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ABSTRACT

Novel AICuCrFeMnWy (x= 0, 0.05, 0.1, 0.5 & 1 mol) high-entropy alloys (HEASs) have been
synthesized by mechanical alloying followed by spark plasma sintering. The effect of tungsten
content on the phase evolution of as-milled and bulk HEAs was investigated by using X-Ray
diffractometry (XRD), transmission electron microscopy (TEM) and selected area electron
diffraction (SAED) pattern analysis. The particle morphology and composition of HEAs were
investigated by scanning electron microscopy (SEM) and electron dispersive spectroscopy (EDS)
respectively. During Mechanical alloying, the formation of a supersaturated solid solution with
the formation major BCC 1 and BCC 2 phase with minor FCC fraction in AICuCrFeMnW, (x=0,
0.05, 0.1, 0.5 & 1 mol) HEAs. TEM-SAED analysis of AICuCrFeMnW, HEAs concurred with
XRD results. The phase stability with respect to temperature has been studied using a differential
scanning calorimeter (DSC). Thermodynamic parameters for AICuCrFeMnW, alloys are
calculated and analyzed to explain the formation of a solid solution. The microstructure of bulk
sintered AICuCrFeMnWy (x=0, 0.05, 0.1 & 0.5 mol) HEAs consisted of predominantly AlFe
type ordered structure, BCC phase and FeMn phase along with metastable Chromium rich o-
phase precipitates. Microstructure of AICuCrFeMn was AlFe type ordered structure, FeMn phase
with metastable Cr rich o-phase precipitates. The formation and growth of Cr rich precipitates in
FeMn phase in case of AICuCrFeMnW, HEAs are due to the high enthalpy difference between

the binary elements.

A peak hardness value of 891 HV has been observed in the case of AICUCrFeMnW HEA due to
the combined effect of solid solution hardening, grain boundary hardening and precipitation
hardening. It was observed that the fracture strength under compression (of) increased from 1010
to 1820 MPa with the increased tungsten content of AICuCrFeMnWy (x=0, 0.05, 0.1, 0.5 &
1mol) HEAs. Further, materials-structure-property correlation has been established and a
mathematical model has been proposed utilizing conventional strengthening mechanisms. Room
temperature Creep studied using nanoindendation have been performed on a AlICuCrFeMnWy
(x=0, 0.05, 0.1, 0.5 & 1 mol) HEAs at different maximum loads. The main mechanisms of creep
are the dislocation creep at high indentation load and self-diffusion at low indentation loads.

The electrochemical performance of AICuCrFeMnWy (x =0, 0.05, 0.1, 0.5 & 1 mol) HEAs was

studied in a 3.5 wt% NaCl solution. With the addition of tungsten, the corrosion potential of the



alloys increased from -0.892 V to -0.313 V and the corrosion current density decreased from
6.97 x 10 to 3.32 x 10 A/em?, which demonstrated that a high content of tungsten enhanced
the corrosion resistance of the alloys. The FTIR and XRD spectra of the surface after the
polarization experiment also showed that the formation of the passive layer WOj3 increased with
the increase in the content of tungsten. The Nyquist plot was constituted with one capacitive
semicircle at high frequency region and a long diffusion tail at low frequency region. The
capacitive semicircle was attributed to the existing of a passive film. The present studies suggest
that these alloys may have potential usage in structural and marine application.
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Chapter 1

INTRODUCTION

1.1 Background

So many centuries, the theory of alloy systems design has been based on using one or two
elements as the base components, and from time to time, an addition of other elements in small
amounts are used to improve the properties, such as steels and other intermetallics. In recent
year, this concept has been challenged by the theory of high-entropy alloys (HEA) given by Yeh
et al [1]. An HEA is defined as an alloy consisting five or more than five principal elements in an
equimolar or near equimolar ratio with the concentration from 5 to 35 at.% of every element
[1,2]. The effect of high entropy of mixing by multi-component elements will make high entropy
effects, lattice distortion, sluggish diffusion and cocktail effect. As a combination of these four
effects, HEA can make a simple solid solution structure instead of a complex intermetallic
structure. HEA consisting of more than 5 major alloying elements violates the conventional
phase rules for the formation of three microstructures: (1) simple solid solution (FCC/BCC/HCP)
or a mixture of FCC and BCC, (2) a combination of solid solution and intermediate phase, and
(3) amorphous metal glass. The formation of different types of microstructures in HEA leads to
some excellent properties such as high specific strength, good thermal stability, high oxidation
and corrosion resistance and better wear resistance. Due to these characteristics, HEA has
potential applications in marine and structural components [3,4]. Continuous efforts have
focused on the empirical correlation of the formation of solid HEA solutions with the
understanding of the relationship between atomic size and thermodynamic parameters and
structure-property in HEA. In addition, some HEAs have excellent thermal stability and high

temperature oxidation resistance.

It has been recommended that so far many investigational HEA studies have focused on the
narrow range of alloy compositions (Al, Ti, Cr, Mn, Fe, Co, Ni and Cu are commonly used) to
develop new alloys with many different compositions. Maybe only significant refractory metal-

based HEASs could be introduced to provide significant phase changes in this regard. Therefore, |



consider one of the most promising potential applications of HEAs is structural materials. It has
been suggested that some HEAs have some higher mechanical properties than conventional
alloys, which can make them attractive for structural applications. For example,
AlosCrFeCoNiCu [5] has an impressive fatigue resistance and CrFeMnCoNi has excellent
strength and toughness at low temperatures [6]. However, it seems clear that many of the HEAS
examined so far are too brittle to be used as engineered materials. Although low ductility is
certainly not ideal for structural alloys, the same is true for the low yield strength observed in
alloys containing simple solid solutions, especially when the conditions of use involve high
temperatures. Almost all successful engineering alloys are based on precipitates or enhanced
interfaces that serve as a thermal barrier to the dislocation movement. This fact shifts the focus
of HEA research from the realization of single-phase microstructures to the development of solid
mixed / intermetallic microstructures similar to those found in Ni-based super alloys [7]. In
general, good corrosion resistance, toughness and microstructural stability will be required
alongside strength. HEA research often adds elements directly to the resulting mechanical

properties [8].

Numerous techniques have been used to synthesize HEAs so far such as arc melting, induction
melting, solid state processing technique and direct laser fabrication methods [9-11]. Most of the
work reported suggests that melting and casting methods are widely used for the synthesis of
HEAs. Major advantage of melting and casting method is reduced synthesis time, cost efficient,
and energy saving. Although in case of light weight HEAs difference between the melting point
of low density elements and other transition elements makes it difficult to synthesize light weight
HEAs by this method. Mechanical alloying (MA) is solid state processing techniques which
comprises of synthesis of alloy systems from the blend of elemental powders. MA involves
repeated cold welding and fracturing of the elemental powders by the impact of balls and vials
during milling action resulting in the formation of equilibrium or non-equilibrium phases of
alloy. Thus, MA is the only techniques by which alloys can be synthesize even when there is
high positive enthalpy of mixing between the individual elements [12]. Further, as milled alloy
powders after MA can be consolidated by compaction and sintering operation to form the bulk
alloys. There are various techniques for the synthesis of bulk alloys from the as milled powders

such as conventional pressure less sintering, hot isostatic pressing, and spark plasma sintering



(SPS). It can be pointed out that SPS is the most cost effective and energy saving consolidation
technique compared to all other techniques. SPS comprises of pulsed DC current passing through
a powder compact and graphite dies which results in compaction and densification through
internal heating in order to approach the theoretical density value. The advantages of SPS
include retention of nanostructured materials due to very short heating times, the low pressure

required for compaction and better grain to grain contacts.

Based on the indication already existing in the literature to date, it seems to like that the core
effects of HEAs related with entropy stabilization, lattice distortion and sluggish diffusion may
not be as prominent as initially proposed. Few examples of HEA are considered to be entropy
stable solid solutions: both experiments and theories show that adding more components to the
alloy can lead to intermetallic formation or phase separation. There have been some recent
thoughts about alternative naming conventions, such as the “Compositionally complex alloys "
or " complex concentrated alloys’". Still, there is argues that since the terminology of "HEA" is

so ingrained in the discourse, changes in the naming convention can only lead to confusion
1.2 Objectives of the Research Work

The demand of high strength, superior corrosion resistant and application in high temperature
materials is increasingly becoming a necessary requirement for better energy efficiency in
structural and marine applications. Some of the conventional alloys like Al-based and Mg-based
have poor mechanical properties compared to steel and also not suitable for high temperature
applications. High strength alloys like refractory alloys (base alloy) are not cost effective. The
shortcomings and requirements motivated the investigator to undertake the research to synthesize
high entropy alloys (HEAS) with to achieve properties such as higher strength to weight ratio,
excellent mechanical property such as hardness and superior corrosion resistance similar to
stainless steel.

Still there are major complications in designing of high strength HEAs as most of the elements in
periodic table possessing high strength and high melting point are having high density and low
ductility. Also, most of these elements are immiscible with transition group of elements in
periodic table due to their varying atomic radius and high positive enthalpy. Also, many
refractory HEAs made of high-melting transient metal elements such as Ta, W, Nb, Mo, and V
exhibit high strength and low plasticity. Tungsten is a high melting point and good high
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temperature performance, and it has not found much literature when studying its role in HEA.
Tungsten (W) is a good metal structural element in the periodic table of all refractory elements
(eg. Mo, V, Nb). Therefore, it can be incorporated into HEA to obtain high strength, good
corrosion resistance and low cost, and has good mechanical properties and high temperature

applications.

For HEAs, their properties may be different from any constituent elements. The type of structure
is a major factor in controlling the strength or hardness of the HEA. Structured BCC HEASs
generally have high yield strength and limited plasticity, whereas FCC structures HEAs have low
yield strength and high plasticity. The BCC + FCC mixture is expected to have balanced
mechanical properties such as high strength and good ductility. Recent studies have shown that
the microstructure of certain "HEA™ can be very complex because they often undergo spinodal
decomposition and are ordered, and disordered phases precipitate at lower temperatures. The
mechanism for solid solution strengthening in HEAs is very different from traditional alloys.
HEAs usually have a high melting point and high yield strengths can usually be kept at very high
temperatures.

It is not appropriate to talk about the properties of HEASs in general terms, since their different
compositions can deliver very different properties, arguably to an greater extent than that which
can be expected across alloys systems like steels. However, it seems clear that many of the HEASs
examined so far are too weak to be used as engineered materials. Although low ductility is
certainly not ideal for structural alloys, the same is true for the low yield strength observed in
alloys containing simple solid solutions, especially when the conditions of use is high
temperatures. The idea is to balance the performance of the key - some people think HEA studies
tend to focus on the performance of interest, rather than the majority required for the
combination of application performance. In general, good corrosion resistance, hardness and
microstructure stability is required in addition to its strength. Especially with regard to corrosion
resistance, it is expected that HEA can provide potential advantages compared to conventional
alloys - even if they are a solid solution. it is also stabilized by entropy effects, it can be added to
the solution more protection elements such as Al and Cr , increasing the probability of forming a
protective oxide layer. When | consider the huge range of possible HEA alloy compositions, the
scale of the challenges that HEA has in the development of structural applications is reached.

HEA research often adds elements directly to the resulting mechanical properties.
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The above shortcomings and requirements motivated the investigator to undertake the research to
synthesize a high strength HEAs. HEAs can have outstanding properties such as higher strength
to weight ratio, and better mechanical property such as hardness, creep and compressive strength.
Thus, it is scientifically and technologically important to synthesize high strength, superior
corrosion resistant and application in high temperature HEAs having simple microstructure with
superior properties and cost effectiveness. Hence, the present research work focuses on attempt
to synthesize bulk HEA by choosing the structural element according to their application i.e. W
(Melting point ~ 3895K, Hardness ~ 2600 HV ) along with other alloying elements such as Al
for high ductility (p ~ 2.70 g/cc), Fe ( low cost and high strength ), Cu (high ductility and thermal
conductivity), Cr (high corrosion resistance), Mn (enhance hardenability and wear resistance),
for the potential application in high temperature, structural and marine environment.
Furthermore, the effect of variation in tungsten content has been studied to establish the
materials-structure-properties correlation in case of proposed high entropy alloy system

Lot of research has been going on in the recent days to design new alloy systems with improved
properties which could be suitable for different engineering applications. Also, an on-going
effort is focused on empirically correlating the phase evolution and thermodynamic parameters
of the HEAs and understanding the structure-property relation. Therefore, the present research
work focuses on the designing of alloy by introducing varying concentration of tungsten element

with the transition elements to synthesize HEA which are higher mechanical properties.

1.3 Outline of the Thesis

e Chapter 1: The present research work is split into 8 chapters including an introduction to
the high entropy alloys.

e Chapter 2: Review of thermodynamic parameters proposed and some previous work on
the phase formation, stability, properties of HEAs described.

e Chapter 3: The methodology for the alloy preparation, phase characterization and
properties has been described.

e Chapter 4: Novel AICuCrFeMnWx (x=0, 0.05, 0.1, 0.5 and 1 mol) HEAs were
synthesized by mechanical alloying. The effect of tungsten content on the phase



evolution of HEAs was investigated. Also, phase formation of the present HEAs has
been correlated with calculated thermodynamic parameters.

Chapter 5: Spark plasma sintering of as-milled AICuCrFeMnWy alloys and the study of
phase evolved after sintering was studied. The phase evolved after sintering in these
alloys has been considered using thermodynamic parameters and thermal study in
discussed in detail.

Chapter 6: Discusses the structure-property relationship has also been proposed by
conventional strengthening mechanism and Nanoindentation creep behavior of
AICuCrFeMnW;y high entropy alloys.

Chapter 7: Corrosion behavior of AlICuCrFeMnWy (x=0, 0.05, 0.1, 0.5 and 1 mol)
HEAs in 3.5% NaCl solution are discussed.

Chapter 8: Conclusions and suggestion for future work is given in last chapter.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

Metallurgy plays a pivoted role to civilization of human beings. In the last century, thanks to
rapid progress of technology and the enormous demand for the improved materials, new alloys
systems such as Al, Mg and Ti based alloy to design to cope with challenging working
applications in the power, transport and structural related industries [13]. Moreover, these alloys
showed superior mechanical properties than the pure metals and are used in major part of
engineering applications even today. Majorly steel, an alloy of iron and carbon has been widely
usedfrom ages due to its superior properties like good strength, better oxidation/corrosion
resistance, and superior wear resistance. Although first successful synthesis aluminum alloys and
magnesium alloys in the 1900s led to bring the concept of energy efficiency in different
applications such as transportation, aerospace, etc. In the later years many improved alloy
systems like nickel alloys, titanium alloys had been synthesized for high-temperature

applications like in turbine, etc.

Although the concept of multi-principle alloys had not been explored in the first half of 20"
century [14]. In 1970s Prof. Brain Cantor first thought of multicomponent alloys but he was
unable to perform work due to lack of funding. Moreover he was also unable to persuade other
people in this field. First work on multicomponent alloys was in 1981 by his undergraduate
student. Surprisingly, he found single phase FCC microstructure with excellent mechanical
properties in FeyoCryNixMnypCozp multicomponent system but this work was not published.
Much later his undergraduate student Peter Knight and Isaac Chang repeated the work and found
the same result and the results was published in 2004 [13]. Independently Prof. J.W. Yeh also
reconnoitered the concept of multicomponent alloys since 1995 [1]. First paper on concept of
HEA was printed in Journal of Advanced Engineering Materials in 2004. This paper had
reported the development of single phase solid solution in multi-component alloy system and
explained the related theory accompanying the solid solution formation. Moreover also used for

the first time term HEA to designate multicomponent alloy systems.



In this chapter, | review the previous studies of HEAs. As per findings of this literature review,
the achievements of previous findings is summarized the objectives of the research are clarified

as well.
2.2 Concept of High Entropy Alloys
2.1 Definition

High-entropy alloys constitute of multi-principal elements (= 5) with each element having an
atomic percentage of 5 to 35 [15-20]. Some studies suggest the definition must include that HEA
must be single-phase solid solution [21] and in others the meaning is broadened to include four
component systems. There is no right or wrong answer, and the appropriate approach will
depend on the intent of the work being performed. Thus it can be said that there are multiple
definition of high entropy alloy based on composition, phase etc. so as to allow researchers to
explore the field with flexibility [22].

