interesting.

* Mechanical alloying has been widely used to produce HEAs [54]. The mechani-
cal alloying process is different from the arc-melting one. So this is another
route to obtain single-phase HEA superconductors.

5. Future directions

The formation of single-phase fcc HEA is realized at VEC larger than 8.0.
According to the Matthias rule of transition metal alloys, T’ at such a large VEC
value is substantially reduced. Therefore, the measurement of physical properties
at much lower than 3 K is desired. Because the synthesis of quinary alloy with the
single-phase might be a hard task, research on ternary or quarternary fcc multi-
component superconductor would be necessary. In the research area of HEAs, the
CALPHAD (calculation of phase diagram) method is rapidly used for the predic-
tion of HEAs or the study of the phase relation between HEAs and other alloys.

If the thermodynamic data of various compounds in the present Nb-containing
multicomponent systems are sufficiently collected, the CALPHAD method will
elucidate the stability of a HEA in this system. Thus, our results will greatly assist in
the evaluation of the CALPHAD method in the future.

Nbslr;0, crystallizing into the TisGas-type structure, which is the ordered
derivative of MnsSis-type structure, is well known as a two-band superconductor
[41]. By substituting Pt into Ir, the crossover to single-band superconductivity is
observed [44], which is a rare phenomenon. This result promotes us to investigate
multisite HEA superconductors for further search of the crossover phenomenon,
and the high-entropy state may be a new route of controlling the superconducting
band. Another interesting aspect of HEA is the cocktail effect. In bcc HEA super-
conductors, we have shown that the peculiar enhancement of T by introducing
the high-entropy state is not observed [28]. It would be interesting to pursue the
cocktail effect of T, in multisite HEAs.
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Abstract

The Al-B,C metal matrix composite (MMC) is characterized by its ability to
absorb neutrons which makes it the most suitable shielding material for nuclear
reactors. The present work was performed on two series of Al-B,C metal matrix
composites made using a powder injection apparatus. In one series, commercially
pure aluminum (A5) served as the matrix. For the second set, 6063 alloy was
used. In all cases the volume fraction of B,C reinforcement particles (grit size 400
mesh, purity 99.5%) was approximately 15%. The volume fraction of the injected
B,C particles was determined using a computer driven image analyzer. Measured
amounts of Ti, Zr, and Ti + Zr, were added to the molten composites of both series.
Microstructural characterization was carried out employing a field emission
scanning electron microscope operating at 20 kV and equipped with an electron
dispersive x-ray spectroscopic system (EDS). The same technique was applied to
characterize the fracture behavior of the tested composites. Mechanical properties
of these composites were investigated using impact testing, and ambient and high
temperature tensile testing methods. Almost 1000 impact and tensile samples were
tested following different heat treatments. The obtained results from these investi-
gations are reported in this Chapter.

Keywords: MMC, precipitation hardening, FESEM, tensile testing, impact testing,
microstructural characterization

1. Introduction

The Al-B,C metal matrix composite (MMC) is characterized by its high
thermal conductivity and its ability to absorb neutrons which makes it a suitable
shielding material [1]. Increasing the concentration of B4,C (>30%) increases the
composite strength as well as its neutron absorption capacity. Roy et al. [2] sug-
gested the use of 7xxx alloys as base material for the MMC due to its low density
and its hardening ability caused by heat treatment which would contribute to the
strength of the MMC. The use of 2124 Al alloy composites reinforced with B,C
particulates has been proposed by Oksiiz and Oskay [3]. The authors claim that the
volumetric wear rates of the 2124 Al alloy and its composites are increased with
increase in the applied load. Singla et al. [4] proposed the use of molten technique
for the production of Al-B,C MMC. The authors studied an MMC made of Al-7075
alloy as the matrix and B4C 32 pm particulate as the reinforcement agent. Mohan
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and Kennedy [5] investigated the machinability of Al-(7 and 14) wt.% Si alloys
reinforced with B,C. The MMCs were developed using the stir casting technique.
Their results show that the composite reinforced with B,C with a particle size of
100 nanometers has better mechanical properties and wear behavior compared to
those reinforced with 24-micron or 6-micron sized particulates. Vaidya et al. [6]
found that the strength of B,C particle reinforced Al 6061 composite was signifi-
cantly greater than the unreinforced alloy.

Drilling experiments were conducted by Kumar et al. [7] on 6061 alloy-15%B,C
(220 pm particulate diameter) using a vertical machine with High Speed Steel drills
of 6 mm, 9 mm and 12 mm diameter under dry drilling conditions. It was found that
speed, design of the experiment and drill diameter have a marked influence on the
Over-Cut (half the difference of the diameter of the hole produced to the tool diam-
eter). Topcu [8] and Manjunatha et al. [9] used the powder atomization technique
to produce Al-5% B,C and Al-15%B,C MMCs. The authors reported that the wear
resistance increased in proportion to the amount of the boron carbide reinforced.
Tribo-surface characteristics of two aluminum metal matrix composites (Al-MMC)
of compositions Al-13 vol%B,C and Al-13 vol%SiC sliding against a commercial phe-
nolic brake pad under dry conditions were investigated by Shorowordi et al. [10-12].
The friction coefficient was found to decrease slightly at high contact pressure.

The wear rate and friction coefficient of Al1-B,C was lower than that of
Al-SiC. Several studies on friction behavior involving AI-MMC friction against
ferrous materials revealed that during sliding, a layer, termed as mechanically
mixed layer (MML), was formed on the worn surface of the AI-MMC [13-17].
Such layer, however, was not found to form on unreinforced aluminum. Several
researchers [18-22] studied the production of Al-11%B,C using stir melt tech-
nique. The 6061 alloy was the matrix to which B,C particles were added. Prior
to addition, the B4C particles were preheated along with K,TiF halide salt. The
resulting composite was found to have improved mechanical properties compared
to the base alloy. Uthayakumar et al. [23] performed a study on the wear per-
formance of Al-5%SiC-5%B,C hybrid composites under dry sliding conditions
using a pin on disc tribometer method. The main conclusion was that the hybrid
composites can retain the wear resistance properties up to 60 N load and sliding
speed ranges of 1-4 m/s.

Comparison of microstructural and mechanical properties of Al-10 vol% TiC,
Al-10 vol% B,C and Al-5 vol% TiC-5 vol% B4C composites prepared by casting
techniques was made by Mazaheri et al. [24]. The results show that the wear behav-
ior of Al-B,C MMC is the best among the three composites studied. The wettability
of B,C particulates was investigated by Toptan et al. [25]. They found that addi-
tion of Ti leads to formation of thin layers (80-180 nm in thickness) of Ti-C and
Ti-B around the B,C particulates which would solve the wettability issue. Similar
observation on titanium as one of the reactive metals that can be used to increase
wettability in Al-B,C system was reported by other researchers [26-31]. According
to Wang et al. [32] and Yang et al. [33], the stress distribution within a particle-
reinforced composite subjected to external loading is non-uniform. Nanostructured
Al-B,C composite sheets were processed by accumulative roll bonding (ARB), and
the effect of the number of ARB cycles on the distribution of the B,C particles in the
Al matrix was evaluated by Yazdani and Salahinejad [34] who noted an improve-
ment in the reinforcement distribution by increasing the ARB cycles.

The present chapter summarizes the work that was carried out by the present
authors using two types of Al-B,C composites: (i) a mechanically alloyed composite
supplied by Ceradyne Canada ULC, a 3 M Company, Chicoutimi, Québec, Canada,
and (ii) an in-house made composite using powder injection at the Université du
Québec a Chicoutimi [35-44].
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2. Experimental procedure
2.1 Composite preparation

Reinforcement powder (grit size 400 and 95.4% purity) additions of 15 vol. %
were made using a powder injection apparatus (Figure 1). The B,C particulate was
injected into molten Al. Fe, Ti and Zr additions were introduced into the molten
bath, using Al-25%Fe, Al-10% Ti and Al-15% Zr master alloys, respectively,
whereas Mg and Si were added as pure elements. Chemical compositions of the
investigated composites are listed in Table 1. A general view of the powder injection
set-up showing a schematic of the injection system is shown in Figure 1. It consists
of the following components:

i.a fluidizer tube
ii.a carrier tube and a quartz nozzle
iii. resistance heating coils
iv.an adjustable two-dimensional movable stand
v.a melting unit with resistance heating
vi.an impeller (stirrer) with adjustable rotation speed
vii. flow diversion baffles.
In order to ensure uniform distribution of the B,C particulates, the molten com-
posite melt was stirred vigorously (300 rpm) at 730 + 5°C. Thereafter, the molten
composite was poured in two different metallic molds preheated at 450°C, as shown

in Figure 2: an L-shaped mold (3.5x 3.8 x 30.5 cm) which was used for microstruc-
ture characterization, and a book-type mold (4 x 17 x 34 cm). In order to determine

Stainless Steel
Flexible Joint

Resistance
Heating

<N

Fluidizer
Tube

|| Adjustable-Speed
|| Motor

Hesistamee
2 Kg Capacity Heating
Crucible

Resistance
Heating

T pectlor

Figure 1.
A schematic diagram of the powder injector used in the present work.
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Alloy Code Composition (Ti, Zr, Scin wt%)

1A Al-15v/oB4C

2A Al-15v/0oB4C + 0.45%T1i

3A Al-15v/0oB4C + 0.45%Ti + 0.25%Zr

4A Al-15v/0oB4C + 0.45%Ti + 0.15%Sc

5A Al-15v/0B4C + 0.45%Ti + 0.15%Sc + 0.25%Zr

1B 6063-15v/0B4C

2B 6063-15v/0B4C + 0.45%Ti

3B 6063-15v/0B4C + 0.45%Ti + 0.25%Zr

4B 6063-15v/0B4C + 0.45%Ti + 0.15%Sc

5B 6063-15v/0B4C + 0.45%Ti + 0.15%Sc + 0.25%Zr
Table 1.

Codes and compositions of the MMCs used in this study.

(c) (d)

Figure 2.
(a) L-shaped mold, (b) book-type mold, (c) L-shaped casting, (d) book-mold casting.

the solidification rate obtained from each mold, trials were made using Al-7%§i.
Figure 3 depicts the dendrite arm spacing (DAS) and grain size corresponding to
each mold. The castings made using the book-mold were hot rolled into slabs of
1-3 mm thickness, depending on the type of test carried out.

2.2 Microstructural investigation

Samples for microstructural characterization were prepared from the L-shaped
mold casting in the as cast condition using 5A composite. The volume fraction
and average size of the B,C particles was measured using Clemex image analyzer.
Fracture surfaces were examined of samples sectioned from both tensile- and impact
tested bars. The samples were examined using Hitachi S-7000 and Hitachi SU-8000
FE-SEM microscopes equipped with EDS facilities at McGill University, Montreal.

2.3 Mechanical testing
Charpy impact testing was carried out on un-notched test specimens (10x 10
x 55 mm). The samples were sectioned from the L-shaped mold castings and heat

treated in an electrical air forced furnace. An instrumented Charpy impact testing
machine, equipped with a data acquisition unit was employed to measure the load,
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total absorbed energy (E,) to fracture. The mean values of 6 impact-tested samples
for each composite/condition were reported.

Slabs (25x 20x 400 mm) were prepared from the book mold castings. Prior to
rolling using a four cylinder mill, the slabs were annealed at 500°C for 16 h. The
last two passes were carried out at room temperature to straighten the rolled slabs
(sheets) — see Figure 4. Figure 5 shows the dimensions of samples prepared from

Figure 3.
(a, ¢) Optical micrographs of Al-7%Si alloy for (a) block casting, 60 um; (c) L-shaped casting, 30 pm;
(b, d) Macrographs showing grain size in (b) block casting; (d) L-shaped casting.

Figure 4.
Hot rolled sheets.
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Figures.

Typical sample for room and high temperature tensile testing (dimensions are in mm,).
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the rolled sheets and used for room and high temperature tensile testing. Tensile
samples (matrix is aluminum) were solutionised at 620°C for 24 h. In spite of

the fact that pure aluminum normally is not heat treatable, it could benefit from
the precipitation of Zr-rich particles during aging. The 6063/B,C/15p composite
samples were solutionized at 540°C to minimize surface oxidation (MgO). After
solution heat treatment, the tensile bars were quenched in warm water (60° C),
followed by aging for 10 h at 200, 300 and 400° C, and then air cooling. Room tem-
perature testing was carried out using an MTS Servohydraulic mechanical testing
machine at a strain rate of 4 x10™%/s.

High temperature testing was done at strain rate of 5 x 10™/s in a temperature
range 25-500°C. In all cases, tensile properties were measured: ultimate tensile
strength (UTS), the 0.2% offset yield strength (YS) and percentage elongation
(%El). For each working condition, at least five specimens were tested and mean
values were reported (SD +5%). Microstructure and fracture behavior of selected
samples were examined using optical microscopy and Field Emission Scanning
Electron Microscopy (FESEM) techniques.

3. Results and discussion
3.1 Microstructural characterization (as cast condition)

The main function of the addition of Zr and Tj, is to protect the B,C particles
from reacting with the molten Al [45-48]. Figure 6(a) depicts the microstruc-
ture of a specimen sectioned from the L-shaped castings, revealing a uniform
distribution of B,C particles throughout the matrix. From such micrographs, the
volume fraction of B4C particles was determined (~15 vol.%). According to the
Al-Ti binary diagram [49], at 730°C an amount of 0.5 wt-%Ti could be added to
the molten composite. From the reported findings of Tahiri et al. [50-54] it was
reported that increasing the concentration of Ti in the molten alloy above 0.5
wt.% will increase the temperature of the molten alloy. As a result, fluidity of the
composite will be markedly reduced caused by the segregation of B4C particles as
exhibited in Figure 6(b).

FESEM examination of 5A composite treated with Ti revealed that in addition to
B4C particles, possible precipitation of several intermetallics mainly, TiB,, TiC and
traces of AlBy,Cy, AlyC3, ALBC and AlBy,, along with the primary intermetallic phases
TiAl, Ti3Al and TiAl; could also occur. It is expected that the formation of these
phases in layers would lead to an improvement in the adhesion between the matrix
and the B,C reinforcement [21-23]. Figure 7 displays electron micrographs of alloy B,

(a) (b)

Figure 6.
Secondary electron micrographs showing: (a) a uniform distribution of B,C in matrix of base alloy using
in-house powder injecting technique, (b) segregation of B,C (white circle).
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Figure7.

SE images from composite B showing (a) regular B,C particles protected by layers of Zr-Ti rich particles,

(1I) irvegular forms of B,C showing partial veaction with matrix forming AIBC compound; (b) B,C particle
surrounded by two layers of Zr-Ti rich particles; and (c) B,C particle showing progress of cumulative veaction
towards matrix.

Figure 8.
Element distribution: (a) backscattered electron image-note formation of several particles avound a B,C
particle, white arrows, (b) boron, (c) alumium, (d) carbon, (e) titanium, (f) zirconium.

45



Advances in High-Entropy Alloys - Materials Research, Exotic Properties and Applications

Map data
SE MAG: 4000x HV- 3KV WD: 10.5mm

Figure 9.
B,C-matrix interactions: (a) formation of Al-C, (b) formation of Zr rich phases-see Figure 7(c).
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Figure 10.
EDS spectra obtained from Figure 9(b) confirming the B4C-matrix interaction and the dependence of the
composition of outcome on its position with respect to B4C particles.

containing Ti and Zr. As can be seen in Figure 7(a), the B,C particles are surrounded
by several layers of Zr-Ti rich phases (area marked I). Area marked II shows B,C
particles that have partially reacted with the matrix due to formation of the layer of
AIBC existing in the matrix. In area III, fine B,C particles are found be transformed
completely into AIBC compounds. Figure 7(b) reveals a B,C particle surrounded by
a thin layer of Ti-rich phase followed by several layers of Zr-Ti rich phases. Some of
these Zr-Ti rich phase particles are seen to grow into the aluminum matrix.

Figure 8 is produced from 5A composite remelted for multiple times at 730°C.
Figure 8(a) shows the distribution of the B,C particles. The B, Al and C distribu-
tion are presented in Figures 8(b), 8(c), 8(d), respectively. Another point to be
considered is that Ti covers the entire surface of the B,C particle (similar to C and
B) whereas Zr is limited to the layer decorating the B,C particle. It is inferred from
Figure 9 that the layers surrounding the B,C particles are a mixture of Al-Ti, and
Al-C-Ti compounds. The EDS spectra obtained from Figure 9(b) are presented
in Figure 10. Based on these EDSs, areas near the B,C particles could be made of
Al-B-Zr compound whereas those away are probably Al-Ti-Zr compound [55].

4. Mechanical properties
4.1 Impact testing

Total energies (Et) produced from the ten studied composites in the solution-
ized condition are shown in Figure 11(a). Apparently the absorbed energy of
the composite depends on what matrix is used and the volume fraction of the
undissolved intermetallics. Following aging at 200°C for 10 h (Figure 11(b)), the
precipitation of Zr-and Sc containing phases [55-58] led to significant decrease in
the values of Et which may be attributed to precipitation of Mg,Si phase particles
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Total absorbed energies of the present composites: (a) SHT, (b) aging at 200°C, (c) aging at 300°C, (d) aging
at 400°C.

during aging in particular in B-series. It is inferred from Figure 11(b) that
precipitation of Zr and/or Sc phases has an insignificant effect on the absorbed
energy in series A-composites. According to Fuller et al. [59] aging 6063 alloy at
300°C would result in alloy softening due to coarsening of Mg,Si phases particles.
Simultaneous precipitation of Zr-rich phase may lead to balancing the composite
toughness to some extent (Figure 11(c)). Aging at higher temperatures i.e. 400°C
for 10 h resulted in coarsening of all types of precipitated phases causing important
improvement in the composite toughness, regardless of the type of the matrix
used, as exhibited in Figure 11(d).

Fracture mechanism of Al-2%Cu composite was investigated by Miserez [60].
The study showed that the fracture may occur in two stages: (i) particle fracture
leading to void nucleation in the matrix, and (ii) voids nucleated in the matrix in
areas of high stress concentrations. The blue arrow in Figure 12(a) shows that the
crack is propagating through the protecting layer surrounded by stacking faults
(white arrows). On the left hand side of the micrograph several stacking faults
appear in the form of steps (white arrows). Two distinctive types of cracks were
observed in Figure 12(b): cracks that took place at the interior of the B,C particles
and continued through the protecting layers i.e. intergranular, or those occurring
at the B,C/matrix interfaces (black arrow). No particle debonding was observed
due to the existence of the protecting layers as displayed in Figure 12(c). The
microstructure beneath the fracture surface (vertical section-loading direction)
shown in Figure 12(d) demonstrates the coherency between the B,C particles and
the surrounding matrix. Aging the composite at 400°C led to marked coarsening of
the AL;Zr phase particles as seen in Figure 13(a), which explains the improvement
in the composite toughness in Figure 11(d). The EDS spectrum in Figure 13(b)
corresponds to the circled area in Figure 13(a) revealing strong reflections from Al
and Zr elements.
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Figure 12.

Fracture chavactevistics of the present composites: (a) stacking faults-SHT, (b) cracks- aging at 200°C/10 h,

(c) B,C/matrix coherency, (d) vertical section beneath (c) confirming particle/matrix bonding-note the severe
reaction around some of the B,C particles - circled areas.

