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High entropy alloys (HEAs) is a concept wherein alloys are constructed with five or more 

elements mixed in equal proportions; these are also known as multi-principle elements (MPEs) or 

complex concentrated alloys (CCAs). This PhD thesis dissertation presents research conducted to 

develop precipitation-hardenable high entropy alloys using a much-studied fcc-based equi-atomic 

quaternary alloy (CoCrFeNi). Minor additions of aluminium make the alloy amenable for 

precipitating ordered intermetallic phases in an fcc matrix. Aluminum also affects grain growth 

kinetics and Hall-Petch hardenability.   

The use of a combinatorial approach for assessing composition-microstructure-property 

relationships in high entropy alloys, or more broadly in complex concentrated alloys; using laser 

deposited compositionally graded AlxCrCuFeNi2 (0 < x < 1.5) complex concentrated alloys as a 

candidate system. The composition gradient has been achieved from CrCuFeNi2 to 

Al1.5CrCuFeNi2 over a length of ~25 mm, deposited using the laser engineered net shaping process 

from a blend of elemental powders. With increasing Al content, there was a gradual change from 

an fcc-based microstructure (including the ordered L12 phase) to a bcc-based microstructure 

(including the ordered B2 phase), accompanied with a progressive increase in microhardness. 

Based on this combinatorial assessment, two promising fcc-based precipitation strengthened 

systems have been identified; Al0.3CuCrFeNi2 and Al0.3CoCrFeNi, and both compositions were 

subsequently thermo-mechanically processed via conventional techniques. The phase stability and 

mechanical properties of these alloys have been investigated and will be presented. Additionally, 



the activation energy for grain growth as a function of Al content in these complex alloys has also 

been investigated.   

Change in fcc grain growth kinetic was studied as a function of aluminum; the apparent 

activation energy for grain growth increases by about three times going from Al0.1CoCrFeNi (3% 

Al (at%)) to Al0.3CoCrFeNi. (7% Al (at%)). Furthermore, Al addition leads to the precipitation of 

highly refined ordered L12 (γ′) and B2 precipitates in Al0.3CoCrFeNi. A detailed investigation of 

precipitation of the ordered phases in Al0.3CoCrFeNi and their thermal stability is done using atom 

probe tomography (APT), transmission electron microscopy (TEM) and Synchrotron X-ray in situ 

and ex situ analyses.   

The alloy strengthened via grain boundary strengthening following the Hall-Petch 

relationship offers a large increment of strength with small variation in grain size. Tensile strength 

of the Al0.3CoFeNi is increased by 50% on precipitation fine-scale γ′ precipitates. Furthermore, 

precipitation of bcc based ordered phase B2 in Al0.3CoCrFeNi can further strengthen the alloy. 

Fine-tuning the microstructure by thermo-mechanical treatments achieved a wide range of 

mechanical properties in the same alloy. The Al0.3CoCrFeNi HEA exhibited ultimate tensile 

strength (UTS) of ~250 MPa and ductility of ~65%; a UTS of ~1100 MPa and ductility of ~30%; 

and a UTS of 1850 MPa and a ductility of 5% after various thermo-mechanical treatments. Grain 

sizes, precipitates type and size scales manipulated in the alloy result in different strength ductility 

combinations. Henceforth, the alloy presents a fertile ground for development by grain boundary 

strengthening and precipitation strengthening, and offers very high activation energy of grain 

growth aptly suitable for high-temperature applications.  
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CHAPTER 1 

INTRODUCTION 

The principal objective of this work is to develop an fcc based precipitation hardenable 

high entropy alloy (HEA) with optimum balance of strength and ductility by optimization of 

microstructure and composition.  The propensity of HEAs for precipitation strengthening is 

explored in detail via compositional tuning and thermo-mechanical treatments. This chapter 

provides an outline of the overall work. 

Chapter 2 introduces the background and current state of research in HEAs.  An overview 

of published literature on HEAs is presented with the aim to create a foundation for this 

dissertation. Furthermore an extended overview and literature review is provided with each 

chapter while introducing the background related to every topic.  

Chapter 3 gives a detailed explanation of the equipment used and methodology. A brief 

section of experimental procedure is also included in every chapter discussing only the techniques 

used in that chapter.   

Chapter 4 discusses the use of a novel combinatorial approach for assessing composition-

microstructure relationships, using laser deposited compositionally graded AlxCrCuFeNi2 (0 < x 

< 1.5) High entropy alloys as a candidate system. The composition gradient has been achieved 

from CrCuFeNi2 to Al1.5CrCuFeNi2 over a length of ~25 mm, deposited using the laser engineered 

net shaping process from a blend of elemental powders. With increasing Al content, there was a 

gradual change from an fcc-based microstructure (including the ordered L12 phase) to a bcc-based 

microstructure (including the ordered B2 phase), accompanied with an increase in microhardness. 

Such graded alloys are highly attractive candidates for investigating the influence of systematic 

compositional changes on microstructural evolution and concurrent physical and mechanical 
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properties in complex concentrated alloys or high entropy alloys. Precipitation hardenable HEA 

composition was identified via this approach and used for further study. 

Chapter 5 focuses on the hardenability on high entropy alloys by heat treatments.  Minor 

Al additions to quaternary CoCrFeNi to give Al0.3CoCrFeNi lead to the precipitation of highly 

refined ordered L12 precipitates. However, the L12 precipitates (stoichiometry of 

(Ni,Cr)3(Al,Fe,Co)) are de-stabilized and replaced by coarser B2 precipitates on annealing at 

700°C. Contrastingly, in the Co-free, Al0.3CuCrFeNi2 high entropy alloy, the L12 precipitates are 

stable at both 550°C (~5 nm) and 700°C (~50 nm), and exhibit a stoichiometry of 

(Ni,Cu)3(Al,Fe,Cr). These results lead to interesting insights into the stability of ordered phases 

in HEAs as a function of composition and temperature. 

Chapter 6 is on the grain growth and kinetics of the fcc based Al0.1/Al0.2/Al0.3CoCrFeNi 

high entropy alloy system. An increase in apparent activation energy for grain growth is observed 

with increased Al. Atom probe data obtained from different Al containing alloys, are put to cluster 

and segregation analysis tools. Clustering of Al atoms is observed in Al0.3CoCrFeNi. This 

clustering tendency is not seen in Al0.1CoCrFeNi where the grain growth kinetics is much faster. 

The cluster drag effect produced by the Al clusters inhibiting GB migration could explain the 

sluggish grain growth in Al0.3CoCrFeNi as compared to Al0.1CoCrFeNi.  

High entropy alloys offer a tremendous opportunity to achieve unprecedented property 

space by probing unexplored composition space. Chapter 7 gives a demonstration of applying 

integrated strengthening using Hall-Petch strengthening (grains size effect) and precipitation 

strengthening in the fcc based high entropy alloy (HEA) Al0.3CoCrFeNi, leading to quantitative 

determinations of the Hall-Petch coefficients for both hardness and tensile yield strength, as well 

as the enhancements in the yield strength from two distinct types of ordered precipitates, L12 and 
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B2. An excellent combination of yield strength (~490MPa), ultimate tensile strength (~850 MPa), 

and ductility (~45% elongation) was achieved by optimizing and coupling both strengthening 

mechanisms, resulting from a refined grain size as well as both L12 and B2 ordered precipitates.  

The combination of multiple strengthening mechanisms can result in providing a large 

range of strength-ductility combinations.  Chapter 8 discusses about fcc based Al0.3CoCrFeNi 

alloy which was strengthened by a combination of novel hierarchical B2/bcc precipitates inside 

fcc matrix. The alloy was thermo-mechanically treated to obtain nano-scaled B2 precipitates, 

which themselves contain coherent nano-scaled BCC zones. Tensile strength of 1.85 GPa at room 

temperature was obtained by a combined effect of grain boundary, dislocation and second phase 

strengthening. 

Chapter 9 gives a detailed investigation of precipitation of the ordered L12 (γ′) phase in a 

Co free Al0.3CrFeNi2 high entropy alloy (HEA) where Cu is added. The investigation reveals the 

role of copper (Cu) on stabilization and precipitation of the ordered L12 (γ′) phase. Detailed 

characterization via coupling of scanning and transmission electron microscopy, and atom probe 

tomography revealed novel insights into Cu clustering within the face-centered cubic matrix of 

this HEA, leading to heterogeneous nucleation sites for the γ′ precipitates. The subsequent 

partitioning of Cu into the γ′ precipitates indicates their stabilization is due to Cu addition. The γ′ 

order-disorder transition temperature was determined to be ~930oC in this alloy based on 

synchrotron diffraction experiments involving in situ annealing. The growth and high temperature 

stability of the γ′ precipitates was also confirmed via systematic scanning electron microscopy 

investigations of samples annealed at temperatures in the range of 700 - 900°C. The role of Cu 

revealed by this study can be employed in the design of precipitation strengthened HEAs, as well 
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as in a more general sense applied to other types of super alloys, with the objective of potentially 

enhancing their mechanical properties at room and elevated temperatures.  

Based on the understanding from the previous work a compositionally new alloy was 

designed to optimize the microstructure and mechanical properties which is presented in Chapter 

10.  The new alloy composition was devised to be Al0.3Cu0.3Ti0.2CoCrFeNi (6.5% Al, 6.5% Cu, 

4.0%Ti, and 20.75% Co, Cr, Fe, Ni each atomic percent) which is a modified version of 

Al0.3CoCrFeNi with minor addition of  Cu and Ti aims to stabilize L12 phase at elevated  

temperatures and strengthen the alloy further. Previous results from Al0.3CuCrFeNi2 alloy 

suggested that Cu played a crucial role in stabilizing the L12 precipitates to high temperature (930 

oC) as compared to Al0.3CoCrFeNi where the precipitates dissolved below 700 oC. Also it was 

found that the L12 phase is nucleated on a Cu rich region which generates the possibility of Cu 

rich regions acting at heterogeneous nucleation sites for L12 to precipitate. But Cu also seemed 

to embrittle the alloy possibly due to segregation. Hence Cu content is optimized here. A detailed 

investigation involving, heat treatments, mechanical properties, SEM and TEM examination at 

each stage are presented.   

Chapter 11 is the conclusion chapter summarizing the learning from the entire work.  

Chapter 12 provides the future work and follow up tasks. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

High-entropy alloys (HEAs) were initially defined as solid solution alloys that contain 

more than five principal elements in equal or near equal atomic percent (at. %). Generally, the 

atomic fraction of each component is greater than 5 at%. But this explanation has been modified 

eventually with more research and exploration of multi-element concentrated alloys. The 

multicomponent equimolar alloys should locate at the center of a multicomponent phase diagram, 

and their configurational entropy of mixing reaches its maximum. Hence the entropy does play 

an important role in stabilization of the final phases but the final product may not be a single solid 

solution phase all of the time, instead it could be determined by an interplay and competition 

between enthalpy and entropy. Previous research mostly involving solute-lean alloys did not 

consider entropy as a major influencing factor in determining the equilibrium phases, and that is 

where these alloys bring in a quantum jump in terms of the thought process for researching and 

developing new alloy systems.  

HEAs have attracted increasing attention because of their unique compositions, 

microstructures, and adjustable properties [1-15].  These alloys were defined as HEAs by Yeh et 

al. [2], and named by Cantor et al. [1] who are considered as the inventing fathers of these alloy 

systems.  

Cantor et al. [1] pointed out that a conventional alloy development strategy leads to an 

enormous amount of knowledge about alloys based on one or two components, but little or no 

knowledge about alloys containing several main components in near-equal proportions. 

Theoretical and experimental work on the occurrence, structure, and properties of crystalline 
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phases have been restricted to alloys based on one or two main components. Thus, the 

understanding and information are greatly developed on alloys close to the corners of a 

multicomponent phase diagram, with much less familiarity at the center of the phase diagram. 

This difference is noteworthy for ternary alloys, but becomes more pronounced as the number of 

elements increase. For quaternary and other higher-order alloys, information about alloys near 

the center of the phase diagram is practically nonexistent excluding those HEA systems that have 

been recently reported.  

Hence studying HEA not only presents new dimensions to novel alloy development, but 

also provides an interesting area for scientific discoveries. 

2.2 HEA Core Effects 

Four ‘core effects’ are often used to refer to HEAs: the high entropy effect; the lattice 

distortion effect; sluggish diffusion; and the ‘cocktail’ effect [16]. These are mostly based on 

hypothesis and interpretations from established literature.  

2.2.1 The High Entropy Effect  

The high entropy effect proposes that amplified configurational entropy in an equimolar 

alloy with 5 plus elements can favor solid solution (SS) phases over competing intermetallic (IM) 

phases. Due to the improved mutual solubility among constituent elements, the number of phases 

present in HEAs can be evidently reduced. According to G = H – T*S (G - Gibbs free energy, H 

-enthalpy, T - temperature, and S- entropy) high “S” can stabilize a phase, provided that T is also 

high enough. 

 In conventional alloys, SS phases have higher entropy of mixing than IM phases. Due to 

the multi-principle element design, in HEAs, the dissimilarity in entropy between SS and IMs is 

particularly large. The configurational entropy of an equimolar 5 component random solid 
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solution is 1.61R which is significantly larger than the entropy of a pure metal near its melting 

point (which is R).  Thus, stabilizing a SS phase at high temperature becomes highly probable. 

The overall order in HEAs decreases with increase in temperature.  Hence even an alloy that 

contains ordered phases at lower temperatures can transform to SS at elevated temperatures. At 

the same time the enthalpy of formation of the IM phase is very high to be overcome by entropy 

in some cases, it can still remain stable even at higher temperatures. 