2.2 Four core effects

Physical metallurgy is a branch of science that specializes in studying the correlation between
composition, processing, crystal structure, microstructure, physical and mechanical properties.
Fig. 2.1 shows a physical metallurgy scheme where direct correlations can be observed.
Composition and synthesis route determine the microstructure, which decides the performance.
Composition, processing, and the relationship between crystal structure and microstructure are
thermodynamics, dynamics, and deformation theory. The relationship between crystal structure,
microstructure, and physical-mechanical properties is the theory of solid state physics and

strengthening, fatigue, creep, wear, and so on.
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Fig. 2.1: The system of physical metallurgy in which those areas influenced by four core effects
of HEAs are indicated [5]

Unlike conventional alloys, HEA compositions are complicated due to the equimolar
concentrations of the components. Yeh [23] summarized the four main effects of HEA, namely:
(1) thermodynamics: high entropy effect; (2) kinetics: sluggish diffusion; (3) structure: severe

distortion of the lattice; and (4) properties: cocktail effect

2.2.1 High-entropy effect

The high entropy effect, tends to steady the high entropy phase, e.g., solid-solution phases, is
initially presented given the Yeh [3]. Because it is expected that the intermetallic compounds that
they form are relative to those of the equimolar of the isometric alloy composition, they are
placed in the middle of phase diagram (for example, the AICrCo effect of compounds formed in
the middle of Al-Cr-Co System) [24]. As per the laws of the Gibbs phase rule, the number of

phases (P) of any alloy system at constant pressure under equilibrium conditions is [3]:

P=C+1-F (2.1)

Where C is the number of components and F is the maximum number of thermodynamic degrees

of freedom in the system. In the case of six components alloy system at a certain pressure, one
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might suppose a constant response of up to 7 equilibrium levels. However, to my surprise, HEA
forms a solid solution phase rather than an intermetallic phase [25-28]. This does not mean that
all the multiple components in the same molar ratio will form a solid solution phase in the
middle of the phase diagram. In fact, only carefully selected compositions that meet HEA
training standards can form solid solutions rather than intermetallic compounds.

According to the traditional physical metallurgy theory, the solid solution stage is also known as
terminal solid solution. The solid solution phase is based on an element called solvent and
contains other trace elements called solutes. In HEA, it is difficult to differentiate a solvent from
a solute because of their equimolar parts. Many researchers have reported simple steps in which
several major elements of an alloy can form a single phase of body-centered-cubic (BCC) or
face-centered cubic (FCC) solution, and the number of phases formed is well below the Gibbs
phase rule, the maximum number of phases [29, 30]. This characteristic also indicates that the
high entropy of the alloy tends to inflate the element, which can further confirm the limits of the
solution between high entropy effects.

Furthermore, it has been reported that some equimolar compositions slowly cool them from the
melt [31] as different phases containing different compositions of AICoCrCuFeNi, so it is
contentious whether they can still be part of as HEA. The empirical rules in supports HEA
development are proposed, which includes differences in atomic size and heat of mixing.

Entropy is the thermodynamic properties which deal with the measure of the disorderness of the

system given by Eq. 2.2 [1,9,10]

S= kinw 2.2)

where k = 1.38 X 10 J/K is Boltzmann’s constant and W is the no. of possible microstates in a
macroscopic state.
Thermodynamically every alloy system is in an equilibrium state when its Gibbs free energy of

mixing (AGmix, EQ. 2.3) is minimum.
AGpix = AHpix — TASpix (2-3)

Eq. 2.3 suggests that the minimization that AGnx always depends on enthalpy of mixing (AHmix)
and entropy of the mixing (ASmix). In the case of HEAs ASnix becomes large which tends to

10



reduce AGnix Which will be more negative making the system more stable. Thus for a random

alloy system with N no. ofelements, ASnix is given by Eq. 2.4
AsmiX: -RZi CilnCi (24)

Were ¢; is the molar content of i element, R (8.31 J/K mol) is the universal gas constant. It is
to be noted that here there are only considering the configurational entropies of the system as it is
assumed that in random solid solution alloy systems containing N elements the configurational
entropy plays a major part for stabilization [1]. Configurational entropy of mixing becomes

maximum for equiatomic compositions and is given by Eq. 2.5 [1]:

ASmix= RIn N (2.5)
For ternary and quaternary equiatomic alloys systems the configurational mixing of entropy is
1.1R and 1.3R and are sometimes classified as medium entropy alloys [32,33]. It was suggested
by Yeh [34] that the system can be only called as high entropy alloy when it's configurational
mixing of entropy is equivalent or greater than 1.6R which is shown in Fig. 2.2. However, for a
real alloy system other