4.2 Tensile testing
4.2.1 Room tempervature testing

The stress—strain curves of two aluminum matrix composites in the SHT
condition and after aging at 200°C/h are shown in Figure 14. The main observation
to be made is the slow working hardening rate illustrated by low work hardening
and the slow increase in the composite UTS (Figure 14(a)). As a consequence
of aging at 200°C/10 h, the UTS increased by approximately 80 MPa which may
be attributed to the precipitation of Al;Zr phase particles [61]. Considering the
solutionizing treatment of 5B composite the maximum attainable strength is about
280 MPa- Figure 14(b). Using a heat treatable matrix i.e. 6063 alloy, the composite
revealed significant improvement in both the UTS levels as well as work hardening
rate as displayed in Figure 14(c) which may be caused by the precipitation of Mg,Si
phase particles during the storing period prior to testing (~10 minutes at room
temperature). As expected, aging at 200°C/10 h resulted in increasing the compos-
ite strength from 280 MPa to 500 MPa, Figure 14(d), which may be interpreted in
terms of simultaneous precipitation of both Mg,Si and Al;Zr phase particles.
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Figure 13.
(a) Fracture surface of composite 5B aged at 400°C/10 h, (b) EDS spectrum corresponding to white
circle in (a).

Following the solution heat treatment of composite 5A, the fracture surface
is characterized by the formation of deep dimple network as demonstrated in
Figure 15(a). Some of these dimples revealed the presence of deformation bands
(arrowed) due to composite ductility. The marking seen on the surface of the B,C
particles in Figure 15(b) may be caused by gradual fracture of the particles, main-
taining at the same time their coherency with the aluminum matrix. Precipitation
of AliZr phase particles during aging at 200°C/10 h is clearly seen in Figure 15(c).
Due to reduction in the composite ductility, some of the B,C particles were cracked
as shown by the white arrows in the same figure. In the case of 6063 alloy matrix,
with the significant increase in the composite UTS level following aging at 200
C/10 h (500 MPa), cracks are seen to initiate and propagate through the Zr-Ti
protecting layer as demonstrated in Figure 15(d) - see blue arrow. No B,C particle
debonding is observed to take place under axial loading.

4.2.2 High temperature testing
The 5A and 5B composites (Table 1) were tested in the temperature range of

25-500°C and their corresponding stress—strain curves are displayed in Figure 16.
Composite 5B showed a slightly higher strength compared to composite 5A. It should
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Figure 14.

Stress—strain diagrams corresponding to: (a) Al/B,C 5A composite - SHT, (b) Al/B,C composite aged at
200°C/ 10 h, (c) 5B 6063/B,C composite - SHT, (d) 6063/B,C composite aged at 200°C/ 10 h.

Figure 15.

Fracture surface of tensile tested samples of 5A composite: (a,b) SHT, (c,d) aging at 200 C/10h.
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be mentioned here that samples of composite 5B were tested in the T4 condition
which involves natural aging. Increasing the testing temperature up to 450°C resulted
in significant increase in the composite pct. Elongation to failure. Aging at further
higher temperature would lead to precipitation of AlZr which would result in reduc-
ing the composite ductility, as shown in Figure 16(c) [6, 62-65].

For aging at temperatures higher than 0.5 of the melting temperature (Tm),
there is a similarity between creep and hot deformation. Under this condition,
the relation between the measured parameters can be expressed using power law
relationships as described by Eq. 1 [66-70]:

éexp(}%}j:Aa” =Z (1)

where ¢ = strain rate, ¢ = flow stress, n = stress exponent, Q, = activation
energy, R = gas constant, T = absolute temperature, A is a constant and Z = Zener-
Hollomon parameter. At a constant ¢, ¢ can expressed as:

o =Bexp[}%}) ()

where B = constant. Differentiation of Eq. 2 coupled with (1/T), gives Q, as:
odnoc Q,

o(br) K

Applying these equations, the plot of Inc vs 1/T, will give a straight line with a
slope of (Q,/nR) as shown in Figure 17 [66-68].

The fracture surface of composite 5A tested at 25°C was characterized by the
presence of deformation bands covering the internal surface of the dimples as
shown previously. Figure 18(a) exhibits the fracture surface of 5A composite tested
at 250°C revealing multiple contour-type markings (white arrow) due to the high
ductility ~15%. Testing at 350°C resulted in major increase in the deformation bands
in the form of steps (blue arrows) as shown in Figure 18(b). The thin white arrows
point to cracked B4C particles. The black arrow in Figure 18(c) - 5A composite
pulled to fracture at 450°C- indicates the presence of a long crack within the protec-
tive layer. In addition, the 5A composite exhibited elongated dimples as depicted in
Figure 18(c). Figure 18(d) is an enlarged portion of the crack in Figure 18(c).From
the associated EDS spectrum in Figure 18(e), the possibility of precipitation of a
large amount of Zr-rich particles, which would explain the reduction in the com-
posite ductility when tested at this temperature. Fractographic observations made
by Zhang et al. [69] on 6092/(B,4C)p indicated the possibility of several interfacial
bonding characteristics such as good bonding (extruded composites) and weak
bonding (hot isostatic pressing). The fracture surfaces of composites would also
show a mixture of ductile and brittle types of fracture [70].

The fracture surface of 5B composite pulled to fracture at 250°C revealed that
in addition to the deep dimples, some stacking faults could also be seen in the
fracture surface (Figure 19(a)-white arrows). As in the case of 5A composite, at
350°C, the fracture surface exhibited a well-defined dimple structure as a result of
the increase in the composite % elongation to fracture, Figure 19(b)-black arrows
point to the thickness of the protection layer. Due to the strong particle/matrix
interface adhesion, some of the B,C particles have been cracked at their interior.

In this case, the crack was initiated at the particle/matrix interface and propa-
gated through the particle. When the sample was tested at 450°C, the fracture
surface revealed the formation of very large and deep dimple network as shown in
Figure 19(c).

3

51



Advances in High-Entropy Alloys - Materials Research, Exotic Properties and Applications

80
s 70 ——RT
Z o0 — 2
g 50 — 350
% —400
=0 40 — 450
é 30
£ 20
= 10
=
0
0 0.1 0.2 0.3 0.4
Engineering Strain a
(@)
;é‘ ——RT
= —250
= 300
% — 350
% e 400
—dq450
= 500
o
st
£
=1 1]
=
==
0.1 0.2 0.3 0.4
Engineering Strain b
(b)
m Composite 1 m Composite 2
35
30
=
2
=
on
=
=
=
S

25 250 300 350 400 450 500

Test Temperature, °C
()

Figure 16.
(a) Stress—strain curves obtained from 5A composite, (b) stress—strain curves obtained from 5B composite,
(c) % elongation as a function of testing temperative (composite 1 is 5A, composite 2 is 5B).

52



Why Al-B,C Metal Matrix Composites? A Review
DOI: http://dx.doi.org/10.5772/intechopen.95772

100

T™T"TTTT

y = 0.7394g2162.2x

T

Flow Stress (MPa)
[y
Q

3 <
X ¥ = 0.3968e243%.8x
L R2 =0.9554
I < Composite 1
I Composite 2
0.0005 0.001 0.0015 0.002 0.0025
/T (1/K}

Figure 17.
Relationship of flow stress vs 1/T (T = in kelvin degree).

4.2.3 Effect of strain vate

The main characterized parameters of hot deformation or creep behavior of
commercial Al alloys and Al-based composites are by high values of #, (> 5) as well
as the activation energy Q,. These values are higher than those for solute diffusion
[71-75]. This behavior can be explained in terms of interaction of dislocations with
the dispersed strengthening particles resulting in a threshold stress o,. In this case,
the deformation process is related to an effective stress, o, = (¢ -0,) not the applied
stress o. Therefore, equations 1-2 can be rewritten to take into consideration o, as
follows

. ,Gb(o—-0,\"
éexp(Q,/RT)=Z=A kT( e ) 4)
where: A = constant, k£ = Boltzmann’s constant, b = magnitude of Burgers vector,
G = shear modulus and Q; = true activation energy.

The true stress—strain curves obtained from testing the 5A composite tested at
300°C (a), 400°C (b) and 500°C (c), are respectively depicted in Figure 20. These
curves can be divided into three stages; strain hardening where the stress increases
with strain until reaches a steady state. Stage 2 represents maximum stress, fol-
lowed stage 3 where necking takes place leading to failure. Generally speaking, with
increasing the strain rate would result in an increase in the flow stress. The effect of
testing temperature on the behavior of the stress- strain curves at a constant strain
rate of 107 s™" is displayed in Figure 20(d). Increasing the testing temperature led
to an increase in the composite ductility at 500°C and higher strain rates higher than
1072 57", The ductility was decreased in temperature range of 350° C-450°C.

The relationship between the strain rate, ¢ and stress o, at a constant tempera-
ture, is governed by plotting ¢ vs. o applying a log log scale (Figure 21) for different
testing temperatures. The results reported in Figure 20 may suggest that the data
points at each testing temperature fall on a straight line with a constant na that
increases from 5.8 at 500°C to ~7 at 350-450°C, thereafter to 10.4 at 300°C. The high
values of #, are close to those obtained for commercial aluminum alloys [76-80]
and metal matrix composites. As mentioned before, dislocations -second phase
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Figure 18.

Fracture surface of tensile tested samples of 5A composite: (a) 250°C, (b) 350°C, (c) 450 C, (d) an enlarged
portion of (c) showing the crack, (e) EDS corresponding to (c) vevealing reflections due to Al, Zr, Ti elements.

Figure 19.
Fracture behavior of 5B composite tested at: (a) 250°C, (b) 350°C, (c) 450°C.
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True stress—strain curves at different strain vates at (a) 300°C, (b) 400°C, (c) 500°C, (d) strain rate 107 5.

Figure 21.

Strain rate and stress velationship in the temperature range 300-500°C.
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Fracture surface of samples tested at 300°C: (a) 10757, (b) 107 57",
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particles interaction would lead to high values of #, and Q, threshold stress in the
composite materials.

Figure 22 (a) shows the fracture surface of the samples tested at 300°C (strain
rate of 1072 s™"), consisting of a mixture of small dimples and intragranular fracture.
Figure 22 (b) is the fracture surface at strain rate of 10~* s at 300°C, exhibiting
larger dimples with precipitation of Al3Zr in particles at their interiors (circled
areas) [81].

5. Summary

The results obtained from the present investigations revealed that the powder
injection technique used in our study proved to be effective in producing compos-
ites with a uniform distribution of B,C particles throughout the matrix (commercial
aluminum or 6063 alloy). The combined addition of Zr and Ti improved the
possibility of increasing the number of B4C particles in the matrix by improving the
particulate wettability. The precipitating Al;(Zr,_Tiy) particles decorating the B,C
particles were found to grow into the surrounding matrix. Precipitation of Mg,Si
in 6063/B,C was more effective in controlling the composite toughness than Al;Zr
in the under-aging conditions. Overaging occurred at 400°C for prolonged aging
times (i.e. 10 h), resulting in a significant improvement in the composite toughness
regardless the type of the matrix. Cracks were always initiated at the particle/matrix
interfaces and propagated either through the B,C particles or along the protect-
ing Al;(Zr, 4 Tiy) layer. No particle debonding was observed regardless the type
of matrix or the testing method. Formation of the Zr/Ti rich layers surrounding
the B4C particles strengthen their adhesion to the surrounding matrix. Increasing
the testing temperature leads to rapid decrease in the composite strength in an
exponential pattern which appeared in the gradual fracturing of the reinforcement
B,C particles. The plots of flow stress as a function of testing temperature are linear
with a fitting factor of 0.955. The value of 7, ~ 5 and Q; of 130 k] mol " along with
subgrain formation may conclude that dislocation climb is the main controlling
process. Similar observation was made in pure Al with dispersed particles. The pct
elongation to failure reached a maximum value at intermediate value of Z, which
can determine the optimum conditions for the composite formability.
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Abstract

The present article reviews a large number of research publications on the effect of
mischmetal (MM), rare earth metals (RE), La or Ce, and combinations of La + Ce on
the performance of Al-Si cast alloys mainly 319, 356, 380, 413, and 390 alloys. Most of
these articles focused on the use of rare earth metals as a substitute for strontium (Sr)
as a eutectic silicon (Si) modifier if added in low percentage (< 1 wt.%) to avoid
precipitation of a significant amount of insoluble intermetallics and hence poor
mechanical properties. Other points that were considered were the affinity of RE to
react with Sr., reducing its effectiveness as modifier, as well as the grain refining
efficiency of the added RE in any form. None of these articles mentioned the exact
composition of the RE used and percentage of tramp elements inherited from the
parent ore. Using high purity La or Ce proved to have no effect on the Si shape, size or
distribution, in particular at low solidification rates (thick sections). However, regard-
less the source of the RE, its addition to Sr-modified alloys reduced the modification
effect. As for grain refining, apparently a high percentage of RE (> 1 wt.%) is required
to achieve a noticeable reduction in grain size, however at the cost of alloy brittleness.

Keywords: aluminum alloys, mischmetal, rare earth metals, La, Ce, modification,
grain refining, mechanical properties

1. Introduction

Silicon is characterized by its low density ((2.34 g cm™>) coupled with its high
hardness (6.5-mohs scale) and low solubility in aluminum matrix which would
enhance the alloy wear resistance. The eutectic temperature of Al-11.7% Si alloys is
near 577 °C as shown in Figure 1, which makes Al-Si alloys easy to cast using
different techniques [1-5]. In general, alloys containing Cu and Mg are hardened
applying a suitable heat treatable cycle that depends on the thickness of the casting
[6-10]. During solidification, the liquid moves along the liquidus line, thus increas-
ing the amount of aluminum, Figure 2(a). At the eutectic temperature, Figure 2
(b), almost 50% of liquid has been solidified. As the temperature continues to
decrease (577 °C), the rest of the liquid decomposes into solid Al mixed with solid Si
but on a finer scale as presented in Figure 2(c).

Soundness of the cast component depends mainly on the ability of the liquid
metal to feed interdendritic regions [11]. In the event of low fluidity, shrinkage
cavities may occur, as shown in Figure 3 [12-14], and in the case of automotive
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Al-Si binary diagram [1].
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Progress in liquid to solid during solidification: Start, (b) at eutectic temperature, (c) room temperature [2].
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Figure 3.
(a) Schematic diagram showing movement of liquid metal avound the dendritic structure, (b) formation if
shrinkage cavities [11].

components, rendering the casting poor pressures tightness. Another point to con-
sider is the introduction of tangled oxide films (bifilms) as shown in Figure 4.

Table 1 shows the classification of aluminum cast alloys [14] depending on the
main alloying element. The number following the decimal point indicates if the
alloys are in the form of castings (.0) or ingots (.1 or .2), whereas Table 2 depicts
the different heat treatment designations for these alloys [15, 16]. The composition
of Al-Si alloys that are commonly used in aluminum automotive industries is listed
in Table 3 [17].

High entropy alloys (HEAs) are currently receiving much attention in materials
engineering because they have potentially desirable properties [18]. Alloys
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Figure 4.
Examples of tangled oxide films in aluminum alloys [13].

Alloy Series Principal Alloying Element
1xx.x 99.000% minimum Aluminum
2XX.X Copper
3xx.x Silicon Plus Copper and/or Magnesium
4xx%.X Silicon
5xx.x Magnesium
6XX.X Unused Series
7XX.X Zinc
8xx.x Tin
Table 1.

Classification of aluminum cast alloys.

Letter Details

F As fabricated — no heat treatment

o Annealed — Applies to product which has been heated to produce the lowest strength condition
to improve ductility and dimensional stability

H Strain Hardened — Applies to products which are strengthened through cold-working.

Solution Heat-Treated

T Age hardened alloys - To produce stable other than F, O, or H. The “T” is always followed by
one or more digits

Table 2.
Basic heat treatment designations.

containing at least 4-5 elements (5-35 at.% concentrations) are considered as HEAs
[19]. Research indicates that some HEAs have considerably better strength-to-
weight ratios, with a higher degree of fracture resistance, tensile strength, as well as
corrosion and oxidation resistance than conventional alloys. The research investi-
gations on the Al-Si alloys being reviewed here also focus on achieving the same
characteristics.

In this review, the microstructures and mechanical properties of aluminum
alloys containing different rare earth element additions are discussed, mainly 319,
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Alloy Elements (wt. %)

Method(b) Si Cu Mg Fe Zn Others
319.0 S, P 6.0 35 <0.10 <1.0 <1.0
332.0 P 9.5 3.0 1.0 1.2 1.0
355.0 S, P 5.0 1.25 0.5 <0.06 <0.35
A356.0 S, P 7.0 <0.20 0.35 <0.2 <01
A357.0 S, P 7.0 <0.20 0.55 <0.2 <0.1 0.05 Be
380.0 D 8.5 35 <0.1 <13 <3.0
383.0 D 10.0 2.5 0.10 13 3.0 0.15 Sn
384.0 D 11.0 2.0 <0.3 <13 <3.0 0.35Sn
390.0 D 17.0 4.5 0.55 <13 <0.1 <0.1 Mg
413.0 D 12.0 <0.1 <0.10 <2.0 —
443.0 S, P -5.25 <0.3 <0.05 <0.8 <0.5

S = sand casting, P = permanent mold casting, D = die casting.

Table 3.
Composition of Al-Si based cast alloys commonly used in automotive components [17].

356, 380, 411, and 390 alloys which constitute alloys widely used in automotive
components. A number of scientific investigations are reported in the literature on
the effects of rare earth elements and mischmetal (MM), which is a mixture of rare
earth (RE) elements found in abundance in nature with Cerium (Ce) and Lantha-
num (La) together comprising approximately 90% of mischmetal. The RE metals
investigated include Cerium (Ce), Lanthanum (La), Yttrium (Y) [20-25], Erbium
(Er) [26-30], Neodymium (Nd) [31-35], Ytterbium (Yb) [36-40], Samarium (Sm)
[41-42], Scandium (Sc) [43-47], Europium (Eu) [48, 49], and Gadolinium (Gd)
[50]. Among these, the effects of MM, Ce, La and mixed additions of Ce and La are
reviewed.

1.1 Effects of Mischmetal (MM) additions

The effects of small amounts of mischmetal (MM) on the dendrite arm spacing,
and the Brinell hardness of Al-1.0% Mg-0.5% Si alloy were investigated by Young
et al. [51]. Their results showed that in the range of 0.5-4.0 wt.% MM the hardness
increased by more than 30% and the dendrite arm spacing decreased from 50 pm to
18 pm. Ravi et al. [52] analyzed the mechanical properties and microstructure of
cast Al-7Si-0.3 Mg (LM25/356) alloy and reported that addition of above 1.0 wt.% of
MM lowered the YS, UTS and percent elongation, with an increase in the Brinell
hardness. The mechanical properties decreased due to the formation of Ce and La
hard intermetallic compounds in the matrix and consumption of a certain amount
of Mg in their formation, which reduced the strengthening constituent Mg,Si
formed, contributing to the observed decrease. The yield strength (YS), ultimate
tensile strength (UTS), and pct elongation of the Al-7Si-0.3 Mg alloy (in the T6
condition) decreased with the increase in Fe content (from 0.2 to 0.6 pct), as shown
in Figure 5.

The microstructure and thermal analysis of Al-21 wt.% Si alloys with MM addi-
tion were discussed by Chang et al. [53, 54]. According to the authors, addition of
2.0 wt.% MM leads to a morphological change in the primary Si crystals from star-
like to polyhedral shape [55] as displayed in Figure 6. The thermal analysis results
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Figure 5.
Mechanical properties of the LM 25 alloys (—T6 condition) containing Fe and Mischmetal [52].

Figure 6.
Scanning electron micrograph of the deep etched Al-21% Si-3% RE alloy. The RE modified primary Si shows
typical polyhedral shape [54].

revealed that addition of 3.0 wt.% of MM leads to depressions of 12-17 °C in the
primary Si reaction temperature and 2-7 °C in the eutectic Si temperature. Increas-
ing the level of MM additions to in situ Al-15Mg,Si composite alloy leads to: (i) a
reduction in the size of Mg,Si particles, (ii) a change in the morphology of eutectic
Mg,Si from fibrous to flake like, and (iii) formation of RE-containing compounds in
the form of Al;1RE; [56].