 
Figure 2.1 The XRD patterns of a series alloy designed by the sequential addition of one extra 
element to the previous one. All the alloys have one or two major phases that have simple 
structures.[8] 

 

There is much evidence for the high-entropy effect.[7–13] Tsai el al. demonstrated this 

effect with the XRD results (Figure 2.1)  of a series of binary to septenary alloys [8]. It is seen 

that the phases in quinary, senary, and septenary alloys remain rather simple: there are only two 

major phases, and these phases have simple structures such as BCC and FCC (note that the 

septenary alloy actually contain minor intermetallic phases although not seen clearly in the XRD 
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pattern). Such simple structures contradict conventional expectation - formation of various kinds 

of binary/ternary compounds. 

2.2.2 The Lattice Distortion Effect  

Severe lattice distortion arises from the different atomic sizes that make up crystal lattices 

of complex concentrated phases. Larger atoms push their neighbors, and small ones have extra 

space around. These size differences inevitably lead to distortion of the lattice. The displacement 

at each lattice site depends on the atom occupying that site and the types of atoms in the local 

environment. It also affects the properties of HEAs. For example, lattice distortion impedes 

dislocation movement and leads to pronounced solid solution strengthening. It also leads to 

increased scattering of propagating electrons and phonons, which translates to lower electrical 

and thermal conductivity. An example of increase in hardness due to addition of a large atomic 

size element – Al is shown in Figure 2.2.  

 

Figure 2.2 Hardness of the AlxCoCrCuFeNi alloys as a function of Al content [4]. 
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2.2.3 The Sluggish Diffusion Effect  

Diffusion is proposed to be sluggish in HEAs based on the [2]. To support this position, 

questions relating to the difficulty in substitutional-diffusion and high activation energies are 

raised [2]. One study has measured diffusion coefficients in complex alloys [17]. It was shown 

that the diffusivity of Ni atom in a ternary fcc alloy based on Fe-Cr-Ni was faster than a high 

entropy alloy CoCrFeMnNi. Sluggish diffusion is also explained based on the difference in the 

diffusivity of different elements. Fast diffusing elements can confuse the slow diffusing ones and 

a coordinated direction diffusion which is required for any phase transformation may not occur. 

The slow moving element can become the rate-limiting entity preventing the transformations or 

grain growth. 

2.2.4 The ‘Cocktail’ Effect  

The ‘cocktail’ effect was introduced by Prof. S. Ranganathan [18]. It has been described 

as a synergistic mixture where the end result is mostly greater than the mere sum of each part 

[19]. It also makes the synergistic result to be very unpredictable. The extreme structural, 

functional and physical properties of amorphous bulk metallic glasses and ‘gum’ metal are 

effectively address by ‘cocktail effect’. This effect reminds us to open for unexpected, non-linear 

results in the huge composition space of high entropy alloys.  

2.3 What Do HEAs Offer New 

There has been an explosion in this field and quite a few promising single-phase HEAs 

have been identified, such as face-centered cubic (fcc) alloys; Al0.1CoCrFeNi [20] and 

CrCoFeMnNi [21] , and body-centered cubic (bcc) alloys; NbMoTaW [22], NbMoTaVW[23], 

NbTiMoVAl0.5 [24] and HfNbTaTiZr [25].  HEAs have not only interested researchers due to 

their simple crystal structures but also due to the exceptionally high tensile or/and compression 
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strength exhibited by some of these alloys.  Fracture strengths reaching ~4 GPa [26] and yield 

strengths of ~2.5 GPa [27, 28] have been reported. The bcc based HEAs comprising refractory 

elements VNbMoTaW [29] and ordered HEA systems primarily containing the B2 phase, such as 

AlCoCrFeNi [30], have shown a 0.2% yield stress of ~1250 MPa at ambient temperatures. Single 

phase CoCrFeMnNi has also been reported to exhibit facture-toughness values higher than 200 

MPa.m1/2 [31]. HEAs have also been referred to as multi-principal element alloys since they do 

not have a single base element, as well as complex concentrated alloys (CCAs). 

While there has been a strong focus by researchers to identify HEAs exhibiting a single-

phase solid solution based microstructure, more recently it has been acknowledged that these 

multi-principal element systems often exhibit phase separation (including spinodal 

decomposition) as well as ordering tendencies leading to the formation of ordered second-phase 

precipitates [32-37]. Such second-phase decomposition products are often the result of the 

competition between high configurational entropy of mixing, usually dominant at higher 

temperatures versus the enthalpies of mixing usually dominant at lower temperatures. Therefore, 

in many cases the same HEA could potentially exhibit a single-phase solid solution at a higher 

temperature but decompose to form one or more second phases at a lower temperature. The 

resulting microstructures can often be very complex and hierarchal, spanning over multiple length 

scales [19, 20]. Understanding the evolution of such microstructures with competing influences 

of entropy and enthalpy is the key for the future development of HEAs or more broadly CCAs. 

While the quest for finding more single solid solution high entropy alloys continues [25], 

the previously reported HEA’s (CrFeMnCoNi, Al0.1FeCrCoNi, HfNbTaTiZr etc.) are being 

investigated at various levels of detail in order to mature them for real engineering applications. 

Thermo-mechanical treatments, friction stir processing, severe plastic deformation by rolling, 
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forging and torsion etc. [40-44] have been some methods employed to refine the microstructures 

and improve the mechanical properties. Addition of minor elements for solid solution 

strengthening, or a precipitate former for precipitation strengthening have been other approaches 

that have been recently employed for designing new HEAs with enhanced properties [44].  

One of the first single-phase high entropy alloys reported was Al0.1CoCrFeNi by Yeh et 

al. [2]. Since then many results have been published on the AlxCoCrFeNi (x=0 to 2) system [45, 

47]. Experimental results have shown that Co is not necessarily essential for obtaining a single 

solid solution and since Co is expensive, it can be readily substituted by Ni to maintain similar 

level of fcc formers in the HEA composition [48-49].  

2.4 AlxCoCrFeNi System 

Whilst most of the published literature on high entropy alloys is focused on single phase 

solid solutions, it has been more recently acknowledged that multi-phase microstructures are more 

likely to exhibit the desired properties for real engineering applications. Hence, some recent 

efforts have focused on systematic variation of a single element in a HEA composition, to achieve 

balanced precipitation of a secondary phase within the parent matrix. Previous studies have 

reported that variation in the Al content affects the microstructure and consequently the 

mechanical properties of HEAs based on the parent fcc solid solution phase CoCrFeNi. Yeh et al 

[50] clearly showed that increasing Al in the AlxCuCrFeCoNi alloy, increases the lattice 

parameter of the parent fcc lattice, inducing strain in the lattice, and eventually at about x=0.8, 

results in the precipitation of a bcc/B2 phase within the fcc matrix. Increasing Al further to x=2.5 

completely transforms the crystal structure from fcc to bcc/B2. Wang et al [51] have also reported 

very similar observations with increasing Al content in AlxCoCrFeNi alloys. They showed that 

from x=0.5 to x=0.9 the alloy had a duplex fcc + bcc structure. Karpets et al [52] evaluated alloy 
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compositions of the type AlxCoCrCuFeNi, which include Cu. They showed the presence of two 

fcc phases for x=0.  The AlxCrCuFeNi2 system was investigated by Guo et al [53] where they 

melted alloys containing differential Al contents and reported complex eutectic structures forming 

in the range of compositions, x=1.2-2.5 in great detail. Despite these previous investigations, a 

systematic study of the influence of Al content on the microstructure of HEAs or CCAs 

transitioning from a fcc parent lattice to a bcc parent lattice has not been carried out. Furthermore, 

the transition from single fcc solid solution or two fcc solid solutions to a two-phase 

microstructure consisting of ordered L12 precipitates within the solid-solution phase has not been 

addressed in detail. 

2.5 Physical Properties of High Entropy Alloys  

With the ever-growing drive for advanced applications requires stronger materials which 

are easily formable, and with improved mechanical properties. Composition, crystal structure, 

and phase distribution and size scale are the three dimensions for optimization of mechanical 

properties.  High-entropy alloys are an intriguing new class of metallic materials which have 

offered a versatile range of permutations of composition and phase structures with a wide range 

of structure-property combinations [54-62]. This new class of alloys derives its properties from 

being multi-element systems that can crystallize as a simple phase structures, despite containing 

high concentrations of five or more elements with different crystal structures [54-52]. 

HEAs have fascinated researchers due to their many superior mechanical and physical 

properties - some times better than the commercially optimized and used alloys. For example 

ultrahigh fracture toughness was found comparable to cryogenic steel [62-65], significant 

resistance to fatigue [61, 66], oxidation [67-68] and corrosion in various environments [69-73], 

extremely good irradiation resistance [74-76], large strain hardenability [77-80], 
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superconductivity [81], magnetic properties [82-86], high temperature strength and toughness 

[87-90],  chemical properties [91] etc. In literature it is often debated that the superior properties 

of HEAs are a direct consequence of the four core effects (high-entropy, sluggish diffusion, severe 

lattice distortion and cocktail effect [92-94]). Due to several complexities generalizing, any one 

rule on all the multi-element systems many not be possible and scientifically correct.  

Instead in general, HEAs, due to their richness of compositional variability offer a 

tremendous opportunity to micro-engineer the microstructures and manipulate the resultant 

properties. Several different mechanisms governing the final properties can be activated at the 

same time in these alloys to get a cumulative effect on the resultant property.  For room-

temperature mechanical properties of HEAs, the yield strength can be varied from 300 MPa for 

the FCC-structured alloys to about 3,000 MPa for the BCC-structured alloys. The values of 

Vickers hardness range from 100 to 900. The structure types are one of the dominant factors for 

controlling the mechanical behavior of HEAs at room temperature. 

2.6 Strengthening of High Entropy Alloys 

Fcc based Al0.3CoCrFeNi (a quinary HEA) has been successfully demonstrated to have 

the potential to be precipitation-strengthened via ordered phases [64, 79, 96-99], and it also 

showed a strong capability for grain boundary strengthening [99]. Addition of Ti, Mo, Nb in 

CoCrFeNi (quaternary alloy) and Al0.3CoCrFeNi alloy system has shown further strengthening 

of the alloy at room temperature by forming strong precipitate phases [100-107]. The 

Al0.3CoCrFeNi alloy displayed high yield strength of 1600MPa in fiber form at 77K [64] and 

shows good radiation resistance up to 60 peak displacements per atom (DPA) [75]. The alloy 

shows a remarkable resistance to shear localization, and is a potential candidate for penetration 

protection applications such as armors [106]. Room temperature strength of the alloy reported far 
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has been rather low (~300MPa) [79] whereas corrosion resistance was reported to be better than 

SS 304 and SS 316 [71]. The unique combination of various elements like Al for precipitation 

strengthening, Cr for corrosion resistance, Ni for strength and creep resistance, Co for superior 

creep resistance makes this alloy a perfect candidate for applications like pressure water reactors 

and nuclear powers plants, if the strength of the material could be improved.   

Refractory high entropy alloys (body centered cubic crystal structure) have offered 

strength values as high as ~1.4 GPa [61] mainly owing to solid solution strengthening. In case of 

face-centered cubic (fcc) HEAs yield strength values have mostly been in the range of 150-350 

MPa at room temperature [62-63]. 

The major concern for fcc based alloys is the lower strength as compared to bcc based 

materials. Also many researchers have critically accessed fcc HEA’s are similar to multi-

component austenitic stainless steels or Ni-based super-alloys which are often composed of more 

than two major alloy elements, for example commercial alloys INCONEL 800 (Cr23Fe46Ni31), 

INCONEL 600 (Ni74Cr18Fe8), SS 316 (Cr18Fe67Mn2Mo1Ni12) etc. Most of the reported 

mechanical strength data on fcc HEAs suggest very similar strength as commercially used 

austenitic stainless steels (YS =250-500 MPa and elongation to failure= 5-30%) [58, 60-63, 64, 

77, 78, 90-96].  Ni- based alloys provide even higher strength and stability in a wider range of 

temperatures extending to 900-1000oC [95]. Some precipitation strengthened stainless steels like 

PH-17-4 or PH 13-8 offer exceptional room temperature UTS of >1.4 GPa. These alloys have an 

austenitic matrix under solutionized conditions (UTS = <700 MPa), but mostly are used after a 

thermal treatment inducing martensitic transformation along with fine scale precipitation, that 

improves the strength tremendously. Also commercial alloys represent an exhaustive amount of 

research and experience to satisfy an exquisite balance of requirements that go far beyond first- 
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and second-tier properties. The minor additions of interstitial elements, focused heat treatment 

cycles, and standardized manufacturing routes have been established to fine tune the properties 

matching the requirements for all the commercial alloys.  

A recent article by He et al. [64] discussed the applicability of various strengthening 

mechanism like solid solution, grain boundary, dislocation, precipitation strengthening etc. in 

Al/Ti containing CoCrFeNi based high entropy alloys. The authors showed an increase of ~325 

MPa in yield strength due to precipitation strengthening (Ni-Al-Ti based ordered L12 precipitates) 

and further increment of ~300 MPa due to added grain boundary and dislocation strengthening. 

Lu et al. [65-66] showed the strengthening due to L12 and B2 in a near eutectic and eutectic alloy 

based on AlCoCrFeNix system. In their report the combination of softer fcc/L12 phase and hard 

B2 resulted in well balanced strength and ductility combinations. 
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CHAPTER 3 

EXPERIMENTAL AND PROCESSING METHODS 

3.1 Introduction 

This chapter outlines the equipment used to create, prepare, and characterize the material 

systems studied in this work.   

3.2 Fabrication of Alloys 

3.2.1 Arc Melting 

Alloys were melted using the Arc 200 Mini-Vacuum Arc Melter made by Arcast Inc.. The 

arc melter is fitted with a button-crucible that can melt up to 50 gms of alloys. The copper is 

water-cooled to ensure faster solidification. The charge is melted using a consumable tungsten 

electrode (W) which strikes the arc. Either metal powder or metal pellets can be used as charge 

Pellets are preferred typically as they are less at risk to be blown-away by the plasma-arc 

unlike metal-powders that may get dispersed and result in composition changes while arcing the 

charge.  