High-entropy alloys

-------------

- -
~~~~~~
- -

Low-entropy alloys
(traditional)
AS..s <R

con

~ -
........
------------

AS o2 1.5R

Fig. 2.2: Types of alloys in the alloy world based on configurational entropy
entropy terms like magnetic, electronic and vibrational entropies also plays there part thus

making overall entropy much more complicated to explain the phase stabilization in the alloy.
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2.2.2 Lattice distortion effect

The multi-element matrix in the HEA solid solution leads to high lattice stress, mainly due to
different atomic radii associated with each element. In addition to the difference in atomic size,
other factors such as binding energy and crystal structure also make a significant contribution to
the distortion of higher lattices. The overall distortion of the HEA lattice is more severe than the
conventional alloy system [35]. Figure 2.3 shows the distorted lattice due to the different atomic
sizes in the case of HEA.

The severe distortion effect of the lattice is generally compared with the alloy as the main
element, where the lattice sites are mainly occupied by the main component. For HEA, if
chemical ordering are ignored, each element has the same chance of occupying the lattice
position. Because the size of different elements may be very different in some cases, this can
cause the lattice to be heavily distorted. The ultra-high strength of BCC HEA confirms this effect
[36]. Yeh et al. [37] studied the anomalous reduction of X-ray diffraction intensity (XRD) of a
CuNiAICoCrFeSi alloy system with multi-elements. A series of CuNiAICoCrFeSi alloys have
been studied, systematically added with elements from pure elements to seven elements for
quantitative analysis of XRD intensity. The change in the XRD peak intensity of the alloy system
is similar to that caused by the thermal effect, but the strength is further reduced beyond the
thermal effect by increasing the number of major constituent elements. For the abnormal
decrease in the intensity of XRD, the distortion effect of the intrinsic lattice due to the addition of
multi-dominant elements having different atomic sizes was added. The mathematical processing
used to modify this distortion effect of the XRD structural factor was formulated to be similar to
the thermal effect. The greater the roughness of the atomic plane, the lower the XRD intensity of

the HEA is than the strength of the monomeric solid.
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Fig. 2.3: Schematic illustration of BCC crystal structure

The severe distortion of the lattice is also used to explain the high resistance of HEA, especially
the HEAs of BCC structures [38-40]. The severe distortion effect of the lattice is also related to
the tensile brittleness and the slower kinetics of HEAs [41-42]. However, the many authors also
point out that the single-phase HEA of the FCC has a very low intensity [43], which of course
cannot be explained by the severe demonstration of lattice distortion. The quantification of HEA
lattice distortion requires basic research.
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2.2.3 Sluggish diffusion effect

Diffusion kinetics is an important phenomenon in the formation of new phases in any alloy
system. It has been proposed that the low diffusion of HEA reduces the diffusion rate of the
atoms, which internally slows the phase transition rate in the multi-elements matrix of the
phases. The development of a new stage in the old phase needs the cooperative diffusion of
many different types of atoms to achieve the division of the composition. Tsai et al. [45]
conducted the first study on the diffusion kinetics of CoCrFeMnNi HEAs. The study concluded
that the order of decrease in diffusion rate was Mn, Cr, Fe, Co, and Ni. In addition, the diffusion

coefficient is lower than pure FCC metal and Fe-Cr-Ni(-Si) alloy.

20sy Xid.Do00 IV COOvO0)

Fig. 2.4: Microstructures of an as-cast CuCoNiCrAlFe alloy. [46] .
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The sluggish diffusion effect here is related to conventional alloys rather than the alloys that
make up bulk glass. Recently, Yeh [34] studied vacancy formation and composition distribution
in HEA and compared diffusion coefficients of elements in pure metals, stainless steel and HEA.
The order in which the diffusion rate is found is as follows:

HEA <Stainless Steel <Pure Metal
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Fig. 2.5: Comparison among the melting point normalized activation energy of diffusion for Cr,
Mn, Fe, Co, and Ni in different matrices: pure metals, stainless steels, and high-entropy alloy
CoCrFeMnNi [45].
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The sluggish diffusion effect is often used to explain the formation of nanoprecipitates because
the nuclei are easier to form but slow to grow, as shown in Figure 2.4 for the CuCoNiCrFe as-
cast alloy [46]. In the figure, a nanoprecipitate with a diameter of 7-50 nm appears, close to the
FCC phase in the spinodal plate, as shown in Figure 2.4B(b). Figure 2.4 also illustrate that the
microstructure of some HEAs is likely to be very complex and may consist of nano-precipitates,
ordered solid solution phases, disordered solid solution phases and even amorphous phases. This

feature is due to the high interaction between the main element and the content of all elements.

However, the Q/Tm normalized activation energy in current HEA is higher for CoCrFeMnNi
alloys than other reference standards are shown in Figure 2.5. It has been found that the increase
in sluggish diffusion is increased due to many constituent elements in the matrix. Therefore,
these results lead to the conclusion that the diffusion effect in HEA is slow. It has also been
suggested that there is a slower diffusion rate due to the rich low potential energy lattice (LPE)
sites that act as traps and hinder atom diffusion. Therefore, higher LPE fluctuations in HEA
result in higher normalized activation energy and lower diffusion rate, which results in sluggish
diffusion in HEA.

2.2.4 Cocktail effect

This effect was first given by Prof. Ranganathan [47]. It was suggested that there could be
unexpected properties obtained after mixing many elements in an alloy system, which could not
be obtained from any independent element. It suggests that alloy can be attuned by finely
adjusting the number and composition of the individual elements. The ‘cocktail’ effect allows
researchers to remain open for unexpected results that may come due to larger possibilities of the

combination of different elements in case of HEAs [22].
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Fig. 2.6: Hardness and lattice constants of a Al,FeCuCrCoNi alloy system with different x values: (A)
hardness of Al,FeCuCrCoNi alloys, (B) lattice constants of an FCC phase, (C) lattice constants of a BCC
phase [48]

The cocktail effect in HEAs can be understood by two examples first, AlyFeCuCrCoNi [48]
HEA prepared by casting route shows variation from complete FCC microstructure at Al content
x=0.5 with hardness value 133HV to complete BCC microstructure at Al content x=3 and
hardness 653HV, both are described in Fig 2.6

Figure 2.7 relates the specific resistance, which is defined by the yield strength and density of the
material and the density between HEA, BMG, conventional alloys, polymers and foams [49]. |
can see that the density of HEA is close to that of steel, but it has a higher specific resistance
value (yield strength / density). This is partly due to the fact that the HEA, | recently reported is

mainly composed of late, high-density transition elements.
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from low (right bottom) to high (left top). HEAs are among the materials with highest strength and
specific strength [49].

2.3 Thermodynamics for Phase Formation for HEAs

Earlier it was believed that the addition of 5 or more elements in equal composition will lead to
the development of intermetallic phase rather than a solid solution due to the different heat of
formation and atomic size difference between binary elements. On the other hand, Cantor and
Yeh [1,13] have found that some multi component alloy systems forms random solid solution
phases which can be explainedon the basis ofthermodynamic parameters between elements
supports the formation of solid solution. Development of solid solution in conventional binary
alloys follows the condition called as Hume-Rothery rules which are being developed to
understand the conditions by which one element is soluble into another. Hume-Rothery rules
suggested that the solid solubility majorly depends upon the atomic size, crystal structure,
electronegativity and valence.

The Hume Rothery rules are stated as follows:
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The atomic size of the solute and solvent may not differ more than 15%.
The crystal structure of the two elements should be same.

Electronegativity of the two elements should be same.

N

Valency of solute and solvent should be same.

In the case of HEASs, earlier studies on the microstructure evolution by J.W. Yeh discussed
mainlyatomic size difference, crystal structure, enthalpy of mixing, electronegativity. In addition
to these effects Tong et al. [50] concluded that high mixing entropy also leads to the formation of
the solid solution rather than the formation of intermetallic compounds. However, Otto et al.[51]
studied the effects of entropy and enthalpy on the phase stability in HEAs and suggested that
phase evolution in HEAs is associated with a minimization of Gibbs free energy, including both
enthalpy and entropy contributions. Further, it was concluded that high configurational entropy
might rarely form a single phase solid solution. It was also suggested that highest entropy values
are obtained in a single phase solid solution and should be called as real HEAs while alloys that
consist of multiple phases can be referred to as multicomponent alloys. Therefore, to design and
define the formation of solid solution in HEAs different criterions based on the basic
thermodynamic parameter such as mixing enthalpy, atomic size misfit, electronegativity, mixing
entropy have been defined. In case of HEAs the mixing of enthalpy (AHpix) and atomic radii

mismatches (0) was given by Eq. 2.6 and Eq.2.7 respectively

AHpix = y:l,i:tj 4 AleknéXCiCj (2.6)

5= Jziilci(l — /N ) )? 2.7)

where AHRXis the enthalpy of mixing between binary A and B elements, c;, ¢; are the molar
content of i™ and j™ element, r; atomic radii of ith component. Zhang et al. [52] predicted that
simple solid solution may be formed when -15kJ/mol < AHpix< 5kJ/mol, and & < 5% and a 2D

plot in support for the criterion is shown in Fig 2.8.
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Fig. 2.8: A phase formation map based on the enthalpy of mixing AHmix and the atomic size

difference 9, for the formation of solid solution, ordered solid solution, intermediate phase and bulk

metallic glasses.

Similarly, Guo et al. [53] predicted that formation of simple solid solution microstructure is
related to AHpix, ASmix and 6 as 11 < ASpix < 19.5 J/Kmol, -11.6 < AHnix< 3.2Kj/mol and

6 < 6.6. Zhang et al. [54] has also defined the criterion for the formation of simple solid solution
in case of HEAS as AS¢ons> 13.38J/K mol, -10kJ/mol < AHpix< 5kJ/mol, and 6 < 4%.

Later other parameters (Q) for the formation of the solid solution was defined as Eq. 2.8 [55,56]:

— TmASmix

Q
|AHmix|

(2.8)

Theoretical melting temperature, Ty, of an alloy containing N elements is calculated by relation

as given in Eq. 2.9:

Tm= ZP:l Ci (Tm)i
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It has been proposed that if Q > 1, then the contribution of TASix will exceed that of AHpix and
HEAs will form a solid solution and in case when Q< 1, then AHpix Will be a predominant part,
thus resulting in formation of intermetallic compounds in HEAs system.  This relationship has
been shown by Yang et al.[55] in 2D maps between Q and & in Fig 2.9.

Electronegativity also have an significant role in stabilization of solid solution in HEAs.
Electronegativity is a tendency of an atom to attract an electron and according to the Hume-
Rothery rules high electronegativity of a solute tends to form intermetallic compounds. In, HEAS
the electronegativity difference is calculated by the composition of the HEA and not by lattice

type, and is given by Eqg. 2.10:

AX = M 6 (% — Xavg)? (2.10)

Where, X; is the Pauling electronegativity for the ith element and Xag=Y, c; X;. The role of
electronegativity on the phase stability of HEAs was described by Dong et al. [57] showing that
a topologically closed packed (TCP) structure is stable in HEAs where AX > 0.133 shown in Fig
2.10.

“ 0 Solid Solutions (S)
i Q ® Intermetallics (I)
\ A S+1
100 § \ v BMGs (B)
9 \
[ O oo\
G 10E
Pg ol
B Ya
N O
1E ~~ -
PV PR PR ST PO RON P WP e o T T e Y .n-l
0 1 2 3 45 6 7 8 9 101112 13 14 15 16 17 18

5 (%)

Fig. 2.9: Phase-formation map based on the Qand o for the multi-component alloys. For the
formation of solid-solutions, Q> 1.1 and < 6.6% [55]
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Fig. 2.10: Relationship between the DX and the TCP phase stability for the HEA systems containing
Mo, Si, Ti, V, and Nb elements. [57].

Apart from all these models recently, Laurent-Brocq et al. [61] proposed that higher value of
configurational entropy is not sufficient to form a simple solid-solution in HEAs. Further, it had
been concluded that all the existing thermodynamic models, not well predict the range of
formation of a solid-solution. Moreover, it was suggested that the present definition of high
entropy alloys is not suitable as it do not give any difference between multi-component alloy i.e.
the alloy having the multiphase microstructure and HEAs. Thus, a new definition, based on a

structural, physical, chemical or mechanical parameter, is required.

2.4 Processing Routes for HEAs

Several different methods have been adopted for the synthesis of HEAs such as casting route,

powder metallurgical route, coating and spraying are shown in Fig.2.11. Mostly all the methods
are being discussed in detail in this section.
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Fig. 2.11: Summary of the fabricating routes for HEAs

2.4.1 Casting route

Melting and casting route has been widely used for the synthesis of conventional alloys and
HEAs [16,17,19,20]. Up till now the maximum number of HEASs reported is synthesized by
melting and casting route. Melting and casting route has advantages such as reduced synthesis
time, cost efficient, and energy saving which gives it an edge over other alloy synthesis
techniques. Although the major drawback of this technique is that high temperature leads to the
evaporation of low melting point elements like Mg, Zn and Mn which leads to change in the
stoichiometry of the alloy during synthesis. Arc melting is most commonly used for the synthesis
of HEAs which is illustrated in Fig.2.12. Moreover, the advantage of using an arc melting
method is its ability to attain high temperature (~ 3000°C) which enables it to melt most of the
elements in periodic table. Basic limitations involved in the synthesis of HEASs through this route
is that at low cooling rates typically dendritic and interdendritic microstructures are formed in

HEAs due to elemental segregation.
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Fig. 2.12: A schematic diagram of the arc melting method [62].

Cui et al. [63] reported AICoCrFeNi alloys, by Bridgman solidification and results indicate that
the microstructure constitutes of the finer dendritic region and decreased the concentration
difference between the dendritic and interdendritic regions due to rapid growth rate and high
temperature gradients. Ma et al. [64] reported low withdrawal velocity of 5 um/s to synthesize a
single crystal FCC CoCrFeNiAlg 3 using a Bridgman solidification technique.

2.4.2 Laser fabrication method

Direct laser fabrication technique is also is used for synthesis of HEA [65-67]. The procedure for
synthesis includes two hopper system used to prevent powder segregation. By varying the flow-
rate of elemental powder to the melt region the various alloys compositions were manufactured.
To reduce oxide formation high purity argon gas was continuously purged in the sealed melt
deposition region. Thus, maintaining an atmospheric oxygen concentration of 10ppm or less. The
depositions were performed on a 15mm thick stainless steel plate which was locally preheated

via laser scanning in the deposition region in order to reduce thermal stress between at interface
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of the deposited material and the plate. Joseph et al. [9] synthesized Al,CoCrFeNi HEAS using
direct laser fabrication and the resulting microstructure consists of FCC, BCC+FCC and BCC for
Alg3CoCrFeNi, AlpsCoCrFeNi and AlyssCoCrFeNi HEASs respectively. Also, the microstructure
of AlpsCoCrFeNi resembles widmanstatten structure which is mainly observed in steels.

2.4.3 Solid state processing route

Mechanical alloying (MA) is a solid state synthesis method that permits synthesis of both
miscible and immiscible alloy materials starting from elemental powder blends. MA was first
developed in 1966 by John Benjamin and his colleagues at the International Nickel Company
(INCO). This process uses a high-energy ball mill to favor plastic deformation required for cold

welding and reduce the process times.

Fig. 2.13: Schematic diagram for mechanical alloying [68].

In the process of ball milling, different elemental powder particles are mixed in a vial containing
the ball. The basic mechanism while MA is governed by the cold welded, fractured and again
welded during milling action, which is shown in Fig 2.13. Generally, when two balls while

milling collide, some elemental powders are stuck between them ,which in turn deforms the
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elementparticles leading to cold welding and fracture. In the initial hours of milling, the tendency
of cold welding of different particles is predominant due to softer nature of particles. The