Ravi et al. [57] studied the effect of 1.0 wt.% MM additions on the microstruc-
tural characteristics and the room and elevated temperature tensile properties of Al-
78i-0.3 Mg (LM 25/356) alloy containing excess iron up to 0.6 wt.%. The results
showed that:

i. Alloys with Fe contents ranging from 0.2 to 0.6 wt.%, exhibit grain
refinement and partial modification of the eutectic silicon and the finer
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intermetallic compounds formed with Ce, La, and other elements, thereby
improving the strength as well as the ductility of the alloy relative to the
same alloys without MM addition.

ii. Alloys containing 0.6 wt.% Fe led to the formation of fine and fibrous shaped
intermetallic compounds containing Fe and Si, which reduced the effective
amount of Fe available for formation of p and n phases, thereby reducing the
size and volume of Fe-containing intermetallics, which, in turn, reduced the
deleterious effect of Fe and improved the alloy strength and ductility.

Wan et al. [58] found that up tol.0 wt%, MM addition refined the grain size of
cast Al-Cu-Mg-Si alloy and changed the eutectic Si morphology from needle-like and
laminar to a granular type. Also, with the increase of the MM level, the tensile
strength and elongation of the alloy first increased and then began to decrease. Alloy
with 0.7 wt.% MM exhibited the highest mechanical properties. In another study,
Chong et al. [59] studied the combined effects of P and MM on the microstructure
and mechanical properties of hypereutectic Al-20%Si alloy. It was observed that, in
general, alloys with the addition of 0.08% P and 0.6% MM exhibited highest
mechanical properties and had the optimal microstructure compared to the alloy with
no addition; refinement of the primary Si particles from 66.4 pm to 23.3 pm, and the
eutectic silicon from 8.3 pm to 5.2 pm, was also noted. With respect to the mechanical
properties, the ultimate tensile strength improved from 256 MPa to 306 MPa, and the
ductility increased from 0.35% to 0.48%. Figure 7 shows the average primary Si size
of the tested alloys with different P contents.

According to El Sebaie et al. [60-64] the presence of MM in unmodified and
Sr-modified A319.1, A356.2 and A413.1 Al-Si casting alloys led to the following
observations:

i. In general, the hardness values of the as-cast alloys were higher at high
cooling rates than at low cooling rates. With MM, the hardness decreased at
both solidification rates. Figure 8 shows the hardness values obtained for
these alloys after different aging treatments.
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Effect of P content on primary Si size of Al-20%Si alloys under same RE content condition [59].
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ii. In the case of non-modified alloys MM addition resulted in partially
modified eutectic silicon particles. This effect was more pronounced in the
A413.1 and A319.1 alloys, compared to A356.2 alloy.

iii. The effect of MM as a modifier is more effective at high cooling rate
(corresponding to DAS ~ 40 pm) than at the low cooling rate
(DAS ~ 120 pm) for all the as-cast non-modified alloys.

iv. MM-containing intermetallic phases were observed at high and low cooling
rates, each exhibiting a specific Ce/La ratio and morphology. Many of these
MM-containing intermetallic phases were found to contain Sr., which
confirmed the interaction of MM with Sr. - see Figure 9 and Appendix A.

Combined addition of MM and Mn is an effective way to improve the strength of
A390 alloy at elevated temperature by 25% [65]. Other studies by Zhu et al. [66, 67]
reported the effects of 0.1-1.0 wt.% Ce-based MM additions on the microstructure,
tensile properties and fracture behavior of as-cast and T6-treated A356 alloys. The
main findings from their work are listed below for the specified conditions.

1.1.1 MM-modified as-cast A356 alloys

MM-containing intermetallic compounds cannot act as potential nucleate sites
for the primary a-Al phase.

i. The modification effect of MM depends on the addition level. Minor
additions of MM (less than 0.2 wt.%) result in partial modification, while
more than 0.3 wt.% MM leads to full modification.

ii. The fracture path goes through the interdendritic region composed of
eutectic silicon and MM-containing intermetallic compounds.

Sr-modified A319.1 alloy at high cooling rate (DAS ~ 40 ym)

110
—4—Sr-modified A319.1 + 0 wi%MM
100 = Sr- modified A319.1+ 2 wi%MM
—— Sr-modified A319.1 + 4 wtleMM
—e— Sr-modified A319.1 + 6 Wi26MM
—
= 90 -
I
a
7] 80 -
[72]
]
c
I 70 -
XI
60 -
50 i i i i i i i i i
155 180 200 220 240
Aging Temperature, °C
Figure 8.

Effect of mischmetal additions and aging temperature on the havdness of A319.1 alloys solidified at high
solidification vates (DAS ~ 40 pum of Sr-modified conditions [63].
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Figure 9.
Backscattered images of A319.1 alloy samples containing (a, b) 0 wt-% and (c, d) 6 wt-%MM depicting
intermetallic phases observed under high cooling rate conditions (S: Sr. modified; T: Heat treated samples) [64].

1.1.2 MM-modified T6-A356 alloys

T6 heat treatment has great influence on the spheroidization of eutectic silicon
particles in MM-modified A356 alloys than that in the unmodified alloys.

i. The UTS, YS, and %EL of the T6-treated A356 alloys with and without
modification are improved due to the spheroidization of eutectic silicon
particles and Mg,Si precipitation hardening.

ii. SEM images show that the MM-modified T6 A356 alloy undergoes ductile
fracture. It is worth noting that the eutectic silicon and MM-containing
intermetallic particles provide the weak locations for initiation of the
fracture as displayed in Figure 10.

The effects of different addition levels (0.0-1.0 wt.%) of La-based MM and heat
treatment on the microstructure and tensile properties of two different sections of
Al-Si casting alloy A357 were studied by Mousavi et al. [68-70]. Optimum
recommended levels of MM are 0.1 wt.% and 0.3 wt.% for thin and thick sections of
the casting, respectively. Examination of the microstructure at high level of MM
(0.5 wt.%) exhibited the precipitation of a new AlSiLa intermetallic phase as shown
in Figure 11.

The results of Jiang et al. [71] on the microstructure, tensile properties and
fracture behavior of as-cast and T6 A357 alloy revealed that addition of MM reduced
the size of the primary a-Al dendrites i.e., the SDAS value, and also improved the
eutectic Si particle morphology. Accordingly, the MM-modified A357 alloy
exhibited improvement in the tensile properties, particularly the elongation, in the
T6-treated condition. The fracture surface of the tensile-tested sample of the
unmodified alloy showed a clear brittle fracture, whereas that of the MM-modified
A357 alloy exhibited dimple rupture and cracked eutectic Si particles, resulting in
superior ductility. The results of Zhang et al. [72, 73] demonstrated that the AITiB-
MM addition to A356 alloy provided the most effective and synergetic grain size
refinement compared to individual AITiB or MM additions. Also, the properties of
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Figure 10.
Fracture surface parallel to the tensile direction of the T6-A356 alloys modified by 0.5 wt.% MM showing
intercrystalline crack of RE-containing intermetallic compounds at the fractuve surface [67].
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Al 13 K-series 10.09 13.51 33.23 0.5
S1 14 K-series 10.07 13.48 31.86 0.5

Figure 11.
(a) SEM photograph of Al-Si—La compound intermetallic in A357 alloy with 0.5 wt% mischmetal casting in
thick section mold and (b) EDS spectrum showing the distribution of Al, Si and La in the intermetallic [70].

A356 alloy wheel refined by the AITiB-MM were improved significantly. The tensile
strength, yield strength, and elongation of the wheel spokes improved by approxi-
mately 11.3%, 10.8% and 44.1%, respectively.

Dang et al. [74] investigated the effects of the use of rare earth (RE) in the form
of Al-10% RE master alloy (a mixture of Ce and La) and pouring temperature
(1124 K through 1524 K in increments of 100 K) on the microstructure and
mechanical properties of T6-treated Al-25%Si alloy. The authors observed that for
the unmodified alloy, the primary Si morphology was transformed from platelets to
fine polyhedral form, and the average size decreased with increase in pouring
temperature (from 125 pm at 1124 K to ~62 pm at 1524 K). With a 1.2 wt.% RE
addition, the primary Si exhibited a small blocky morphology, with an average
particle size of 47 pm. In addition, the study showed that T6 MM-AI-25%Si alloy
exhibited an improvement in the mechanical properties compared to the
unmodified alloy, where the maximum tensile strength and elongation (208.3 MPa
and 1.01%) were obtained for the sample modified with 1.2 wt.% RE followed by
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the T6 heat treatment. Tensile fracture exhibited three stages: microcrack initiation,
crack coalescence, and quick crack propagation as shown in Figure 12.

According to Mahmoud et al. [75, 76], depending upon the amount of added Ti,
two RE-based intermetallics can be formed: (i) a white phase, mainly platelet-like
(approximately 2.5 pm thick), that is rich in RE, Si, Cu, and Al, and (ii) a second
phase made up of mainly gray sludge particles (star-like) branching in different
directions. The gray phase is rich in Ti with some RE (almost 20% of that in the
white phase) with traces of Si and Cu. There is a strong interaction between RE and
Sr., leading to a reduction in the efficiency of Sr. as a eutectic Si modifier, causing
particle demodification. Figure 13(a) shows the actual morphology of the white
phase which is likely to be thin platelets about 2.5 pm thick. The morphology of the
gray sludge is well illustrated in Figure 13(b) exhibiting the branching of the gray
phase particles in different directions.

Figure 12.
The fracture morphology of Al-25% Si alloy in: (a) and (b) 1.2% RE, (c) and (d) 1.2% RE + T6 heat
treatment [74].

(b)

Figure 13.

RE-based intermetallic phases: (a) platelet-like phase; the two straight arrows pointing towards each other
simply highlight the thickness of the platelet-like phase and the curved arrow that links the label 2.5 pm to the
platelet indicates the actual thickness, (b) the gray sludge phase [76].
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1.2 Effects of cerium additions

The results arising from the investigations of Song et al. [77, 78] showed that
individual addition of 0.3%Ce or 0.2%Ti to Al-Cu-Mg-Ag alloys can decrease the
grain size of the as-cast alloy, increase the nucleation rate of the Q (metastable
Al Cu) phase, inhibit the growth of the Q phase during aging, and thereby increase
the volume fraction and decrease the spacing of the © phase. Based on these
microstructural observations, the yield strength and tensile strength of the alloy are
increased. However, combined addition of Ce and Ti led to the formation of (Ce,
Ti)-containing intermetallic compounds and increased the grain size during casting,
with no influence on the nucleation and growth of the Q phase during aging. The
alloy containing both Ce and Ti had a relatively lower Vickers hardness and strength
compared to the alloy containing individual additions of Ce or Ti. In another
research, Song et al. [79] reported that Ce improved the thermal stability of the Q
phase by decreasing the diffusion velocity of the Cu atoms, and hence decreasing
the coarsening speed of the phase, as well as through the aggregation of Ce atoms at
the Q phase/Al matrix interface, increasing the energy barrier for the thickening of
the Q phase plates which coarsen through a ledge nucleation mechanism. The
strength of the Al-Cu-Mg-Ag alloy is improved, as a result.

The results on the effects of different levels of Ce additions on the microstruc-
ture, thermal behavior and mechanical properties of hypereutectic AlSi17CuMg
alloy illustrated that addition of Ce (up to 1.0 wt.% Ce) can achieve refinement of
the primary and eutectic silicon morphology. In general, alloy containing 1.0 wt.%
Ce exhibited the best results with respect to the microstructural and strength prop-
erties. It was also observed that with 1.0 wt.% Ce, the alloy produced the highest
reduction in the liquidus temperature from 686.6 °C to 591.9 °C. [79].

The eutectic silicon modification in A356 alloy modified with 1.0 wt.% Ce was
greatly improved [80]. However, the thermal analysis revealed that there is no
direct relation between the eutectic growth temperature and silicon modification.
The microstructural characterization showed that two kinds of Ce-containing
intermetallic phases were found, including Ce-23A1-22Si and Al-17Ce-12Ti-2Si-2 Mg
(in wt.%). While the ductility of the Ce-modified alloys was enhanced for Ce
additions of 0.6 wt.% and above, there was no positive effect on the ultimate tensile
strength; this was attributed to the formation of the Al-17Ce-12Ti-2Si-2 Mg phase
which reduced the amount of free Mg available for precipitation of the Mg,Si
strengthening phase.

The effects of various concentrations of Ce (0.0, 0.01, 0.02, 0.05 and 0.1 wt.%)
on the solidification and mechanical properties of AA A360 (Al-10%Si-0.5%Mg)
alloy were reported by Voncina et al. [81]. The results showed that the solidus
temperature decreased with increasing Ce addition. The eutectic (o + Mg,Si)
temperature also decreased with Ce addition. It was found that the precipitation
enthalpy decreased with the Ce addition, while precipitation occurred more rapidly
and intensively, indicating increased reaction kinetics. Mechanical properties like
tensile strength and hardness also increased with the Ce addition, where the hard-
ness of the investigated alloy could be attributed to the phase composed of Al, Ce,
Mg and Si. The precipitation enthalpy also decreased with increasing Ce addition
and increased with increasing cooling rate as determined from simple DSC analysis,
as shown in Figure 14. It was anticipated that Ce in A360 alloy decreases the
activation energy for the precipitation of the Mg,Si phase and consequently precip-
itation enthalpy.

It is worth noting that in another study Voncina et al. [82] reported that addition
of Ce to A380 alloy led to a change in the morphology of eutectic AL,Cu phase from
“crumbled” to fully formed (finer eutectic-like to blocky form) and caused the
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Figure 14.
Precipitation enthalpy regarding the Ce addition and cooling rate at heating DSC curves.
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Figure 15.
Al-corner of ternary Al-Si- Ce system [82].

formation of small primary crystals of as; which resulted in grain refining of the
alloy. A needle-shaped AlCeCuSi phase (AlsCe,CusSiz) was also detected. The
solidification of hypoeutectic Al-Si alloys with Ce addition can be described by the
Al-corner of ternary system Al-Si-Ce (Figure 15).

Effects of Ce-Sr interaction on the nucleation of primary a-Al phase dendrites in
hypoeutectic Al-7%Si-Mg cast alloy were examined by Chen et al. [83]. It was found
that with addition of Ce and Sr., the grain size of the dendritic a-Al phase becomes
well refined, decreasing from 150 pm to 90 pm, and is attributed to the exponential
increase in nucleation frequency (10%*), compared to the unmodified alloy, and
restricted growth. Increasing the Ce level (0, 0.3, 0.5, 0.8 and 1 wt.%) in Al-20%Si
alloy would cause a significant refinement of the primary Si crystals with the change
in the morphology of the eutectic Si phase from coarse platelet like to a fine fibrous
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structure [84]. Accordingly, the ultimate tensile strength (UTS) and elongation (%
El) increased by 68.2% and 53.1%, respectively, as a result of these effects.

Ye et al. [85] investigated the influence of Ce content (0.2% and 0.4 wt.%) on
the impact properties and microstructures of 2519A aluminum alloy, a new version
of 2519 alloy (with a higher Cu/Mg ratio) used for armor material. Based on the
results of their research, it was found that 0.2 wt.% Ce addition leads to an increase
in the volume fraction of the precipitation phase, in addition to a more dispersive
and homogeneous distribution of finer 6’ (Al,Cu) precipitates, which result in
improving the ability of the alloy for absorbing impact energy. Formation of
AlgCu,Ce phase which is thermally stable at high temperature is also expected to
enhance the high temperature mechanical properties of the alloy. Yii et al. [86]
reported that the addition of Ce in the Al-20%Si alloys refined the Si primary phase
as the Ce additions were increased. The results also showed that addition of Ce in
the range of 0.46 to 2.24 wt.% led to the formation of fine cells dispersed in the Al-
matrix. These cells consisted of a mixture of eutectic Si particles and Ce-containing
intermetallic phases (Al;Ce and CeAl; ; Sijg g). The amount of the intermetallic
phases increased with increasing Ce addition.

Promising scientific investigations were made by Ahmad and coworkers [87, 88]
on the influence of Ce on the microstructure of a commercial Al-11%Si-Cu-Mg
eutectic cast alloy (ADC12). The main findings from their studies are summarized
below.

i. The addition of Ce to ADC12 alloy leads to improvement in the Si particles
modification and reduces the Si particle size by 62% [87].

ii. Cooling rate has no significant effect in the 1.5 wt.% Ce-modified ADC12
alloy, compared to the base alloy and this may be attributed to the
formation of intermetallic phases.

iii. Investigation of the Al-Si eutectic phase using the thermal analysis
technique showed that addition of Ce had a significant effect on the
nucleation, growth, and minimum temperatures of Al-Si, and decreased as
the Ce concentration increased; refinement of the Si structure was observed
up to 1.0 wt.% Ce. In addition, the growth and nucleation temperatures of
the Al-Cu phase, which is the last phase to solidify, also increased with
increasing level of Ce. The formation of Ce-containing intermetallic
compounds such as Al-Si-Ce and Al-Si-Cu-Ce affected the degree of Si
modification [88] - Figure 16 and Table 4.

iv. Ce addition refined the secondary dendrite arm spacing (SDAS) by
approximately 36%. In addition, the tensile strength and quality index of
Al-11%Si-Cu-Mg increased to 237.6 MPa and 265 MPa, respectively, after
the addition of 0.1 wt.% Ce.

Effect of solidification rate and rare earth metal addition on the microstructural
characteristics and porosity formation in A356 alloy was investigated by Mahmoud
et al. [89]. According to the atomic radius ratio, yLa/ySi is 1.604 and yCe/ySi is
1.559, theoretically, which shows that Ce is relatively more effective than La. These
findings confirm that Sr. is the most dominating modification agent. Interaction
between rare earth (RE) metals and Sr. would reduce the effectiveness of Sr.
Although modification with Sr. causes the formation of shrinkage porosity, it also
reacts with RE-rich intermetallics, resulting in their fragmentation. Figure 17
reveals the distribution of La, Ce, and Sr. in RE-rich platelets, which explains the
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Figure 16.
Cooling curve and the first and second derivative of the 0.1 wt% Ce-containing alloy with characteristic

parameters and a-Al phase arrest regions, showing points of interest [88].

Parameter Description
T‘K(Al /°C Nucleation temperature of a-A1 (onset of a-A1 phase)
TK[M /°C Minimum temperature of a-Al
TS A C Maximum growth temperature of a-A1l
Te A C Recalescence temperature = T% A1 — T3 A1
TEALC Nucleation undercooling temperature = T% A — T& A
AT A/°C Solidification temperature range of a-A1 phase = T% 4! — TSt
TﬁPSi /°C Nucleation temperature of Al-Si (end of a-A1 phase)
T/°C Solidus temperature (end of solidification)
tels Solidus time (end of solidification)
ATy°C Total temperature range = T A1 — T
Atls Total temperature range = t§ ! —t,

Table 4.

Solidification characteristic parameters identified during solidification of the a-A1 phase and at the end of
solidification.

partial modification of the surrounding Si particles as less Sr. is available for modi-
fication of the eutectic Si.