The metal powders used for preparing the alloys were obtained from Alfa Aesar. A 

roughing pump and turbo-molecular pump are used to pump the chamber and obtain a pressure 

of 3x10-4 torr. The chamber is back filled with Argon to reduce the pressure to 10-1 torr which will 

facilitate in plasma formation when the arc strikes. The melt pool is convection stirred by plasma. 

Thereafter chamber is backfilled with Argon to reach ambient pressure and hence opened. The 

alloys were melted multiple times to ensure homogeneity in composition. 

3.2.2 Laser Engineered Net Shaping (LENS™) 

The LENSTM 750 system by Optomec® is used as a high through-put technique to deposit 

a graded alloy system for selecting a suitable precipitation hardenable high entropy alloy.  This is 
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a powder feed system originally equipped with two powder feeders, a 500W Nd:YAG laser 

manufactured by the US Laser Corporation, and an Argon control system from RTI Products.  

The original 500W Nd-YAG laser has been replaced with a 1500W Ytterbium Laser which 

produces a near-infrared laser radiation of 1.064 μm and was used for all alloys in this work.  The 

powder feeder panel has been upgraded to include four hoppers. The basic components of the 

LENSTM can be seen in Figure 3.1below. 

 
Figure 3.1 A schematic of a LENSTM process. 

 

The powder feed LENSTM process begins with a CAD file which is transferred to the 

Optomec® system which is then sliced into layers of the desired height.  The CAD file is then 

converted into a stereo-lithography file and parameters such as hatch spacing and layer rotation 

is set at this time.  The file is then converted to a motor control file and the travel speed is set at 
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this point.  Once the DMC file is loaded into the work station, the laser power set, and the powder 

feeders set the process can begin.  Elemental powders can have varying geometries as a result of 

how they are produced.  Titanium powder of this size (-150 mesh) is consistently close to 

spherical while refractory metals such as molybdenum tend to be more irregular in shape.  The 

deposition process takes place in an argon filled glove box maintained at a positive pressure.  The 

oxygen level is continuously monitored and kept below 8ppm.  The deposition stage is equipped 

with a half inch copper plate attached to a network of copper tubing that can circulate chilled 

water (~25°C) which was active for all builds in this work. 

3.3 Heat Treatments  

The heat treatments of all the alloys were done in tube and box furnaces. The alloy samples 

were encapsulated with quartz-tubes backfilled with argon. The arc-melted samples were cut and 

prepared into desired shapes for further heat-treatments and microscopy using Mitsubishi FX-10 

Wire Electric Discharge Machine (EDM). The different conditions of the heat-treatment are stated 

in respective chapters. 

3.4 Processing Tools: Electric Discharge Machine and Diamond Saw 

An Allied High Tech Products Inc. Techcut4TM diamond saw and a Mitsubishi FX-10 

Wire Electric Discharge Machine (EDM) were used for cutting the arc melted alloys into desired 

dimensions before after heat treatments. The wire EDM slices the sample by passing high-voltage 

through a thin brass-wire that machines the sample with very fine dimensional tolerances. This 

whole assembly is immersed in a deionized water-tank during operation. The sample is cut by 

programs that are written in general & machine (G and M) codes for CNC machines.  
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3.5 Characterization Tools 

Various characterization tools have were used for this work, for better understanding of 

microstructure from micro to nano scale. Standard metallographic techniques were employed for 

scanning electron microscopy (SEM) and orientation microscopy (OM) studies using electron 

backscatter diffraction (EBSD). The preferred surfaces of the sample were first polished on 

Silicon-Caride (SiC) emery paper upto 1200 grit-paper, followed by cloth-polishing using 

alumina solution. on Beuehler VibroMet2 with alumina suspension was used for further 

polishing. 

3.5.1 Scanning Electron Microscopy (SEM) 

The microstructural evolution, size scale assessments for precipitates, orientation 

microscopy, compositional characterization and area fraction analysis for all the high entropy 

alloys studied here, were carried out using FEI Nova NanoSEM 230TM equipped with field 

emission gun (FEG). The fracture surface analysis is done thru Everhardt Thornley Secondary-

Electron Detector (ETD). The back scatter electron detector (BSED) based on the z-contrast of 

the elements present in different phases of the sample and also sometimes on the channeling 

contrast due to the orientation of the sample was used for most of the microstructural imaging. 

The compositional analyses were done out using SiLi energy dispersive detector (EDS).  

Orientation microscopy (OM) was done using an EBSD detector. To acquire OM data, the 

specimen are tilted at an angle of ≈70° with respect to horizontal and the EBSD detector is inserted 

(Figure 3.2). After the detector is in, the region of interest was selected and the image is recorded. 
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Figure 3.1 Schematic showing the sample configuration with respect to electron column and 
EBSD detector to record orientation microscopy data. 

 

3.5.2 SEM-Focused Ion Beam (FIB) 

The study required site specific sample preparations for both Transmission electron 

microscopy and atom probe tomography hence dual beam FEI Nova 200 NanoLab Focused Ion 

Beam Microscope was an important tool for this study. A precise nano/micro milling and 

trenching of specimen is done using Gallium (Ga) ions inside the dual beam microscope. A gas-

injection system is employed to deposit Platinum (Pt) for welding purposes. The in-situ work is 

carried out with the help of Omniprobe AutoprobeTM nano manipulator. 

3.5.3 Transmission Electron Microscopy (TEM) 

The transmission electron microscopy was carried out on a 200KV FEI Tecnai G2 F20 S-

Twin. Most of the samples were prepared using FIB milling while some were prepared via 

Conventional TEM samples preparation route. Conventional samples were prepared from 3mm 

thin foils of ~ 70 micron thickness. Then these disks were subjected to dimple grinding on Gatan 

Dimple GrinderTM. Then the samples were ion milled, as the last the step of TEM sample 

preparation, using Gatan Precision Ion polisher (PIPS) or Fishione 1010.  
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3.5.4 3-D Atom Probe Tomography (3D-APT) 

A derivative of field ion microscopy (FIM), Atom probe tomography (APT) has gained 

prominence as an important characterization tool in past 2 decades. APT is equipped with a time 

of flight mass spectrometer, fast laser and voltage pulsing systems, position sensitive single atom 

detector. Sophisticated software was IVAS is employed to analyze the data. Figure 3.3 shows a 

schematic of working principle of atom probe tomography and the associated components in it 

for single ion detection.  

 
Figure 3.2 Schematic of evaporation process of a nano-scale tip in atom probe tomography 

 

The nano-scale conical specimens prepared by focused ion beam are subjected to a heavy 

pulsating electric field. On reaching the threshold energy, the surface atoms are ionized and 

evaporated from the sample tip. Under the high voltage the electrons pass through the aperture in 

the local-electrode (LE), and then the time of flight is measured by the mass spectrometer. The 

position-sensitive detector is provided the signals from the multichannel which determines the 

lateral resolution of the ion and the depth-resolution is obtained by time of flight mass 
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spectrometer. Thereafter the recorded data are processed for three dimensional spatial and 

compositional information, using a custom made IVAS software. 

3.5.5 X-Ray Diffractometry (XRD) 

X-Ray diffraction studies were carried out in a Rigaku Ultima III diffractometer with a 

Cu-Kα wavelength of 1.5418Å. These studies were carried out for phase identification and lattice 

parameter measurements for various alloys. The XRD system was operated at an operating 

voltage of 40kV and an operating current of 44mA. The data acquisition was carried out in a 2θ 

range of 20°-90° at a step size of 0.01° at a rate of 0.5°/minute. The XRD works on the principle 

of Bragg diffraction which is mathematically represented as nλ = 2dsinθ, where n is the order of 

reflection, λ is the wavelength of the X-ray, d is inter planar spacing of the diffracting planes, and 

θ is the incident angle of the X-rays. In XRD, the first order reflections diffract the strongest and 

result in dominant peaks thus n is equated to 1. The modified equation can then be written as λ = 

2d sinθ. The observed peak positions follow structure factor considerations for constructive and 

destructive interferences. For example, for body centered cubic system, only the planes that have 

(h+k+l) to be an even number are observed; h, k, and l being the miller indices of the planes under 

consideration. Similarly the criteria for diffraction in face centered cubic systems is when (h, k, 

l) are either all even or all odd. What this means, as an example is that while (112) is a diffracting 

plane for body centered cubic systems, it is an invalid reflection for face centered cubic systems 

and will not be observed.  

3.6 Mechanical Testing Tools: Mini-Tensile Tester 

A custom made computer controlled mini tensile tester is used for the current study. A 

mini-tensile specimen gage section: gage length of 3 mm, width of-1.0 mm, and thickness of- 
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0.7 mm were used. The samples were polished until 0.05 micron surface finish and then 

cleaned properly before tensile testing. 

The mini-tensile setup is shown in Figure 3.4. The load-cell capacity is 500 lbs. A range 

of strain- rates can be achieved from 10·2  s·'  to 10·6  s·'.  National Instruments data 

acquisition card captures the load response. T h e  linear variable differential transformer 

(LVDT) stores the displacement information.  

 

Figure 3.1 Custom-built mini-tensile test assembly used for all the tensile testing. 
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CHAPTER 4 

SELECTION OF HIGH ENTROPY ALLOY COMPOSITION* 

4.1 Abstract  

This chapter discusses the use of a novel combinatorial approach for assessing 

composition-microstructure relationships, using laser deposited compositionally graded 

AlxCrCuFeNi2 (0 < x < 1.5) High entropy alloys as a candidate system. The composition gradient 

has been achieved from CrCuFeNi2 to Al1.5CrCuFeNi2 over a length of ~25 mm, deposited using 

the laser engineered net shaping process from a blend of elemental powders. With increasing Al 

content, there was a gradual change from an fcc-based microstructure (including the ordered L12 

phase) to a bcc-based microstructure (including the ordered B2 phase), accompanied with an 

increase in microhardness. Such graded alloys are highly attractive candidates for investigating 

the influence of systematic compositional changes on microstructural evolution and concurrent 

physical and mechanical properties in complex concentrated alloys or high entropy alloys. 

Precipitation hardenable HEA composition was identified via this approach and used for further 

study. 

4.2 Introduction  

The traditional strategy for developing new metallic alloys is based on the selection of one 

or two elements as primary components, such as iron, copper, aluminium and magnesium, for 

base properties, with other minor elements being incorporated in order to tailor the microstructure 

and properties such as: steel, bulk metallic glass (BMG) alloys, Mg- based alloys, Al- based alloys 

and intermetallic compounds of Ti-Al, Ni-Al, and Fe-Al binary systems [1-16]. These 

                                                 
* * The entire chapter is reproduced from, Borkar, T., B. Gwalani, D. Choudhuri, C. V. Mikler, C. J. Yannetta, 
Xiaodong Chen, Raju Vijayaraghavan Ramanujan, M. J. Styles, M. A. Gibson, and R. Banerjee. "A combinatorial 
assessment of Al x CrCuFeNi 2 (0< x< 1.5) complex concentrated alloys: Microstructure, microhardness, and 
magnetic properties." Acta Materialia 116 (2016): 63-76, with permission from Elsevier. 
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intermetallic compounds appeared in the 1970s because of their excellent specific strengths and 

thermal resistance. Historically scientists have confined themselves to systems where the number 

of alloying elements was limited in any one phase [10, 15]. According to conventional physical 

metallurgical theory, multicomponent alloys can easily lead to the formation of intermetallic 

compounds or other complicated compounds, which exhibit complex microstructures and poor 

mechanical properties [4, 6, 8, 10, 12, 13, 15-19]. The complexity of such microstructures is also 

expected to result in difficulties in both processing and in analysis [4, 6, 8, 10, 12, 13, 15-19]. 

This fact is rather discouraging in the design of new alloys with multiple principle elements. 

Recently, high entropy alloys (HEAs), developed by Yeh et al. [20, 21] and Cantor et al. [22], 

have broken the paradigm of traditional alloy design concepts. HEAs are defined as alloys that 

have at least five principle elements in equimolar/equiatomic or near equimolar- ratios/near 

equiatomic compositions and the concentration of each element is between 5 and 35% [1-4, 6, 8-

10, 12, 14, 18, 22-49]. The large configuration entropy of mixing of solid solutions, in alloys with 

multiple principle elements tends to make them more stable than intermetallic compounds, 

especially at elevated temperatures. The change in configuration entropy during the formation of 

a solid solution from multiple elements with an equimolar ratio is already larger than the entropy 

changes for fusion of most of metals, leads to the formation of a random solid solution during 

solidification rather than competing intermetallic compounds or other complicated phases [4, 7, 

12, 16, 21, 40, 51]. This higher configuration entropy in HEAs is considered to suppress the 

formation of intermetallic compounds and stabilize simple solid solutions (such as body centered 

cubic (bcc), face centered cubic (fcc), and hexagonal closed packed (hcp)). HEAs of the fcc-type 

generally possess good ductility with a compromised lower strength; whereas bcc-type HEAs 

exhibit much higher strength with lower ductility. HEAs can possess many attractive physical as 
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well as mechanical properties depending on the alloy composition and they have great potential 

to be used as high temperature structural materials or coating materials, where high hardness and 

wear resistance are required. However, in many cases the best balance of properties may be 

achieved for a multi principal-element alloy consisting of a disordered solid solution phase and 

an ordered multi-component precipitate phase. Miracle et al. [52, 53] have reported on a new 

approach for extending the considerable current research effort on HEAs to include the full range 

of compositional and microstructural complexity that is available for the development of complex 

concentrated alloys (CCAs) as structural materials. It should also be emphasized that the 

formation of a single solid solution may not provide the most balanced mechanical performance 

as well as the functionality as required for materials commercial application. Consequently, the 

formation of a second phase (or phases) with controlled volume fraction, morphology, and grain 

size is worth pursuing [55, 56, 57]. It has already been demonstrated that promising CCAs with 

better performance usually have non-equal-molar compositions [58, 59].  In addition, the 

fabrication of compositionally graded components is becoming of greater interest. It not only 

allows the researchers to study a wider range of compositional variants at one time but also 

couples widely distinct properties together on different ends of the material without the need of 

joining different structures [60, 61].  