increase in the milling causes particle deformation, which results in increased work hardening
thus increasing the brittleness of powder particle causing it to fracture into smaller flakes leading
to a reduction of the particle size [3,4]. Further milling tends inter-layer spacing of different
elements to decrease and the number of different elemental layers in a particle to increase.
Prolonged hours of milling during MA causes heavy deformation into the particles which in turn
increasing various crystal defects such as vacancies, dislocations, and stacking faults. The
presence of these defect enhances the diffusivity in such a way that an atom of one element is

diffused into the lattice of another.
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Fig. 2.14: Schematic representation of spark plasma sintering [73].

There are three different combinations of interactions between particles while MA. These are

ductile-ductile interaction, ductile-brittle interaction, and brittle-brittle interaction [68]. Also,
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MA operation takes place at room or slightly higher temperature and may take prolonged hours
of milling for alloying which also causes the refinement of the crystallite size up to the
nanometer level. Thus, MA is also the technique which can be used for the synthesis of
nanocrystalline materials. Dovelopment of high entropy alloys (HEAs) by MA method was very
first published by Varalakshmi et al. [69] and the resulting microstructure consisted of a BCC
solid solution.

Compaction and sintering of the as milled powder to produce bulk alloys in solid state
processing has mostly been done by conventional method which leads to coarse grains
microstructure due to long period of heating. For the synthesis of nanocrystalline microstructure
HEAs spark plasma sintering (SPS) technique is generally used for the as-milled alloy powders
which is shown in Fig. 2.14.[70,71]. SPS technique was first discovered in 1960 although this
technique gained its usage much later after 1990s for the producing bulk alloys [72]. SPS finds
applications to synthesize wide variety of the bulk metallic, ceramic and nanostructured

materials.

2.4.4 Sputtering

Sputtering techniques are also used for preparation of HEA thin films from the gaseous state.
The sputtering is a technique in which thin films are synthesized onto the substrate by atoms
from the target is deposited on the substrate by the bombardment of charged gas ions. The
sputtering can be divided between DC sputtering, RF sputtering (radio frequency) and magnetron
sputtering [74]. Difference between the DC and RF sputtering techniques is that in case of DC
sputtering the deposition is mainly governed by the higher values of voltage and argon pressure
compared to RF sputtering. As a result the RF sputtering technique is suitable for the deposition
of insulating materials. In case of magnetron sputtering, both electric as well as magnetic fields
are used to increase the ions path length leading to higher deposition rates (Fig 2.15). Magnetron
sputtering is widely used for coating of HEAs. An et al. [75] synthesized a single phase
CrCoCuFeNi thin films by RF sputtering route. It was observed that the elements distribution in

the thin film much more uniformly distributed.
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Fig. 2.15: Schematic diagram of sputtering [76].

Other techniques such as plasma spray techniques, thermal spray techniques and plasma nitriding

are also some of the efficient methods for the synthesis of HEA coatings on the substrate.

2.5 Current Literature on the Structure-Properties of HEAS

This chapter reviews the microstructure and mechanical properties of high entropy alloys (HEA)
in the areas of hardness, compression, stretching, corrosion and nanoindentation. It shows that
the hardness of HEA varies greatly from 140 to 900 HV, which strongly depends on the alloy
system and the associated processing methods. The hardness at high temperature is also
summarized. For the compression test, several material parameters such as Young's modulus,
yield strength in compression, elastic deformation and plastic deformation were determined and
discussed. A micro-compression experiment was performed on HEA. Nanoindentation studies of

initial plasticity and creep behavior are discussed.
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In HEAs, different parameters like atomic size effect, enthalpy of mixture and high
configurational entropy leads to the formation of simple disordered solid solution. Generally
these disordered solid solution phases are having FCC, BCC, or HCP structures leading to some
unique properties. Structure and the properties of the HEAs can be varied by changing the
content of the elements from equiatomic to near equiatomic compositions. The effect of Al on
the microstructure and the properties of AlCoCrFeNi alloys have been studied by Yang et al.
[76] XRD studies showed that the Aly;CoCrFeNi alloys (Fig 2.16(a)) show single phase FCC

structure.
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Fig. 2.16: XRD Pattern for Al,CoCrFeNi (x=0.1, 0.75 &1.5) [76]
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Increase in the Al content upto x=0.75 (Fig 2.16(b)), some fraction of B2 structure also forms
along with the FCC phase. Further it was observed that increase in the Al content up to x=1.5,
microstructure transforms from the FCC phase (x=0.1 & 0.75) to the BCC phase and ordered B2
structures. The mechanical properties studies on Al CoCrFeNi alloys suggested that hardness
increases from 1.85 GPa in case of x=0.1 alloy to 5.60 GPa for x=1.5 alloy. This variation in the
hardness value was found to be due to the formation of B2 and BCC phases in case of x=1.5
alloy which are having poor ductility in comparison to FCC phase. Thus, structural
transformations from FCC to BCC with increasing Al content results in higher hardness.

Heat treatment behavior of equi-atomic AlICoCrFeNi alloy was studied by Munitz et al. [77]
Heat treatment of these alloys was performed at different temperatures i.e. 850°C, 975°C, 1100°C
and 1200°C in air atmosphere for 3 hrs. An XRD result in Fig 2.17 showed that as-cast alloy
consisted majorly of BCC phase with a minor B2 phase. On heat treating these alloys at 850°C,
FCC and o phase is evolved with BCC phase. It was interesting to note that ¢ phase disappears
when the heat treatment was performed at 975°C, 1100°C and rest of the phases like BCC, FCC

and B2 mainly constitute the microstructure of the alloy.
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Fig. 2.17: XRD patterns from the AICoCrFeNi alloy in as-cast condition and after different heat
treatments [77]
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Heat treatment at 1200°C causes FCC phase to disappear and primarily BCC phase become the
major phase with very small fraction of B2 phase. Microstructural studies suggested the
AICoCrFeNi constitute of mainly two types of regions Al rich dendrite core (DC) and Fe and Cr
rich inter dendritic (ID) regions.

Zhang et al. [78] have synthesized equi-atomic AICoCrFeNi alloy using the elemental mixture in
SPS. The elemental powder mixture sintered at 1200 °C for 20min under a pressure of 30MPa.
The phase evolution studies had shown the formation of FCC, BCC and small fraction of B2
type structures. The micro hardness was found to be 518 HVN. These alloys also possess high

strength and ductility which is because of the combination FCC+BCC phase.

Ornov et al. [79] synthesized Novel AlIFeCuCrMgx (x = 0, 0.5, 1 &1.7 mol) HEAs by
mechanical alloying. XRD analysis indicates the formation major BCC phase with minor FCC
fraction in AIFeCuCr and AlFeCuCrMg0.5 HEAs. Although AlFeCuCrMg and AlFeCuCrMgl.7
have two BCC phases i.e. BCC 1 and BCC 2 as confirmed by XRD. Phase fraction of BCC 2 is
found out to be 27.45% and 34.06% for AlFeCuCrMg and AlFeCuCrMg1l.7 respectively shown
in Fig 2.18. Even with a high enthalpy of mixing, the formation of solid solution is being
observed due to the combined effect of severe plastic deformation during the mechanical
alloying and sluggish diffusion. Moreover, calculated thermodynamical parameters suggest that
present HEAs do not follow criterions given for the formation of a single phase solid solution.
From the present study, it can also be concluded that the addition of Mg enhances the probability
of formation of BCC structure. DTA analysis depicts the thermal stability of AlFeCuCrMgx
(x=0, 0.5, 1 & 1.7 mol) HEAs up to 500 °C. The results also suggested that the range of &
parameter to form ordered solid solutions proposed by Zhang et al. [56] can be extended to

higher values.
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Fig. 2.18: XRD Pattern of as milled AIFeCuCrMg, ; alloys [79]

Further As-milled AlFeCuCr and AlFeCuCrMgx (x = 0.5, 1 & 1.7) has been compacted by spark
plasma sintering at 800 °C and 700 °C respectively and 50 MPa pressure [80]. The
microstructure of bulk sintered AlFeCuCr consisted of two BCC phases and a small quantity of
o-phase are shown in Fig. 2.19. As the Mg content increased from 0.5 to 1.7 mol, the
microstructure was composed of predominately AlFe type ordered structure, BCC phase and
Cu2Mg laves phase, with metastable Cr rich ¢ -phase precipitates are described in Fig. 2.20. The
formation and growth of Cr rich precipitates in Cu2Mg phase in case of AlFeCuCrMgy (x = 0.5,
1 & 1.7) HEA is reasoned to be the effect of high positive enthalpy between the binary elements.
A peak hardness value has been achieved for the AIFeCuCrMg0.5 HEA due to a combined effect
of solid solution hardening, grain boundary hardening and the precipitation hardening. Mg was
found to decrease the thermal stability from above 1000 °C for the AlFeCuCr alloy to 800 °C for
AlFeCuCrMgx (x =0, 0.5 & 1) and 450 °C for AlIFeCuCrMg1.7.
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Fig. 2.19: XRD Pattern of spark plasma sintered AlFeCuCrMgy alloys [80]
It was suggested that the higher value of hardness in these alloys are majorly due to solid

solution strengthening and grain size strengthening and the order of the strengthening increases
with increase in Al content. The effect of grain size strengthening was consider by the Eq. 2.11

0p = Yi=1 00 Cip + Xio1 ki Cpd ™/ (2.11)
Where C; is the composition of ith element in a particular phase, 6, and k are materials constant

for friction stress for dislocation movement and strengthening coefficient respectively, op is the

yield strength of a particular phase, and d is the crystallite size.
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Studies showed that grain growth at high temperatures in nanocrystalline CoCrFeNi alloys is
controlled by mainly three factors i.e. zener pinning effect, long range diffusion of carbide phase,
and cooperative diffusion of elements. Micro hardness test was performed on CoCrFeNi alloy
was determined to be 570 HVN. Liu et al. [81] synthesized equimolar FeCoCrNi alloy by
powder extrusion method. Phase studies show formation of single phase solid solution having a
FCC structure peaks with lattice parameter of 359 pm in Fig 2.21. Yield strength of the
FeCoCrNi alloy was revealed to be 359MPa. The improvement in the mechanical properties is
found to be due to combined effect of solid solution strengthening and grain boundary

strengthening.

34



5000

¢ FCC

(200)

T

4000

3000

T

2000

T

Intensity (a.u)

< (111)

T

1000

0 Ewwesmemess L

- . = r h 1 . - —

10 20 30 40 50 60 70 80

20 ()

Fig. 2.21: XRD pattern of FeCoCrNi alloy [81].

} & (220)

e Al, CoCrFe NiTi__

.

700 -

600

Hardness (HV)

500 =

400 | —3

300 H

T y T v T T T
0.5 1.0 1.5 20
X

Fig. 2.22: Hardness of AlysCoCrFe,NiTigs (x = 0.5, 1.0, 1.5, &2.0) high-entropy alloys [82].

35



Effect of Fe on near equi atomic AlgsCoCrFesNiTigs (x=0.5, 1, 1.5 & 2) synthesized by vacuum
arc melting has been studied [82]. The resulting microstructure for AlysCoCrFeosNiTips and
Al sCoCrFe;NiTigs shows the formation of BCC, FCC, ¢ phase, and ordered BCC phases. For
AlpsCoCrFe; sNiTigs and AlgsCoCrFe;NiTigs alloys, the microstructure consists of the FCC,
BCC, and ordered phases. Fig 2.22 shows the hardness of the AlysCoCrFexNiTips (x= 0.5, 1, 1.5
& 2) alloys. It was observed that hardness decreases from 748 HVN to 399 HVN with increasing
Fe content. It can be suggested from these results that Fe element addition hinders the formation

of o phase and Fe elements act as a FCC stabilizer in case of these alloys.

Effect of Cr addition in AICoCrsFeMogsNi (x= 10, 0.5, 1, 1.5 & 2) alloys have been studied by
Hsu et al. [83] Phase evolution studies suggested the formation of majorly ordered B2 phase and
tetragonal o phase. It was observed that phase fraction of ¢ phase increases with the increase in
Cr concentration for AICoCryFeMogsNi (x= 0, 0.5, 1, 1.5 & 2) alloys. Further, this o phase
mainly constitutes of multi-element such as Co-Cr, Fe-Cr, Ni-Mo, and Fe-Mo phases. The
hardness values showed increase the hardness with the increase in the Cr concentration from 601
HVN (x=0) to 867 HVN (x=2). Thus it can be concluded from the result that Cr concentration
enhance the probability for the formation of ¢ phase in HEAs. Also high Cr content had good

softening resistance at elevated temperatures
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Fig. 2.23: Phase evolution in FeCoNiCrCuy (x=0, 0.5 & 1) HEAs [84]
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Effect of Cu addition in the FeCoNiCrCuy(x= 0, 0.5 & 1) HEAs had been carried out by Hsu et
al. [84]. Phase studies in Fig. 2.23 showed the formation of majorly FCC phase. Although with
an increase in the Cu content segregation of Cu rich interdendrites was being observed. The
results conclude that the addition of the Cu in the HEAs mostly enhances the Cu segregation in

HEASs. Some other studies on the effect of Cu addition have also showed similar results [85].

In addition, L. Tian [86] studied the nano-indentation test using a continuous stiffness
measurement technique and deliberate the deformation behavior of the high entropy
AICoCrFeNi alloy at different rates of deformation at room temperature. . The results show that
the creep behavior shows a significant dependence on the strain rate, as shown in Figure 2.24. At
different strain rates, the modulus of elasticity remains essentially unchanged and because of the
size effect of the indentation, the hardness decreases as the depth of the indentation increases. In
addition, the modulus and hardness of the AICoCrFeNi HEA are larger than those of
AlxCoCrFeNi (x = 0.3 and 0.5). At a deformation rate of 0.2 s™*, the negative mixed enthalpy and
the solids associated with the atomic bond are respectively caused by distortion, caused by the

strengthening of the solution.
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Fig. 2.24: Representative load-displacement curves (a) and creep displacements during the holding
stage (10 s) obtained at four different indentation strain rates (b) for the present alloy with a depth
limit of 1000 nm. The inset in (a) is the magnified portion at the approximate indentation depth of
900 nm [86]
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Table 2.2 summarizes the phase evolved, properties and density of different HEAs synthesized

by various methods.

Table 2.2: List of refractory HEAs with processing route, phase evolved and properties

Alloys Synthesis | Phases Hardness | Yield Compressive [Ref].
Route (HV/GPa) | Strength Strength
(GPa) (GPa)
NbVAITI AM BCC 440 HV 1.2 [87]
NbVZrTiAl AM BCC, Laves 540 HV 1.08 1.21 [87]
(C14)
NbVZrITiAlis | AM BCC, Laves 620 HV - 1.31 [87]
(C14), AlZr2
HfNbTiVSigs | IM BCC, 490 HV - 1.6 [88]
Hexagonal
silicide
AlosCrNbTi2 | AM FCC, hexagonal - 1.2 - [89]
Vos close packed
(hcp) C14
Laves phase.
AlMogsNbTay. | IM Disordered 5.8 GPa 2.1 1.2 [90]
5TiZI’
BCC, Ordered
B2
FeCrCoNiV AM FCC, Sigma 524 HV 0.31 1.6 [91]
phase
FeCrCoNiMn | AM FCC, Sigma 650 HV 0.32 1.8 [91]
\Y/ phase
TixWTaVCr MA+SPS | BCC, TaVv2 714 HV - 2.04 [92]
Ti20Zr20Hf20 | IM BCC, V2M 3.8 GPa - 1.37 [93]
Nb20V20 Laves phases
Co,MoNi2VW | AM FCC, Co7Mo6 667 HV 1.4 2.3 [94]
0.8
NbCrMogsTay. | AM BCC1 ,BCC2, 5.2 GPa - 1.5 [95]
sTIZr FCC
TaNbHfZrTi AM BCC 3.8 GPa 0.93 [96]
AlIXHfNbTaTi | AM BCC 3.14 GPa 1.42 [97]
Zr
AICrxNbTiV AM BCC, C14 - - 1.7 [98]

Laves phases
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HfMogsNbTiV | IM BCC, Silicide 403 HV - 1.26 [99]
0.5
HfMoosNbTiV | IM BCC, Silicide 490 HV - 1.47 [99]
059103
HfMoosNbTiV | IM BCC, Silicide 560 HV - 1.89 [99]
059105
HfMogsNbTiV | IM BCC, Silicide 603 HV 2.13 [99]
05910.7
AINDTIV Casting BCC 448 HV 1.02 1.318 [100]
CrFeNiV(s5Wy. | Casting One major and 226 HV - 1.11 [101]
25 two minor
phase
CrFeNiVosWy, | AM BCC, FCC, 279 HV - 1.30 [101]
50 Sigma phase
CrFeNiVosWy, | AM BCC, FCC, 290 HV - 1.59 [101]
75 Sigma phase
CrFeNiVosW | AM BCC, FCC, 350 HV - 2.24 [101]
Sigma phase

AM-Arc Melting, IM-Induction Melting, MA-Mechanical Alloying, SPS- Spark Plasma Sintering

Hsu et al. [102] studied corrosion behavior of FeCoNiCrCux (x = 0,0.5,1) using immersion and

potentiodynamic polarization tests and found that increasing content of Cu in the HEA caused

increasing corrosion rates in 3.5 wt% NaCl solution. While FeCoCrNi HEA demonstrated

superior general and localized corrosion resistance compared with SS304, they deteriorated in

Cu containing HEAs are shown in Fig.2.25.
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Fig. 2.25: Polarization curves for as-cast FeCoNiCrCux alloys and 304L in 3.5% NacCl solution at
25 oC [102].

Thus the literature review concludes that the HEAs are the promising new age material with
exceptional properties and can be the potential candidate for different applications. Earlier it was
supposed that the simple solid solution microstructure in the HEAs is generally due to the high
configurational entropy. But recent work has shown that it is the enthalpy of mixing and atomic
size mismatch rather than configurational entropy which decides the formation of simple
microstructure. The matter of fact is that there is no single definition has been decided by
scientific community on HEA rather the definitions provided in the literature is mostly based on
composition and microstructure that gives scientists the flexibility to work. Also, a large number