1.3 Effects of lanthanum additions

It is inferred from the work of Mahmoud et al. [90] using high purity (99.5%)
lanthanum or cerium, that La and Ce have more or less the same effect on the
microstructures, with the La- and Ce-containing intermetallics displaying similar
morphologies. Regardless of the alloy composition, an addition of 150 ppm Sr. or
0.2% RE results in improving the UTS by 25-52% in the T6 condition, with a
decrease in ductility from 3% to 2.1%. The addition or RE metals (La + Ce) up to
3 wt.% leads to an increase in the freezing range through an increase in the melting
point of the non-modified alloys, with decrease in the Al-Si eutectic temperature,
by 12 °C and 8 °C, respectively, at 3 wt.% addition, Figure 18. The authors
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Figure 17.
(a) Backscattered electron image showing Ce-rich platelets in Sr-modified A356 alloy containing 1.025% wt.%
Ce, and elemental distvibution of (b) Ce, (c) Sr., and (d) EDS spectrum corresponding to (a) [89].
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Solidification curves of unmodified 356 alloy [90].

concluded that the addition of La or Ce leads only to fragmentation of the Si
platelets in the case of non-modified alloys and only partial modification in the case
of Sr-modified alloys. The direct advantage of the addition of RE metals to non-
grained alloys is the reduction in the grain size by about 50% at 3 wt.% RE addition.
According to Song et al. [79], when RE was added to 356 alloy in the amount of
0.6 wt.%, the mean grain size was reduced by about 50%. A similar effect was
observed in the work of Ibrahim et al. [91, 92] on the effect of rare earth metals on
the mechanical properties of 356 and 413 alloys, as shown in Figure 19, in particu-
lar, in alloys 3 L and 4 L, see Figure 19 (b, e). Due to Ce-Ti interaction, the grain
refining effectiveness was reduced in the 3C and 4C alloys, as shown in Figure 19
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Figure 19.

Effect of La and Ce addition on the grain size in A356 alloys: (a) alloy 3, no RE addition, (b) alloy 3 L,
addition of 1% La, (c) alloy 3C, addition of 1% Ce. Effect of La and Ce addition on the grain size in A413
alloys: (d) alloy 4, no RE addition, (e) alloy 4 L, addition of 1% La, (f) alloy 4C, addition of 1% Ce.

(c, f). Microstructural characterization of Al-Si cast alloys containing rare earth
additions was performed by Elgallad et al. [93]. The main findings of this study
were that the addition of La and/or Ce resulted in the formation of a whitecoloured
Al-Si-La/Ce/(La,Ce) phase in both A356 and A413 alloys. In addition, the presence
of Ti in the A356 alloy allowed for the formation of a gray-colored Al-Ti-La/Ce
phase besides the Al-Si-La/Ce/(La,Ce) phase. The formation of these phases signif-
icantly increased the phase volume fraction of intermetallics in the A356 and A413
alloys. In the presence of Sr., the white-colored Al-Si-La/Ce/(La,Ce) phase was
found to also contain Sr. (~1 at%). No specific Sr-La/Ce intermetallic phases were
detected in the microstructures of the alloys investigated. Figure 20 (i) shows the
DSC cooling curves of the A413 alloy before and after the addition of La and Ce,
individually or in combination, whereas Figure 20 (ii) shows the DSC heating
curves of the A413 alloy without and with La and/or Ce.

The results on various La additions on the microstructure of as-cast ADC12
(Al-11%Si-Cu-Mg) alloy [94] indicated that the a-Al and eutectic Si crystals were
modified with the addition of 0.3 wt.% La. The eutectic Si crystals showed a
granular distribution. At the same time, the alloy possessed the best mechanical
properties. However, as the La addition was increased beyond 0.3 wt.%, the
microstructure coarsened gradually and the mechanical properties decreased
as a result.

Song et al. [77-79] analyzed the impact of different additions of La (0.0, 0.3, 0.6,
and 0.9 wt.%) on the microstructure and hot crack resistance of ADC12 alloy. The
results showed that, as the La added increased from 0.0% to 0.6 wt%, the structure
of the a-Al phase gradually varied from a well-developed dendritic crystal into fine
dendritic crystal, equiaxed crystal and spheroidal crystal; the eutectic silicon mor-
phology varied from needle-like or tabular shape into a fine rod-like shape; the hot
cracking force of the alloy also gradually decreased. Optimum alloy modification,
alloy refinement and hot cracking resistance were achieved at 0.6 wt.% La addition.
However, when the addition of La reached 0.9 wt.%, the excessive amount of La
segregated at the grain boundaries, forming intermetallic phases.

Similarly, Chen et al. [84] evaluated the effects of combined addition of lantha-
num and boron (B) on the grain refinement of Al-Si casting alloys, and found that
such additions can effectively refine the grains of Al-Si alloys compared to individ-
ual addition of boron. This work also reported that with addition of La, the tensile
properties of the alloy, in particular, the elongation are enhanced. The response of
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Figure 20.

(i) DSC cooling curves of (a) A413 and (b) A356 alloys, respectively, without and with La and/or Ce. (ii)
DSC heating curves of: (a) A413 (alloy 4) and (b) A356 (alloy 3) alloys without and with La and/or Ce [93].

trace additions of La (0.05% - 0.1 wt.%) on the microstructures and tensile proper-
ties of B-refined and Sr-modified Al-11%Si-1.5%Cu-0.3%Mg casting alloys were
investigated by Lu et al. [95] who found that introducing La/B in the weight ratio of
2:1 produced well refined a-Al grains and modified eutectic Si particles in the alloy,
as well as strengthening intermetallic precipitates, which improved the ultimate
tensile strength from 234 to 270 MPa, and elongation and from 4.0 to 5.8%,
respectively.

A study on the synergistic effect of Sr. and La on the microstructure and
mechanical properties of A356.2 alloy was carried out by Qiu et al. [96]. It was
found that, with the addition of 0.5 wt.% Al-6Sr-7La master alloy, the alloy
exhibited optimal microstructure and mechanical properties, with the secondary
dendrite arm spacing (SDAS) decreasing to 17.9 pm and the acicular eutectic silicon
transforming to a fibrous form. With the improved microstructure, the ultimate
tensile strength, yield strength and elongation of the alloy (with 0.5 wt.% Al-6Sr-
7La) increased to 228.15 MPa, 108.13 MPa and 11.92%, respectively, which were
much better than those of the “traditionally treated” A356.2 alloy (using 0.2 wt.%
Al-5Ti-1B for grain refining and 0.2 wt.% Al-10Sr for Si modification).

Tang et al. [97] investigated the effect of Sr. and La addition on the microstructure
and mechanical properties of a secondary Al-Si-Cu-Fe alloy. The quantitative metal-
lographic results indicated that addition of different levels of Sr. and La modification
agents, added in the form of Al-10%Sr. and Al-10%La, produced varied refinement
effects on the mean length of needle-like phases and the SDAS value. The total dosage
of Sr. and La varied from 0.04 to 0.2 wt.% (Sr/La = 1:1). The minimum mean length
of needle-like phases (Sr/La = 1:1) and the SDAS value (Sr/La = 1:5) were obtained by
setting the addition amount of the modification agent at 0.12 wt.%. The mean length
of the needle-like phase dropped from 364 to 55.3 pm, while the SDAS decreased
from ~22 to 9.7 pm, i.e., by 84.5% and 55.8%, respectively.
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Effect of solution treatment on the microstructure and mechanical properties of
A356.2 alloy treated with Al-Sr-La master alloy was examined by Ding et al. [98]
who found that the optimal solution treatment parameters for A356.2 aluminum
alloy treated by Al-6Sr-7La are: solution treatment at 540 °C for 3 h, followed by
quenching in 60 °C water — see Figure 21. The alloy under this condition possesses
the optimal comprehensive conditions/values of microstructure, eutectic silicon
morphology, UTS, YS, and EL, which is beneficial to the subsequent aging process.

The effects of Ti - La interaction on the microstructure and mechanical proper-
ties of B-refined and Sr-modified Al-11%Si alloys showed that the addition of
0.05 wt.% B induces a transformation of the eutectic Si from finely fibrous to coarse
plate-like morphology in the Al-11%Si alloy modified with 0.02 wt% Sr., owing to
the poisoning of impurity induced twinning (IIT) mechanism [99]. Thus, the
eutectic Si growth occurred only by the twin plane re-entrant (TPRE) mechanism.
Both Ti and La can neutralize the poisoning effect of the interaction between Sr. and
B in the Al-11%Si alloy; however, the neutralizing effect of La is dependent on the
addition sequence. The combined addition of La and B elements promoted the
effective refinement of «-Al grains, but an inhomogeneous modification of the
eutectic Si phase was also observed, leading to a slight decrease in the elongation.
The poisoning effect can also be proved by the reduction of multiple Si twins as
shown in Figure 22. Figure 23 display the affinity of RE metals to react with Sr.
leading to the observed loss of modification in the present alloys [100].

(a) 20 °C; (b) 30 °C; (c) 40 °C; (d) 50 °C; (e) 60 °C; and (f) 70 °C [98].

Figure 21.
Effect of quenching temperatures on the microstructure of A56.2-Sr-La alloy: (a) 20 °C; (b) 30 °C; (c) 40 °C;
(d) 50 °C; (e) 60 °C; and (f) 70 °C [98].
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BA0111.

Figure 22.
(a) TEM bright field image and corresponding selected area diffraction pattern of Si particle, tilted to [011]Si

zone axis, in the S5 alloy (0.1216% La, 0.0526%B, 0.0218%Sr); (b) assembly of TEM bright field images of
different Si particles taken from the S5 alloy; (c) TEM bright field image and corresponding selected area
diffraction pattern of Si plates, tilted to [011]Si zone axis, in the S6 alloy.

Figure 23.
Ce-Sr interactions in A356 alloy modified with 1.0% Ce + 0.01% Sr. [100].
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Figure 24.
Bright field TEM micrograph of the La/Ce, Si and Al phases (a) squavres indicate where elemental analysis was
carried out; (b, c) isolated numbers indicate the zone wheve diffraction patterns were taken.

1.4 Effects of mixed cerium and lanthanum (RE) additions

The microstructure and mechanical properties of the automotive A356 alumi-
num alloy reinforced with 0.2 wt.% Al-6Ce-3La (coded ACL) were investigated by
Aguirre-De la Torre et al. [101]. In this study, the ACL was added to the molten
A356 alloy in the as-received condition and also processed by another route,
employing mechanical milling and powder metallurgy techniques. Scanning elec-
tron microscopic observations indicated a homogeneous dispersion of La/Ce phases
using both routes. In regard to the mechanical properties, however, the modified
A356 alloy with the ACL added in the as-received condition, showed an improve-
ment in the mechanical performance of the A356 alloy over that reinforced with the
mechanically milled ACL. A bright field TEM micrograph from the FIB-milled TEM
sample is presented in Figure 24 revealing the presence of three phases in different
shades of gray as observed in Figure 24(a).

Also, Wang et al. [102] studied the effects of mixed La and Ce rare earth
additions on the microstructure and properties of Al-0.75%Mg-0.6%Si alloy. The
results showed that the mixed addition of La and Ce had a positive effect on the
grain refinement of the investigated alloy. Accordingly, the tensile strength and
elongation of Al-0.75%Mg-0.6%Si alloy gradually increased with the increase in the
amount of La and Ce added.

Another study was carried out by Du et al. [103-105] on the influence of 0.25 wt.
% and 0.50 wt.% mixed additions of Ce and La on the microstructure and mechan-
ical properties of an Al-Cu-Mn-Mg-Fe alloy. With the mixed addition, two inter-
metallic phases, AlgCusCe and Al¢CugLa, were formed. The results also showed that
the 0.25 wt.% addition could promote the formation of a denser precipitation of
Al,oCu,Mn; and Alg(Mn,Fe) phases, which improved the mechanical properties of
the alloy at room temperature. However, up to 0.50 wt.% Ce-La addition promoted
the formation of coarse AlgCu,Ce phase, in addition to the Al¢CugLa and Alg(Mn,
Fe) phases, which resulted in weakened mechanical properties [106, 107].

2. Summary

The review of the literature presented in this chapter has highlighted the
numerous studies that have been carried out on the effects of rare earth elements, in
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particular, Ce and La, on the microstructure and mechanical properties of aluminum
alloys. While a number of these investigations have been undertaken by Chinese
researchers, due likely to the easily available natural source of rare earths in the form
of mischmetal, studies by other researchers are also reported. Previous studies carried
out by the TAMLA research group have investigated the influence of rare earth
elements and mischmetal on the performance of A356, A413.1 and other Al-Si alloys.
With the more recent focus on the development of new Al-Cu based alloys for high
temperature performance of automotive components, it was considered worthwhile
to also investigate the effects of Ce and La rare earth metal additions to these alloys,
taking into consideration low and relatively high Si levels. Putting the importance of
rare earth elements into proper perspective, recently, University of Kentucky
researchers have reported producing nearly pure rare earth concentrates from Ken-
tucky coal sources [103-105]. The patent pending process developed by Honaker and
Zhang is a low cost and environmentally friendly recovery process. Interest in rare
earth elements is currently at its peak in the U.S.A., with the Department of Energy
investing millions in research, as REs constitute essential components of diverse
technologies in the high-tech and renewable energy industries.

Appendix A- Mischmetals

Phase Element wt-% at-% Calculated formula Shape and Suggested
no. Av. Awv. color formula
1 Al 59.76 70.74 Alj6(MnFe) ,Si3 Chinese script, Al;s(MnFe);Si; + a.
medium gray Iron
Si 10.07 11.44
Fe 20.3 116
Mn 831 4.83
Total 98.44 98.61
2 Al 2321 4132  Aljp(CeLaPrNd),Sig (Ce/  Chinese script, ALMM Syt
La = 1.57:1) white
Si 21.99 38.77
Ce 26.93 9.47
La 17.05 6.03
Pr 6.83 231
Nd 266 0.9
Total 98.67 98.8
3 Al 22.7 41.06  Aljp(CeLaPrNd),Siy (Ce/ Chinese script, AleM‘SizT +0.48
La = 1.48:1) white Wt-%Sr
Si 225 39.11
Ce 26.65 9.28
La 17.78 6.24
Pr 6.53 226
Nd 239 038
Sr 0.48 0.26
Total  99.03 99.01
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Phase Element wt-% at-% Calculated formula Shape and Suggested
no. Av. Av. color formula
4 Al 31.02 52.6 Aljp(CeLaPrNd),(CuNi);Sis Plate. like, AlsMM’ (CuNi)
(Ce/La=2.1:1) medium light Sit + excess of Al
gray
Si 10.92 18.58
Cu 14.02  9.03
Ni 6.05 5.40
Ce 21.78 7.05
La 10.41 3.36
Pr 512 157
Nd 191 0.57
Total 101.2 98.16

"MM: mischmetal.

TAl reading could be higher than the actual content due to the small size of the examined particles.

Table A.

Chemical compositions of intermetallic phases observed in as-cast A413.1 alloy containing 6 wt.% MM (WDS

analysis, SDAS:120 mm) [62].

Appendix - B Ce addition

Phase Color Elements (At.%) Suggested phase
Al Ti Fe Cu Si Ce
Gray-1 84.41 6.426 0.025 2.050 1.526 4.009 Al Ti,Ce (with trace of Cu and Si)
Gray-2 83.08 6.516 0.052 2308 2726 4.053 Al Ti,Ce (with trace of Cu and Si)
Gray-3 83.88 6.696 0.015 1963 2278 4.019 Al Ti,Ce (with trace of Cu and Si)
Gray-4 83.66 6.423 0.013 2278 2331 3.972 AlyTi,Ce (with trace of Cu and Si)
Gray-5 84.60 6.630 0.025 1734 1872 4.003 Al,Ti,Ce (with trace of Cuand Si)
White-1 40.54 0.000 0.069 1238 26.96 18.58 AlyCeyCu,Siy
White-2 40.44 0.000 0.069 11.80 27.73 18.56 AlyCesCu,Siy
White-3 46.08 0.000 0.112 12.04 24.28 16.52 AlyCeyCu,Siy
White-4 4021 0.000 0.122 1297 27.04 18.45 AlyCe,sCu,Siy
White-5 40.57 0.000 0.096 1224 2696 18.78 AlyCe4Cu,Siy
Table B-1.
WDS analysis of RE intermetallic phases observed with 1.0 wt.% Ce [70].
Phase Color Elements (At.%) Suggested phase
Al Ti Fe Cu Si Ce
gray-1 8578 6.314 0.014 1.080 1.388 4.156 Al Ti,La(with trace of Cu and Si)
gray-2 85.40 6.228 0.015 1.410 1.431 4.134 Al Ti,La (with trace of Cu and Si)
gray-3 8452 6.255 0.019 1777 1869 4.265 AlyTi,La (with trace of Cu and Si)
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Phase Color Elements (At.%) Suggested phase
Al Ti Fe Cu Si Ce

gray-4 83.99 6.394 0.008 2558 1.601 4.187 AlyTi,La (with trace of Cu and Si)
gray-5 85.53 6377 0.015 0946 1.659 4.272 Al Ti,La(with trace of Cu and Si)
white-1 5126 0.000 0.000 0.073 25.64 21.82 Al CeSi

white-2 45.37 0.000 0.000 0.276 28.55 24.59 AL CeSi

white-3 45.49 0.000 0.017 0.292 28.42 24.56 AL CeSi

white-4 4515 0.000 0.014 0.259 29.20 24.20 AL CeSi

white-5 51.86 0.000 0.009 0.077 2533 21.46 AL CeSi

Table B-2.

WDS analysis of RE intermetallic phases observed with 5.0 wt.% Ce [75].
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Abstract

This study reviews the recent technological advancements in manufacturing
technique; laser surface modification and material; High Entropy Superalloys. High
Entropy Superalloys are current potential alternatives to nickel superalloys for gas
turbine applications and these superalloys are presented as the most promising
material for gas turbine engine applications.

Keywords: high entropy alloys, high entropy superalloys, nickel superalloys,
turbine engine, laser surface modification

1. Introduction

Energy transformation comprises the turbine, which is an inner combustion
device and a spinning engine that utilizes water, wind steam, helium and air to
produce work [1]. Kaygusuz [2] stated that dams use turbines as an electrical
generator producing electricity for residential and industrial consumption.
Nonetheless, in 1939, the first jet engine that powered an aircraft was built consist-
ing of the combustion chamber, the turbine and the compressor [3]. This turbine
used air as its working fluid in an internal combustion engine and this engine, in
turn, removes enough chemical energy to convert it to mechanical energy from the
fuel source while using the working fluid to drive the propeller and the engine [4].
Bell and Partridge [5] anticipated that the Joule cycle is a theoretical cycle for gas
turbine applications, where both expansion and compression routes take place in a
rotating machine [6]. This comprises some reversible processes such as the turbine
using the expansion process and fluid friction for an increase in entropy which
causes a spontaneous reaction using the compression method in the Brayton cycle
[7]. The gas turbine is characterized by extended overhaul intervals, an increased
operating speed, less moving parts, availability, low maintenance, reliability, long
life span and rugged design [8]. The design of a turbine engine dictates its perfor-
mance and the performance requirement are determined by the shaft house power
developed in certain temperature conditions which may be extreme. Therefore, the
need for high-performance materials becomes necessary because one factor which
affects the efficiency of the engine; the turbine inlet temperature is made up of
materials which are designed to reduce flow losses and must withstand erosion,
corrosion and stress at elevated temperatures [9]. According to Reed [10],
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Figure 1.
Comparison graph between nickel super alloy and high entropy superalloy.

superalloys especially Nickel Superalloys are materials generally used at elevated
temperatures for these gas turbine applications attributed to their elevated tem-
perature strength, corrosion resistance, excellent formability, cost and low density
[11]. However, the nickel-based superalloy has a maximum service temperature, not
over 650 °C attributed to the conversion of y” precipitate strengthening matrix to
the & phase over time [12]. More so, the nucleation and growth of some cavities
along the transverse grain boundaries of these materials are the gas turbine airfoil’s
failure mechanisms [13]. Therefore; a need to develop new materials with improved
properties was necessary and this was achieved by transforming conventional
material into new ones via advanced industrial reproduction [14]. Miracle, Tsai [15]
proposed High Entropy Superalloys (HESAs) as a new class of amalgam with
superior properties compared to traditional superalloys as shown in Figure 1.