While most of the published literature on high entropy alloys is focused on single phase 

solid solutions, it has been more recently acknowledged that multi-phase microstructures are more 

likely to exhibit the desired properties for real engineering applications. Hence, some recent 

efforts have focused on systematic variation of a single element in a HEA composition, to achieve 

balanced precipitation of a secondary phase within the parent matrix. Previous studies have 

reported that variation in the Al content affects the microstructure and consequently the 
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mechanical properties of HEAs based on the parent fcc solid solution phase CoCrFeNi. Yeh et al 

[62] clearly showed that increasing Al in the AlxCuCrFeCoNi alloy, increases the lattice 

parameter of the parent fcc lattice, inducing strain in the lattice, and eventually at about x=0.8, 

results in the precipitation of a bcc/B2 phase within the fcc matrix. Increasing Al further to x=2.5 

completely transforms the crystal structure from fcc to bcc/B2. Wang et al [14] have also reported 

very similar observations with increasing Al content in AlxCoCrFeNi alloys. They showed that 

from x=0.5 to x=0.9 the alloy had a duplex fcc + bcc structure. Karpets et al [63] evaluated alloy 

compositions of the type AlxCoCrCuFeNi, which include Cu. They showed the presence of two 

fcc phases for x=0.  The AlxCrCuFeNi2 system was investigated by Guo et al [64] where they 

melted alloys containing differential Al contents and reported the complex eutectic structures 

forming in the range of compositions, x=1.2-2.5 in great detail. Despite these previous 

investigations, a systematic study of the influence of Al content on the microstructure of HEAs 

or CCAs, transitioning from a fcc parent lattice to a bcc parent lattice, has not been carried out. 

Furthermore, the transition from single fcc solid solution or two fcc solid solutions to a two-phase 

microstructure consisting of ordered L12 precipitates within the solid-solution phase, has not been 

addressed in detail. Therefore, the focus of the present investigation is to address these changes 

in microstructure and phase stability, and the associated changes in microhardness, in a more 

systematic manner, using laser additively processed, compositionally graded, AlxCrCuFeNi2 

alloys. 

Laser engineered net shaping (LENSTM) is a solid freeform fabrication process, that 

involves laser processing of fine powders into fully dense 3D objects directly from a computer-

aided design model. The LENSTM process is near net shape manufacturing process to fabricate 

complex prototypes leading to time and machining cost efficiencies. In addition, using elemental 
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powder blends in a system with multiple hoppers also allows the possibility of depositing graded 

composition within the same sample. As discussed previously, CCAs typically involve complex 

multi-component chemistries and can also exhibit intricate multi-phase microstructures. The 

property–microstructure–composition relationships in such alloys are relatively poorly 

understood. Therefore, employing a combinatorial approach using compositionally-graded alloys 

deposited using the LENS™ process, can be an effective tool for rapid assessment of a range of 

CCA compositions. Such use of laser deposited compositionally-graded alloys for combinatorial 

assessments of metallic alloys, such as titanium alloys, has been successfully demonstrated in 

prior research carried out by the authors of the present paper as well as some more recent reports 

[59 & 64-71]. In the present study, this combinatorial approach, based on laser deposition of 

compositionally graded alloys, has been employed to rapidly develop a database relating 

composition and microstructure to the micro-hardness of a CCA based on the system 

AlxCrCuFeNi2 (0 < x < 1.5).  

4.3 Experimental Procedure 

4.3.1 Processing of the Compositionally Graded Alloy 

The AlxCrCuFeNi2 (x=0~1.5) alloys were deposited using the laser engineered net 

shaping (LENSTM) process from a feedstock consisting of a blend of high purity elemental 

aluminum, chromium, copper, iron, and nickel powders. LENSTM process begins with CAD 

(computer aided design) file of 3D component, which is sliced into series of layers electronically. 

The information about each of these layers is transmitted to the manufacturing assembly. A metal 

or alloy substrate is used as a base for depositing the component. Powder feedstock is delivered 

through an inert gas flowing through a multi-nozzle assembly and injected into the molten pool 

produced by focused high power laser to obtain homogeneity.  The nozzles are designed in such 
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a way so that powder feedstock converges at the same point as the focused laser beam. 

Subsequently the substrate is moved relative to the laser beam on a computer-controlled stage to 

deposit thin layers of controlled width and thickness. A 500 W Nd: YAG laser which produces 

near-infrared laser radiation at a wavelength of 1.064 μm was used for the deposition. The oxygen 

content in the glove box was maintained below 10 ppm during deposition. The graded 

AlxCrCuFeNi2 alloys were deposited using a double powder feeder arrangement available on the 

LENSTM unit, with the first hopper containing a blend of powders of a nominal composition of 

CrCuFeNi2 and the second hopper a blend of powders with a nominal composition of 

Al2CrCuFeNi2. A cylindrical geometry was used for depositing the alloy gradient where the 

diameter of the cylinder was ~10 mm and the height of the cylinder was ~25 mm. 

4.3.2 Microstructure Characterization 

The scanning electron microscopy (SEM), composition analysis using energy dispersive 

spectroscopy (EDS), and electron backscatter diffraction (EBSD) studies on the LENSTM 

deposited graded AlxCrCuFeNi2 alloys were carried out in a FEI Nova NanoSEM coupled with 

an EDS and an EBSD detector. 

For X-ray diffraction, the graded alloy samples were examined in standard Bragg-

Brentano geometry [72] using a PANalytical X’Pert PRO Multi-Purpose Diffractometer, fitted 

with a Co target tube and operated at 40 kV and 40 mA. The incident beam was defined using a 

fixed divergence slit of 1/8° and a 10 mm mask to confine the beam footprint to the region of 

interest on the stationary samples. A graphite post-diffraction monochromator (used to exclude 

the Co Kβ signal) was fitted in front of the small linear position-sensitive detector. The different 

regions of the samples were accurately positioned in the X-ray beam path using a motorized stage 

and calibrated video camera. Data were collected between 20 and 140° 2θ with a step size of 0.05° 
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2θ over a period of ~1 hour per region. The acquired diffraction patterns were analyzed using the 

whole-pattern Rietveld method [73] as embodied in the Topas software package (Bruker AXS), 

using the Fundamental Parameters Approach [74] to model the observed peak profiles. 

Site-specific samples for transmission electron microscopy (TEM), from regions of 

different composition/microstructure along the graded alloy were prepared using a FEI Nova 200 

dual-beam focused ion beam (FIB) system. These samples were analyzed in a FEI Tecnai F2, 

200keV FEG microscope. 

4.3.3 Hardness Measurement 

The microhardness was measured using standard Vickers micro-hardness tester using 

300g load for 15s and an average of 10 readings were taken into account.  

4.4 Results and Discussion 

The average compositions for the different regions across the alloy gradient have been 

measured using SEM-EDS and the resulting measurements have been tabulated in Table 4.1. 

Based on these experimentally measured compositions, the alloy gradient has been divided into 

six distinct regions with x=0, 0.4, 0.8, 1.0, 1.3, and 1.5, where x indicates the molar fraction Al 

content in AlxCuCrFeNi2.   

Table 4.1 Summary of the compositions, measured using SEM-EDS, for the different regions with 
varying Al content along the AlxCrCuFeNi2 alloy gradient. 

AlxCrCuFeNi2 (x) Al (at.%) Cr (at.%) Cu (at.%) Fe (at.%) Ni (at.%) 

0 0 20±1.5 19±2.0 21±1.0 40±2.0 
0.8 12±1.0 23±1.5 18±1.1 16±2.1 31±2.2 
1.0 18±0.5 19±1.2 17±1.5 16±1.8 30±1.6 
1.3 21±1.8 19±1.7 15±1.3 16±1.6 29±1.4 
1.5 23±1.0 18±2.0 16±1.0 16±1.5 27±1.1 
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4.4.1 Phase Identification via X-Ray Diffraction Analysis 

XRD traces from specific locations along the LENSTM deposited AlxCuCrFeNi2 alloy 

gradient, and therefore corresponding to different compositions, are shown in Fig. 4.1 and the 

corresponding phases, their lattice parameters, and volume fractions, have been listed in Table 

4.2. The large grain size (for XRD, also seen in the SEM images in Fig. 4.2) and stationary sample 

geometry during the XRD experiment resulted in reduced particle statistics, which is evident in 

the diffraction patterns as discrepancies between the observed and calculated peak intensities. 

This has significantly affected the accuracy of the quantitative phase analysis, meaning that the 

phase fractions reported in Table 4.2 here are only approximate.  

Table 4.2 Summary of the lattice parameters and phase fraction (%) of the different phases as a 
function of composition (x) in the AlxCrCuFeNi2 alloy gradient, calculated from the X-ray 
diffraction analysis. 

Comp (x) fcc1 fcc2 bcc + B2 
 a (Å) wt(%) a (Å) wt(%) a (Å) wt(%) 

0 3.584 74 
(fcc) 3.6 

24 
(Cu-rich 

fcc) 
2.87 2 

0.8 3.604 16 (Cu-rich fcc) 3.6 74 
(L12) 2.87 10 

1.0 3.618 12 (Cu-rich fcc) 3.6 51 
(L12) 2.87 37 

1.3 3.623 20 (Cu-rich fcc) 3.59 4 
(fcc) 2.88 76 

1.5 3.636 20 (Cu-rich fcc) - - 2.88 80 
 

However, lattice parameter measurements are less affected by poor particle statistics, and 

should be reasonably accurate (with an accuaracy of 0.005 Å). The beam was 10mm wide, as 

defined by the 10 mm mask, and is constant throughout the measurement. The length of the beam 

foot print changes depending on the 2θ angle. In this case it varies from about 2mm at low angles 

(2θ =30°) to 0.6 mm at high angles (2θ =120°). The first XRD scan corresponds to a region with 

x ≈ 0, and revealed the presence of two fcc solid-solution phases. The relative fractions of these 
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two phases have been listed in Table 4.2, and are 74% and 24%, respectively. Additionally, a 

small phase fraction (≈ 2%) of bcc phase was also observed in the same XRD scan. While the 

distinction between the two fcc solid solution phases is not apparent from the XRD data, based 

on their lattice parameters, it is likely that while one of them corresponds to the fcc matrix phase 

(larger phase fraction), the second phase is a Cu-rich fcc phase.  

When x increases to 0.8, the XRD pattern clearly indicated the presence of an fcc phase 

and an ordered L12 phase (based on superlatice reflections), as well as an ordered B2 phase and a 

bcc phase. While the phase fractions of the fcc and L12 phases could be de-convoluted from the 

XRD diffraction pattern, the volume fractions of the B2 and bcc phases could not be calculated 

due to the close lattice parameters and substantial peak overlap for these two phases. Further 

detailed analysis using TEM based techniques would be required to measure the relative phase 

fractions of the B2 and bcc phases. The phase fractions of both the L12 and bcc+B2 phases increase 

substantially for x=0.8, as seen in Table 4.2. Rakshit Sistla et al. [75] also reported the 

stabilization of a fcc+L12 microstructure at compositions of Ni=1.7 and Al=0.3 in their 

investigation of the AlxFeCoCrNi2−x system. At x≈1.0, the total volume fraction of the bcc+B2 

phase increases substantially to 37% while that of the fcc and L12 phases decreases to 12% and 

51%, respectively. This clearly indicates that higher Al contents favour the formation of bcc-

based phases over fcc-based phases. The same trend continues for x ≈ 1.3, which exhibits even 

higher volume fractions for the bcc and B2 phases (total phase fraction ≈ 76%) while the two fcc 

phases are only 20% and 4%, respectively. It should be noted that both fcc phases in this case 

appear to be solid solutions since no L12 superlattice peaks were observed in the XRD pattern. At 

x ≈ 1.5, the bcc+B2 phase fraction is 80% while the fcc phase comprises 20%. Only a single fcc 

phase was observed in this case. 
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Figure 4.1 XRD traces for the LENS™ deposited AlxCuCrFeNi2 alloy gradient.       
     

The experimentally observed transition from fcc solid solution phases to mixture of fcc 

and bcc solid solutions and finally to (ordered and disordered) bcc phases, together with a small 

volume fraction of a fcc phase in AlxCuCrFeNi2 alloys follows the valence electron concentration 

rule proposed by Guo et al. [42]. The addition of Al in HEA systems can distort the fcc lattice 

appreciably, as has been discussed in many previous reports in the literature [76-77]. With an 

increase in the content of an element with a large atomic size, e.g. Al and Ti, the lattice constant 

of the resultant alloy is increased, which tends to de-stabilize the close-packed fcc structure. Since 

bcc structures generally have a lower atomic packing density (68%) than fcc and hcp structures 
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(both 74%), it can more readily accommodate larger solute atoms like Al [76-77]. Therefore, 

excessive addition of such types of atoms can induce the transition from a close-packed fcc phase 

to a more loosely packed bcc phase, accommodating the large lattice distortion introduced [76-

77].  

4.4.2 Microstructural Changes as a Function of Al Concentration 

The microstructure of selected AlxCuCrFeNi2 compositions are shown in the 

backscattered SEM images contained in Figs. 4.2 and 4.3.  