of HEAs were synthesized by different methods including arc melting, spark plasma sintering
and direct laser fabrication methods which have shown a simple solid solution microstructure
and remarkable properties. High strength HEASs is one of the most promising areas of research in
structural application. High strength HEAs were synthesized using the elements like W, V and
Cr. The effect of element like Al has been widely studied and the microstructure varies from
solid solution to solid solution plus intermetallic. Some previous studies on the effect of Ti in

HEAs have also studied showing a multiphase micro structure. But the effect of varying
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concentration of refractory element on HEAs has not been studied carefully to understand the
phase evolution and phase transformation at different temperatures. Moreover the hardness,
Creep and compressive properties in W containing HEAs have not been studied in detail so far
and structure—property correlation has not been established yet. Furthermore, the effect of
tungsten on corrosion is also very much essential to study to establish materials-structure-

process-properties correlation of HEAs.

Thus, it is scientifically and technologically important to synthesize high strength, superior
corrosion resistant and application in high temperature HEAs having simple microstructure with
superior properties and cost effectiveness. Hence, the present research work focuses on attempt
to synthesize bulk HEA by choosing the structural element according to their application i.e. W
(Melting point ~ 3895K, Hardness ~ 2600 HV ) along with other alloying elements such as Al
for high ductility (p ~ 2.70 g/cc), Fe ( low cost and high strength ), Cu (high ductility and thermal
conductivity), Cr (high corrosion resistance), Mn (enhance hardenability and wear resistance),
for the potential application in high temperature and marine environment. Furthermore, the effect
of variation in W content has been studied to establish the materials-structure-process—properties
correlation in case of proposed high entropy alloy system. The composition of tungsten is
selected on the basis of compositional definition of HEAS i.e. the constituent elements should be
between 5 at. % to 35 at. %.

The main objectives of research work can be outlined as follows:

» To design and develop of appropriate HEA via Mechanical Alloying.

» To compare the variation in the properties of the powder compact with Spark plasma
sintering.

» To understand the importance of thermodynamical parameters for the phase formation.

» Material-structure-property correlation study of proposed HEA.
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In order to achieve the goal, following methodology have been adopted which is shown in Fig.
2.26. Next Chapter will discuss about the materials and experimental details to fulfill the

metho

dology discussed in Fig. 2.26.

Raw Materials to Synthesis W based HEAs
Elemental powders of Al, Cu,Cr, Fe, Mn and W powders
(% purity greater than 99.?% and mesh size is 200-300)

&

Mechanical Alloying of AICuCrFeMnWx

HEAs powders for 20 hrs
Spark Plasma Sintering to 4
Thermodynamic Produce Bulk Samples j [
Study Y. b4
Phase Study Moarphology Thermal
by XRD &TEM by SEM Study by DTA
Phase Study  Morphology  Thermal Mechanical Properties Room temperature Corrosion
by XRD & by SEM Study by Assessment by Hardness  creep study by Nano  Study by
TEM) DTA and Compressive Testing  Indentation Potentiostate
W v l v W “‘J’
> Materials - Structure- Property Correlation Study of AICuCrFeMnW, HEAs <

Fig. 2.26: Flow diagram showing methodology for development and characterization of W

containing HEAs
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Chapter 3
MATERIALS AND METHODS

This chapter discusses about the materials and methods implemented for the preparation HEAS.
3.1 Materials Preparation

3.1.1 Preparation of AICuCrFeMnW, (x=0, 0.05, 0.1, 0.5 and 1 mol) HEA powders

Elemental high purity powders of Al, Fe, Cu, Cr, Mn and W of purity greater than 99.9% and
mesh size of 200-300 were mechanically alloyed using Pulverisette-P7 high energy planetary
ball mill (Fritsch, Germany) using a vial and balls of tungsten carbide. Ball to powder weight
ratio was maintained to be around 10:1. Toluene is used as a process controlling agent (PCA) to
prevent excessive cold welding on the surface of the ball and vial and also provide reducing
media during the milling. The milling was carried out up to 20 hours in a planetary ball mill at
300 rpm. The as-milled powders were collected after 10 min and then after every 5 hours of
milling to study the phase evolution, and dissolution sequence of each element with respect to

the milling time.

3.1.2 Spark plasma sintering of AICuCrFeMnW, (x= 0, 0.05, 0.1, 0.5 and 1 mol) alloys
powders

As-milled powders of AICuCrFeMnWx (x= 0, 0.05,0.1, 0.5 and 1mol) alloy are mechanically
alloyed for 20 hr were spark plasma sintered by using Dr. Sinter (Model- S625) at 900°C using a
graphite die. Graphite dies was purchased from Nikunj Eximp. Entp. P Ltd., Mumbai with the
dimension Dia 50 X ID 20.4 X 40mm long. Graphite pinches are had a dimension of Dia 20 X
20mm. The as milled alloy powders were filled in a die cavity having diameter of 20 mm.
Graphite foil was used to prevent the sticking of alloy powders from the die walls.

At first as milled AICUCrFeMnWx (x= 0, 0.05, 0.1, 0.5 and 1mol) alloys were SPSed at 900°C.
The holding time at sintering temperature, the heating rate and applied load were 10 min,
100°C/min and 50 MPa, respectively.
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3.2 Characterization of AICuCrFeMnW, (x= 0, 0.05, 0.1, 0.5 and 1 mol HEAs
Different characterization techniques were used to analyze the phase evolution in

AICuCrFeMnW;y alloys. The methods were discussed in subsequent paragraphs.

3.2.1 Density measurement

Theoretical density has been calculated by the rule of mixture given by Eq. 3.1 [3]:

pth = pm. (1-Vi) + pr. Vs (3.1)

where pm and ps are the densities of matrix and filler and Vi is the volume fraction respectively.
The densities of sintered samples were determined by the Archimedes principle using a density
measurement apparatus and precise weighing balance (Mettler Toledo) with the accuracy of
0.1mg. Ethanol as a media was used to determine the bulk density of the alloys. The density was
calculated by Eq. 3.2 [3]:

Pexp: = [Woaird (Wair — Wined)] X pmed (3.2)

where W, and Weq are the weight of the sample in air and medium respectively. The pmeq iS the

density of the medium.

3.2.2 Phase evolution studies using XRD

Phase changes from the sintering process were characterized by X-Ray Diffraction (XRD) using
an X’pert Pro (Panalytical, USA) X-ray diffractometer unit with a CuKa (A=0.1540598 nm)
source. The scan step size and scan time was fixed to be 0.02° and 0.7sec respectively. XRD
have been performed to study the phase evolution both after MA and sintering. Also, lattice
parameter, crystallite size and lattice strain is calculated by using the XRD data. The
deconvolution of the overlapped peak is performed by the Lorentzian function and instrumental
broadening was corrected using single crystal Si wafer. The crystallite size was calculated is
calculated by the Scherrer equation given by [3]:

K2
- LcosO

(3.3)
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Where D is the crystallite size, K is the shape factor (~ 1), A is the X-Ray wavelength, g is the

line broadening, 6 is the Bragg angle.

3.2.3 Microstructure by scanning electron microscopy (SEM)

Microstructure of the as milled alloy powders and sintered alloys were characterized by using
FE-SEM (Nova Nano 450SEM, FEI, North America) operated at 30 kV. The sample of as milled
alloy powders was prepared by dispersing and sticking the powder on carbon tape and analyzed
under SEM. The samples of sintered bulk alloys were prepared by grinding on a series of bonded
abrasive paper (SiC) up to 1200 grit size. Mirror finish of the alloy surface was obtained by
velvet cloth polishing using mixture of alumina powder (particle size, 1pum) and kerosene. Local
phase composition was characterized by energy dispersive X-ray spectroscopy (EDS) detector
(Bruker, Germany).The EDS data were obtained from at least 5 points, and the atomic

percentage of each element has been averaged out.

3.2.4 Microstructure and phase study by transmission electron microscopy (TEM)

Investigation of the microstructure at the sub-micron scale conducted by transmission electron
microscopy (TECHNAI 20, FEI, North America) operated at 200 kV. High resolution-TEM,
dark field TEM and selected area electron diffraction (SAED) patterns of as milled alloy
powders were analyzed to confirm the crystallite size and phases present. TEM samples for as
milled alloy powders were prepared by ultra sonicating the milled powders in ethanol for 30 min.
Agglomerated particles were allowed to settle down for 10 min. Then the sample from upper part
of the solution was collected using micropipette and spread onto the carbon coated copper grid.
TEM samples for the bulk alloys were prepared by thinning by mechanical grinding up to 80 um
followed by dimpling and ion milling. Further Scanning Transmission Electron Microscopy
(STEM) was performed and the phase composition at sub-micron level is investigated by EDS

(Bruker, Germany) technique.

3.3 Thermal Behavior by DSC
As-milled powder samples were analyzed up to 1000°C with the heating rate of 10°C/min
utilizing Perkin Elmer Differential Thermal Analysis (DTA) (Model no.: STA 6000) to examine

the phase stability of the HEAs with respect to temperature. Baseline was corrected before
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acquiring the temperature curve for each alloy. For all the alloy samples the data were acquired

repeatedly for 3 times to check the reproducibility of the results.

High-temperature stability of spark plasma sintered sample was determined up to 1000°C by
using Differential Thermal Analysis (DTA) (Netzsch Model no. DSC 404 F3). Activation energy
of sintered alloy calculated at three different heating rates of 10 K/min, 20 K/min and 30 K/min
respectively. Furthermore, according to the peak temperatures of DSC curves at different heating
rates, the apparent activation energies of crystallisation can be obtained using the Kissinger

relation.

3.4 Mechanical Testing

3.4.1 Microhardness

Vickers hardness measurements were performed by UHL VMHT (Walterunl GmBH, Germany)
on bulk AICuCrFeMnWx (x= 0, 0.05, 0.1, 0.5 and 1mol) HEAs. The load of 200 gf and dwell
time of 15 sec was applied to take the hardness of the bulk alloys. The hardness is given by the
Eqg. 3.5 [80]:

F

HV = 0.1891 ﬁ[

kgf ]

3.4
mm? (3.4)
Where F is the load applied and d is the diagonal of the indentation
Hardness test was performed at 5 different positions in the same alloy to check the

reproducibility.

3.4.2 Compressive strength

Compressive properties were tested using Instron UTM 5500 machine at loading rate of 0.5
mm/min. The samples were cylindrical, @3mmx5 mm and three tests were done to attain the
average value of compressive strength. Microstructure of fracture surface of the alloys was
characterized by using FE-SEM (Nova Nano 450SEM, FEI, North America) operated at 15 kV.
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3.4.3 Room temperature nanoindentataion creep

The nanoindentation experiments were performed at room temperature, using an Anton Paar,
nanoindenter (Ttx nht2) with a Berkovich diamond tip (include the angle 142.3°). The
displacement and load resolutions of the machine are 0.01 nm and 50mN, respectively. In For the
polished AICuCrFeMnWy (x= 0, 0.05, 0.1, 0.5 and 1mol) alloys,, creep properties were
characterized by a constant loading rate of 0.5 mN / s. The indenter was held for 200 seconds in
a series of loading-unloading cycles with different maximum loads 50, 100, 150 and 200 mN.
The indantation locations on the sample were chosen to be at the middle of each grain and the
hardness was studied using the maximum loads 50, 100, 150 and 200 mN by Oliver-Pharr
maximum loads 50, 100, 150 and 200 mN [103]. The creep tests were conceded out until the
thermal drift was less than 0.03 nm /s.

3.5 Electrochemical Experiments for Corrosion Study

3.5.1 Test materials

As-milled powders of AICuCrFeMnWy (x= 0, 0.05, 0.1, 0.5 & 1 mol) alloys are mechanically
alloyed for 20 hr were spark plasma sintered by using Dr. Sinter (Model- S625) at 900°C. The
high entropy alloy cylinder used for electrochemical measurements has a thickness of 3 mm and
a diameter of 20 mm. The epoxy resin is then cold-installed each test sample, to obtain an
exposed surface area of high entropy alloy of 3.14 cm? Prior to each electrochemical
experiment, all samples were mechanically polished using a series of 240-600 carbide of silicon

sandpaper (SiC) and washed with acetone and distilled water.

3.5.2 Electrochemical measurements
Potentiodynamic polarization measurements of bulk AICuCrFeMnWy (x= 0, 0.05, 0.1, 0.5 & 1
mol) alloys was carried out in a typical three-electrode cell setup with the specimen as a working
electrode, a saturated calomel reference electrode (SCE), and a platinum counter electrode. The
potential of the working electrode was measured through the Luggin probe with respect to the
reference electrode which was placed as close as possible to the specimen. The electrochemical
polarization measurements were conducted in aerated 3.5% NaCl solution at 25°C under
atmospheric pressure. The specimen was scanned potentiodynamically at a rate of 1mVs * from
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the initial potential of —250mV versus open circuit potential to the final potential of 1.6 Vsce.
The EIS was carried out in a range of frequency from 10* to 107 Hz.

Potential polarization measurements of AICuCrFeMnWx (x = 0, 0.05, 0.1, 0.5 and 1 mol) bulk
alloys performed in a typical three-electrode device with sample as working electrode, calomel
reference electrode Saturated (SCE) and Platinum counter electrode. The potential of the
working electrode is tested by the Luggin probe relative to the reference electrode, and the
reference electrode is placed as close as possible to the sample. The electrochemical polarization
measurements were performed in a 3.5% NaCl solution aerated at 25 ° C. and under atmospheric
pressure. The sample was potentiodynamically scanned from an initial potential of -250 mV to
an open circuit potential of 1.6 VSCE at a rate of 1 mVs-1. The frequency of implementation EIS

varies from 10* to 10 Hz.

3.5.3 Phase, surface morphology and infrared spectroscopy of corroded surface

Phase changes after corrosion processes were characterized by XRD using an X’pert Pro
(Panalytical, USA) X-ray diffractometer unit with a Cu Ka (A=0.1540598 nm) source.
Instrumental broadening was corrected using single crystal Si wafer. After the polarization
experiment, the sample was cleaned with distilled water. Then, the morphology of the corrosion
surface of the high entropy alloy was studied using FE-SEM (Nova Nano 450SEM, FEI, North
America) operated at 30 kV Immediately after the corrosion test . Infrared (IR) spectroscopy was
employed to characterize the corrosion product after polarization measurement. FTIR
spectrometer (Perkin Elmer, Spectrum Two, L160000A) was used for this purpose. The IR

spectrum was acquired from the range of 400 cm™ to 4000cm™.
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Chapter 4

SYNTHESIS AND CHARACTERIZATION OF AlICuCrFeMnW, HEAs BY

MECHANICAL ALLOYING:
Novel AICUCrFeMnWy (x=0, 0.05, 0.1, 0.5 and 1 mol) alloys were synthesized by mechanical

alloying (MA). The effect of W content on the phase evolution of HEAs was investigated using
X-Ray diffractometry (XRD), scanning electron microscopy (SEM), transmission electron

microscopy (TEM) and selected area electron diffraction (SAED) pattern analysis.

4.1 Phase Analysis of AICuCrFeMnW, HEAs

XRD pattern of AICuCrFeMnWx (x=0, 0.05, 0.1, 0.5 and 1 mol) HEAs powders is shown in Fig.
4.1, which is that successively collected after the predefined interval. Figure 4.1a shows the
phase evolution of AICuCrFeMn. As the staring in milling time (after 10 min.) peaks of the
individual elements are present, it shows solid solution is not formed. As the milling time
increases up to 5 hr peaks of Al and Mn is partially disappear and after the 10 hr peaks of Al and
Mn is disappear, and intensity of peaks is decreased it means crystallite size decreases and lattice

strain increases after increasing of milling time.

Even after 10 hr of milling, an FCC peak of some undissolved Cu was observed which is due to
its high positive enthalpy of mixing with the other elements. As shown, solid solution formation
started after 10 hr and completed after 20 hr of milling. After 20 hr of milling, it was observed
that AICuCrFeMn powder consists of BCC as the major phase with minor FCC phase. The
Neilson—Riley method gives precise lattice parameter as 287.78 pm. Based on the XRD pattern
of Fig.4.1a and the precise lattice parameter of Table 4.1, the elemental alloying sequence of this

HEA to milling time is Al followed by Mn then Fe and then a fraction of Cu into Cr matrix.

Figure 4.1b and 4.1c illustrate the phase evolution of AICuCrFeMnW, o5 and AICuCrFeMnWy 1
HEA to milling time. The lattice parameter as calculated for BCC 2 phase (Cr type) and BCC 1
phase (W type) to be 288.5 pm and 307.12 pm respectively in case of AICuCrFeMnW,gs.
Further, the lattice parameter as calculated for BCC 2 phase (Cr type) and BCC 1 phase (W type)
to be 288.3 pm and 308.21 pm respectively for AICuCrFeMnW, 1 According to this XRD pattern

and analysis of lattice parameter are shown in Table 4.2, it is clear that the alloying sequence in
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Figure 4.1 (a): XRD pattern of as a function of milling time. (a) AICuCrFeMn (b)
AICUCrFeMnW, g5 (¢) AICUCrFeMnW, (d) AICUCrFeMnW,;s (e) AICuUCrFeMnwW

multi-component AICuCrFeMnW;s and AICuCrFeMnW;; high entropy alloys may be
following the trend as first Al dissolves followed by Mn then Fe and then a fraction of Cu into

Cr/W matrix.