Their elemental composition, lower densities, high configurational entropy and
core effects alongside possessing the y” precipitate reinforcement phase makes this
superalloy a preferred alternative material for turbine engine applications [16]. Ina
previous study, additive manufacturing was presented as a potential advance manu-
facturing technique as opposed to conventional arc melting and casting fabrication
processes. This study attempts to present HESAs as a promising material for gas
turbine engine applications, as opposed to traditional Nickel-based superalloys [17].

2. Advances in material development
2.1 Super alloys

Superalloys are stable materials; they do not oxidize or fall apart in very harsh
environments and at high temperatures. These amalgams are used for power
generation, industrial, marine and aerospace applications [10]. They are character-
ized by their excellent heat and oxidation resistance at elevated temperatures, high
melting temperature, and high-temperature mechanical strength, good fracture
toughness, and stress-rupture, creep resistance [18]. In general, superalloys contain
more of Co, Ni, Cr or Fe but less of Ta, Hf, W, Cr, B, Mo, Nb, Al, Zr, C, Ti because
these elements adversely affect the properties of the blend. Superalloys have a
typical face-centred cubic structure and are characterized by a y” precipitate with
operating temperatures above 600 °C [19]. This phase gives the superalloy a
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principal yield strength which increases with a temperature rise. They may have
equiaxed or columnar grain structures without exhibiting high-angle grain bound-
aries, which at high temperatures are sites for damage accumulation [20]. According
to Graybill, Li [21], Superalloy’s strengthening mechanism includes dispersion
strengthening, solid solution and precipitation strengthening [22]. The dispersion
of chemically inert carbides and nitride enhances the strength of the superalloy.
Precipitation of all intermetallic phases, namely; carbides and FCC matrix y”
precipitate enhances the strength of the superalloy through Ti, Cb, Ta and Al, which
promote the formation of the y” precipitate. Finally, solid solution strengthening
with tungsten, columbium, rhenium, molybdenum, rhenium and tantalum stabi-
lizes the FCC structure and strengthens the superalloy [23].

Gessinger and Bomford [24] suggested that Superalloys for gas turbine applica-
tions are widely fabricated using powder metallurgy. However, Bewlay, Gigliotti
[25] fabricated the turbine disks using hot die forging and roll forming. Lavella,
Berruti [26] studied the residual stresses in Inconel 718 turbine disks fabricated by
milling while Groh, Gabb [27] developed a turbine disk using the casting technique.
Compared with these conventional techniques, the powder metallurgy process
produces turbine disks which are extremely difficult to forge; die life is relatively
poor and die fill is extremely difficult but not with additive manufacturing.

2.1.1 Nickel superalloys

Gas turbine engines require higher temperatures for efficiency. This high-
temperature application, therefore, requires excellent emission control with an
advance in the combustion hardware of the engine. Nickel superalloys materials
were developed for this purpose and they make up about half of the weight of
materials used in turbine engines [28, 29]. They have an FCC nickel matrix which is
stable enough for the alloy to be used for combustion liners, blades, vanes, thermal
barrier coatings, burners and are also applied to bear loads of over 75% of their
emergent melting temperature. This is attributed to their characteristic high-
temperature rupture and creep resistance, lifetime expectancy, low operating costs
and excellent thermal efficiency [30]. Nickel superalloys are also used in space
vehicles, submarines, petrochemical equipment and nuclear reactors. Nickel-based
superalloy 718 (IN718) is widely used in wrought or cast at 540 °C for rotors in gas
turbine applications [14]. Nickel superalloy 925 and 725 having good corrosion
resistance are applied in the oil and gas industry where carbon dioxide, hydrogen
sulphide, free Sulfur and chloride levels are significantly high. Nickel superalloy 706
(IN706) is used for power generation for its large diameter and lower concentrations
of other alloying elements. Alloy 685 (Waspaloy) with high-temperature strength
and age hardening is widely used for gas turbine engine applications [31]. The
superalloy is resistant to corrosion and oxidation whilst withstanding extreme
atmospheric conditions while in service. Other compositions are; Rene N6 used in
Jet engines, Inconel Alloy 600 used for stills, condensers, heaters and evaporator
tubes. Alloy 601 is used for pollution control, power and aerospace applications [32].
Nimonic 90 is used for turbine disc, blades, hot-working tools and forging. However,
Nickel-based superalloy is difficult to machine attributed to its hardness, toughness,
and they possess high heat resistance at elevated temperatures alongside low thermal
conductivity [33]. Machining at high pressure causes work hardening rapidly, which
invariably causes the alloy component to warp. Furthermore, Nickel superalloys can
be easily replaced with alloys that have high creep strength and niobium silicide was
an appropriate system to replace nickel superalloy having 170 MPa creep strength and
at a density of 7 g/cm’ until recently. Research showed that the addition of Ruand Re
to the nickel superalloy led to the enhancement of the superalloy’s creep strength,
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however; these additions are expensive and cause density inversion which results in
the defect [34]. This superalloy’ stability is limited at very high temperatures [35].

According to Durand-Charre [36], Nickel-based Superalloys are majorly FCC
phase structured. However, in aluminum-nickel superalloy systems, a second
precipitate phase is formed, which is usually Ni3;Al in a composition containing an
ordered intermetallic structure [37]. The y” phase relies on the cooling rate of the
superalloy through the solvus temperature of 894 °C [38]. A fast cooling rate
promotes a unimodal distribution of the y” precipitate, therefore, an increasing the
volume of the y” phase through rapid solidification is essential to the strengthening
properties of the superalloy [28]. Although the precipitate morphologies can be
modified through heat treatment and other secondary phases observed in Nickel-
based superalloys are ordered FCC y”, FCC carbides, ordered body-centred tetrago-
nal y*” and ordered orthorhombic intermetallic phases [39].

Pollock and Tin [28] did an intensive review on nickel superalloys and the
authors stated that the commercial superalloys comprise Co, Cr, W, Mo, Ta, W, Nb,
Re, Ti, Al, C, Hf, Y, B and Zr. The yield strength of the nickel superalloy is between
900-1300 MPa at room temperature and the fatigue life at 593 °C is 600 MPa at
10° cycles and 10° cycles. Additions of Re, Nb, W and Mo can be added for the solid
solution strengthening of the superalloy. Y, Ta and Cr contribute to enhance the
corrosion and oxidation properties of the superalloy. While Zr, C, Hf and B are
carbides or borides forming agents that help enhances the mechanical properties of
the superalloy as they are situated at the grain boundaries. The creep rupture life
attains about 1100 °C at 137 MPa stress level after 1000 h which is about 90%
fraction of the melting point signifying the need for innovative advanced materials
having higher melting points for the hottest regions of the turbine engine.

2.1.2 High entropy superalloys (HESAs)

Throughout the years, alloys utilized for commercial reasons were structured
by choosing an element which framed the network of the whole component with
the addition of essential solutes to the base component [40, 41]. The blends of
these combinations were reduced as could reasonably be expected for the immense
development of mass intermetallic mixes existing within the molar atomic pro-
portions of these alloys, hence, attaining a 40% mark or more. Along these lines,
the intermetallic phases reduce the quality of the alloys while in service [42, 43].
Therefore, a need arose to search for alloys with atomic percentages lesser than
35% and the possibilities of combining many metallic principal elements in several
atomic compositions were further investigated [44]. According to Ye, Wang [45], an
innovative class of alloys with these attributes was discovered more than a decade
ago by mixing multiple principal elements in equimolar or near-equimolar compo-
sitions. Yeh, Chen [46] named the alloys ‘High Entropy Alloys’ (HEAs). The authors
defined HEAs as amalgams having compositions with at least five principal metallic
elements, with these components having a molar atomic proportion between 5 and
35% [47]. Studies on HEAs have concluded that most HEAs comprise simple FCC,
BCC or HCP solid solutions phase attributed to their thigh-entropy effect [48].
Wang, Li [49] suggested that these solid solution phases with little or no intermetal-
lic matrix enable HEAs to have outstanding properties such as strength, extraordi-
nary mechanical and physical properties at cryogenic temperatures, plastic strain,
fracture strength and good ductility; they possess elevated-temperature oxidation
resistance and excellent work hardenability and have been reported to possess dis-
tinctive magnetic and tribological properties [50, 51]. Furthermore, Senkov, Wilks
[52] reported that HEAs are exceptional refractory materials and their fatigue-
resistance were reported to exceed conventional alloys by Hemphill [53].
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In the literature, the development in the solid solution strengthening of High
Entropy Alloys (HEAs) and the precipitation hardening properties of the alloys at
temperatures above 1100 °C , led to the discovery of High Entropy Superalloys
(HESAs). Yeh, Tsao [17] stated that these superalloys are simply HEAs with the bulk
of y” precipitates and they are described by their high elongation at room tempera-
ture, compressive strength, lower densities, creep resistance and ultimate tensile
strengths at elevated temperatures. Tsao, Yeh [54] suggested that High Entropy
Superalloy (HESA) is made up of a first elemental content containing at least
35 at.% and each principal reinforcement elemental combination will have a second
elemental content of more than 5 at%, for example, Niyg 7Al;Cr12 2Fe;; 55C020 61172
HESA. Senkov, Isheim [55] developed a refractory high entropy superalloy and the
authors anticipated that the first and second elemental composition content is
derived by the mixing entropy of more than 1.5 R (R is the ideal gas constant)
alongside the principal strengthening elemental composition, respectively.

Chen, Chang [56] studied the hierarchical microstructural strengthening of
HESAs and the composition of strengthening elements can consist of Cu, Fe, Ti, Zr,
Co, V, Al, Nb, Cr and Mn. While the overall structure can comprise Mn, Ni, Fe, Ti,
Co, Cr and V while for the grain boundary strengthening; C, B and Hf are added
but must not be over 15% of the superalloy’s total compositional weight. Refractory
elements like Ru, Ta, Re, Mo and W can be added but must also contain less than
15% of the total superalloy’s weight [55]. Tsao, Yeh [57] in 2013 recommended the
development of superalloys using HEAs microstructure with single phases and
an additional second phase for elevated temperatures applications. Yeh, Tsao [17]
then fabricated Niyg 7Al;8C0:0 6Cr122 Feyy 5Tz, high entropy superalloy (HESA) via
casting method. The authors reported that the microstructure of the composition
was stable at elevated temperatures and the superalloy was made up of y” nanosized
precipitates with a density lower than 8 g/cm’.

Daoud, Manzoni [58] developed AlgCoy;Cr;;CugFe;;Niz; HESA using thermos-
calc, the authors compared the results with Alloy 800H and IN617. They reported
that the HESA had higher tensile strength, this was attributed to two phases; one
spherical y” precipitate which was less than 20 nm after the aging temperature at
700°C and another less than 350 nm with an elongated morphology. He, Wang [59]
fabricated Feg4Co094Nig4Cro4Ti,Aly HESA with y” nanosized precipitates to manipu-
late the thermomechanical properties of HESAs, and they argued that the superal-
loy had y” nanosized precipitate with an outstanding yield strength and elongation
[60]. According to Xiao, Gregoire [61], scanning alternating current calorimetry
can be used to quantify the thermomechanical properties of superalloy.

Wang, Zhou [62] investigated Aly ;CrFeCoNi,Cug, HESA and discovered the y*
nanosized precipitate with 30% elongation. Tsao, Yeh [57] developed seven HESAs
using the elements Ni, Fe, Al, Cr, Co, Ti by vacuum arc melting. They stated that the
development of the y precipitates in the superalloy was due to Fe, Cr elements and
the y” matrix, they stated that substituting Ni with Ti enhances the thermal stability
of HESAs thus encouraging the y” matrix and by controlling the elemental compo-
sitional partitioning in the middle of the y-y” phase, the thermal properties of the
high entropy y matrix can be improved. More so, at elevated temperatures after long
term exposures L1, y" nanosized precipitates were formed without topological
closed packed phases. Gwalani, Soni [63] examined Aly 3CoCrFeNi, and
Al 3CoCrFeNi HESAs and the authors observed y” precipitate in the Aly 3CoCrFeNi
super alloy until 550 °C but were replaced with a B2 phase at 700 °C after annealing
attributed to the increase in aluminum content [64].

Senkov, Isheim [55] and Li, Lee [65] tested AlMo, sNbTag sTiZr HESA by powder
metallurgy and they all observed that the superalloy possessed high thermal stability
and yield strength superior to nickel superalloys at 1200 °C . Kai, Cheng [66]
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examined the oxidation behavior of a HESA in O, environments. The Ni,FeCoCrAlj 5
HESA oxidation kinetics at 900 °C followed a parabolic-rate law forming scales
which was dependent on the oxygen pressure. The results showed that the oxidation
rates increased with an increase in oxygen pressure however, the kinetics of mass-
loss was observed. Shafiee, Nili-Ahmadabadi [67] designed a wrought HESA using
Phacomp and CALPHAD technique. The reports showed that the superalloy com-
prised of y” nanosized precipitates with lower densities, excellent workability and
high thermal stability than Inconel 718 alloy and Waspaloy. Saito, Chen [68] dis-
cussed the influence of heat treatments on HESA microstructural evolution and
results showed the cast HESA had coarsened y” precipitates attributed to microseg-
regation which decreased the solidus making the y” solvus unclear. Finally, Zhang,
Huo [69] prepared cast Niyg yCoyg Feg3Alg7Cryg 5Tis sMo, HESA to investigate the
mechanical and microstructural properties of the superalloy and they concluded
that HESAs exhibits good compressive strength at elevated temperature, elongation
and tensile strength at room temperatures than nickel superalloy.

HESAs are stable at elevated temperatures compared with commercial Rene’ N6,
Udimet 700 and Hastelloy X superalloys, this attributed to their sluggish diffusion
and high entropy effect. At high temperatures, Nickel-based superalloys form
intermetallic topological closed-packed (TCP) phases rich in Fe-Cr because of the
high iron content in less than 100 h at 900 °C and this TCP phases formed is
detrimental to the stability of superalloys at high temperatures [70]. However, at
900°C in more than 200 h, there was no TCP phase observed in Nig 7Al;sCry72
Fey;53C0206Ti72 HESA and the y-y” microstructure of the superalloy remained stable
after isothermal aging for 500 h at 1050 °C [57]. The elevated temperature strength
of HESAs has been reported to be higher than that of IN 617. This can be attributed
to enhancing the APB energy, increasing the lattice distortion and/or adding
refractory Ta and W elements in high concentration to the compositional system.

Yeh and Tsao [71] did a thorough analysis of HESAs with the elemental composi-
tion of Fe, C, Al, Mo, Cr, Ti, Ni, Co, Ta, W and Nb. The siderophile element was
Nickel while the strengthening element was Nb and C. The authors reported that the
HESA’s microstructure comprised an FCC, L12 crystal structure and y” phase while
the superalloys had hardness values of 400-470 HV at room temperature. At ele-
vated temperatures, the HESAs hardness values recorded were between 300-350 HV.
These values are greater than IN718 under high temperature. The yield strength of
HESA at 1000 °C was about 500 MPa. At a strain of 150 MPa under a temperature
of about 980 °C , the HESAs showed excellent elevated temperature creep strength
when compared with first generational superalloys. The creep strength and fatigue
resistance of HESAs is due to the positive lattice misfit of the superalloy [72]. The
raft which directionally coarsens the y” precipitate is corresponding with the stress
axis which results in a sluggish motion of dislocation in the y-y” precipitate inter-
face, thus hindering the propagation of cracks initiated by fatigue and perpendicu-
lar to the same stress axis [73]. The HESAs showed promising thermal stability with
a compact protection layer of Cr,0;, Al,O; observed on the surface of the HESAs at
elevated temperatures, while the densities of the HESAs ranged from 7.78-7.94 g/
cm?’ as opposed traditional superalloys that range between 7.8-9.4 g/cm’ attributed
to the high concentration of Cr, Fe, Ti and Al elements [42]. Other superalloys used
for turbine engine applications are presented in Table 1.

2.2 Protection of superalloys in gas turbine applications

Wee, Do [81] described in a review of the mechanical thermal properties of super-
alloys and the authors stated that superalloys are required to perform excellently under
severe thermal and mechanical stresses. The turbine engine may experience failure
attributed to linear and cyclic movements of the pistons, connecting rods, rotors and

100



Recent Advances of High Entropy Alloys: High Entropy Superalloys
DOI: http://dx.doi.org/10.5772/intechopen.96661

SuperAlloy Composition Phase Advantages Disadvantages  Ref
Structure
Iron-Based IN8OOH yandy’ Room- Difficult to [74-76]
(Incoloy 800H, (32Ni-21Cr- temperature machine,
Type A-286 1.5Mn-01Si- strength, high- poor service
alloy, IN903) 0.3Ti-0.3A1-01C- temperature performance,
bal Fe, wt.%) strength, susceptible
Creep, Wear to defects,
and oxidation hot corrosion
resistance degradation
Cobalt-Based (Co-30Ni-11Al- Y,y'and TCP High strength Low strength [77,78]
2Ti-5.5 W-2.5Ta- at elevated compared
0.1B, at%) temperatures, to other
corrosion superalloys,
-resistant,
thermal shock
resistant, easy
to machine
Titanium- (Ti-48Al1-2Cr- ¥, FCC L1, High Strength- Low adhesive, [79, 80]
based (TiAl, 2Nb) toughness high friction
Ti6Al4V) and fatigue coefficient, low
strength, ductility
corrosion-
resistant,
Table 1.

Superalloys used for turbine engine applications.

shafts majorly affecting the cascade fluids on the surface of the superalloy [82]. For
turbine applications, superalloys comprise elements which are meant for elevated tem-
perature strength required for efficiency [83]. However, these alloying elements may
also adversely impact the superalloy’s resistance when in this severe environmental
conditions over some time. Therefore, there may be a need for additional protection of
the superalloy through surface treatments [84]. There are several laser surface modifi-
cation treatments, namely; laser surface hardening, laser surface heat treatment, Laser
alloying, laser shot peening, laser surface dispersing and laser coatings and cladding
[85]. Laser coatings enable the superalloy to be resistant to its environment, have
microstructural stability and enhance its thermal, physical and mechanical properties
[28, 86]. The coatings available can be classified as; overlay coatings, diffusion coatings
and ceramic barriers [87, 88]. The deposition of Al from a different external source and
diffusing it into the base superalloy to for an external layer is called aluminide or diffu-
sion coating. Bonding an oxidation-resistant alloy which is weak but highly effective on
a superalloy to enable surface protection and stability is called overlay cladding, while
ceramic barriers are ceramic coatings attached to the surface of a superalloy [89].

3. Advances in manufacturing technology

Technological advancements in surface engineering have replaced conventional
methods of surface treatments with laser surface modification (LSM) techniques.
The use of lasers in LSM has been reported to produce wear, corrosion, fracture
and fatigue resistant HEAs coatings. This is attributed to the energy absorption and
rapid solidification of the deposition process, which promotes fine microstructures
necessary for surface modification.