The relative atomic sizes and structure of these atomic species can be seen in Apendix A. The 

region with x=0 exhibited a typical dendritic microstructure (Figs. 4.2(a) and 4.2(b)). While the 

phase constituents of this region cannot be identified conclusively based only these SEM images, 

based on the XRD analysis of the x=0.4 region (Fig. 4.1) reported in the previous section of this 

paper, this dendritic phase is likely to be a single fcc phase. Large polycrystalline grains exhibiting 

different channeling contrasts due to their crystallographic orientation are visible in Fig. 4.2(a). 

The cellular/dendritic boundaries between each grain (as indicated by the arrows in Fig. 4.2(b)), 

associated with interdendritic compositional segregation and typical of as-cast alloys is clearly 

visible in Fig. 4.2(b). While there is a distinct contrast in between the dendritic and interdendritic 

regions in Fig. 4.2(b), this contrast can be attributed to the segregation of Cu (which tends to 

partition / segregate readily [78, 79]) into the interdendritic regions, making them appear 

substantially brighter in backscattered electron images. A Cu EDS map showing its enrichment 

within the interdentritic regions is shown as an inset in Fig. 4.2(b). 

The cellular boundary structure was observed to persist at x = 0.4 (Fig. 4.2(c)) although 

some fine-scale precipitates with darker contrast were noted at higher magnification (Fig. 4.2(d)). 

At the SEM scale of observation, the dendritic structure continued at x=0.8 (Fig. 4.2(e), but at 
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this composition, secondary phases are clearly visible within the microstructure (as indicated by 

the circled region in Fig. 4.2(f)). These secondary phases exhibit two distinct morphologies and 

size scales, seen more clearly in Fig. 4.2(f). The regions between the fcc dendrites form coarse 

precipitates exhibiting a darker contrast that do not appear to exhibit a specific faceted 

morphology. The other type of precipitate that can be observed for the x=0.8 composition, are 

fine-scale acicular or needle-like precipitates that also exhibiting a darker contrast but are 

distributed within the dendrites (refer to Fig. 4.2(f)). Based on the XRD results from this region 

with x=0.8 (Fig 4.1 and Table 4.2),  these darker precipitates forming within the dendritic fcc 

matrix are possibly bcc/B2 precipitates, but a more detailed investigation, at a finer length-scale, 

using TEM is required in order to understand the details of the microstructure (presented in 

Section 4.4.5).  

At x=1.0, the microstructure (Figs. 4.3(a) and 4.3(b)) primarily contains equiaxed grains 

exhibiting a relatively darker contrast surrounded by a brighter contrast phase wetting the grain 

boundaries. Additionally, fine-scale needle-like precipitates exhibiting a brighter contrast are 

visible within the equiaxed grains of the matrix phase (refer to Fig. 4.3(b)). Again, whilst the 

exact identity of these phases cannot be uniquely established based solely on these SEM images, 

coupling these results with the XRD results (Fig. 4.1 and Table 4.2) for the same region, x=1.0, 

it appears that this region is also a two-phase mixture of fcc/L12 and bcc/B2 phase. At x=1.3 as 

already observed in the XRD analysis (Fig. 4.1 and Table 4.2), the bcc/B2 phase has a 

substantially higher volume  fraction as compared to the fcc/L12 phase. Therefore, the 

microstructure in Figs. 4.3(c) and 4.3(d) can be interpreted as large equiaxed grains of the bcc/B2 

phase with highly refined intragranular precipitates, presumably of the fcc/L12 phase. However, 
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the details of the microstructure and the evolution path leading to this microstructure cannot be 

determined based on solely on these SEM images.  

At x=1.5, the microstructure primarily consists of fine-scale equiaxed grains as viewed in 

the lower magnification SEM image shown in Fig. 4.3(e). However, the higher magnification 

view, shown in Fig. 4.3(f) exhibits a complex and fine-scale microstructure within these grain-

like features, and is most likely a product of a eutectic reaction during solidification. While the 

identities of all phases cannot be established solely based on these images, coupling these results 

with the XRD results (Fig. 4.1 and Table 4.2) indicates that the eutectic mixture is likely to be a 

mix of bcc and B2 phases since these two phases have nearly equal volume fractions of 42% and 

38%, respectively, (based on the XRD results in Table 4.2). Additionally, some fine-scale fcc 

precipitates are also present within this microstructure the exact location of which is difficult to 

determine based on the SEM images. Along the grain boundaries in this region (refer to Fig. 

4.3(f), also indicated with a yellow coloured arrow), there is a brighter contrast phase visible. This 

phase is likely to be the last liquid to solidify and is presumably Cu-rich leading to the brighter 

contrast.  
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Figure 4.2 Backscattered SEM images of the LENS™ deposited AlxCuCrFeNi2 alloy gradient, (a 
and b) x= 0; (c and d)x=0.4; (e and f)x=0.8.  
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However, it is difficult to conclusively prove this aspect without higher resolution analysis 

of the microstructure a subject of future work. At this point it would be beneficial to compare this 

microstructure for x = 1.5 (Al1.5CuCrFeNi2) with a similar, but coarser scale, microstructure 

reported for the conventionally cast Al2CuCrFeNi2 alloy [79, 80]. 

In case of the conventionally cast alloy, a similar microstructure was reported and 

described as a sunflower-like microstructure [79] but at a coarser length scale. A detailed 

investigation performed on the  Al2CuCrFeNi2 alloy revealed the that the core of this “sunflower-

like” microstructure consisted of cuboidal shaped precipitates of a disordered bcc phase uniformly 

distributed within an ordered B2 matrix while the petal-like region surrounding the core consisted 

of the same two phases arranged in a more rod-like fashion [79, 80]. The backscattered electron 

SEM image shown in Fig. 4.3(f) corresponding to the Al1.5CuCrFeNi2 composition in the LENS 

deposited alloy exhibits a similar microstructure as that observed in case of the conventionally 

cast Al2CuCrFeNi2 alloy [79, 80] with a core-like region to a petal-like region although the length 

scale of the microstructure is substantially more refined in the LENS processed sample. Two such 

regions have been marked with a solid circle and a solid ellipse in Fig. 4.3(f). 
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Figure 4.3 Backscattered SEM images of the LENSTM deposited AlxCuCrFeNi2 alloy gradient, 
(a and b) x= 1.0; (c and d)x=1.3;(e and f) x=1.5.  



49 

4.4.3 Electron Backscatter Diffraction (EBSD) and Energy Dispersive Sperctroscopy (EDS) 
Analysis 
 
The mixed two phase fcc + bcc regions, with substantial phase fractions of both phases, 

in the compositionally graded AlxCuCrFeNi2 alloy appear for regions with compositions x = 0.8 

and x = 1.0 based on both the XRD and SEM analysis. Therefore, a more detailed phase analysis 

of these specific regions has been carried out using SEM-EBSD. Fig. 4.4, corresponding to x= 

0.8 shows the overall microstructure in the backscattered electron SEM image: Fig 4.4(a), pseudo-

coloured reference stereographic quadrants corresponding to the orientations of the fcc and bcc 

phase; Fig 4.4 (b) the pseudo-coloured orientation map containing both phases in Fig 4.4 (c); and 

the phase map showing the fcc phase in red and the bcc phase in green in Fig 4.4 (d). Based on 

these EBSD maps it can be concluded that the intra-dendritic phase (or primary matrix phase) in 

this microstructure is fcc with the inter-dendritic regions being bcc. A more detailed analysis of 

one distinct fcc grain together with individual bcc regions within this grain is shown in Fig. 4.4(e) 

and the corresponding pole figures for the two phases, fcc and bcc, are shown in Fig. 4.4(f). Based 

on the pole figures, it is evident that there is an orientation relationship between the bcc precipitate 

and the fcc matrix - {111}fcc || {011}bcc and <011>fcc || <111>bcc, commonly referred to as the 

Kurdjumov-Sachs orientation relationship [81]. Composition of the different phases by spot 

SEM-EDS in the region corresponding to x=0.8 is shown in Fig. 4.5. Fig. 4.5(a) shows a high 

magnification backscatter SEM image of the microstructure consisting of the three distinct 

contrast levels in this microstructure, the lighter grey dendritic matrix (fcc), the white regions 

within the matrix (fcc), and the darker grey inter-dendritic pockets and acicular precipitates (bcc). 

The respective compositions of these phases are shown in Fig. 4.5(b). It can be seen that the white 

fcc region is enriched in Cu, Ni, and Al, and the grey fcc matrix region is enriched in Ni, Fe, and 

Cr. The darker bcc regions are enriched in Ni and Al and also contain a substantial amount of Cu. 



50 

These Cu-rich regions within the bcc phase are visible within some of the dark grey bcc pockets 

in Fig. 4.5(a). For x=1.0, Fig. 4.6 shows (a) the backscattered electron SEM image, (b) the pseudo-

coloured reference stereographic quadrants corresponding to the orientations of the fcc and bcc 

phases, (c) the pseudo-coloured orientation map containing both phase, and (d) the phase map 

showing the fcc phase in red and the bcc phase in green. The phase fraction of the bcc phase (in 

green in Fig. 4.6(d)) is larger for this composition as compared to x = 0.8 (Fig. 4.3(d)); in addition, 

the fcc grains are relatively smaller. Analysis of a specific bcc grain and the adjacent fcc region, 

is presented in Fig. 4.6(e) and 4.6(f), that shows an orientation map image of a specific bcc grain 

and an associated fcc precipitate, and the corresponding fcc and bcc pole figures in Fig. 4.6(f). 

The specific region corresponding to this orientation map image has been marked using a dotted 

ellipse on the top-side of Fig. 4.6(c). The fcc and bcc pole figures shown in Fig. 4.6(f), clearly 

establish the same Kurdjumov-Sachs orientation relationship between these two phases as 

observed above. Composition of the different phases by spot SEM-EDS in the region 

corresponding to x=0.8 is shown in Fig. 4.7. Fig. 4.7(a) shows a high magnification backscattered 

electron SEM image of the microstructure consisting of the two distinct contrast levels in this 

microstructure, the grey matrix (bcc), and the white grain boundary regions (fcc). The respective 

compositions of these two regions are shown in Fig. 4.7(b). The white fcc region is primarily 

enriched in Cu and Ni, and the grey bcc matrix region is enriched in Ni, Al, Fe, and Cr with a 

lower Cu content. These coarse-scale EDS measurements can only be used as a preliminary 

assessment of the compositions of the different regions (phases) present in these complex 

microstructures.  
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Figure 4.4 Electron backscattered Diffraction (EBSD) results from Al0.8CuCrFeNi2, (a) BSED 
SEM image; (b, c) pseudo-coloured reference stereographic quadrants corresponding to various 
orientations and the inverse pole figure (IPF) map corresponding to this region  
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Figure 4.5 EDS results from selected regions in the microstructure of Al0.8CuCrFeNi2, (a) BSED 
SEM image with 3 points (A, B and C) marked by red-cross and the corresponding composition 
at those points shown in (b).  
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Figure 4.6 EBSD results obtained from Al1.0CuCrFeNi2, (a) BSED SEM image; (b, c) pseudo-
coloured reference stereographic quadrants corresponding to various orientations and the 
inverse IPF map corresponding to this region respectively; (d) phase map demarking the 
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4.4.4 Transmission Electron Microscopy (TEM) Analysis 

TEM analysis of three of the regions along the compositionally graded AlxCuCrFeNi2 

alloy, specifically for x = 0, x = 0.4, and x = 0.8 are shown in Fig. 4.8, 4.9, and 4.10, respectively. 

For x = 0, or the alloy composition CuCrFeNi2, a bright-field TEM image of the microstructure 

is shown in Fig. 4.8(a). This TEM sample has been prepared in a site-specific manner using a 

dual-beam FIB instrument, and the specific region chosen for this purpose is indicated in the inset 

of Fig. 4.8(a). The foil captures an inter-dendritic region in the fcc microstructure, that 

corresponds to the region of darker contrast in the bright-field TEM image. A [011]fcc zone axis 

diffraction pattern from the fcc matrix is shown in Fig. 4.8(b). This diffraction pattern shows only 

reflections from the fcc matrix and no other phase indicating that in the absence of Al (x = 0) 

ordering within the fcc matrix was not discernable. TEM results from a region with x = 0.4, are 

shown in Fig. 4.9. The electron diffraction patterns corresponding to [001]fcc, [011]fcc, and 

[112]fcc zone axes, shown in Fig. 4.9(b), (c), and (d) respectively, clearly exhibit {001} and 

{011} superlattice reflections in all three cases. Therefore, it can be concluded that unlike x = 0 

for x = 0.4 the fcc matrix phase in this alloy contains ordered L12 precipitates. A dark-field image 

shown in Fig. 4.9(a) recorded using one of the {001} superlattice reflections from the [001]fcc 

zone axis revealed ordered L12 nano-domains with sizes of 5-10 nm. Thus, addition of Al to 

CuCrFeNi2 promotes ordering within the fcc matrix and is consistent with conclusions obtained 

from X-ray diffraction results (Section 3.2 and Fig. 4.1).  
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Figure 4.7 EDS results from selected regions in the microstructure of Al1.0CuCrFeNi2, (a) BSED 
SEM image with 3 points (A, B and C) marked by red-cross and the corresponding composition 
at those points shown in (b). 
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Figure 4.8 TEM results from CrCuFeNi2, (a) Bright-field TEM (BFTEM) image showing the fcc 
matrix (inset shows the SEM images marking the FIB-lift out region in yellow); (b) SADP pattern 
from a [011] FCC  zone axis (ZA).  
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Figure 4.9 TEM observations from Al0.4CrCuFeNi2, (a) Dark-field TEM (DFTEM) image 
showing the ordered (lighted up) and disordered fcc matrix taken from the encircled super-lattice 
spot in selected area diffraction pattern (SADP) shown in (b) from [001]FCC ZA; (c and d) 
SADPs from [011] and [112] ZA further confirming ordering of  fcc matrix in this region.  
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Figure 4.10 TEM results from Al0.8CrCuFeNi2, (a) DFTEM image showing the ordered (lighted 
up) and disordered fcc matrix taken from the encircled super-lattice spot in SADP pattern from 
[011]FCC ZA shown in the inset; (b)  DFTEM image showing the ordered (lighted up) and 
disordered fcc matrix taken from the encircled super-lattice spot in SADP pattern from [011]FCC 
ZA shown in the inset; (b)  DFTEM image showing the ordered (lighted up) B2 particle present 
as a second phase, taken from the encircled super-lattice spot in SADP pattern shown in the inset 
from [011] BCC ZA; (c) BFTEM image showing a B2 particle embedded inside  the fcc matrix.   