Table 4.1: Atomic size, melting point, crystal structure and lattice parameter (JCPDS) of

individual elements.

Al

Cu Cr Fe Mn W
Atomic size (pm) 143 128 128 127 127 139
Melting Point (°C) 660 1083 1857 1538 1246 3422
Crystal Structure FCC FCC BCC BCC BCC BCC
Standard lattice 404.94 361.5 288.6 286.6 889 316.4
parameter a (pm)
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The XRD pattern of the highest tungsten content, i.e., AICUCrFeMnW; s and AlICuCrFeMnW,
with varying milling time is shown in Fig. 4.1d and 4.1e. It can be seen that AICUCrFeMnW s
and AICuCrFeMnW HEAs have a similar pattern as that of AICuCrFeMnW,; HEA. A Lattice
parameter of BCC 2 phase (Cr type) calculated to be 288.6 pm and 288.89 pm, and for BCC 1
phase (W type) was calculated to be 309.12 pm and 307.18 pm. The alloying pattern for this
HEA follows the similar trend as observed in case of AICuCrFeMnW,;; HEA. Chen et al.[104]
suggested the correlation between the melting point and the alloying rate of an individual
component. It was recommended that element has more melting point has high bonding capacity
and it has lower alloying rate because of lower self-diffusion coefficient of individual
components. In general, different factors such as atomic size, melting point, and self-diffusion
coefficient decide the mechanical alloying rate of high entropy alloy which is given in Table 4.1.
In cases of AICuCrFeMn and AICuCrFeMnW s HEAS, all the elements after 20 hr of milling
are predominantly dissolving in Cr matrix, and minor FCC phase is formed due to the high
positive enthalpy of mixing between Cu and other elements and hence remaining of some
undissolved Cu present in the system [105]. In contrast, higher W content HEAs such as
AICuCrFeMnWy ; to AICuCrFeMnW it seems that most of the elements are diffuse mostly in W
lattice and minor in Cr lattice which can be suggested by theory of Chen et al. due to high
melting point of W (3422°C) and Cr (1857 °C).

Table 4.2 : Experimentally and N-R method predicted lattice parameter of
AlICuCrFeMnWy (x=0, 0.05, 0.1, 0.5 and 1mol).

Composition Lattice Parameter Lattice parameter
a=dvh2+k2+12 (pm) N-R method (pm)
BCC1 BCC2 FCC

AICuCrFeMn 287.18 359.90 287.78

AICUCrFeMnWj o5 307.12 288.5 360.12 288.5

AICUCrFeMnW o1 308.21 288.3 360.45 308.21

AICuUCrFeMnW 5 309.12 288.6 360.45 309.12

AICuCrFeMnW 307.18 288.5 360.90 307.78
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It is observed that peak angle is slightly shifting towards the higher side of 20 angle for
AICuCrFeMnW HEA as compared to AICuCrFeMn HEA. Therefore, confirmation of the
residual compressive stresses may be because of adding of tungsten in the lattice which in turn
increases the lattice distortion. In AICuCrFeMnWj (x=0, 0.05, 0.1, 0.5 and 1mol) HEAs, BCC
structure remains the major phase after 20 hr of mechanical alloying which is due to the
difference in atomic radii between the individual elements which are more than 10%. Thus, the
formation of BCC structure is most favorable because it contains a higher percentage of atomic
volume without much distortion and shows less packing efficiency [3].

Detailed deconvolute XRD study of AICuCrFeMnWy (x=0, 0.05, 0.1, 0.5 and 1 mol) revealed
that there is three BCC phases (FCC, BCC 1 and BCC 2) present as shown in Fig. 4.2 (a,b,c and
d)

The reference intensity ratio (RIR) of the FCC phase in AICuCrFeMn has been calculated by eq.
4.1:

FCC (R'R) = lree! lece +lgce (41)
Where Igcc is the peak intensity of the FCC phase and Igcc is the peak intensity of BCC phase.

The RIR of the FCC phase in AICuCrFeMnWx (x=0.05, 0.1, 0.5 and 1) has been calculated by
eq 4.2:

FCC (RIR) = Ircc/ Ircc + lacea + Iscc2 (4.2)

Where Iecc is the peak intensity of the FCC phase and Igcc; is the peak intensity of BCC 1 phase
and lgcc2 is the peak intensity of BCC 2.

The % FCC phase in case of AICuCrFeMn, AICuCrFeMnWyos AICuCrFeMnWy;
AICuCrFeMnWy s and AICuCrFeMnW HEAs were determined as 29%, 26%, 19%, 9% and 7%
respectively. It is interesting to note that the increases of W concentration decrease the % FCC
phase in proposed HEASs. This confirms that tungsten/chromium because of its high melting
point effect and BCC crystal structure promoting the final BCC structure of powder sample
which is in fact W and/or Cr- type BCC.
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Fig. 4.2: Detailed deconvolute XRD study of AICuCrFeMnW, (x=0, 0.05, 0.1, 0.5 and 1 mol)
powders

Figure 4.3 to 4.7 shows the TEM bright field, dark field, HR-TEM and SAED patterns for
AICuCrFeMnWy (x=0, 0.05, 0.1, 0.5 and 1mol) HEAs. The interplanar spacing calculated with
the help of HR-TEM and SAED pattern which is in support with the XRD results and confirms
the nano-crystalline nature of present HEAs. SAED also confirmed the formation of BCC as a

major phase along with a small fraction of FCC phase. Thus, it can be observed by TEM analysis

55



that higher W content results in dissolution of all elements in W lattice lead to the formation of

major BCC phase.

Fig. 4.3: TEM images of AICuCrFeMn HEA powder (a) bright field (b) dark field (c) HR-TEM, (d)
SAED pattern
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20 s

Fig. 4.4: TEM images of AICuCrFeMnW, s HEA (a) bright field (b) dark field (c) HR-TEM, (d)
SAED pattern

Fig. 4.5: TEM images of AICuCrFeMnW,; HEA (a) bright field (b) dark field (¢) HR-TEM, (d)
SAED pattern
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Fig. 4.6: TEM images of AICuCrFeMnW,s HEA (a) bright field (b) dark field (c) HR-TEM, (d)
SAED pattern

Fig. 4.7: TEM images of AICUCrFeMnW HEA (a) bright field (b) dark field (¢) HR-TEM, (d)
SAED pattern



The presence of undissolved Cu as minor FCC phase is due to its high positive enthalpy of
mixing with other alloying elements. Thus, it is concluded that tungsten being the highest
melting point element among Cr, Fe, Al, Mn, and Cu act as a solvent element for
AICuCrFeMnW HEA alloy, whereas others behave like solute elements.

4.2 Crystallite Size and Lattice Strain:

Comparison between the crystallite size and lattice strain of AICuCrFeMnWy (x=0, 0.05, 0.1, 0.5
and 1mol), calculated by Scherrer formula, Williamson Hall method (W-H method) and HR-
TEM images, is shown in Table 4.3. It can be seen that for AICuCrFeMnW, HEAs, the high
value of crystallite size due to the presence of anisotropic variation in the residual strain.
Variation in the micro-strain in AICuCrFeMnWx (x=0, 0.05, 0.1, 0.5 and 1mol) HEAs measured

by the following formula:
€ = PBrki/4tand (4.3)
where B is the full-width at half maximum (FWHM).

Table 4.3 : Crystalline size by Scherer method and Williamson Hall method, HR-TEM
image and the lattice strain of AICuCrFeMnWj (x=0, 0.05, 0.1,0.5 and 1 mol).

Composition Crystallite size Crystallite size | Crystallite size | Lattice strain | Lattice strain
(nm) (nm) (nm) (%) (%)

Scherrer’s formula | W-H Method HR-TEM ¢ = phkl/4tan® | W-H method
AICuCrFeMn 11 31+4 10+3 1.63 1.43
AICuCrFeMnW o5 13 3715 11+3 1.43 1.23
AICuCrFeMnWy o1 15 3845 1142 1.11 1.09
AICuCrFeMnW, s 19 39+6 1242 0.77 0.71
AICuCrFeMnW 17 405 1243 0.53 0.51

It is interesting to note that micro-strain decreases with increase in W content of
AlICuCrFeMnWy (x=0, 0.05, 0.1, 0.5 and 1mol), which may be attributed due to the decreasing

atomic size mismatch [106].
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4.3 Morphology and Mechanism of Alloy Formation

Figure 4.8a, b, c, d and e shows microstructures of the 10 min., 10 hr and 20 hr milled powders
of AICuUCrFeMn, AICUCrFeMnWygs, AICuCrFeMnW,; AICUCrFeMnW;s and AlCucrFeMnW
respectively. In present HEAs, fracturing starts during the early period of milling (10 min) may
be due of the presence of high wt.% of elements having BCC structure. Subsequently, milling
time increases up to 10 hr fracturing process starts dominates over cold welding resulting in

smaller size particles.

Finally, after 20 h of milling, the crystallite sizes become very small this, in turn, facilitates the
diffusion of different elements in a BCC phase. Mechanism of development of solid solution can
be understood by two methods (1) repetitive cold welding, and fracturing, (2) diffusion. In the
starting hours of milling (less than 5 hr.) all the soft elements are combined (ductile) by the cold
welding and interlamellar spacing of crystal is decreased [68]. As the milling time progresses,
work hardening plays the significant role in increasing the brittleness and initiates fracturing
[107,108].
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Fig. 4.8: Morphology of (a) AICuCrFeMn, (b) AICuCrFeMnW,gs, (c) AICuCrFeMnW;; and (d)
AICuCrFeMnWg;s (e) AICuCrFeMnW HEAs after 10 min, 10 hr and 20 hr

61



., (a) AICuCrFeMn . (b) AICUCrFeMaW, 4

. 30 {
i = " bpected
A * Lapecte b 4 ¥0bserved
i » Ofserwe
5
c ’ -
¢ Al Cu Cr Fe Mn w

Ars
o

-

N [ & te -
+ (d
= 1(c) AICuCrFeMAWO.01 (d) AlCuCrfeMaW..
20 - »
1 1
A% ® Expected
n Obsenved o Stpmted
1 bt L
‘ i ’ I
-] s .
Al Cu C  Fe Mn W T e « ie - o~
« (e) AICuCrFeMnW
18 4
156 %
14 ‘
12 |
£10 | ¥ Expected
- a J B0bserved
6 v‘
1
)
2 1
0+ y v )
Al Cu Cr Fe Mn W

Fig. 4.9: EDS of (a) AICuCrFeMn, (b) AICuCrFeMnWygs, (c) AICuCrFeMnW;; and (d)
AICUCrFeMnW(s (e) AICUCrFeMnW HEAs

EDS mapping results of the as-milled powders are shown in the Fig. 4.9. Chemical composition

by EDS data is nearly similar to theoretically chemical composition and it shows good
homogeneity after mechanical alloying. In the present study also it is found that there is a
homogeneous mixture of elements in BCC 1 and BCC 2 which can be seen in the EDS point

analysis of the alloy powder. However, there is segregation of Cu element which corresponds to

the FCC structure in an alloy.
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4.4 Thermodynamic Criteria for Formation of Solid Solution

The criterion of the creation of saturated solid solution is proposed by Hume-Rothery rules for
the binary alloy system which states limitations on atomic sizes difference (if possible < 15%),
crystal structure, valency and electronegativity. High entropy alloys form simple solid solution
crystal structure of either BCC or FCC or mixtures of BCC+FCC and some cases HCP structure
are also reported.

The mixing enthalpy for a multi-component alloys calculated for n element using the equation
4.4 1[3]:

Table 4.4: The chemical mixing enthalpy ( AHmix;j ; kJ/mol) of binary equiatomic alloys
calculated by Miedema’s approach [109].

Element Al Cu Cr Fe Mn w

Al 0 -1 -10 -11 -19 -2

Cu 0 12 13 4 22

Cr 0 -1 2 1

Fe 0 -2.9 0

Mn 0 6

w 0

n
AHmiX:Ziz ;GG (4.4)

where Qij = 4 AHpmix® C; or Cj is the atomic % of the i or jth component, and AHmix“®

(kJ/mol) is the mixing enthalpy formulated by Miedema’s model is given in Table 4.4 for binary
pairs [109].
The mixing entropy (ASmix) Of an n-element usual solution calculated as [3]:

ASmix=—R Yi=1(C; InC;) (4.5)

©1(C) =1, and R is the gas constant. Q is an important parameter for predicting high entropy

alloy for solid solution formation defined as [4]:
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:Tm ASmix

Q 4.6
AHpmix ( )
The melting temperature (Tp,) is calculating by the rule of mixtures:
Tm:2?=1 Ci(Tp); 4.7)

A parameter 6, which describes the compressive effect of the atomic size or atomic size

mismatch in the n-element alloy, was calculated as [4]:

0=100X}, C;(1 —7:/7)? (4.8)

Where C; is the atomic percentage (%) of the ith element and ¥ = Y., C;r; is the average atomic
radius and r;, the atomic radius, was taken from reference [4].

Zhang et al. [4] summarized 8, AHpix and Q in analyzed alloys, they concluded the quantitative
values for forming the solid solution by -15 kJ/mol < AHpix < 5kJ/mol, Q>1 and 1<6<6. The
effect of valence electron concentration can determine the structure of the solid solution. It can
be concluded that higher value of VEC stabilized FCC phases (VEC > 7.8) and lower value of
VEC stabilized BCC phases (VEC < 6.87). In the range 6.87 < VEC < 7.8 mixed phases of BCC
and FCC will exist [3].

For HEAs, VEC was followed as [3]:

Table 4.5 shows the theoretical value of AH, 8, and ASconf for AICuCrFeMnWix (x=0, 0.05, 0.1,
0.5 and 1mol) HEAs. It was observed that the enthalpy of mixing (AH) is more positive with
higher W concentration due to high positive enthalpies of W-Cu and W-Mn systems. ASconf
increases with an increase in W content and it is highest for AICuCrFeMnW HEA. AScont
supports the successfully formation criteria of the solid solution because of its typical value, i.e.,
11.5 J/mol-K.
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Table 4.5: Thermodynamic parameters of AICUCrFeMnW; (x=0, 0.05, 0.1, 0.5 & 1.0 mol)

alloys
Composition AHix ASmix Tm Q ) VEC
(KJ/mol) | GK mol™) | (K) (A%

AICuCrFeMn -1.76 13.38 1561 | 11.48 5.55 7
AICUCrFeMnW, g5 -1.51 13.67 1582 | 14.48 5.50 6.98
AICUCrFeMnW, -1.28 14.16 1600 |17.63 5.40 6.97
AICUCrFeMnWs 0.31 14.65 1746 | 82.51 5.24 6.88
AICuCrFeMnW -1.54 14.79 1909 | 18.20 4.98 6.87

It is concluded that thermodynamical parameters of AICuCrFeMnW(x support the formation of
the solid solution [2]. Fig. 4.10 shows the variation between W content and VEC for
AlICuCrFeMnWx HEAs. It is clear from Fig. 4.10 that as the increasing of W concentration in
AlCuCrFeMnWx HEAs decreasing the VEC from 7 to 6.88. Hence, it is important to note that
due to the higher W content, the crystal structure of the final powder rearranges itself in BCC
form (W-type). Also, VEC of AICuCrFeMnWx HEAs supports the criteria given by Guo et al.
[58] for the formation BCC, BCC + FCC and FCC. It is also be noted that some FCC phase
fraction present in AICuCrFeMn, AICuCrFeMnWo.os5, AICuCrFeMnWo.1, AlICuCrFeMnWo.s and
AlICuCrFeMnW is due to the fact that VEC of these HEAs are very near to the boundary level of
BCC, i.e.,, VEC = 6.87.
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Fig. 4.10: Variation between W content and VEC.

The presence of copper in HEA contributed in shifting the VEC value near to defined boundary
level value of BCC which leads to the existence of the small fraction of FCC phase in case of
AlICuCrFeMnW; (x=0, 0.05, 0.1, 0.5 and 1mol) HEAs.

4.5 Thermal Behavior of Powder Samples

Thermal analysis was performed using DSC to study the thermal stability of the phases present
in powder samples of AICuCrFeMnWx HEAs. Figure 4.11 shows the thermal analysis of
AICuCrFeMn, AICuCrFeMnWo.05, AICuCrFeMnWo.1, AlICuCrFeMnWos and AICuCrFeMnW
HEAs. It is shown in the figure that all HEAs are thermally stable till 1000 °C, and there are no
significant phase changes in this temperature range. The nature of DSC curve traces in the range
of room temperature (RT) to 1000 °C for AICuCrFeMn, AICuCrFeMnWo.05, AICUCrFeMnWo.,
AICuCrFeMnWos and AICuCrFeMnW which may be the cause of relaxation of internal residual
stress and lattice strain caused due to severe deformation during mechanical alloying. However,

there was no phase transformation observed till 1000°C.
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Fig. 4.11: DSC scan of AICuCrFeMnW, (x=0, 0.05, 0.1, 0.5 and 1 mol) HEAs

Based on the present study, it can conclude that proposed HEAs, i.e., AICuCrFeMnW, were
stable up to 1000 °C thus could be considered as a potential candidate for high temperature
applications. Further studies on high-temperature oxidation behavior will provide a complete
understanding for defining the suitability of the proposed HEAs.

Novel AICuCrFeMnWj (x=0, 0.05, 0.1, 0.5 and 1 mol) HEAs prepared by mechanical alloying.
XRD analysis indicates the formation major BCC phase with minor FCC fraction in these HEAs.
Although AICuCrFeMnW, (x= 0.05, 0.1, 0.5 and 1 mol) have two BCC phases i.e. BCC land
BCC 2 as confirmed by XRD. The % FCC phase in case of AICuCrFeMn, AICuCrFeMnW, s,
AlICuCrFeMnW,; AICuCrFeMnW, s and AICuCrFeMnW HEAs were determined as 29%, 26%,
19%, 9% and 7% respectively. Also, calculated thermodynamical parameters suggest that present
HEAs follow criterions given for the formation of a single phase solid solution. Moreover, phase
evolution results shows that the addition of W enhances the probability of formation of BCC

structure.
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Further studies on the bulk HEAs have been performed to understand the phase formation and
the properties of the sintered AICuCrFeMnWy (x=0, 0.05, 0.1, 0.5 and 1 mol) alloys, which are
discussed in the next chapter.
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Chapter 5

SPARK PLASMA SINTERING OF AS-MILLED AICuCrFeMnW,
(0, 0.05, 0.1, 0.5 & 1 mol) HEAs

The as milled AICuCrFeMnWjy (0, 0.05, 0.1, 0.5 & 1 mol) alloys were spark plasma sintered at
900°C. The structure-property relationship has also been proposed by conventional strengthening

mechanisms.

5.1 Bulk Density Measurements

In general the sintering temperature may be defined as to be around 0.5-0.7 T, where Tp, is
absolute melting temperature in Kelvin. Although due to an absence of melting point of these
alloys the sintering temperature was approximated with respect to the theoretical melting point.
Most of the literature suggests that the sintering temperature for nano crystalline powders, to be
kept at the range of 0.5 - 0.7 T,,. Moreover, high surface to volume ratio of nanoparticles also
provides a substantial sintering dynamic force by which the sintering temperature can be

correctly reduced.

Table 5.1: Experimental bulk density and calculated relative density of AICUCrFeMnWy
(x=0,0.05,0.1,0.5 & 1.0 mol) HEAs

Composition Theoretical Experimental Bulk | Relative Density

Density Density (%)
(glcm?) (g/cm®)

AlCuCrFeMn 6.84 6.56 96

AlCUCI’FeMnW0.0S 6.90 6.58 95.5

AlCuCrFeMnW, 7.09 6.68 94.3

AlCuCrFeMnW, s 7.92 7.45 94.1

AlCuCrFeMnW 8.92 8.34 93.5
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The theoretical density of the spark plasma sintered alloy was calculated using the rule of
mixtures. The experimental density of the sintered alloys was measured by Archimedes’s
Principle and relative density was calculated by using image analysis. It is noted that for each
alloy system the relative density ranges from 93-96%. Thus, confirming low fraction of porosity

in the sintered alloy are shown in Table 5.1.

5.2 Structural Evolution of AICUCrFeMnWx HEAs After Sintering

In this section phase evolution, microstructure and phase transformation study of the sintered