According to Wu et al. [90] used laser surface alloying to study the phase evolu-
tion and cavitation erosion-corrosion behavior of a HEA coating in distilled water
and NaCl solution. The study showed that the alloy’s cavitation erosion resistance
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was enhanced in distilled water but not in NaCl solution due to the corrosion.
Zhang et al. [91] fabricated HEA by laser surface alloying to examine the properties
of the alloy and they reported that the microhardness property of the coating was
thrice the number of the substrate and there were improvements in the wear resis-
tance of the alloy. Huang et al. [92] investigated an equimolar HEA on a titanium
alloy substrate using LSM and the results also showed enhancements in the wear
resistance of the alloy attributed to the manufacturing route which contributed to
the formation of the phases observed in the BCC matrix. Nahmany et al. [93] used
an electron beam surface remelting technique to modify two-five component HEAs,
and the authors inspected the influence of these surface modification processes

on the properties of the alloys. The authors observed a significant increase in the
microhardness due to the rapid solidification and cooling process associated with
the fabrication technique. From literature, it can be deduced that LSM classified
into laser surface remelting, surface amorphisation, laser transformation harden-
ing, shock hardening, laser cladding, laser surface alloying and laser shock peening
using different types of lasers can be used to enhance the properties of HEAs [94].

4, Laser surface modification

Laser application in surface modification techniques can be dated back to Albert
Einstein who was the first scientist to conceive a stimulated emission in 1917 which
today makes lasers applicable [95].

A laser is an abbreviation for “light amplification by stimulated emission of
radiation” It is classified into CO, and Excimer gaseous lasers, Nd:YAG Solid-state
Lasers, Liquid Dye lasers and Yb-doped Fiber. These lasers consist of an optical
resonator, a pumping energy outlet and a gain medium. The gain medium is located
inside the optical resonator which amplifies a light beam using external energy sup-
plied by the pumping energy outlet. They are classified into dyes, semiconductors
or fibers, solid and gaseous states.

Lasers are generally characterized by the ability to avoid divergence in a long-
distance, possession of an increased level of energy and monochromaticity [96].

a.The CO;, laser comprises an electric pump, discharge tube, CO, gas for the
gain medium and optics such as silver or gold mirrors, zinc selenide lens and
finally a window as the optical resonator. Although the Helium-Neon laser was
the first gas laser developed in a Bell telephone laboratory, still, the CO; is the
most widely used gas laser for its high emission wavelength between 9-11 pm
which offers very high power for surface modification. The process experiences
low light absorption in the infrared regions, reduced optical fiber delivery,
instability in the output power attributed to the contraction of the laser
structure and thermal expansion when pumping the gas by an AC or DC which
sometimes limits its application. Zhang et al. [97] reported fabricating HEAs
with CO; laser, and the alloy had fine microstructural morphologies and higher
mechanical properties. While Zheng et al. [98] mentioned that the HEAs coat-
ing fabricated using gas lasers had cellular crystals with dispersion precipitates
although the hardness values were reported to be high [99].

b.Excimer lasers, on the other hand, is a mixture of noble gases like helium buffer
gas, xenon, argon and a chloride or fluoride halogen. Excimer which is about
248 nm is also known as excited dimers which are pumped using a pulsed electrical
discharge for the production of nanosecond pulses in an ultraviolet region, for that
reason; it can only be operated in a pulsed mode. Other limitations of this laser
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are low beam quality, the severity of maintenance and high running cost [100].
Sharma et al. [101] reported using an excimer laser with a wavelength of 248 nm
for target ablation during the creation of epitaxial single crystal high entropy ABO;
perovskite thin films. The authors described how this process was significant in
understanding different bonding environments to develop macroscopic responses
driven by complex exchange interactions and electron-phonon channels.

c.Nd:Yag which is an acronym for neodymium-doped yttrium aluminum garnet
laser is 2 1064 nm solid-state laser made up of an active ion and a host from
either glass or solid crystalline. It is one of the widely used for the surface mod-
ification of HEAs attributed to the ability of its light beam to be transported
by flexible optical fibers, consequently increasing its delivery efficiency and
compactness [102, 103]. It is also not limited by its mode of transport, which
can occur both in pulse and continuous modes. Recently, diode lasers have been
substituted for Xenon flash lamps as the pump source to improve the quality of
the beam. More so, Nd: YVO;, is a recent substitute for the Nd:Yag laser due to
its wider band absorption, high efficiency and lower operating threshold [104].

d.A Fiber Laser is about 848 nm in wavelength with a rare earth doped fiber used
for high power generation due to its increased level of efficiency. The Yb-Doped
fiber lasers have excellent electrical-to-optical efficiency with system compact-
ness and high-quality beam. Neodymium, holmium, thulium, dysprosium,
erbium and praseodymium are other rare earth elements used as a gain medium
in fiber lasers. Fiber lasers are usually pumped with laser diodes; however, they
are limited by their light propagation through the optical fiber which greatly
influences the guiding medium compared with when the propagation occurs
through the air inside the fiber. More so, other factors like the Kerr lens and
Raman effects limit the performance of the laser, therefore, optical fibers with
polarization maintenance are strongly recommended as the gain medium [105].
Fan et al. [106] examined the influence of fiber laser welding on the mechanical
and microstructural proprieties in addition to the solute segregation of a high
entropy alloy. The authors reported that the alloy showed dendritic structures
with those fabricated using Nd:Yag laser and they observed copper’s segrega-
tion to the interdendritic region were also attributed to its smaller bonding
energies with other elements in the HEA composition, conversely; the alloy
showed better hardness and strength compared with the Nd:Yag.

e. Organic liquid dye lasers use organic dyes as the gain medium. These liquid dye
with about 50-100 nm compared to solids have a higher density of atoms and
they are evenly distributed. These lasers with wide bandwidth are replaceable
and are transferred from very intricate regions which are sometimes used as
solutes in considerable solvents to develop gain mediums [107]. Coumarin,
pyrromethene, exalite, pyridine, styryl and fluorescein are dyes used for pulsed
or tunable lasers. Nevertheless, these lasers are limited in applications because
they require a large volume of organic solvents for efficiency. Xu et al. [108]
used a laser stimulated fluorescence equipment consisting of an organic liquid
dye to fabricate a HEA and study the performance of the coatings then the
influence of aluminum on the properties of the alloy. The authors stated that
the laser technology and the aluminum content enabled the phase transitions,
grain refinement and corrosion resistance observed.

f. Other types of lasers are; semiconductor lasers, hybrid laser arc welding and
free-electron lasers and the fabrications of HEAs using these lasers are limited
in research, hence, should be further explored.
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4.1 Laser surface melting (LSM)

This type of surface modification is used for material hardening, electrochemi-
cal and tribological resistance and reduction in porosity. An increased rate of heat
transfer occurs during the interaction between the substrate and the melted HEAs
coating surface, especially during solidification. The rapid solidification and cool-
ing rates invariably produce fine microstructures which also enhances the surface
properties of the alloys. Chen et al. [109] used LSM on HEAs and they mentioned
that the surface modification process increased the electrochemical and mechani-
cal properties of the alloys. Ochelik et al. [105] found that the solidification rate
influences the phases formed using LSM. The fast solidification rates promoted the
BCC phase observed which was also responsible for the improved hardness proper-
ties of the alloys. Cai et al. [110] also reported observing a BCC solid solution phase
and improved microhardness properties after using LSM. The as-remelted HEAs
coatings had low wear mass loss showing an improvement in the wear resistance.

4.2 Laser transformation hardening (LTH)

The LTH heats the HEAs coating or films at a very high temperature with an
unfocused beam, and then rapid cooling occurs immediately without letting
equilibrium phases to form by quenching, as a result, generating very low thermal
distortion. This method uses a diode laser or CO, to increase the surface properties
of the HEAs [111].

4.3 Laser surface alloying (LSA)

This involves the direct injection or pre-placement of additional elements unto
the surface of the substrate by a laser source. Rapid solidification occurs with the
substrate maintaining its temperature while acting as a heat sink, still the composi-
tion of the surface changes [112]. Therefore, re-solidification and rapid quenching
follow due to the temperature difference between the surface of the substrate and
the treated surface zone. Zhang et al. [113] fabricated HEA coatings by LSA, and the
HEA coating had a BCC solid solution phase with improved mechanical and corro-
sion properties. Jiang et al. [114] fabricated HEAs on a 304 stainless steel substrate
and they stated that although the alloy had FCC and BCC phases, the BCC phase was
more predominant. The authors also recorded a substantial increase in the hardness
with good wear-resistant properties.

4.4 Laser glazing

This method produces a nanocrystalline layer or thin amorphous layer on the
surface of the substrate, energy is absorbed into the surface which melts the HEAs
coating/films to a certain depth with a laser beam and rapid solidification occurs.
This process is achieved using a high power density at a short period enough to cre-
ate the amorphous structure needed for surface modification [115].

5. Conclusion
High-temperature properties of materials used for turbine engine applications
are important for the reduction of fuel consumption, operating costs and pollution.

Nickel-based superalloys are widely used due to its strength, resistance to degrada-
tion in oxidizing environments, toughness and density. However, Nickel superalloy
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is not stable at elevated temperatures having a maximum service temperature of
649 °C , the superalloy at room temperature has a negative lattice misfit, poor

thermal conductivity and difficult to machine. High Entropy Superalloys, with
similar y and y” phases as the Nickel-based superalloys, shows high tensile strength
than Inconel 617 and Alloy 800 H. The superalloy exhibits good oxidation resis-
tance; have lower densities below 8 g/cm?, a positive lattice misfit and high yield
strength compared to traditional nickel superalloys. Controlling the elemental
compositional partitioning between the y-y” in high entropy superalloys makes the
thermal stability higher than conventional nickel superalloys and equimolar or near
equimolar high entropy alloys. Therefore y” precipitate strengthening of solid
solution high entropy alloys to form High Entropy Superalloys is currently the most
promising material for turbine engine applications. Laser surface modification
treatments can be used as a protective mechanism for Superalloys.
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Chapter 6

Design and High-Throughput
Screening of High Entropy Alloys

Yaqi Wu and Yong Zhang

Abstract

A balanced parameter was proposed to design the high entropy alloys (HEAs),
which defined by average melting temperature T, times entropy of mixing AS,, over
enthalpy of mixing AHp,, Q = T ASy, /AHp, if Q is larger than 1.1, we can predict
that the entropy is high enough to overcome the enthalpy, and solid solution is likely
to form rather than the intermetallic ordered phases. The composition can be further
refined by using high-throughput screening by preparing the compositional gradient
films. Multiple targets co-sputtering is usually used to prepare the films, and physical
masking can separate the samples independently, chemical masking can also applied
if possible. One example is the self-sharpening screening by using nanoindentations,
the serration behaviors may related to the self-sharpening compositions.

Keywords: designs of high entropy alloys, parameter criterion, high-throughput
screening, Multiple targets co-sputtering, chemical masking

1. Introduction

In the process of exploring the formation rules of bulk metallic glasses, Greer put
forward the “Confusion Rule”, believing that the more components that make up the
alloy system, the more favorable it is to form metallic glass. Then Professor Cantor
synthesized more than 20 components of alloys and obtained alloys in solid solution
state instead of metallic glasses in order to verify the effectiveness of this principle. On
the basis of this development, professor Yeh J. W. from National Tsing Hua University
believed that it is the high mixing entropy that stabilizes the solid solution, and thus,
the concept of a new kind of alloy, which was called the high-entropy alloy, was put
forward. High entropy alloy is an alloy system with five or more equal atomic ratio
compositions, providing a new idea for the development of new alloy system, which
shows four outstanding effects: high mixing entropy effect, hysteresis diffusion effect,
lattice distortion effect and cocktail effect. With the in-depth understanding of HEAs,
the non-equimolar complex phases (the matrix is a solid solution) HEAs have been an
important part of HEAs. Therefore, the HEA can be divided into the first and the
second generations [1]. The first-generation high-entropy alloy is composed of at least
five components of equal atomic ratio, and the phase structure is a single-phase solid
solution. The second-generation high-entropy alloy is composed of at least four non-
equal atomic ratio principal elements, and the phases structure are dual and complex
phases. Through composition designing and reasonable preparation and processing
technology, high entropy alloys can form a simple structure and show excellent prop-
erties, such as high hardness, high strength, high temperature softening resistance,
good wear resistance, corrosion resistance and so on, which make the high entropy
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alloys have a broad application prospect, which has been widely concerned and studied
by researchers at home and abroad.

2. Designs of high entropy alloys

When designing alloys, people prefer to get solid solutions. For binary alloys, an
element will bring lattice distortion when it enters the lattice of solvent elements as solute
atoms, so the form of solid solution can change the properties of the alloy, for example,
the strength of the alloy is improved due to the lattice distortion caused by different
atomic sizes. The most popular criteria to decide whether two metals are soluble, and
form a solid solution, are the classical Hume-Rothery rules. Crystal structure, atomic size
difference, electronegativity and valence electron concentration will affect the forma-
tion of solid solution. The rules can predict the phase composition of the alloy from the
intrinsic characteristic cs. but this is not the case for HEAs: examples exist of concen-
trated solid solutions of elements having different crystal structures before alloying. For
instance, AICoCrCuyg sNi forms a single body-centered cubic (BCC) lattice [2].

The formation of alloys is inevitably related to the energy of the system, so when
discussing the formation of high-entropy alloys, thermodynamic factors are a basis
for the study of high-entropy alloy design. Due to the increase of components, the
thermodynamic Gibbs free energy, enthalpy change and entropy change of high-
entropy alloys become complicated. In addition to considering the essential issues of
alloy formation, the element composition of the alloy is designed to obtain the
required properties, such as refractory and high temperature resistance, high
strength and toughness, corrosion resistance, and magnetic properties. Various
elements have different characteristics, and the interaction between different
elements makes the performance of the high-entropy alloy show a compound
effect, that is, the “cocktail” effect [3]. Therefore, starting from the essence of the
elements, selecting the required properties and forming the alloy system.

The discovery of high-entropy alloys has broken through the limitations of
traditional alloy systems, and more alloy systems with better performance have
been discovered. At the same time, because the number of elements in high-entropy
alloys is greater than that of binary alloys, it also brings a huge workload for alloy
design. Generally speaking, High-entropy alloys (HEAs) are broadly defined as
alloys containing 5 or more main elements, and the content of each main element is
between 5% and 35%. The increase in the types and quantities of constituent
elements and the changes in the content of each element combine to form a huge
number of alloy systems. Take a multi-component alloy containing 5 main elements
as an example, assuming that every 10% content change will produce a different
alloy system, then there will be 906 types; take a multi-component alloy containing
3-6 main elements as an example, will produce 592 billion new alloys [4]. How to
efficiently design high-entropy alloys and predict phase formation in advance is
one of the important factors that promote the development of high-entropy alloys.
The factors of phase formation of high-entropy alloys are considered from the
perspective of thermodynamics and solid solution formation, and corresponding
parameters are proposed to comprehensively reflect phase formation.

2.1 Thermodynamic parameters
2.1.1 Proposal of mixed entropy (ASyix)

Professor Yeh [5] believes that in a multi-component alloy, as the number of
components increases, its mixing entropy (mainly configuration entropy) also
gradually increases. The higher mixing entropy reduces the Gibbs free energy of the

116



Design and High-Throughput Screening of High Entropy Alloys
DOI: http://dx.doi.org/10.5772/intechopen.96714

solid solution phase and promotes the formation of the solid solution phase (espe-
cially at higher temperatures), thus forming a high-entropy alloy. The calculation
formula of high-entropy alloy mixing entropy is shown in Eq. (1),

n
ASmix = —R Z Ci In Ci (1)
i=1

In the formula, R is the molar gas constant, R = 8.314 J/(mol - K); n is the number
of components of the multi-component material; ¢; is the content of the i-th compo-
nent (at.%). From the calculation formula of mixing entropy, it can be found that
when the atomic ratio of n kinds of components is 1, the mixing entropy value formed
by the alloy system is the largest. Therefore, the formula for calculating the mixing
entropy of a multi-component alloy with equal atomic ratio is shown in Eq. (2)

AS,ix = Rlnn (2)

Early research believed that AS,,;; = 1.5R is a necessary condition for the for-
mation of high-entropy alloys, so AS,,x = 1.5R is the criterion for dividing high
entropy and medium entropy, and AS,,;x = 1R is the boundary between middle
entropy and low entropy. However, subsequent research found that some multi-
component alloys have high entropy values, but high-entropy alloys are not formed.
Although the configuration entropy of any solid solution will definitely increase
with the increase of the elements in the composition, the introduction of additional
alloying elements will also increase the possibility of forming a stable intermetallic
compound phase. From this point of view, the mixed entropy is a necessary factor
affecting the formation of high-entropy alloys, and other parameters are needed to
assist in the judgment to comprehensively reflect the law of phase formation.

If kinetic factors are not considered, the choice of phase is controlled by thermo-
dynamics, namely Gibbs free energy. The Gibbs free energy formula is shown in (3)

AGmix = AHmix - TASmix (3)

It can be seen from the formula (3) that in addition to the mixing entropy (AS,x)
has an effect on the phase selection, the mixing enthalpy (AH,,;) is also one of the
factors that need to be considered.

It can be seen from the formula (3) that in addition to the mixing entropy (AS,;y)
has an impact on the phase selection, the mixing enthalpy (AH,,;) is also one of the
factors that need to be considered. Therefore, in 2008, Professor Zhang Yong [6]
proposed the AH,,;, parameter, whose formula is shown in (4)

n
AHypix = Z ¢ic i (4)
i1,

Among them, Q; = 4AH.5 | AH4? is the mixing enthalpy of a two-element

mix?
(A-B) liquid alloy calculated based on the Miedema model, and is a parameter that
represents the chemical compatibility between components.

2.2 Proposal of structural parameters
2.2.1 Proposal of the Delta (5) parameter

For traditional binary solid solutions, the classic Hume-Rothery criterion can
predict the phase composition of alloys from the intrinsic characteristics such as
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atomic size, crystal structure, valence electron concentration, and electronegativity.
However, since the components of high-entropy alloys are mostly 3 to 5, this
criterion is no longer applicable. Professor Zhang Yong proposed the Delta (8)
parameter. The Delta (§) parameter is combined with the mixing entropy (AS,ix)
and the mixing enthalpy (AH,,;,) to jointly predict the phase formation of the
multi-component alloy. The formula of Delta (§) parameter is shown in (5)

5=100\/>" ai(1- %)2 )

Among them, 7 = Y/ ;¢;7;, ci and ri are the atomic percentage and atomic radius
of the i-th element, respectively. Therefore, the phase formation law of multi-
component alloys is proposed. Figure 1 shows the relationship between AH,,,;,-6-
AS,,;x and phase selection.

2.2.2 Proposal of 2 parameter

With the development of more and more new multi-component HEAs, in order
to obtain more accurate multi-component HEAs phase formation rules. Entropy
and enthalpy cannot independently control the formation of amorphous phase. In
the Gibbs thermodynamics equation, only the formation of amorphous is expressed
as the synergy and competition of entropy and enthalpy. Considering the factors of
mixing entropy, mixing enthalpy and melting temperature, the Q parameter is
proposed [7], and its expression is:

Tm ASmix

Q =
AI_Imix

(6)

Among them, AS,;, is the entropy of mixing, AH,, is the enthalpy of mixing,
and T, is the melting point of the mixture. It can be seen from the Figure 1 that
when 8 > 1.1 and Q < 6.6%, the multi-component alloy easily forms a solid solution
phase.

m Solid Solution(S)
m |ntermetallics(l)
o S+|

= BMGs(B)

0 5 7 10 15 18

Delta - 6(%)
Figure 1.

The relationship between parameters & and Q for multi-component alloys [7]. This figure reproducted by the
paper “Prediction of high-entropy stabilized solid-solution in multicomponent alloys™.
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The biggest advantage of this criterion is the combination of size difference,
mixing enthalpy and mixing entropy, and the calculation is simple and convenient.

2.2.3 Proposal of electronic structure velated parameters (VEC, e/a, AX,M;)

The Hume-Rothery law describes the influence of atomic size, crystal structure,
valence electron concentration, and electronegativity on the formation of solid
solutions between elements and their laws. Based on the parameters such as &
proposed by this law, the phase formation law of high-entropy alloys was success-
fully summarized. Can the electronic structure parameters also make a judgment on
the solid solution phase?