 

The ordered L12 structure was still retained after increasing the Al content to x = 0.8 (Fig. 

4.10 (a)).  However, as shown in the dark-field TEM image in Fig. 4.10(b) including the top inset 
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[011]bcc selected area diffraction pattern (SADP), there are ordered B2 precipitates embedded 

inside the fcc matrix. Although these B2 precipitates have a faceted morphology (Fig. 4.10(b) and 

(c)), the B2/fcc interface does not appear to be coherent due to the presence of misfit dislocations 

at these interfaces (Fig. 4.10(c)).  Regardless, the TEM examination of the microstructures with 

Al content x= 0.0, 0.4, 0.8, provides a few crucial insights: 

1. Addition of Al to a single phase fcc HEA promotes the formation of ordered 

intermetallic precipitates within the fcc phase that are consistent with recent literature 

reports [49]. 

2. At lower Al concentrations ordering of the parent fcc lattice occurs (e.g. L12) while 

higher Al concentrations promote bcc-based ordered structures (e.g. B2). Thus 

ordering appears to be in stages with progressive increases in Al content. 

4.4.5 Mechanical Properties (Microhardness) 

The Vickers microhardness values for the LENSTM deposited graded AlxCuCrFeNi2 alloys 

with varying value of “x” have been plotted in Fig. 4.11. There is an increase in the microhardness 

with an increasing amount of Al in these HEAs, in accordance with an increase in the volume 

fraction of bcc/B2 phases that exhibit higher hardness/strength than that of the fcc/L12 phases. 

This is consistent with what has been previously reported [82, 83]. At x=0, where only the fcc 

phase was detected, the microhardness value is 150 HV. There is a sharp increase from 150 HV, 

at x=0, to 350 HV, at x=1.0, where the bcc/B2 phases start forming in addition to the primary 

fcc/L12 phase. At x=1.5, the microhardness of these CCAs reaches about 400 HV since the bcc/B2 

phases constitute a larger volume fraction as compared to the fcc/L12 phases. Furthermore, the 

strength increase is likely to be accompanied by reduced ductility, because the bcc/B2 phases 

have lower room temperature ductility [82, 83, 84]. Interestingly, the microhardness plot in Fig. 
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4.11 shows that x = 0.8 lies in between the lower (x=0-0.4) and upper (x = 1.0-1.6) bounds of the 

microhardness values. A microstructure consisting of hard ordered B2 precipitates embedded 

inside a plastically soft fcc/L12 matrix may provide an optimum combination of strength and 

ductility in these CCAs, but this needs to be investigated in greater detail. 

 

Figure 4.11 A plot showing the variation in Vickers micro-hardness values along the length of 
the compositionally graded deposit. 

 

4.5 Summary and Conclusion 

This chapter presents a novel combinatorial approach for rapid assessment of 

composition-microstructure-property relationships in single-phase HEAs or multi-phase CCAs. 

Based on laser additive deposition of compositionally graded alloys, this combinatorial approach, 

has been successfully applied to process graded AlxCrCuFeNi2 alloys (x varying from 0 to 1.5) 

using LENSTM technology. This approach has permitted a detailed assessment of the transition in 

microstructure along the same alloy gradient from a predominately fcc solid solution, to fcc/L12 

to mixed fcc/L12 + bcc/B2 and finally to predominantly bcc/B2 as the Al content increases from 
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0 to 1.5 (molar fraction). This change in microstructure and phase constitution was accompanied 

by a corresponding progressive increase in microhardness with increasing Al content, clearly 

indicating that the bcc/B2 microstructure is substantially harder than the fcc/L12 microstructure.  
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CHAPTER 5 

IDENTIFICATION OF STRENGTHENING PRECIPITATES† 

5.1 Abstract 

Chapter 5 focuses on the hardenability on high entropy alloys by heat treatments.  Minor 

Al additions to quaternary CoCrFeNi to give Al0.3CoCrFeNi, leads to the precipitation of highly 

refined ordered L12 precipitates. However, the L12 precipitates (stoichiometry of 

(Ni,Cr)3(Al,Fe,Co)) are de-stabilized and replaced by coarser B2 precipitates on annealing at 

700°C. Contrastingly, in the Co-free, Al0.3CuCrFeNi2 high entropy alloy, the L12 precipitates are 

stable at both 550°C (~5 nm) and 700°C (~50 nm), and exhibit a stoichiometry of 

(Ni,Cu)3(Al,Fe,Cr). These results lead to interesting insights into the stability of ordered phases 

in HEAs as a function of composition and temperature. 

5.2 Introduction 

Alloy design has generally evolved by the addition of small amount of alloying elements 

to a principal matrix element to improve strength, toughness, thermal resistance, and corrosion 

resistance. However, the development of advanced alloy systems by this strategy is potentially 

limited in phase space and is close to reaching saturation. Recently, a new class of alloys (High 

Entropy Alloys, HEAs) containing multiple principal elements in equal or near equi-molar 

quantities have attracted a lot of attention since these are often stabilized as a single solid solution 

at room temperature due to configurational entropy effects, [1-5]. Some of the alloys in this new 

class of HEAs have been reported to exhibit enhanced mechanical properties both at room and 

high temperatures [6, 7].  

                                                 
† The entire chapter is reproduced from, B. Gwalani, V. Soni, D. Choudhuri, M. Lee, J. Y. Hwang, S. J. Nam, H. 
Ryu, S. H. Hong, and R. Banerjee. "Stability of ordered L1 2 and B 2 precipitates in face centered cubic based high 
entropy alloys-Al 0.3 CoFeCrNi and Al 0.3 CuFeCrNi 2." Scripta Materialia 123 (2016): 130-134, with permission 
from Elsevier. 
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The intrinsic characteristics exhibited by HEAs such as, sluggish atomic diffusion [8], 

large lattice distortion [9], and high configurational entropy, contribute towards the formation and 

stabilization of a single solid solution phase. These characteristics are also responsible for 

restricted dislocation motion in the matrix, and consequently, lead to enhanced mechanical 

strength.   

While the reported literature on single phase HEAs indicate promising enhancements in 

mechanical properties as compared with alloys based on the individual constituent elements [10-

11], in order to make HEAs into real engineering alloys for industrial applications, strategic 

engineering of the microstructure and grain structure is needed. For example, Otto et al. [7] 

attempted to enhance the strength of fcc- CrMnFeCoNi via grain refinement. It was found that 

the room-temperature yield strength increased from 200MPa to 350 MPa when the grain size was 

reduced from 144.0 to 4.4 µm. This suggested that grain boundary strengthening can be a potential 

strengthening mechanism in these alloys. Another possible approach is precipitation 

strengthening. Recent studies by various researchers [12-18] clearly indicate that addition of Al 

into fcc- CrFeCoNi alloy tends to form intermetallic precipitates (Strukturbericht L12 and B2) in 

the fcc matrix. Even though strength increment due to the second phase precipitation has been 

reported, more detailed investigations are required to understand the stability of these ordered 

precipitates as a function of temperature, their structure, stoichiometry, and the partitioning of 

solute elements between the precipitate and the matrix.   

The present work focuses on reversing the typical HEA “logic” by strategically 

developing multi-phase complex-concentrated super-alloys with enhanced mechanical properties, 

especially for elevated temperature applications. Two single phase fcc HEAs are chosen, and heat 

treated to form homogeneous intermetallic precipitates. Fine-scale L12 and B2 precipitation was 
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observed in these alloys after undergoing suitable heat treatments. The competition between 

entropy and enthalpy decides the final microstructure of these multi-principle element alloys. The 

present study is an approach to synergistically employ both enthalpy and entropy effects to 

engineer two-phase microstructures in these HEAs. These HEAs retain a single phase at higher 

temperatures and also at room temperature when cooled rapidly, primarily due to the entropy of 

too many alloying elements coupled with the sluggish diffusion kinetics in these alloys. 

Thermodynamically, the enthalpy of mixing of many constituent elements overrules eventually 

decomposing the matrix into two phases where one is often an ordered phase. Despite the 

formation of two phases, it should be noted that each phase still consists of substantial 

concentrations of multiple elements, and consequently, could involve the role of configurational 

entropy of mixing in stabilizing these phases.   

5.3 Experimental Procedure 

Alloys with nominal chemical composition Al0.3CuCrFeNi2 (S1) and Al0.3CoCrFeNi (S2) 

were prepared by a conventional arc melting route and microstructural characterization was 

performed using scanning electron microscopy (FEI Nova-NanoSEM 230™), transmission 

electron microscopy (FEI Tecnai G2 TF20™ operating at 200 kV) and 3D atom probe 

tomography (3DAP; LEAP 3000x HR®). Both the compositions were cold rolled by 20% and 

solutionized at 1200oC for 30 mins followed by water quenching (hereby referred to as S1-WQ 

and S2-WQ respectively) for homogenization. Both the samples are then annealed at 550 oC for 

150 h and 700 oC for 50 h and water quenched.  In all, six samples were studied – S1-WQ, S1-

550, S1-700, S2WQ, S2-550 and S2-700.  



71 

5.4 Results and Discussion  

A summary of TEM results from the S1 alloy (Al0.3CrCuFeNi2) for different heat-treated 

conditions is shown in Fig. 5.1. The selected area diffraction pattern (SADP) from [110]fcc  zone 

axis (ZA) of the S1-WQ sample shows only the fundamental fcc reflections (Fig. 5.1(a)). The S1-

550 condition exhibited additional super lattice reflections at {001} and {011} positions in the 

[110]fcc diffraction pattern shown as an inset in Fig. 5.1(b). The corresponding dark field (DF) 

image recorded from the super-lattice spot marked with a circle in the SADP pattern clearly 

revealed the ordered L12 precipitates (Fig. 5.1(b)). These spherical precipitates ranged from 3-10 

nm in size. The S1-700 condition had much courser precipitates with more faceted cube-like 

morphologies as seen in the backscattered electron (BSE) SEM image shown in Fig. 5.1(c). 

Corresponding TEM results from this condition (S1-700) confirmed that these precipitates belong 

to the L12 intermetallic phase that is clearly revealed in the DF image shown in Fig. 5.1(d). The 

size of these precipitates has increased from ~3-10 nm in S1-550 to ~70-100 nm in S1-700. High-

resolution scanning TEM (HRSTEM) images from the S1-700 condition are shown in Figs. 5.1 

(g and h). The interface between the L12 precipitate and the fcc matrix has been outlined in Fig. 

5.1(g). Fig. 5.1(h) is a higher magnification image revealing the L12 ordering within the 

precipitate at atomic resolution. These coarse cuboidal L12 precipitates uniformly distributed 

within a disordered fcc solid solution matrix of HEAs mimic typical γ+γ’ microstructures 

observed in case of many Ni- and Co-base super alloys, and forms the basis of the excellent high 

temperature mechanical properties of these alloys [19-22].  
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Figure 5.1 Al0.3CrCuFeNi2 HEA (a) S1-WQ, selected area diffraction pattern (SADP) from zone 
axis (ZA)= [011] fcc  (b) S1-550, dark field image from the selected super lattice spot from the 
[110] fcc SADP shown as an inset in upper left corner (c) S1-700, SEM BSED image showing the 
γ-γ’ microstructure (d) and (e) show the SADP pattern from [100]fcc and [112]fcc showing the 
extra super-lattice spot.  (f) S1-700, dark field (DF) image from the selected super-lattice spot 
from the [110]fcc SADP shown in the inset.  
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Fig. 5.2 shows a summary of atom probe tomography (APT) results from the S1-700 

sample. An interface between the two phases is captured in the evaporated tip as show in Fig. 

5.2(a). The raw ion maps of all ions are shown and respectively marked in Figs. 5.2(b-f). A 9at% 

Al iso-surface is used to create an interface between the two phases as shown in Fig. 5.2(g). A 

proximity histogram has been generated across this interface to clearly reveal the partitioning of 

various elements. It was observed that while Al and Cu partition almost completely into the L12 

phase, the Fe and Cr largely persist in the matrix. The composition of the matrix phase is observed 

to be 39%Ni - 30%Cr-27%Fe-4%Cu while that of the L12 phase is 57%Ni-4%Cr-4%Fe-19%Cu-

16%Al. Based on these results, stoichiometry of the L12 phase in the S1-700 samples is 

(Ni,Cu)3(Al,Fe,Cr). A summary of TEM results from the S2 (Al0.3CrCoFeNi) alloy is shown in 

Fig. 5.3. The observations from S2-WQ and S2-550 (Figs. 5.3 (a and b) were very similar to those 

observed in case of S1-WQ and S1-550 (Figs. 5.1(a) and (b)) The [110]fcc ZA selected area 

diffraction pattern (SADP) recorded from the S2-WQ sample shows  the presence of a single 

phase fcc phase (Fig. 5.3 (a)). After annealing, the S2-550 sample exhibits precipitation of L12 as 

can be inferred from the presence of extra super lattice reflections at {001}and {011} positions 

in the ZA=[110] fcc and at {011} in ZA=[111]fcc SADP. The SADP and DF image for S2-550 are 

shown in the Fig. 5.3(b).  The size of the L12 precipitates in S2-550 was ~5 nm.  