AICuCrFeMnW, alloy were investigated by X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and differential scanning

calorimetry (DSC).

5.2.1 Phase analysis by X-ray diffraction (XRD)

Phase evolution studies by X-Ray diffraction suggest that as-milled AICuCrFeMnWy (x= 0, 0.05,
0.1, 0.5 & 1 mol) HEA has been consolidated by spark plasma sintering at 900°C are shown in
Fig. 5.1.

The microstructure of sintered AICUCrFeMnWjy (x=0.05, 0.1, 0.5 & 1 mol) HEAs contained of
major AlFe type ordered phase (JCPDS: 00-033-0020), BCC phase and FeMn phase (JCPDS:
01-071-8284) with some minor peaks of ¢ phase (JCPDS: 01-071-7530) having a tetragonal
structure and microstructure of AICuCrFeMn is AlFe type ordered structure, FeMn phase with
metastable Cr rich c-phase precipitates. The development and progress of Cr rich precipitates in
FeMn phase in AICuCrFeMnW, HEA are due to high positive enthalpy between the binary

elements.
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Fig. 5.1: XRD patterns of AICuCrFeMnW, (x=0, 0.05, 0.1, 0.5 & 1.0 mol) HEAs after SPS

Table 5.2 summarizes XRD analysis conducted including the lattice parameter and phase
fraction of constituent phases, crystallite size and lattice strain in the sintered AICuCrFeMnWy
(x= 0, 0.05, 0.1, 0.5 & 1 mol) HEAs. Instrumental broadening was corrected using a single
crystalline Si substrate. Lattice strain &, was determined by the Eq. 5.1, where Bry is the full-
width half maximum (FWHM) of the spectra peaks.

€= Bhk|/4tan9 (5.1)
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Table 5.2: Lattice parameter, crystallite size, lattice strain and reference intensity ratio

(RIR) of AICuUCrFeMnW, HEAs

Composition Phases Phase Lattice Parameter | Crystallite Lattice
fraction (pm) Size Strain
(RIR) (nm) (%)
AlCuCrFeMnW BCC 0.305 318.14 26.02 0.41
Sigma 0.422 a=879.66, c=455.82 24.89 0.41
Ordered 0.198 290.37 19.77 0.50
FeMn Type 0.083 366.80 25.67 0.40
AlCuCrFeMnW, s BCC 0.222 317.12 50.12 0.32
Sigma 0.404 a=879.62, c=456.82 34.98 0.31
Ordered 0.335 289.12 63.78 0.27
FeMn Type 0.101 370.88 78.98 0.30
AlCuCrFeMnW, BCC 0.212 317.92 58.12 0.30
Sigma 0.298 a=878.62, c=456.98 64.98 0.29
Ordered 0.501 287.12 93.78 0.25
FeMn Type 0.121 368.88 68.98 0.31
AlCuCrFeMnW s BCC 0.089 317.92 78.12 0.30
Sigma 0.283 a=878.62, c=456.98 94.98 0.29
Ordered 0.687 287.12 123.98 0.25
FeMn Type 0.134 369.15 88.88 0.31
AlCuCrFeMn Sigma 0.153 a=868.62, c=466.98 104.98 0.27
Ordered 0.765 289.12 133.98 0.23
FeMn Type 0.153 369.88 98.88 0.30
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5.2.2 Microstructure characterization by SEM and EDS

Fig. 2 (a-e) illustrates the back scattered electron (BSE) images of AICuCrFeMnWx (x= 0, 0.05,
0.1, 0.5, 1 mol) HEAs. Although the atomic numbers of the alloying elements are very close, the
BSE contrast exposes the existence of four phases.

Fig.5.2: SEM back scattered images of AICuCrFeMnWy (x=0, 0.05, 0.1, 0.5 and 1mol)
HEAs after SPS
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Fig. 5.3 : EDS mapping of AICuCrFeMnW, (x=0,0.05,0.1,0.5 and 1 mol) HEA
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Based on compositional analysis the coarse grains observed may correspond to AlFe-type
ordered BCC phase, the FeMn phase appears to be a distributed network surrounding the ordered
phase, Cr-rich grains are possibly Tetragonal closed packed (TCP) phase with small amount of ¢
phase and a white particle grain with BCC phase is observed. In backscatter images, the heavier

metal elements (higher atomic number Z) have a brighter color. In this case, the order of
brightness is W first, followed by Cr, Fe, Mn, Cu and Al last.

Figure 5.3 is EDS plot of the elemental distribution of an AICuCrFeMnW, (x= 0, 0.05, 0.1, 0.5
& 1 mol) sintered sample. It clearly shows that the Fe-Mn, Fe-Cr and Al-Fe regions form

alternately at the grain boundaries, indicating that it continues to penetrate the grains, giving the

complex arrangement discussed above. EDS line scans are used to quantify the level of

elemental separation between different regions.
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Fig.5.4: EDS line scan of AICuCrFeMnW HEA

The EDS line scan was used to quantify the level of element segregation between the different
regions. The compositional homogeneity of the sample was measured by EDS with line scans
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inside a grain and across a grain boundary, respectively, as shown in Fig 5.4. An EDS line scan
analysis in confirmed that the darker regions are rich in Fe-Mn (‘1”) and the lighter regions were
rich in W (‘3”). The Intermetallics on the modulated structures are the Tetragonal phase which is

rich in Cr (‘2”) and the B2 type ordered structure (‘4°).

5.2.3 Transmission electron microscopy

Fig. 5.5(a) shows bright field micrograph of AICuCrFeMn sintered at 900°C and associated
SAED patterns for AICuCrFeMn HEA which are characterised by irregular shaped tetragonal
phase precipitates, a Fe-Mn type phase and ordered BCC phase (SAED, Fig. 5.5(b-c)). Fig.5.
6(a) shows bright field microstructure of AICUCrFeMnW, s and associated SAED patterns for
AICuCrFeMnW,y s HEA which are characterized by irregular shaped tetragonal phase
precipitates, a Fe-Mn type phase, BCC phase and ordered BCC phase (SAED, Fig. 5.6(b-c)). Fig.
5.7(a) and Fig. 5.8(a) show bright field micrograph of AICuCrFeMnW;; and AICuCrFeMnWy s
sintered at 900°C. SAED pattern are irregular shaped tetragonal phase precipitates, a Fe-Mn type
phase for AICuCrFeMnW;s HEA and ordered BCC phase for AICuCrFeMnW,5s HEA (SAED,
Fig. 5-8(b-c)). Fig. 5.9(a) shows bright field micrograph of AICuCrFeMnW sintered at 900°C
and associated SAED patterns for AICuCrFeMnW HEA which are characterised by irregular
shaped tetragonal phase precipitates and a Fe-Mn type phase (SAED, Fig. 5.9(b-c)) An absence
of an orientational relationship between the FeMn phase and precipitates indicates that the

precipitates are incoherent in nature.
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Fig. 5.5: (a) TEM bright field image showing different morphology (b) SAED pattern of FeMn and
B2 type phases in TEM image (c) SAED pattern tetragonal phase in TEM image and (d) TEM dark
field image of AICuCrFeMn HEA.
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Fig. 5.6: (a) TEM bright field image showing different morphology (b) SAED pattern of FeMn type,
BCC and B2 type phases in TEM image (c) SAED pattern tetragonal phase in TEM image and (d)
TEM dark field image of AICuCrFeMnW, s HEA
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Fig. 5.7: (a) TEM bright field image showing different morphology (b) SAED pattern of FeMn type
and B2 type phases in TEM image (c) SAED pattern tetragonal phase in TEM image and (d) TEM
dark field image of AICUCrFeMnW,; HEA
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Fig. 5.8: (a) TEM bright field image showing different morphology (b) SAED pattern of FeMn type
phase in TEM image (c) SAED pattern tetragonal phase in TEM image and (d) TEM dark field
image of AICuCrFeMnW,s HEA
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Fig. 5.9: (a) TEM bright field image showing different morphology (b) SAED pattern of FeMn type
phase in TEM image (c) SAED pattern tetragonal phase in TEM image and (d) TEM dark field
image of AICuCrFeMnW HEA

The average crystallite size is 30-100 nm, which is comparable to that obtained by the Scherrer
formula Determining the discrete crystallite sizes of the BCC, B2, FeMn and o phases from the
dark field image (Fig. 5.5d to Fig. 5.9d) were not possible due to the close proximity of the
diffraction rings of these phases.
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Fig.5.10: STEM image and multipoint EDS analysis of SPSed of (a) AICuCrFeMn (b)
AICUCrFeMnW, s (c) AICUCrFeMnW, ; (d) AICUCrFeMnW,s (e) AICuCrFeMnW HEAs.

Fig. 5.10(a-e) shows the STEM image and multipoint EDS analysis of AICuCrFeMnWy (x= 0,
0.05, 0.1, 0.5 & 1 mol) HEAs, which confirm the formation of tetragonal ¢ type precipitates
having high Cr content, FeMn type, BCC and ordered AlFe phases.
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5.3 Thermodynamic Considerations in Phase Formation

The microstructural evolution for AICuCrFeMnW, (x=0, 0.05, 0.1, 0.5 and 1 mol) HEAs can be
described on the basis of thermodynamics parameters. The enthalpy of mixing (AHpix) of binary
alloy systems of the constituent elements is shown in Table 4.4. Due to the negative enthalpy of
mixing between binary elements such as Fe-Mn (-2.9 kJ/mol) and Al-Fe (-11 kJ/mol) the
formation of compounds between these elements is thermodynamically more favourable [109].
Thus, major fraction of the microstructure consists of Fe-Mn and Al-Fe ordered phase (Fig 5.2)
in low tungsten containing AICuCrFeMnWy (x=0, 0.05 & 0.1) HEAs and major fraction of BCC
phase (W type) in AICuCrFeMnW,;5s and AICuCrFeMnW HEAs. In addition to that Table 4.5
shows that AICuCrFeMnWx HEAs partially fulfills the Zhang’s criterion [4] for the formation of
simple solid solution; -10kJ/mol<AHmix< 5kJ/mol, and 6 < 4%. Thus the large atomic size
difference (0) leads to solid solution as well as intermetallics in AICuCrFeMnWy HEAS.

Electronegativity is a tendency of an atom to attract an electron and according to the Hume-
Rothery rules and high electronegativity of a solute tends to form intermetallic compounds [58].
In, HEAs the electronegativity difference (AX) is calculated by the composition of the HEA and
not by lattice type, and is given by Eq. 5.2.

BX = M6 (% — Xavg)? (5.2)

Where, X; is the Pauling electronegativity for the iy element and Xavg =Y ; ¢; X;.
Table 5.3: Thermodynamic parameters of AICuCrFeMnWy (x= 0, 0.05, 0.1, 0.5 & 1.0 mol)

alloys
Composition AHpmix ASmix Tm Q ) Electronegativity
(KJ/mol) | GK*mol™) | (K) (A% | (AX)
AICuCrFeMn -1.76 13.38 1561 11.48 5.55 0.252
AICUCrFeMnW,s | -1.51 13.67 1582 14.48 5.50 0.256
AICuUCrFeMnW,; |-1.28 14.16 1600 17.63 5.40 0.262
AICUCrFeMnW 5 0.31 14.65 1746 82.51 5.24 0.269
AICuCrFeMnW -1.54 14.79 1909 18.20 4.98 0.275
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The role of electronegativity on the phase stability of HEAs was described by Dong et al. [57]
showing that a topologically closed packed (TCP) structure is stable in HEAs where AX > 0.133.
Table 5.3 summarizes the values of AX for alloys in these studies, AICuCrFeMnWy alloys
having a range of AX is 0.252 to 0.275. Thus, it is clear from the results that electro-negativity
difference plays an important role in stabilization of TCP phases (see in Fig. 5.5 to Fig 5.9).

It is believed that AHmix and o are important parameters for the stability of solid solution, which
has been reflected in most of the criteria used. Valance electron concentration (VEC) seems to
correlate well with the crystalline structure of HEA, FCC structure consistently associated with
high VEC value and the low VEC value provides a BCC structure [79]. Tsai et al. [59] have used
VEC alongside compositional considerations to predict o formation in HEAs, while others have
compared instances of ordered phase formation (including topologically close-packed phases,
TCPs) against the average value of the d-orbital energy level and AX. It has been proposed that

AX is also a sign of elementary segregation in casting and sintering.

5.4. Thermal Behavior of Bulk Samples

Fig 5.11 shows the DSC curves over a temperature range of ambient to 1000°C for the HEAs
AlICuCrFeMnWy (x=0, 0.05, 0.1, 0.5 and 1 mol) HEAs. In contrast, the low W-containing and
AICuCrFeMn HEA show to be having two endothermic peaks at 812°C, 849°C and
AICuCrFeMnW, o5 HEA show at 970°C, 968°C, respectively. AICuCrFeMnW, (x= 0.1, 0.5 and
1 mol) HEAs appears to be having endothermic peaks at 919°C, 968°C and 918°C respectively.

With reference to the binary phase diagrams for Fe-Cr [110] it is noted that the ¢ phase
decomposes at 830°C and the AlFe phase melting point is 1080 °C. It is likely that the
endothermic peaks in the heat flow curves for AICUCrFeMnWx HEAs is a combined effect of

the melting of AlFe phase and decomposition of ¢ phase.
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Fig 5.11: DSC scan of SPSed AICuCrFeMnWy (x=0, 0.05, 0.1, 0.5 and 1 mol) HEAs at scan
rate of 10°C

Fig. 5.12 (a) shows the DSC curves over a temperature range of ambient to 1000°C for the
equimolar AICuCrFeMnW HEA. This HEA appears to behaving endothermic peaks at 918.17°C,
925.23°C and 936.11°C with three different heating rates of 10 K/min, 20 K/min and 30 K/min
respectively. In order to evaluate the thermal stability (crystallisation behaviour) of HEA, the
DSC tests are carried out. Figure 5.12 (a) shows a typical DSC curve for sintered
AlICuCrFeMnW HEA with different heating rates. It can be seen that the crystallization
temperature (T) increases to a higher value as the heating rate increases due to the impact of the
dynamic heating factor. In addition, depending on the maximum peak temperatures of the DSC
curve at different heating rates, the apparent activation energy of the crystallisations can be
obtained wusing the Kissinger relationship. In addition, the Kissinger equation is:

In (B/T?) = -E/RT + constant (5.2)
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Fig. 5.12: (a) DSC curves of AICuCrFeMnW HEA with different heating rates (b) Kissinger plots of
In(p/T?) versus (-1/RT) obtained from continuously heating DSC scans

where B is the heating rate, E is the apparent activation energy for the process, R is the gas
constant and T is a specific absolute temperature such as crystallisation temperature or peak
temperature, which can be measured at selected heating rates . By plotting ln(B/TZ) Versus -
1/(RT), a linear relationship with the slope of E will be obtained, in which E is the apparent
activation energy of the whole reaction. Based on these, the Kissinger plots are shown in Fig.
5.12(b). The above mentioned activation energy E for AICuCrFeMnW HEA in this work is
160.2 kJ mol™, which indicates that the synthesised sintered alloy have considerable
crystallisation resistance.

Thus to summarized that bulk AICuCrFeMnWy HEAs is successfully synthesized by spark
plasma sintering. Microstructure of present HEAs consists of major AlFe type ordered phase,
BCC phase and FeMn phase with some minor peaks of ¢ phase. Mechanical properties of these
HEAs such as hardness, compressive strength and room temperature creep are discussed in next

chapter.
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.Chapter 6

MECHANICAL PROPERTIES AND ROOM TEMPERATURE CREEP
BEHAVIOR OF AICuCrFeMnW, ( x=0, 0.05, 0.1, 0.5 and 1mol) HEAs

This chapter discusses the Mechanical properties, room temperature creep and structure property
correlation of AICUCrFeMnWj ( x=0, 0.05, 0.1, 0.5 and 1mol) HEAs.

6.1 Mechanical Properties of AICuCrFeMnW, HEAs
6.1.1 Microhardness

Microhardness is calculated using Vickers micro-hardness tester on AICuCrFeMnW, HEAs with
indentation load of 200gf and dwell time as 15 sec and the Vickers microhardness value is
repeated at least five times across the polished sample surface. Microhardness value was
calculated using Vickers micro-hardness tester on AICuCrFeMnWx HEAs and Vickers
microhardness test was repeated five times across the polished sample surface. The hardness of
AlICuCrFeMnWx (x= 0, 0.05, 0.1, 0.5 mol) were determined to be 633.5+11.5 HV to 780+12 HV
as the tungsten content are increases. (Fig. 6.1)
The hardness shows is nearly linear increase with increases tungsten content and it can be
expressed as:

Y (HV) = 281.91 X +629.67 (6.1a)
where Y is the micro-hardness value in HV, and X is the W content in mol.

An experiential relationship between the yield strength (o) and hardness value is: (Table 6.1)
oy (MPa) = 3 X Hy(HVN) (6.1b)

Engineering stress-strain curves under compression mode for the present HEAs having different
amount of the refractory element (W) are shown in Fig. 6.2 and the results of fracture strength
under compression are shown in Table 6.1. It is noticed that fracture strength of present alloy
system has a noticeable effect with increasing tungsten content. The tungsten free alloy (W) has
low yield strength of 1010 MPa. The Wys alloy shows very similar behavior, however its
fracture strength under compression value (1120 MPa) is greater than the W, alloy. Fracture
strength under compression of the Wy alloy is 1250 MPa, but increase rapidly to 1510 MPa for
W5 alloy. The development of the disordered BCC phases and tetragonal phases expressively
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improves the hardness and strength of the present HEAs. Generally, energy absorbed before
fracture in compression is called toughness. So according to Fig. 6.2 toughness of present HEAS

are increases with increases of tungsten content.
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Fig. 6.1: Microhardness variation as a tungsten content in AICuCrFeMnW, (x=0, 0.05, 0.1,
0.5 & 1 mol) HEASs

6.1.2 Compressive strength

Engineering compressive engineering stress-strain curves for the AICuCrFeMnWy (x= 0, 0.05,
0.1, 0.5 and 1 mol) HEAs having varying content of the refractory element (W) are shown in Fig.
6.2. The fracture strength under compression (o) are summarized in Table 6.1. It is observed
that compressive behavior of current alloy system has a noticeable effect by increasing W
content. The tungsten free alloy (Wy) has low yield strength of 1010 MPa. The Wy g5 alloy shows
very comparable behavior, however its yield strength value (1120 MPa) is marginally higher
than the Wy alloy. Furthermore, increase in the W content results in substantial strengthening: the

fracture strength under compression of the Wy ; alloy are 1250 MPa, but increase rapidly to 1510
MPa, in the case of Wy 5 alloy.
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Fig. 6.2: Engineering stress-strain curve of AICuCrFeMnWx (x=0, 0.05, 0.1, 0.5 & 1mol)
HEAs

Table 6.1: Microhardness (HV), microhardness (GPa), yield strength (GPa) and elastic
modulus (GPa) of AICuCrFeMnWx (x=0, 0.05, 0.1, 0.5 & 1mol) HEAs

Composition Micro- Micro- yield Compressive
hardness hardness | strength strength (oy)
(HV) (GPa) (o) (GPa) (GPa)
AlCuCrFeMn 633 6.178 2.059 1.010
AlCuCrFeMnW, s 680 6.669 2.223 1.120
AlCuCrFeMnW, 705 6.914 2.304 1.250