The related parameters of electronic structure mainly include VEC, e/a, AX, M,,.
It should be emphasized here that both e/a and VEC (Valence Electron Concentra-
tion) can be called electron concentration. More precisely, e/a is each the average
number of electrons flowing in an atom; and VEC is the concentration of valence
electrons: the total number of valence electrons per atom (including all electrons in
the valence band including d electrons).

Guo et al. [8] proposed a relationship between VEC and solid-solution stability
for multi-component alloys. It should be noted that the VEC parameter can only
predict phase stability of either FCC or BCC solid-solution in multi-component
alloys; But it cannot be used for predicting the formation ability of the solid-solution
phase. On the basis of “Q-8” rules predicting the formation ability of the solid-
solution phase, the VEC rule is used to test and verify which type of solid-solution
phase is stable in these alloys. When VEC > 8, it is easy to form solid solution phase
of FCC structure; when VEC < 6.87, it is easy to form solid solution phase of BCC
structure; when 6.87 < VEC < 8, FCC + BCC mixed solid solution phase. VEC can
also be used to predict the precipitation of ¢ phase (a TCP phase). The VEC
criterion is not limited to the determination of the phase stability of as-cast high-
entropy alloys. Alloys that have undergone heat treatment or aging treatment can
also pass this criterion, but are limited to HEAs containing Cr or V elements [9]
(Figure 2).

The related parameters of electronic structure can not only predict the law of
phase formation, but also guide the design of high-entropy alloy hardness according
to the requirements of mechanical properties. When 4.33 < VEC < 7.55, HEAs have
a single-phase BCC structure, and when 7.80 < VEC < 9.50, HEAs have a single-

c-free c-prone . c-free
Literature — l. | ' H B B
Al CrFe, MnNi, - ® 9,90 o

Test alloys — * 006 ¢ Hosee

T T T T T

Vl VI T
6.0 6.5 7.0 75 8.0 85 9.0
VEC

Figure 2.
Relationship between the VEC and the presence of o phase after aging for a number of HEAs. Green and red
icons indicate the absence and presence of o phase after aging, respectively [9].
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phase FCC structure. The study also found that the hardness varies with VEC into a
Gaussian distribution. When VEC=~6.8, the hardness is the highest, reaching 650Hv.
According to the empirical criteria proposed above, HEAs with the required hard-
ness can be designed [10].

In 2014, Wang Zhijun [11] proposed the phase formation criterion of
heat-treated HEAs using VEC parameters. When VEC > 7.8, FCC phase is
easy to form, which is less different from the as-cast formation criterion; when
VEC < 6.0, BCC phase is easy to form, and this area is obviously smaller than
as-cast HEAs. Therefore, heat treatment can narrow the range of the BCC solid
solution phase.

In addition to the typical body-centered cubic and face-centered cubic phases,
there are also TCP phases and Laves phases in high-entropy alloys. These types of
phase structures can be predicted by the theories of electronegativity and orbital
capacity. Electronegativity AX [12] describes the ability of atoms to attract electrons
The criterion is not easy to distinguish solid solution phase, intermetallic compound
and metallic glass. But it is effectively applied to the formation law of TCP phase in
high-entropy alloy. Studies have shown that: when AX is small, a solid solution
phase is easily obtained, but at the same time intermetallic compounds and metallic
glasses can also be formed. Lu Yiping [13] found that: Pauling’s electronegativity AX
has a good correlation with the stability of TCP phase, when AX > 0.133, TCP phase
is easily formed in HEAs (except those containing a large amount of Al), (Including
the o phase), when AX < 0.117, no TCP phase is generated, and when it is between
0.117 and 0.133, the formation of TCP is uncertain.

Different from Pauling’s electronegativity above, Polettti [14] proposed electro-
negativity AX 4., and together with the atomic size difference parameter § to
predict the law of solid solution phase formation, the criterion shows: when § is
between 1% and 6%, and when AX 4y, is between 3% and 6%, only solid solution
phase is formed. Yurchenko [15] used the above two parameters (AX 4y, and 8) to
predict the Laves phase. Through the study of the Laves phase formation law of
about 150 kinds of HEAs, it was found that when & > 5% and AX 4y, > 7%, there is
the Laves phase is generated, and this criterion is not satisfied in only a few cases.

Yurchenko also found that Allen’s electronegativity is more accurate than
Pauling’s electronegativity prediction.

This parameter was first used as a criterion for the formation of TCP phase in
Fe-based, Co-based, and Ni-based superalloys. Because HEAs contain a large
amount of transition metals, similar to high-temperature alloys, it is used in high-
entropy alloys [16] to predict the formation of TCP (including ¢ phase) phases.
(M,) has a great relationship with the radius and electronegativity of the metal
element: it increases with the increase of the radius of the metal element, and
decreases with the increase of the electronegativity. As shown in Figure 3, this
criterion shows that when M, is greater than 1.09, TCP structure can be generated,
but it is not applicable to HEAs containing more Al and V elements, and the related
mechanism still needs further study.

In summary, physical and chemical parameters play an important role in phase
prediction. It can also be found that configuration entropy is not always the main
parameter, there are also mixing enthalpy, atomic size difference, electronic struc-
ture, etc. Effective combination of various parameters can improve the accuracy of
phase prediction. The physicochemical parameters have certain reference signifi-
cance, and can roughly estimate the formation phases of multi-component alloys,
but because they are derived from experimental data in a certain system, they may
not be applicable to other systems, hence a more comprehensive method is needed
to overcome system changes. At present, there are more researches on FCC and
BCC, but less research on the structure of HCP and orthorhombic crystals.
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Relationship between the Md and the TCP phase stability for the HEA systems containing Al, Co, Cr, Cu, Fe,
Ni, Mo, Si, Ti, V, Nb, and etc. elements [16].

2.3 Calculation and simulation methods
2.3.1 First principles and molecular dynamics calculations

First-principles refers to the prediction of physical properties without experi-
mental parameters, only calculations by charge, electronic mass and Planck’s con-
stant. The first principles mentioned here refer to the first principles based on
Density Functional Theory (DFT). This calculation method can systematically
study high-entropy alloys from the perspective of theoretical calculations, which is
useful for deepening the understanding of HEAs and understanding is very neces-
sary. The exact muffin-tin orbitals (EMTO) based on the framework of density
functional theory describes the single-electron potential function and the total
energy of the calculation system by using the optimized overlapping potential
sphere configuration and the full charge density. This method can not only improve
the calculation efficiency, but also ensure sufficient calculation accuracy. The
coherent potential approximation (CPA) can solve the problem of the disorder
model of multi-principal element replacement solid solution in the first-principles
calculation process. Therefore, the combined method of EMTO-CPA is one of the
effective methods to solve the first-principles calculation problem of complex alloys
with multiple principal elements.

Ab initio molecular dynamics (AIMD) based on quantum mechanics can predict
the structure of liquid atoms and better understand the solidification behavior of
complex alloys. The AIMD simulation results of Santo Donato et al. [17] showed
that during the solidification of the Al1.3CoCrCuFeNi high-entropy alloy, the short-
range ordered pairs (Al-Ni, Cr-Fe, and Cu-Cu) in the liquid phase may be B2
ordered phases. At the nucleation point, AIMD can predict the formation trend of
short-range ordered phases. Compared with traditional molecular dynamics (MD)
simulation, AIMD simulation does not require experiments to obtain the interaction
potential between atoms, which is more feasible and more convenient to use. Feng
et al. [18] used the DFT calculation method to predict the enthalpy of formation of
the actual components in the binary, ternary and quaternary systems. For the L2;
phase, the calculated enthalpy of formation of AlFe,Tiis —44 kJ/mol, the enthalpy
of formation of AIMn,Ti is —19 kJ/mol, and the enthalpy of formation of AICr,Ti is
—4 KkJ/mol. The AlFe,Ti phase is a stable ternary phase; When Fe or Mn is used to
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replace Cr, the corresponding enthalpy of formation increases linearly, and the DFT
calculation results are consistent with the experimental results. Ding Xinkai [19]
used first-principles methods to predict the phase and structure of NbMoTaWVx
high-entropy alloys. The research results show that when 0 < x < 1.5, the most
stable configuration of NbMoTaWV, high-entropy alloy in equilibrium is BCC
structure; as the component V increases, its density, lattice size and stability of the
body-centered cubic phase gradually decrease.

2.3.2 CALPHAD phase diagram calculation

The biggest advantage of the CALPHAD method is to predict and derive the
phase diagram of the multi-element system through the binary system or the ter-
nary system composed of it. Unlike traditional thermodynamic databases that only
focus on one or two main component regions, HEAs thermodynamic databases
need to cover almost the entire component space of a multi-component system. A
large number of research results show that the calculation results obtained by the
CALPHAD method are basically in agreement with the experimental results, which
can be used as a reference for the design of high-entropy alloys [18, 20]. The phase
diagram vividly shows the relationship of the various phases in the system. It pro-
vides some detailed information of the phase as a function of composition, temper-
ature and pressure. It is a guide diagram for materials science engineering in alloy
design and development. The CALPHAD method can be used to study the forma-
tion of FCC and BCC phases in multi-component alloys. Since FCC has a greater
dynamic effect than BCC structure, the accuracy of using CALPHAD method to
predict FCC phase composition is less accurate. The CALPHAD method can also
predict the FCC/BCC phase transition of AlxCoCrFeNi high-entropy alloy as cast
and heat-treat [21]. Recently, Gao and Senkov used CALPHAD phase diagrams to
design a large number of high-entropy alloys. Such as the new HCP structure
high-entropy alloys: CoFeMnNi, CuNiPdPt, CuNiPdPtRh [22] and single-phase
BCC refractory high-entropy alloys: HfMoNbTiZr, HfMoTaTiZr, NbTaTiVZr,
HfMoNbTaTiZr, HfMoTa TiVZr and MoNbTaTiVZr [23]. Therefore, scholars Gao
and Senkov believe that CALPHAD is the most direct method for designing HEAs.

2.3.3 Machine learning

Islam [24] uses artificial neural network (ANN) algorithm to predict phase
selection, and the accuracy of the neural network model trained by it is 83% on
average. As the learning progresses, the accuracy rate gradually increases. The
generalization accuracy rates of the four cross-validation data sets were 86.7%,
83.3%, 86.2%, 75.9%, and the average accuracy rate was 83.0%. Although the
prediction accuracy of 83% is an acceptable level, a larger data set can infer a higher
generalization accuracy. In addition, the neural network parameters after training
show that the valence electron concentration VEC plays a leading role in determin-
ing the phase. Because density functional theory (DFT) calculations are very time-
consuming and there are uncertainties in processing the d orbitals of transition
metal atoms, HEAs usually contain transition metals. Therefore, Huang [25] uses
machine learning algorithms to explore phase formation criteria. It uses the nearest
neighbor algorithm (K-nearest neighbors, KNN), support vector machine (Support
vector machine, SVM), artificial neural network (Artificial neural network, ANN) 3
algorithms to calculate, respectively, the detection accuracy of 68.6%, 64.3%,
74.3%. When the artificial neural network algorithm is used to distinguish between
solid solution + intermetallic compound phase and intermetallic compound phase,
the test accuracy reaches 94.3%, which is the best algorithm among the three
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machine learning algorithms. Huang also evaluated the importance of the five
parameters 8, VEC, AH,yix, ASpix, Ay and found that the 8 and VEC parameters are
more important for phase selection.

3. High-throughput screening of high entropy alloys
3.1 Mask method for high-throughput screening

Materials science is an experiment-based science. The traditional experimental
methods represented by the “trial and error method” are time-consuming and
laborious, and far from meeting the requirements of current industrial development
for new materials. With the advancement of technology and commerce more
dependent on the advanced materials, the rapid design and development of new
materials with excellent performance has become one of the most pressing needs.

The establishment of a systematic study on the design and preparation of high
entropy alloys is helpful to the further development of high entropy alloys. The
establishment of systematic study on the design and preparation is helpful to the
further development of high entropy alloys. For this reason, material genetic engi-
neering provides an effective method to accelerate the screening of the excellent
alloy systems of high-performance high entropy alloys, so as to obtain the relation-
ship among material composition, structure and properties with high efficiency,
low cost and high reliability.

In addition, compared with traditional alloys, the design, preparation and per-
formance optimization of multi-component materials are more complex, and there
is no linear relationship between material properties and mixing entropy, that is,
mixed entropy cannot be used as an effective criterion to predict material proper-
ties. This makes the screening of multi-component materials more complex and
lengthy. The preparation of multi-component gradient materials by high-
throughput preparation technology can provide a platform for high-throughput
screening of multi-component materials and improve the efficiency of material
development.

Different from conventional co-sputtering, the substrate stage was fixed during
deposition. A physical mask is placed on the substrate, and the mask can be
designed into 2" areas with the same area according to the requirements. Variations
in the relative position between the targets and substrate can cause non-uniformity
of deposition. Utilizing the differences in deposition density on the substrate, com-
positional gradient materials were obtained. The composition of the high entropy
alloy film obtained in each small region is different, so its physical and chemical
properties are also different. By testing the mechanical properties or corrosion
resistance and other chemical properties of the film, the composition range with
excellent performance was selected. The high throughput screening method of
physical mask provides an efficient and accurate experimental method for the
enrichment of high entropy alloy system, and has been widely used in scientific
research.

3.2 Serratioins in materials

Serration behavior is a common phenomenon in plastic deformation of mate-
rials. For example, serration behavior exists in TRIP steel, amorphous alloys, high-
entropy alloys and other materials. The discovery of serration behavior is to explore
the relationship between microscopic mechanism and macroscopic properties pro-
vides a new way. As the name implies, the stress—strain curve of the material is
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different from the common type, showing a serration shape. This special mechani-
cal behavior is called the serration of the material. Research shows that serration
behavior has a certain similarity with noise, and compares it with noise. This
phenomenon occurs when the material undergoes plastic deformation at a certain
strain rate, which is caused by dynamic strain aging (DSA). From a microscopic
point of view, lattice distortion during plastic deformation leads to a large number
of dislocations in the material. The solute atoms interact with the dislocations, and
the dislocations are pinned. After the dislocations break free from the pinning, they
continue to move. Releasing the microscopic stress caused by lattice distortion has
been reported to have similar behavior in low carbon steel.

Temperature, strain rate, load, phase structure, grain size, etc. It is generally
believed that it is related to the flow units inside the material. These units can be
dislocations, stacking faults, and grain boundaries. The serration behavior is con-
sidered to be caused by the interaction with these flow units [26]. Changes in these
influencing factors cause the amplitude of the serration to change.

The HEAs possess very high entropy of mixing in their solution states. we cannot
distinguish which is the solvent and which is the solute element. In other words,
there is no dominant element in HEAs. The special solid solution structure makes
defects, in HEAs may be segregated by solute atoms that grants it special plastic-
deformation mechanisms. In high-entropy alloys, under high temperature condi-
tions, as the strain rate increases, the sawtooth amplitude of the stress—strain curve
becomes smaller and the fluctuation becomes tighter. This may be related to the fact
that when the temperature is higher, the atoms are more active, and the thermal
motion causes a rapid change between the effect of the atom pinning the defect and
the effect of the defect breaking free of the atomic group [27-29]. At lower tem-
peratures and low strain rate, the magnitude of serrations to dramatically increase
with an increase in the compression strain. The serrations are believed to be related
to the twinning plastic-deformation mechanism [27, 28]. The sample size also has a
certain influence on this, Zou et al. have explored it, Such HEA pillars exhibit
extraordinarily high yield strengths of about 10 GPa — among the highest
reported strengths in micro—/nano-pillar compression and one order of magnitude
higher than that of its bulk form — and their ductility is considerably improved
(compressive plastic strains over 30%) [30].

3.3 Self-sharpening of materials

Self-sharpening is often used to discuss depleted uranium alloys and grinding
wheels. The critical adiabatic shear strain rate and critical adiabatic shear strain
value of depleted uranium alloy materials are low, and they are prone to adiabatic
shear fracture. They have self-sharpening effects and can penetrate armor. During
the armor piercing process, part of the projectile fell off by itself under high-speed
collision, exposing a new cutting edge, enhancing the damage. That is a character-
istic of the depleted uranium alloy material itself. The self-sharpening of the grind-
ing wheel is the self-sharpening of the structure. During the grinding process, the
force acting on the abrasive grains gradually passivates from the sharpness. When
the force exceeds the maximum strength of the abrasive grains, the abrasive grains
break and form new. When the force exceeds the bonding strength of the bonding
agent, the abrasive will fall off the grinding wheel, exposing new abrasive particles,
so that it can maintain its own sharpness, which plays an important role in the
grinding process.

With the development and progress of modern material technology and the
continuous discovery of new materials, many excellent properties of amorphous
alloys, such as high strength, corrosion resistance, penetration ability and excellent
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ferromagnetic properties, are widely used. Amorphous alloy is a new type of alloy,
and its internal structure presents a state where chemical disorder and structural
disorder coexist. Therefore, the plastic deformation behavior of amorphous alloys
has always been a research hotspot. More mature theories believe that different
from an alloy with a crystalline structure, which slips through dislocations, however
the plastic deformation behavior of amorphous alloys through flow units. The high
strength and penetration behavior of amorphous alloys are favored for the prepa-
ration of armor piercing materials. For example, the fracture strength of the
zirconium-based amorphous alloy is as high as 60, and it has a very high dynamic
fracture toughness under the action of high-speed load. It has excellent self-
sharpening properties when penetrating the metal, which is better than depleted
uranium alloys. And it is a favorable alternative materials [31]. Then the crystalli-
zation behavior and size of the amorphous alloy in the manufacturing process are
caused, and although the strength of the amorphous alloy is high, the plasticity is
poor, so it is restricted.

As we all known, refractory high-entropy alloys (HEAs) posses outstanding
mechanical strength at room and high temperature but lack the room temperature
ductility. In recent study, Liu et al. [32] designed a new tungsten HEA WFeNiMo
with equimolar ratio to enhance chemical disorder, in contrast, to conventional
single-principal-element tungsten alloys, and obtained a multi-phase structured
alloy. “Self-sharpening”, the capacity of a material maintaining its acute head shape
during penetration, is a highly required attribute of materials in armor piercing.
Depleted uranium kinetic energy penetrators exhibit superior penetration due to
their themo-plastic shear banding induced “self-sharpening” behavior during pen-
etration. While tungsten alloy kinetic penetrators usually form mushroom-like
heads, which results in a poorer penetration performance when compared to
depleted uranium alloy. The development of high-entropy alloys can be said to have
opened up new ideas for exploration in the field of materials. In addition to
replacing depleted uranium alloys as a projectile, it can even replace drug-type
cover materials. According to the theory of penetration fluid dynamics, a long and
stable jet can only be formed by a drug-type cover with high density, high sound
velocity, favorable thermal conductivity, and high dynamic elongation at break.

The discovery of tungsten-based high entropy alloy breaks through the passiv-
ation behavior of traditional tungsten alloy in the process of armor piercing, and
maintains the characteristic of high strength, which is expected to replace depleted
uranium alloy in the future. However, when selecting the composition system of
tungsten-based high-entropy alloy, the test workload and performance testing need
to consume a lot of manpower and material resources, such as the traditional
Hopkinson rod test or target verification. And what kind of composition ratio will
give full play to the performance of tungsten-based high-entropy alloy is an existing
problem at present.