 



74 

 

Figure 5.2 Al0.3CrCuFeNi2 S1-700 Atom probe results (a) reconstruction showing all ions, 
(b),(c),(d), (e) and (f) show the ion map of various elements at labeled (g) proximity histogram 
from a γ-γ’ showing the partitioning of various elements. 
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Figure 5.3 Al0.3CrCoFeNi HEA (a) S2-WQ, SADP pattern from [011] ZA in as solutionised 
condition (b) S2-550,  dark field image from the selected super lattice spot from the SADP shown 
in the inset from S2-550 (upper left – ZA=[011]) . Inset on upper right shows SADP taken from 
[111] ZA (c) S2-700, SEM BSED image showing the B2-γ microstructure (d) SADP, ZA=[110]B2 
from the grain boundary precipitate showing the super-lattice spot at {001} positions. (e) Bright 
field image from the grain boundary region showing the B2 precipitates on grain boundary and 
in the grain. Inset: DF image from the super-lattice spot encircled in yellow in the SADP shown 
in (d). B2 particles are lighted by in the image (f) and (g) show the  SADP patterns from [110]fcc 
and [111]fcc taken from the directionally aligned lath-like B2 precipitates shown in (e), a K-S 
orientation relationship is observed between the fcc matrix and B2 precipitates. 

 

In case of S2-700, the SEM micrograph showed grain boundary precipitation and some 

intergranular precipitation of coarse second phase precipitates exhibiting a lath-like morphology 

as shown in the BSED image in Fig. 5.3(c).  The composition of this Ni-Al rich second phase was 

calculated by spot energy dispersive spectroscopy (EDS) in the SEM to be Al = 20%, Cr = 16%, 

Fe = 16%, Co = 18%, Ni = 30% (all in atomic %). TEM results from the S2-700 sample are shown 
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in Figs. 5.3(d, e, f and g). SADP, from a grain boundary precipitate, that can be consistently 

indexed as the [110]bcc ZA is shown in Fig 3(d). Additionally, the presence of {001} superlattice 

reflections in this bcc diffraction pattern indicates that the grain boundary precipitates are B2 

(ordered bcc). Fig. 5.3(e) shows a bright field of a near grain boundary region. The fcc matrix 

does not have L12 ordering at this temperature instead sparsely precipitated B2 is observed. A DF 

image recorded from one of the {001}B2 superlattice reflections in Fig 5.3(d)  is shown in Fig. 

5.3(e) inset, where the lath-like precipitates are clearly highlighted. These B2 precipitates have a 

definite orientation relation (OR) with the parent fcc matrix. Fig. 5.3(f) and (g) recorded from one 

of the lath-like B2 precipitates together with the surrounding fcc matrix, clearly shows the perfect 

superposition of the [110]fcc ZA SADP from the matrix with the [111]bcc ZA SADP from the 

precipitate in Fig 5.3(f) and superposition of the [111]fcc ZA SADP from the matrix with the 

[110]bcc ZA SADP from the precipitate in Fig 5.3(g). This observation establishes a Kurdjumov-

Sachs (K-S) type of OR between the B2 precipitate and the fcc matrix [23]. 

Atom probe tomography was carried out to investigate the compositional partitioning in 

the S2-550 and S2-700 samples. The S2-550 sample exhibited fine scale domains of 

compositionally distinct regions (shown in Fig. 5.4(a)) whereas the matrix region in the S2-700 

sample appeared to be very homogenous in the atom probe reconstruction (Fig. 5.4(b)). A 1D 

compositional profile corresponding to the arrow shown in Fig. 5.4(a) is shown in Fig. 5.4(c). 

Alternating regions, richer in Ni and Al versus richer in Fe and Cr, are clearly visible in Fig. 

5.4(c). In contrast, the 1D composition profile plotted along the arrow shown in Fig. 5.4(b) 

corresponding to the S2-700 sample has been plotted in Fig. 5.4(d) and does not exhibit any such 

fine scale compositional modulation. This conclusively proves the presence of a single phase 

matrix in the S2-700 sample with coarse B2 precipitates (as revealed by the TEM results). The 
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elemental partitioning in S2-550 sample has been probed in further detail by constructing a 9% 

Al isosurface to create an interface between the 2 phases. The proximity histogram across this 

interface is shown in Fig. 5.4(e). Based on these composition profiles, the composition of the L12 

phase is Ni-51%, Cr-24%, Co-9%, Fe-8% & Al-8% while that of the fcc solid solution matrix is 

Ni-20%, Cr-26%, Co-23%, Fe-26% & Al-5% (all in atomic %). Thus, the possible stoichiometry 

for the L12 phase in this alloy is (Ni,Cr)3(Al,Fe,Co). Another important observation is that 

although the precipitation of a second phase has taken place in the S2-550 sample, the retained 

fcc solid solution matrix still retains a high entropy character with nearly equi-molar composition 

of Ni, Cr, Co, and Fe, and a small amount of Al. 

Microhardness investigations of both S1 and S2 alloys exhibited a clear age hardening 

response resulting from the precipitation of the second ordered phase in the matrix (refer to Table 

5.1). Hardness increased by 72% in the S1-550 sample and by 60% in S1-700 sample as compared 

to the S1-WQ sample. Reduction in the hardness could be due to the coarsening of the L12 

precipitates in the matrix in case of the S1-700 sample. Similar hardness increases were observed 

in the S2 alloy, where it increased by 42% in S2-550 and by 70% in S2-700. It is interesting to 

note that the hardness of this alloy did not decrease in this case even on dissolution of the refined 

L12 precipitates on increasing the annealing temperature from 550°C to 700°C, but rather 

increased. This hardness increase can be attributed to the precipitation of the hard intermetallic 

B2 phase on grain boundaries and in some intra-granular regions, as observed in the S2-700 

sample. 
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Figure 5.4 Al0.3CrCoFeNi Atom probe results  (a) S2-550, reconstruction showing all ions  (b) 
S2-700,  reconstruction showing all (c) 1-d profile along the arrow shown in (a), (c) 1-d profile 
along the arrow shown in (b), (e) proximity histogram from a γ-γ’ showing the partitioning of 
various elements in  550 oC for 150 h. 
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Table 5.1 Vickers Hardness at various aging treatments 
Hardness (Hv) 
Alloy/Ageing 
condition 

As 
solutionized 

550°C/150 
h 

700°C/50 h 

Al0.3CuCrFeNi2(S1) 171±05 294±9 273±011 
Al0.3CoCrFeNi (S2) 152±11 216±07 259±02 

 

5.5 Summary and Conclusion  

The results presented in this paper have important implications for the design of high 

entropy alloys (or complex concentrated alloys). The results presented here clearly demonstrate 

that not only is the nature of the ordered second phase precipitate dependent on the alloy 

composition, but also these ordered precipitates are stable over different temperature regimes for 

the same alloy composition. Thus, while a γ + γ' prime (L12) microstructure mimicking that of 

nickel or cobalt base superalloys, can be achieved in both the HEAs, Al0.3CoFeCrNi and 

Al0.3CuFeCrNi2, these γ' precipitates are only stable up to temperatures of 550-600°C, dissolve at 

higher temperatures (~700°C), and are replaced by ordered B2 precipitates in Al0.3CoFeCrNi. In 

contrast, the same type of γ'-L12 precipitates are stable up to 700°C in the Al0.3CuFeCrNi2 alloy. 

The L12 precipitates exhibit a stoichiometry of (Ni,Cu)3(Al,Fe,Cr) in Al0.3CuCrFeNi2 

while the stoichiometry changes to (Ni,Cr)3(Al,Fe,Co) in Al0.3CoCrFeNi alloy. Furthermore, even 

after precipitation of the L12 phase, the fcc solid solution matrix in case of the Al0.3CoCrFeNi 

alloy retains a high entropy character with four principal elements. Therefore, it is expected that 

the high entropy character of the matrix will retain its advantageous properties such as sluggish 

diffusion, hindered dislocation movement etc. with the added strengthening role of the ordered 

second phase precipitates. 
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CHAPTER 6 

 GRAIN GROWTH IN HIGH ENTROPY ALLOYS 

6.1 Abstract 

This chapter focuses on the grain growth and kinetics of the fcc-based AlxCoCrFeNi 

(x=0.1 to 0.3) high entropy alloy system. An increase in apparent activation energy for grain 

growth is observed with increasing Al content. Cluster hunting algorithm in atom probe data 

showed clustering of Al atoms in Al0.3CoCrFeNi. However, this clustering tendency is not seen 

in Al0.1CoCrFeNi where grain growth kinetics is much faster. The cluster drag effect produced 

by the Al clusters inhibiting grain boundary (GB) migration could explain the sluggish grain 

growth in Al0.3CoCrFeNi as compared to Al0.1CoCrFeNi.  

6.2 Introduction 

Alloy development has been based mostly on choosing a single major element called the 

principal element and further adding minor elements to improve their properties. For instance, 

Cr, Ni, and Mo are added in small proportions into steels, to enhance various structural properties. 

On contrary, the newer alloy systems, high entropy alloys (HEAs), which are also known as multi-

principle element (MPE) alloy, consist of four-plus constituent elements added in equiatomic 

ratios. Despite the inherent complexity of these alloys due to their chemistry, the final 

microstructural product has often been reported to be simple and very similar to conventional 

alloys. With the advent of MPEs or HEAs, various fundamental issues have emerged, challenging 

the conventional believes from years. The role of  configurational entropy in stabilizing 

equilibrium phases being one of them. The understanding of diffusion and kinetics in case of 

highly saturated solvent/solute confused systems (HEAs) need an update and revival from the 

orthodox understanding of solvent-rich and solute-lean systems like conventional alloys. In 
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addition, novel properties such as excellent specific strength, superior mechanical performance 

with enhanced ductility and fracture toughness at cryogenic temperatures, and evidence of 

superconductivities [1, 2] still need proper explanations and extended research.  

Grains boundaries (GBs) mark the geometric transition from one crystalline orientation to 

another in a polycrystalline solid. Considering that most metals and ceramics are polycrystalline 

in nature. GB regions can act as internal surfaces to initiate phase transformation and precipitation 

reactions, and they can also act as source or sink or any atomic defect. GB and grain size 

engineering have been very important fields of research for many decades. Their influence in 

crystalline solids has been very pronounced on almost all the properties of polycrystalline bodies. 

Grain size can also affect the kinetics of all solid-state processes that occur therein. Hence, 

understanding and controlling grain growth is very important. Most polycrystalline materials rely 

on grain size and GB distribution for strength, toughness or formability. Thus, understanding the 

kinetics of GBs in HEAs becomes even more interesting and intriguing due to the added 

complexity of the rate-determining element. The various sources that can influence grain 

boundary motion are stored deformation energy (~10MPa), grain boundary energy (~10-2 MPa), 

surface energy (~10-4 MPa), chemical driving force (~102 MPa), magnetic driving force (~10-4 

MPa), elastic energy (~10-4 MPa), and temperature gradient (~10-5 MPa). [3] 

The concave side of a GB curved surface has atoms more completely surrounded by their own 

crystal than atoms on the convex side. The thermal motion will cause a net flow of atoms from 

the convex side to the concave side as the atoms are more stable this side of the curvature. Hence 

the boundaries will migrate towards the center of curvature.  

The free energy of the system is reduced by grain growth through the process of GB migration, 

resulting reduction ofthe total GB area. GB movement is mostly a “short” diffusion process 



84 

involving atoms or ions moving across the boundary and merging into the orientation of the 

progressing grain. 

The difference in the curvature (internal pressure difference) provides the driving force 

for grain growth at the cost of others (reducing the grain boundary area). 

∆𝑷𝑷 =
𝜶𝜶.𝜸𝜸𝑮𝑮𝑮𝑮
𝑮𝑮

= 𝑭𝑭𝑮𝑮𝑮𝑮 

∆P – Difference in pressure between adjacent grains 

α – Geometric factor 

γ – Grain boundary energy 

G – Grain size 

The kinetics of grain growth has been quantified by analyzing grain size as a function of 

isothermal annealing time for the three different temperatures in accordance with the classical 

theory for grain growth [4,5,6]. The local velocity of the grain boundary at any point is 

proportional to the local curvature (elastic strain is ignored).  

For a given temperature: 

  
𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅

=  𝒌𝒌
𝒅𝒅

          (1) 

Hence a parabolic relation can be established between time and grain diameter:  

𝒅𝒅𝟐𝟐 − 𝒅𝒅𝑫𝑫𝟐𝟐 = 𝒌𝒌𝒅𝒅𝟏𝟏         (2) 

where D is the instantaneous grain size; Do is the initial grain size; t is time; and k is a 

kinetic constant that depends largely on the temperature and grain boundary energy.  

Equation (2) has often been generalized for solute-containing and non-ideal grain growth 

type systems where grain growth is not a parabolic function and the exponent of d varies from 2 

to 4. In general  

 𝒅𝒅𝒏𝒏 − 𝒅𝒅𝑫𝑫𝒏𝒏 = 𝒌𝒌𝒅𝒅         (3) 
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equation (3) has been the widely accepted form of the grain growth equation. The value of n 

determines the mechanism and k defines the diffusion processes. A wide range of values for the 

exponents has been found. Beck, Kremer, Demer and Holzworth, who first used this methodology 

to plot (D- Do vs ktN, where N=1/n)) reported that the exponent of time (t) increased from about 

0.09 in high purity aluminium at 400°C to 0.32 at 600°C [5]. In an Al alloy containing 2% Mg, 

they observed that the exponent varied from 0.17 to 0.45 within the same temperature range [5]. 