AlCuCrFeMnW, 5 780 7.649 2.549 1.510
AlCuCrFeMnW 891 8.781 2.90 1.820
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And last at the highest tungsten content i.e. AICuCrFeMnW fracture strength under compression
is 1820 MPa. With the increase amount of the W, the development of the disordered BCC phase
expressively improves the hardness and strength of the present HEAs.

6.2 Strengthening Mechanism

As discussed in the previous chapters, the AICuCrFeMnWy powder contains a relatively small
amount of FCC phase compare to BCC phase. After sintering, a minor volume fraction of the
BCC phase is converted into a BCC phase and other complex phases developed. This is due to
the over-saturation of all the elements in a single BCC phase in the mechanically alloyed powder
which determines the formation of a complex phase after sintering. Interestingly, the
AICuCrFeMnW, alloys form nanocrystalline bulk products due to the high heating rate of 100°C
/ min inherent in SPS processes. The high heating speed prevents the formation of coarse grain

and high density.

The excellent compressibility of present HEASs is due to the second stage hardening (tetragonal
phase) and to the strengthening of the solution (W rich). As presented in Figure 6.2, the alloys
Wy and Wy 05 show good plasticity due to existing of ordered phases, but in the case of the W 1,
Wy and W1 alloys, its shows excellent compressive strength due to the formation of brittle
phases. For an HEA, each atom is considered to be a solute atom that occupies random points of
the lattice. The differences in size and other properties of these solute atoms lead to severe
distortion of the lattice. The interaction between different atoms leads to the formation of a local
elastic stress field that prevents the movement of dislocations, with a consequent increase in
strength. In the AICuCrFeMnWy alloys, the hardness increases with increasing W content is

shown in Figure 6.1.

Subsequently, fracture mechanism of AICuCrFeMnWj alloy is investigated in Figure 6.3. As
shown in figure 6.3a and 6.3b for the alloys Wy and Wy s, the ordered phases are produced
almost simultaneously during the deformation. The formation of large amounts of dislocation
and slip deformation will leads due to good plasticity are shown in Figure 6.3a and 6.3b. For the
Wy1, Wos and W1 alloys, the rigid and hard tetragonal phase is still elastically deformed and
hinders the movement of dislocations when the BCC phase yields just in the initial deformation

phase. When further compression deformation occurs, the tetragonal phases produce cracks and
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crack propagation in the sample occurs rapidly, resulting in a brittle fracture are shown in
Fig.6.3c, 6.3d and 6.3e. These results are show that there is not any plastic deformation, but a
brittle fracture directly for the tetragonal phase. As a consequence, the tetragonal phase
interruptions determine the formation of fine particles rather than dimples.

The Vickers micro-hardness value of equimolar AICuCrFeMnW alloy shows maximum hardness
of 891 £ 12 HV, then the hardness value decreases and lowest hardness of AICuCrFeMn HEA
was 633 + 11.50 HV. The high hardness value is due to the combined effect of grain size
strengthening, solid solution strengthening and strengthening by precipitation. Using the Tabor
equation [111], H = 3610w, Where H is the hardness and oy IS the slip/yield flow of the material.
For AICuCrFeMn, AICuCrFeMnWoggs, AICUCrFeMnWo,1, AICuCrFeMnW,s and
AICUCrFeMnW, oow IS calculated as 2.059, 2.223, 2.304, 2.549 and 2.90 GPa respectively.
Obviously, the microstructure of the sintered samples contains larger ultrafine grains and smaller
nanocrystalline grains. Furthermore, it is a four-phase structure composed of two solid solutions
(BCC and B2). Thus, the complete flow stress is calculated by combination of lattice stress
friction mobile dislocations, strengthening due to intersecting dislocations (Taylor
reinforcement), grain refinement (Hall-Petch strengthening) and strengthening of the solid
solution. It is suggested that the following equations can be used to determine the different

mechanism contributing to the flow stress is [112]:

Gflow = Oi+ Aosh+ Aopp + AGss (6.2)

oi Is the frictional stress and it is present in the lattice of all elements. Because these HEAs have
recently issued new classes of alloys, as per the authors' knowledge, their friction stress data are
not available in the literature. Frictional stresses calculated by rule of mixture shown in Table 6.2
[59].
Acgy (strain hardening) is the strengthening of relatively large grains due to the intersection of
dislocations during deformation [112].

Acsy = MaGbp*? (6.3)
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Table 6.2: Frictional stress (oi), strain hardening (Acsy ), grain size strengthening (Acyp),
solid solution strengthening (Acss) and yield strength of AICUCrFeMnWy (x=0, 0.05, 0.1,

0.5 and 1 mol) HEAs

Frictional | Strain Grain size Solid solution | Yield
stress (6;) | hardening strengthening | strengthening | Strength
MPa (Aosn) MPa | (Aonp) MPa | (Acss) MPa Total (MPa)

AlCuCrFeMn 180 1090 502 267 2039
AlCuCrFeMnW s 195 1170 591 284 2240
AlCuCrFeMnW, ; 198 1201 609 290 2298
AlCuCrFeMnW, 5 209 1291 659 301 2460
AlCuCrFeMnW 230 1408 724 329 2810

M is the Taylor factor (both FCC and BCC materials are 3.06) and o is the material-specific
correction factor. It is assumed that a is unity because of novelty of HEAs. G is the shear
module, b is the Burger vector and p is the dislocation density. The elastic modules (E) of these
alloys (calculated from the rule of mixture shown in Table 6.1) are based on the following
assumptions that the alloy in the current study is Isotropic. Shear modulus (G) is determined by
G=E/2 (1 +v), where v is the Poisson ratio (0.33). The Burgers vector for a BCC-based lattice
is calculated as, b = (a/ 2) (110). Dislocation density (p) is calculated by [146]:

_2\/38
P~ "ap

(6.4)

In this Eq. (6.4), ¢ is lattice strain, d is grain size (nm) calculating by XRD, b is the Burgers
vector (nm). With all the above parameters, Acsy for strain hardening (Taylor hardening) arising

from large dislocation densities present in this material is estimated in Table 6.2 using Eqg. (6.3).

Aopp is the Hall-Petch strengthening or grain size dependent strengthening [113].

Aopp- Kppd®? (6.5)
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Kyp is the Hall-Petch constant and 'd' is the average particle size measuring from SEM images

(Fig. 5.2) and table 6.2 estimates the Hall-Petch strengthening involvement.

Aoss is the contribution of the solid strengthening of the solution. Since both phases (BCC and
B2) are basically solid solutions made up of all the participating elements, this component is also
important. In the conventional binary solid solution, the elastic interaction between the
dislocations and the stress field caused by the solute atoms determines the appropriate
strengthening mechanism, and all models of strengthening mechanism of the solid solution are
effective for the binary solid solution [113-114]. Because HEA is a complex concentrated alloy,
Senkov et al. [91] proposed the following formula to estimate the strengthening of the solid
solution of a concentrated system:
Aoss = AGeRC?3 (6.6)

In this equation 6.6, A is a dimensionless number of about 0.1. C is the atomic concentration of
the solute (0.16), G is the shear module of the alloy, and ¢ is the strain of the lattice caused by the
solute calculating using XRD value. Based on the calculation and formula above (eq. 6.2), the
total contribution of various reasonable mechanisms to the flow ooy IS from 2.039 to 2.460 GPa
to increase the content of W. The Vickers hardness (H) of these HEAs was calculated for
increase the W content from 6.178 GPa to 7.469 GPa were given in Table 6.1. Thus, the ratio of
these alloys (H / ofow) IS 3.02-3.04. As per Tabor analysis, the ratio between these traditional
materials varies from 2.8 and 3.2. Therefore, for these HEAs, the calculated ratio of 3 with
respect to the conventional polycrystalline material is approximately the same, indicating that it
is reasonable that the mechanisms described above are responsible for achieving the total flow
stress. From Table 6.3 it is clear that the Taylor hardening and the strengthening of the grain size
are the main strengthening mechanisms of these alloys, which represent almost 80% of the stress

of the flow.

It can be seen that AICuCrFeMnW, alloys have better hardness and high compressive strength

and therefore it can be considered potential candidates for structural application.
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6.3 Room Temperature Creep Characteristics of AICuCrFeMnW, HEAS

In the previous section, mechanical properties of AICuCrFeMnWx (x= 0, 0.05, 0.1, 0.5 and 1
mol) HEAs were discussed. Here, we study the creep behavior of HEA at room temperature
under different holding loads. In addition, the effect of the strain rate sensitivity on creep is also
analyzed.

6.3.1 Creep behavior

Figures 6.3a, b, c, d, e show the typical P-h curves of creep tests for AICuCrFeMnWy (x = 0,
0.05, 0.1, 0.5 and 1 mol) HEAs at different peak loads, respectively. To minimize the

viscoelastic deformation during the loading segment, high loading rate of 0.5 mN/s were
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Fig. 6.3: Representative load-displacement curves during the holding stage obtained at four
different maximum loads for AICuCrFeMnWx (x= 0, 0.05, 0.1, 0.5 and 1mol) respectively.
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Pop-in events were imperceptible during the loading stage. It is found that for every creep
experiment, there is a rapid increase of displacement at the beginning of the holding period
followed by a steady-state state at the end of the curves. First, it must be taken into account that
the maximum depth of indentation x = 0 before the holding stage is greater than x = 1 HEA
under the same load. This shows that AICuCrFeMn causes the softness of HEA and also reports
an increase in hardness as the W content in HEA of AlICuCrFeMnW( increases (x = 0, 0.05, 0.1,
0.5 and 1mol).

All HEA creep phenomena can even be observed in a holding test of 50 mN at room
temperature. Compared to the uniaxial stress / compression test, the stress distribution in
nanoindentation is much more complicated even with the diamond indenter, and the maximum
shear stress can exceed the yield strength of the sample at extremely shallow displacement. This
is essentially the reason why creep occurs in many high-melting materials at room temperature
by nanoindentation [115], while in conventional tests the material creeps until the test
temperature approaches the melting point of the sample.

The creep behavior of all the samples shows strong load dependence, as shown in Figure 6.4a, b,
¢, d, and e the relationship between the creep displacement and the holding time can be
understood more clearly. It can be found directly that the creep displacement and the creep rates
increase with increasing maximum load. The creep curve found here is very similar to the
classical creep curve outside the third stage (accelerated creep) because the material will not be a
catastrophic failure in the nanoindentation test. The creep curves can also be divided into two
distinct stages: transient creep and creep at steady state. In the transient stage, the displacement
of the extrusion increases rapidly, but the creep rate rapidly decreases. In the steady state phase,
the creep displacement is slow and almost linearly increasing. Creep is a plastic deformation
dependent on time, hardness is defined as the resistance to plastic deformation. The creep
enhancement of x = 0 is understandable due to the reduced hardness. However, the inherent

mechanism of HEA creep may be too complex to be resolved.
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Fig. 6.4: Creep displacements during the holding stage obtained at four different maximum loads
for AICUCrFeMnWx (x= 0, 0.05, 0.1, 0.5 and 1mol) respectively.
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Compared with traditional uniaxial tensile/compressive creep tests, where the stress distribution
is relatively homogeneous and normally without stress concentration, the stress contribution
underneath the indenter is much more complicated [116]. Unlike the traditional creep tests, the
final failure of the sample does not occur during nanoindentation creep, when the maximum
shear stress could surpass the yielding stress even at extremely shallow depth due to local shear
deformation. That might be the intrinsic reason why the creep occurs in many high-melting point
materials at room temperature by nanoindentation, whereas materials creep till the testing
temperature is close to materials melting point [115-117]. Moreover, the creep behavior of the
current alloy shows a strain rate dependence, which could be more clearly revealed between the

creep displacement and holding time, as shown in Fig. 6.4.

Fig.6.5: Scanning images after nanoindentation of AICuCrFeMn HEA at an indentation
loading rate of 0.5 mN / s with Berkovich indenter
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It is noted that the creep displacements and creep rates increase with increasing the strain rates.
The strain rate dependence that creep displacement becomes larger with the strain rates could be
attributed to the accumulation of visco-plastic deformation related to the dislocation dynamics
under higher strain rates [118] and the transformation into larger creep deformation during the
holding time [119]. Furthermore, it can be observed that the creep curves captured during
nanoindentation are very similar to the classic creep curves obtained in traditional creep tests
except the failure stage, where the creep rate is accelerated and materials ultimately fail [120].
Actually, the creep curves could be divided into two different stages as the transient and steady
state creeps. For simplicity, the transient creep is denoted as A, and the steady-state creep is
denoted as B as exhibited in Fig. 6.4. At A stage, the creep rate declines rapidly, but the creep
depth increases dramatically. Then, the creep curves almost linearly ascend with time during B
stage [121].

Indeed, the creep behavior is dominated by the strain hardening at A stage and then, transits into
the dislocation migration viscous stage. The strain-hardening effect dominates in a very short
time, while the visco-plastic stage accounts for most of the creep stage during the holding period.
For the sake of vividly elucidating the deformation mechanisms for the AICuCrFeMn alloy after
nanoindentation, in-situ scanning image of the indent at the strain rate of 0.5 mN/s with a depth
limit of 2000 nm using a Berkovich tip are typically exhibited in Fig. 6.5. The sample surface
uplifts owing to the material pileup, which can be clearly observed around the indent. As an
important phenomenon of plastic deformation, the significant pileup of the present alloy suggests

that a heavy and highly localized plastic deformation occurs during nanoindentation.

6.3.2 Strain rate sensitivity and stress component

Strain rate sensitivity (SRS) and stress components are crucial for the physical properties of the
material. Indentation creep has always been the most widely studied method of SRS in
traditional metals. The SRS value can indicate the mode of deformation of the material under
indenter during the holding time. The SRS value can be deduced from the creep curve by
calculating the strain rate (¢) and the hardness (H) using eg. 6.6 [121]:

m= 2 (6.7)

dln¢
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n=1/SRS (6.8)
where n is the stress component of material.
For Berkovich tips, the strain rate and the hardness could be described in the following equations

with the depth-sensing indentation technique [121]:

= (6.9)
H=P/24.5 h? (6.10)

Where h is the instantaneous indenter displacement and P and H are the indentation load and
hardness, respectively. The displacement rate, h, can be calculated by fitting the displacement—
time curve during the holding time, using the empirical law [121]:

h = ho + a(t-to)° + kt (6.11)
where ho, a, to, p, and k are the fitting parameters.

Figure 6.6 shows the steps for the SRS value and Figure 6.7 shows the log-logarithmic
relationship between the hardness and the strain rate during the holding time. The SRS can be
obtained by linearly fitting the creep portion of the stationary state of Figure 6.7. It has been
observed that the SRS has the same trend as the applied load. When the maximum load of x = 0
HEA increases from 50 to 200 mN, the average value of SRS decreases from 0.20 to 0.08 and
decreases from approximately 0.15 to 0.035 when x = 1. For nanocrystalline metals, creep
behavior can be mainly self-diffusion, grain boundary slippage, grain boundary diffusion, grain
rotation and dislocation climb [121]. However, for the present alloy with such a large grain size,

we could not consider the effect of the grain boundary on the creep properties.

The small and large indentation will have different creep mechanisms. For small depths of
dimples (less than 40 nm), the zone of plastic deformation is very close to the free surface of the
sample. Therefore, the diffusion length of the area under the penetrator to the near free surface
becomes very short. During slow creep, self-diffusion along the indentor / sample interface and

the free surface of the sample will play an important role [122].
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When the indentation load increases to 200 mN and the depth of the indentation is approximately
130-150 nm, n increases to 25 for x = 1 HEA, which is approximately four times greater than for
50 mN. As shown in Table 6.3, the stress component increases with increasing holding load.
This tendency shows the rapid change of the creep mechanism of the diffusive flow to the
dislocation climb and slip with increasing indentation depth or depth of indentation.

For the current HEA, the stress component is higher than the typical value (~ 10) for higher
holding loads. The results for some reasons, HEAs have highly distorted l