So far promising HEAs have been mostly studied in their bulk forms, but small-
dimension HEAs have received much less attention. As demands for micro- and
nano-scale devices for high-temperature and harsh-environment applications
increase, the fabrication and investigation currently popular HEAs at small sizes
become more and more interesting. Focused Ga ion beams (FIB) were used by Zou
et al. [33] to mill fine-scale pillars out of the obtained HEA films and micro com-
pression tests were carried out using a nano-indenter. After compression a fraction
of large pillars, about 1 um in diameter, it was observed that pillars show single slips
with wave morphologies or fracture behavior from the SEM images showing in
Figure 4.

Zou’s method provides a new way to solve the problem of “self-sharpening”
screening. Combined with the high-throughput screening method of physical mask,
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Compression vesults for the single-crystalline (sx)- and nanocrystalline(nc)-HEA pillars from room
temperature to 600 °C. representative SEM images of the deformed sx-HEA pillars (a — d) and nanostructured
columnar-grained HEA pillars (e — h) ([34] copyright@2017 American Chemical Society).

the composition gradient thin films are prepared by magnetron sputtering and
high-throughput preparation, and the excellent “self-sharpening” materials can be
screened effectively by using Zou’s method for reference.

High-throughput screening and nanoscale performance testing can also be used
in the design of materials with special needs, such as corrosion-resistant materials.
After the corrosion resistance test, the corresponding optimum composition range
of the prepared gradient film can be determined, and the film can be prepared in
multiple batches and gradually narrow composition range until determined. And
combining the above-mentioned zigzag behavior and self-sharpening, there is a
certain connection between the two, which may become a hot topic of research in
the future.

4. Summary

This section summarizes the parameters for predicting the formation of high-
entropy alloy phases and the method of machine learning to predict the formation
of high-entropy alloy phases, combined with experimental verification, establishes
related databases, and provides data and empirical support for subsequent research
on high-entropy alloys. Under continuous research and verification, there are other
criteria that continue to emerge, such as: distinguishing single-phase solid solution
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and multiple solid solution parameters (¢) [35], parameters of reaction atom filling

mismatch and topological instability (y), residual stress root mean square (¢2)”

[35, 36], interatomic distance mismatch (S,,) and bulk modulus mismatch (K,,) [37]
and other parameters, but these parameters are more practical for some specific
alloys, and AH,ix, 8, Q, VEC et al. parameters are the more mainstream phase
criteria, and the range of use is relatively wide. The application of simulation
calculation methods such as first principles and machine learning to the research of
high-entropy alloys has also achieved remarkable results, providing more accurate
and scientific guidance for the composition design of high-entropy alloys. The
composition and structure of the material determine the performance of the mate-
rial. The multi-principal component design makes the phase composition of the
high-entropy alloy more complicated. Accurately predicting the formation phase of
the alloy with a given composition is very important for the design of high-entropy
alloy materials. The current phase prediction requires comprehensive judgment of
multiple parameters and multiple methods. The high-throughput screening of high-
entropy alloys is also described and the performance of high-entropy alloys in terms
of self-sharpening and serrations behavior. Regarding the high-throughput screen-
ing method, only the reticle method is described. This method is more practical for
the onlooker size. For the screening of the block, the existing research has shown
that the method is through hot isostatic pressing. At the same time, matching
screening also has high-throughput characterization and high-throughput testing.
The description in this chapter is limited. Promoting the development of high-
entropy alloys requires more new methods and theories to keep pace with the times.
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Chapter7

Design and Development of High
Entropy Alloys Using Artificial
Intelligence

Shailesh Kumar Singh and Vivek K. Singh

Abstract

The conventional design approach of alloys initiates with one principal element
and continues by adding several alloying elements to obtain desired properties. In this
method, the intrinsic properties of the designed alloy are governed by the principal
element. For example, in steel alloy, iron is the principal element, Aluminium in alu-
minium alloy, and so on. Compared to the conventional alloy, high entropy alloys do
not have any dominating elements; all the elements present in these alloys either have
an equal or near-equal ratio of elements. As reported in the literature, these alloys
exhibit interesting material properties such as high strength, high hardness, improved
elevated temperature strength, and magnetic properties. These characteristics
make HEAs a suitable option for high-performance applications in the aero engine,
aerospace structures, and machine tools. High entropy alloy has multiple principal
elements as shown in schematic diagram 1; it leads to much higher possible composi-
tions than conventional alloys. The huge compositional space provides an opportunity
to improve desired mechanical properties. If it is explored through “trial and error,”
it will be challenging and cumbersome. Therefore, search schemes that can compe-
tently and promptly recognize particular alloys with desired properties are essential.
Artificial Intelligence is a useful tool to model, discover, and optimize new alloys that
enable predicting individual material properties as a function of composition. While
the application of Artificial Intelligence is quite popular in many aspects of society,
its usage in material informatics is still in the nascent stage. The algorithm used in
artificial intelligence is trained to pick up predictive rules from data and create a
material model quicker than a computational model and can even generate the model
for which no physical model exists. Artificial Intelligence (AI) allows predicting a set
of experiments to be conducted to detect new alloy having desired properties. Thus,
Al can be used as a valuable tool to optimize the development of new alloys.

Keywords: high entropy alloy, Artificial Intelligence, mechanical properties

1. Introduction

Humans have been using alloys since ancient times. Arsenical Bronze, an alloy of
copper and arsenic, was used as far back as the 5th millennium BCE. Sumerians first
started alloying copper and tin to form Bronze in the third millennium BC. Bronze
was much more challenging than its parent elements. Hence, societies wielding
bronze weapons skillfully subjugated their neighboring communities. Meteoric
iron, a naturally occurring alloy of iron and nickel, was in use from 3200 BCE.
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Persians started using carbon steel in the 16th century BCE. With this began the
Iron Age. Our modern society also relies heavily on steel.

Typically, alloys have one or two primary components and other components with
small amounts. The primary ingredients are chosen for the alloy s leading properties,
and the smaller components are selected for specific additional properties. High entropy
alloys’ development is essential in resolving the limitations of conventional alloys, espe-
cially in extreme temperature and loading conditions. High entropy alloys compared to
traditional alloys do not have any dominating elements; all the elements present in these
alloys either have an equal or near-equal element. As a result, these types of alloy fea-
tures, as their name suggests, high entropy;, i.e., reducing the Gibbs free energy of solid
solution and their high configuration entropy mixing is stable at higher temperatures.
These characteristics make HEAs a suitable option for high — performance applications
such as gas turbines and other aerospace structures, tools, gears, and bearings.

High entropy alloys (HEA) or multi-component alloys are created from equal
or similar proportions of multiple elements. There are generally two agreed-upon
definitions of HEAs. It should have more than five elements with concentrations
ranging from 5-35% of each component, or the entropy of mixing should be greater
than 1.5R, where R is the gas constant. Due to each constituent element being a
principal constituent, these alloys are characterized by larger configuration entropy.
For a 2-component system, the entropy of mixing is given by Eq. (1).

A, S=-nR(x,Inx, +xylnxy) (1)

From Figure 1, the entropy increase is maximum when both the components
are of equal proportions. It is easy to follow that for multi-component systems;
configurational entropy increases with the increasing number of components. It is
maximum for any given number of components when all the constituents’ propor-
tions are the same. High entropy alloy can be produced by processing in the gas
phase, by methods like sputtering or molecular beam epitaxy, in the liquid phase by
methods like arc melting, induction melting, and Bridgman solidification, or in the
solid phase by methods like mechanical alloying.

Asmix

Xb

Figure 1.
The illustrated concept of vandom mixing of elements.
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Figure 2 shows tetrahedral compositional space for a 4-element alloy [1]. The
corner points represent pure elements. The alloys typically studied lie near the
corner points or the edges. One or two primary elements have significant concen-
tration and other elements of minimal concentrations. HEAs are a novel class of
materials that lie near the centroid of the compositional space. Research accelerated
in this field after the independent publication of Jien-Wei Yeh and Brian Cantor’s
papers in 2004. HEAs show great strength to weight ratios, fracture resistance,
tensile strength, corrosion, and oxidation resistance. HEAs alloy properties are
affected by the high-entropy effect, lattice distortion effect, sluggish diffusion
effect, and cocktail effect. The crystal structure of HEAs consists of either face-
centered cubic (fcc), body-centered cubic (bce) crystal structure, and hexagonal
close-packed (hcp) structure or a mix of any two. VNbMoTaW has excellent
refractory properties, CoCrFeMnNi has excellent low-temperature mechanical
properties, TaNbHfZrTi shows superconductivity. The reasons for such exceptional
properties of HEAs are their microstructures. The most common structures are the
Multiphase, single-phase FCC, and single-phase BCC. Generally, when a single-
phase HEA is formed, it tends to create a BCC structure, as BCC lattices can accom-
modate a more extensive range of atomic sizes.

Many techniques are used to explain and guess the different phases of the HEAs
based on their parameters, like Valence Electron Concentration (VEC), thermody-
namic effects of enthalpy of mixing, and atomic sizes. Phases can be predicted using
CALPHAD, molecular dynamics simulations, and kinetic mechanisms. However,
using the traditional methods to predict phase formation is very time-consuming
and computationally expensive. Density Functional Theory (DFT) is tradition-
ally use to indicate phases by correlating parameters and fitting to existing data.
Nevertheless, this method is inadequate given that not much is known about the
compositional spaces’ central regions. Traditional experimentation with HEAs is
done by exploring the compositional and thermodynamic space based on trial-and-
error strategies. Recently, Artificial Intelligence (AI) has been used to predict the
formation of HEAs. Al use self-learning mechanisms to find patterns in given data.
Al is not bound to follow fixed rules in order to obtain the solutions of a specified
problem; instead, it solves each unique situation in its way. It is this unique feature

ormetallic

Figure 2.
Compositional space for 4-element alloy [1].
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of AI, which can be used to tackle the vagueness of a given system. Phase formation
in HEAs is also such a vague system. Al and its subsets, Machine Learning, and Deep
Learning can significantly reduce the time component involved in designing HEAs
with desired properties by quickly traversing the compositional space.

Adaptive Neuro-Fuzzy Interface System (ANFIS) is an Al algorithm, which is
used for phase prediction in FCC, BCC, and multi-phase HEAs. ANFIS is constructed
using Artificial Neural Network (ANN) and fuzzy logic. ANN mimics the working of
a human brain. Fuzzy logic is a mathematical model that works on degrees of truths,
not just absolute truth and false. ANFIS method is suitable to predict the phases
in HEAs [2]. Generally two approaches as depicted in Figures 3 and 4 are used in
practice to model the Al problem. The first approach used the constituent elements

Input  Input MF Fuzzy Rule Cutput MF Output

Al
Co
Cr
Cu
Fe
Mi

Ti

Figure 3.
A framework of ANFIS: Composition-based modeling [2].

Input  Input MF Fuzzy Rule Output MF Output

Figure 4.
A framework of ANFIS: Parameter-based modeling [2].
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as the inputs, while the second used a set of six crucial parameters in the formation
of HEAs. In the first approach, the input elements chosen are Fe, Ni, Ti, Mn, Pd, V,
Mo, Nb, Si, Ta, Hf, Zr, and W. In the second approach, atomic size parameter (3),
enthalpy of mixing (A®y,), configurational entropy (S.), single dimensionless ther-
modynamic parameter (®), intrinsic strain (e,s) and valence electronic concentra-
tion (VEC) are the six input parameters. ® is the thermodynamic parameter; § and
VEC are the parameters of atomic scales; A@y;; and S, are the parameters for nuclear
interactions. The first model’s accuracy was 84.21%, while it was 80% for the second.

2. Machine learning and design of experiments

Machine Learning (ML) is a subset of Artificial intelligence. ML offers flex-
ibility; as new data becomes available; it is more rapidly able to construct relations
between input and output data. Kevin Kaufmann and Kenneth S. Vecchio used an
“ML-HEA” to predict the solid solution-forming ability of the HEA using ther-
modynamic data from ThermoCalc and chemical features with a random forest
machine-learning model [3]. They also compared the ML-HEA model with other
traditional models like CALPHAD and LTVC, as mention in Table 1.

The ML-HEA model correctly predicted the phase for 134 alloy systems with
a known phase. This model is in 94% agreement with the CALPHAD model, and
82.1% agreement with the DFT based LTVC model. However, until the central
region of the compositional space is further explored, it will be impossible to truly
know which of these three models (ML-HEA, CALPHAD, and LTVC) is more
accurate in predicting the phase of the HEAs.

Chang et al. used ML with ANN to predict the composition of non-equimolar
AlCoCrFeMnNi to get the highest hardness HEAs [4]. In their limited data set of
91 alloys, they also included the alloys of Cuand Mn. The input for the network is
the eight elements present in the alloy, and the target output is the hardness of the
HEAs. Figure 5 shows good agreement between the experimental hardness and
predicted hardness. Pearson’s correlation coefficient = 0.97, R-squared correla-
tion = 0.94, and mean absolute error = 36 Vickers Hardness, and Table 2 shows
good agreement between the predicted hardness and experimental hardness from
ML3 to ML5. Here ML3, ML4 and MLS5 are high entropy alloy.

Cheng Wen et al. [5] used ML to predict hardness in an AICoCrCuFeNi HEA sys-
tem. They used two approaches using the compositions and other descriptive fac-
tors such as atomic radii, the difference in electronegativity, VEC, mixing enthalpy,
and configurational entropy. They used hardness data of 155 HEAs, with the
highest hardness of 735 HV. Pei et al. [6] used machine learning to identify the three
most important physical properties of the elements (besides the Hume-Rothery
rules) that describe the HEAs’ formation. They developed a new method based on
these additional features to predict the FCC, BCC or HCP structure of the HEAs.

Material Known solid solution (Neither, CALPHAD LVTC

systems FCC, or BCC)

Binaries 117 of 117 (100%) 110 of 117 (94%) 102 of 117 (87.2%)

Ternaries N/A 362 of 441 (82.1%) 279 of 441 (63.3%)

Quaternaries 8 of 8 (100%) N/A 690 of 1110 (62.2%)

Quinaries 9 of 9 (100%) N/A 94 of 130 (72.3%)
Table 1.

Comparison of ML-HEA with CALPHAD and LVTC [3].
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Predicted versus proper hardness for HEAs, where different colors indicate the variation of the standard
deviation [4].

Alloy Al Co Cr Fe Mn Ni Experimental Predicted

hardness hardness

(HV)
Alo3 5.66 18.87 18.87 18.87 18.87 18.87 125+3 242 + 98
ML1 1 18 22 22 5 22 198+ 6 303 + 38
ML2 30.5 16 18.5 16.5 5 135 522+8 505 + 35
ML3 30 6 35 6 18 5 605 + 14 670 + 94
ML4 255 9 35 10 155 5 628 + 13 670 + 111
ML5 24 18 35 10 75 5.5 650 + 12 670 + 98
Table 2.

Nominal composition (%) of Alo3 and ML alloys and their hardness values [4].

They used a large dataset of 1252 HEAs to train a model to predict the formation of
phases with an accuracy of 93%. For each constituent element of each HEA, they
considered 85 elemental properties. From these 85 properties, they can identify
the three most essential quantities: molar volume, bulk modulus, and melting
temperature. They used these quantities to develop a model based on the physical
nature of the elements. This new model was 73% accurate in predicting the phase of
the HEAs. Figure 6 is a hardness map plotted with the variation of the element Al,
Co, and Mn contents. The availability of data machine learning technique for alloy
design can be a valuable tool to predict HEAs’ properties and constituent elements.

Similarly, Figure 7 used ML and the Design of experiment approach for the
accelerated design of HEAs. The first machine-learning model is trained with an
existing dataset consisting of hardness and composition of constituent elements.
The model is applied to a search in the materials space for unknown value hardness.
Based on hardness predictions, a function to select the next set of experiments is
performed—this helps to choose an alloy for experimentation.
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Figure 6.
Hardness plot with a variation of Al, Co, and Mn contents and fixed Co content (black dashed line is the
boundary of<30% risk) [6].
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Figure 7.
A schematic of the ML and DOE based iterative design loop for accelerated design of HEAs.

3. Methodology for implementation of Alin HEAs
Figure 8 described the proposed methodology for the implementation of Al to
develop a new high entropy alloy. Al algorithm create an Al model by training on

the experimental dataset for training, and then this trained Al model is fed with the
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Figure 8.
Methodology for the implementation of Al for the discovery of new alloy.

desired properties of the new model. The output of the AI model is a set of experi-
ments for the creation of a new alloy. The set of experiments suggested by Al model
is a subset of an extensive set that will result from all possible combinations of input
parameters. Presently trial and error method is used to narrow down this search
space, but the use of Al model can lead to selecting a more appropriate subset from
this search space. Further, to evolve the Al model with time output of each sug-
gested experiment should be added to the experimental dataset for training and a
new Al model is created after each update of the dataset.

The strategy to design and develop of high entropy alloy for achieving the
desired strength in the material using the artificial intelligence approach is
described below with a detailed explanation:

a.Dataset creation: Data of experiments conducted to create new HEA can be
obtained from available literature to create a dataset. This database need to be
divided into three subsets (60:20:20): training, validation, and test dataset.

b.Selection of machine learning (ML) algorithm: For ML algorithm, various
options like linear regression model, support vector machine, artificial neural
network, and deep neural networks should be explored. Starting with the most
straightforward algorithm viz. linear regression, each algorithm’ performance
after training should be evaluated on training and validation dataset (via a loss
function like RMSE for expected and actual value of hardness) using k-fold
cross-validation. Based on its performance and complexity the ML algorithm
can be selected.

c.Training of Al model: Al model created based on selecting the ML algorithm is
to be fed with known composition data from the training dataset. The output
of this model is the estimated value for the hardness of HEA. Several epochs of
training is to be needed to arrive at an acceptable trained AI model.

d.Apart from composition data several physical properties of constituent
elements like the difference in atomic radii between composition elements,
the difference in electronegativity between components, the valence electron
concentration, the mixing enthalpy, the configurational entropy, the
U parameter (which is related to the entropy, enthalpy, and the melting point),
the L parameter (which is associated with an atom’s configuration on a lattice
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and its radius) and the g parameter (the solid angles of atomic packing for the
elements with the most significant and most minor atomic sizes) are related
to the intrinsic properties and affect the final hardness. So further AI model
should also be trained by accepting both composition data and physical
properties as inputs.

e. Training and test datasets with bootstrapping should be used for training the
Al model. A bootstrap training set can be generated by resampling the original
training data and testing data with replacement. On each made training set,
an Al model is created. Each of these Al models can then run on the original
training dataset to give different hardness values for each training sample. This
give the output as estimated hardness and standard deviation for the estimated
hardness.

f. Use of Al model in the design of experiments: By assuming an available range
of values for each constituent element, a virtual search space can be created
for experiments to conducted of creation of new HEA. Using this virtual space
as input to generated Al models, an estimate for hardness and corresponding
confidence (standard deviation) can be computed. Candidates in virtual space
can then be selected for desired hardness and sorted standard deviation value
for the design of experiments.

4. Summary

Artificial Intelligence is a valuable tool to model, discover, and optimize new
alloys that enable predicting individual material properties as a function of com-
position. Artificial Intelligence (AI) allows the prediction of a set of experiments
to be conducted to discover new alloy having desired properties. Thus, Al can be
used as an effective tool to optimize the development of new alloys. The use of Al
for predicting phase, hardness, and other HEAs properties is a gateway to many
possibilities. It is the flexibility of Al to adapt to new data that enables further
improvement of the models’ accuracy, which will lead to a better understanding of
phases of HEAs.

Synthesizing HEAs is a complicated and expensive process, so using traditional
modeling to explore compositional space and synthesizing each alloy is impractical.
Al can be used so that it is not necessary to explore the entire composition space.
Al models can handle voluminous experiment data and are bound to outperform
human counterparts. Therefore, Al can be effectively employed to competently
and promptly recognize particular High Entropy alloys with desired mechanical
properties.
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