In commercially pure alpha-brass, Beck and Burke agreed that the exponent is independent of 

temperature with a value of about 0.2 [7]. On the other hand, Burke noted that in very high purity 

alpha-brass, the exponent of (t) increased from about 0.35 to a little over 0.5 over a temperature 

range of 500° to 850°C with the value increasing with temperature [7]. Miller studied grain 

growth in a number of carbon steels between 815° and 1250°C, and reported values for n ranging 

between 0.08 and 0.22 [8]. The deviation of value of the N from 0.5 was explained by Grey and 

Higgins [9,10] who proposed the presence of clustered atoms can impose a dragging force and 

inhibits grain growth as the atoms are unable to diffuse with the grain boundary. 

Bolling and Winegard first (1958) investigated the effect of impurities (tin, silver and gold) on 

grain growth on a zone-refined lead [11, 12]. Activation energies and rate constants obtained for 

the process increased with the concentration of the second element. In general, grain growth was 

retarded to an increasing extent from tin to silver to gold.  

Common experience is that even small amounts of impurities reduce drastically the 

velocity of grain boundary motion. This has been interpreted theoretically by the drag effect of 

impurities owing to their joint motion with the boundary [13-17]  

In addition to dissolved impurities, small particles of a second phase constitute one of the 

most effective drag factors in grain boundary migration. The drag by particles on a moving grain 
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boundary is usually considered in the Zener approximation, where the particles act as a stationary 

pinning center for the boundaries [16, 18]. However, it is well known that inclusions in solids are 

not immobile and that particle mobility increases drastically with decreasing particle size. 

Therefore, small particles can move along with the boundary and severely affect grain boundary 

migration. 

6.3 Experimental Procedure 

Alloys with nominal chemical composition Al0.1CoCrFeNi, Al0.2CoCrFeNi and 

Al0.3CoCrFeNi were prepared by conventional arc melting, and microstructural characterization 

was performed using scanning electron microscopy (FEI Nova-NanoSEM 230™), and 3D atom 

probe tomography (3DAP; LEAP 3000x HR®). All compositions were cold-rolled by 90% and 

aged at 950oC, 1077oC and 1150oC for various times, followed by water quenching (Table 6.1). 

The different grain sizes obtained after the heat treatments were measured using Image J software 

after taking five SEM micrographs from each condition covering at least 100 grains from each 

sample. Cluster identification technique used on atom probe data is described in the results 

section.  

Table 6. 1 Alloy composition, heat treatment and grain sizes 
Al0.1CoCrFeNi 

Temp D (microns) 
t 

(sec) 
 
950  ͦC 
 

103 2400 
133 4800 
163 7200 

 
1075  ͦC 
 
 

125 300 
202 1800 
225 2700 
239 3600 

 
1150 ͦC 
 

124 300 
175 500 
241 1500 

Al0.2CoCrFeNi 
950 ͦC 19.6 600 
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30 1800 
35 3600 

1075 ͦC 
 
 

140 600 
189 1200 
231 1800 

1150 ͦC 
 
 

152 300 
185 600 
235 1800 

Al0.3CoCrFeNi 
950 ͦC 
 
 
 

5.7 300 
6.8 600 
7.6 900 
9.3 1800 

1075 ͦC 
 
 
 
 
 

40 600 
67 1800 
84 2700 
103 3600 
115 5400 
126 7200 

1150 ͦC 
 
 
 
 

23 120 
51 300 
81 900 
104 1800 
144 3600 

 

6.4 Results and Discussion 

6.4.1 Activation Energy Calculation 

Equation (3) has been the widely accepted form of the grain growth equation. The value 

of n determines the mechanism, and k defines the diffusion processes. The higher values of n, 

like 3, have been reported in systems where solute drag is important in controlling grain growth. 

The values of Do and n are typically obtained via regression analysis applied to the experimentally 

determined grain growth data. In the present case, the grain growth data obtained from the Al0.1, 

Al0.2 and Al0.3CoCrFeNi HEAs were modeled using equation (3). Regression analysis led to the 

best value of Do and n that fits the Dn-Don vs t curve linearly at all three temperatures to be Do=4.0 
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and n=3.0. Since the starting material is a cold-rolled plate, the grains start to recrystallize rather 

rapidly at the onset of annealing.  

With Do=4.0 μm and n=3.0, the grain growth data at the three different temperatures 

(950oC/1223K, 1075oC/1348K and 1150oC/1423K) as a function of annealing time are shown in 

Fig. 6.1, 6.2  and  6.3 (a,b and c) for Al0.1, Al0.2 and Al0.3, respectively. The values of the kinetic 

constants for grain growth at the different temperatures (slope of the curve) have been determined 

(slopes of the curves) and are tabulated in Table 6.2. The activation energy for grain growth can 

be thus calculated from the kinetic constant values obtained at the three different temperatures, 

using Arrhenius’ equation shown below: 

k=Ae-Ea/(RT)       (4) 

where in this case k is the rate constant for grain growth and depends on the absolute temperature 

T (in Kelvin), A is the pre-exponential factor, Ea is the activation energy, and R is the universal 

gas constant. 

Taking the natural logarithm and rearranging the terms yields: 

ln(k)= Ea / R (1/T) + ln(A)      (5) 

The plots of ln k vs 1/T for Al0.1, Al0.2 and al0.3 are shown in Fig. 6.1, 6.2 and 6.3 (d), 

respectively. The slope of the linear fit to the data multiplied by R (gas constant) gives the 

apparent activation energy that was computed to be 206, 494 and 568 kJ/mol for Al0.1, Al0.2 and 

Al0.3, respectively. The activation energy of most single-phase metals is in the range of 50-700 

kJ/mol [18]. Only a few reports of activation energies for HEAs have been published. Liu et al. 

reported a value of 327 kJ/mol for FeCrNiCoMn [19], and Juan et al. reported a value of 389 

kJ/mol for HfNbTaTiZr [20]. The high activation energy results in very sluggish diffusion in these 
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high entropy alloys, which in turn hinders rapid grain growth, as often observed in most single 

phase metals.  

 

Figure 6.1 (a, b, c) plots showing grain diameter (μ) raised to the power of three vs times (sec) 
at 950 o C, 1075 o C and 1150 o C for Al0.1CoCrFeNi (d)  Natural log of slopes of (a, b and c plots) 
is plotted with inverse of Temperature (K) to calculate the activation energy for grain growth 
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Figure 6.2 (a, b, c) plots showing grain diameter (μ) raised to the power of three vs times (sec) 
at 950 o C, 1075 o C and 1150 o C for Al0.2CoCrFeNi (d)  Natural log of slopes of (a, b and c plots) 
is plotted with inverse of Temperature (K) to calculate the activation energy for grain growth. 

 

Figure 6.3 (a, b, c) plots showing grain diameter (μ) raised to the power of three vs times (sec) 
at 950 o C, 1075 o C and 1150 o C for Al0.2CoCrFeNi (d)  Natural log of slopes of (a, b and c plots) 
is plotted with inverse of Temperature (K) to calculate the activation energy for grain growth. 

 

Table 6.1 Grain growth constant at three different temperature for three different compositions   
Al0.1CoCrFeNi 
Temp k (μ3/sec) ln (k) 1/T (1/K) 
1223 559.23 -35.12 0.00082 
1348 4042.6 -33.142 0.00074 
1423 9362.1 -32.302 0.0007 
Al0.2CoCrFeNi 
Temp k (μ3/sec) ln (k) 1/T 
1223 12.505 -38.92 0.000818 
1348 6336.3 -32.692 0.000742 
1423 7645.7 -32.505 0.000703 
Al0.3CoCrFeNi 
Temp k (μ3/sec) ln (k) 1/T 
1223 0.413 -42.331 0.000668 
1348 274 -35.833 0.000617 
1423 776.74 -34.791 0.00059 
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6.4.2 Cluster Analysis by Atom Probe Tomography 

A common test of randomness is the observation of binomial distribution of the 

concentration of atoms. The binomial distribution closely represents the random distribution of 

events in nature. The bell-shaped binomial distribution is characterized by its mean value and its 

spread on both sides of the mean value [21,22]. In case of APT microscopy, the mean value 

represents the bulk composition of the chosen atom, and the spread depends on the total number 

of atoms in a sampling block. 

In IVAS software package, a ‘defect-free’ volume was chosen for cluster hunting and 

subsequent cluster analysis. The first step is to check deviation from randomness by comparing 

deviation to the binomial distribution. Every 100 ranged atoms are examined to calculate the 

concentration of atoms within the sampling block. The output of this procedure is a table for the 

chi-square value, normalized chi-square value (μ), and a probability value (p) for each species. 

The lower the value of p, the higher the probability of a species being deviated from random. 

When the p value is flagged in red, it is significantly deviating from randomness. If the p value is 

not flagged as red, the inference is that the species is not deviating from random, and thus is not 

clustered.  

Of the 5 (five) parameters or values in IVAS for cluster analysis procedure, the most 

important are dmax, the maximum atom-to-atom distance for the particular species and Nmin, the 

minimum number of atoms of the species in a cluster. Since clusters are relatively small in size, 

the product was limited to the next nearest neighbors (i.e., N=1) since higher order (N>1) are not 

suitable for small clusters. These values were obtained by iteration in the IVAS. The process is 

explained here briefly. The initial value of dmax was the intersection value of the random and 

observed distribution of the nearest neighbor distribution. This value of d is used in the next step, 
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which is to calculate cluster size distribution. The minimum size (Nmin) is the x-axis value where 

the count is zero for random distribution. The assumption is that above this value of Nmin, all 

clusters are ‘real’ or above the randomly occurring clusters in a system. The value of Nmin is input 

in the next step, which is the cluster count procedure. From the plots generated from this step, the 

new value of dmax corresponds to the highest difference of number of clusters between the actual 

data and the random data. This dmax value again goes as input in the earlier step of Nmin calculation, 

and the iteration process continues until a steady state value of each parameter is obtained.  

 

Figure 6.4 (a) (a) atom probe reconstruction from Al0.1CoCrFeNi (top left image), a magnified 
view of the highlighted region from the reconstruction is shown in center and binomial and 
observed distribution of Al atoms in the highlighted region (top right image). (b) Atom probe 
reconstruction from Al0.3CoCrFeNi (bottom left image), a magnified view of highlighted region 
from the reconstruction (in center) and binomial and observed distribution of Al atoms in the 
selected region (bottom right). 



93 

The two other parameters are, namely L and dzero (E). L is the envelop distance that is used 

to encompass other species of atoms within the clusters whereas dzero (E) is an erosion distance 

from the surface or outermost solute atom of the cluster to remove the other solute atoms from 

the cluster. For simplicity, these two parameters are taken as same as dmax.            

Figure 6.4 (a) and (b) shows the reconstruction from Al01 and Al0.3, respectively, where 

all ions are displayed in different colors. Defect-free regions are chosen for the cluster analysis as 

described above. The distribution of the ions matched with theoretical random binomial 

distribution. In the Al0.1 alloy, none of the species were flagged as non-random. As a result, no 

cluster hunting was done on this alloy. For the Al0.3 alloy, Al was flagged as non-random in two 

different sections (30 nm × 30 nm × 40 nm) of the original data-set. As a result, cluster analysis 

was done for these two sections. After optimizing the parameters dmax and Nmin, actual cluster 

analysis was performed. The dmax was 0.84 nm, and Nmin was 33 ions after optimization. No 

clusters in this volume were 30, and cluster density was calculated to be 8.33×10-4. Average 

volume of the clusters was 88 nm3, average diameter was 5.2 nm, and average composition was 

39Al-15Cr-14Fe-16Ni-16Co. A visualization of the clusters in Fig. 6.4 (b) uses different colors 

to show different clusters.  

6.5 Summary and Conclusion 

Grain growth at three different temperatures exhibits a classical power law behavior, with 

apparent activation energy of Al0.1, Al0.2 and Al0.3 calculated to be 206, 494 and 568 kJ mol−1, 

respectively. The power law exponent 3 suggests that solute drag effect has a substantial influence 

on grain growth in addition to the interfacial tension at grain boundaries. Cluster analysis via atom 

probe shows clustering of Al atoms in Al0.3CoCrFeNi, not seen in Al0.1CoCrFeNi, thus 

substantiates the hypothesis of cluster drag slowing grain growth kinetics. 
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CHAPTER 7 

OPTIMIZING THE MICROSTRUCTURE‡ 

7.1 Abstract 

A successful demonstration of applying integrated strengthening using Hall-Petch 

strengthening (grains size effect) and precipitation strengthening is shown in the fcc based high 

entropy alloy (HEA) Al0.3CoCrFeNi, leading to quantitative determinations of the Hall-Petch 

coefficients for both hardness and tensile yield strength, as well as the enhancements in the yield 

strength from two distinct types of ordered precipitates, L12 and B2. An excellent combination of 

yield strength (~490MPa), ultimate tensile strength (~850 MPa), and ductility (~45% elongation) 

was achieved by optimizing and coupling both strengthening mechanisms, resulting from a 

refined grain size as well as both L12 and B2 ordered precipitates. This opens up new avenues for 

the future development of HEAs with the appropriate balance of properties required for 

engineering applications. 

7.2 Introduction 

High-entropy alloys (HEAs) were originally defined as single phase solid solutions [1, 2, 

3 & 4] consisting of at least five principal elements in equimolar ratios with elemental 

compositions typically between 5–35 atomic percent (at. %).  These alloy systems have fascinated 

many researchers in last decade, especially due to their remarkable mechanical strength, 

resistance to corrosion, and creep properties [3, 4, 5, 6 & 7].  In spite of complex compositions, 

these alloy systems have often displayed simple microstructures and crystal structures due to high 

entropy of mixing. However it should be noted that if N is the number of alloying elements, the 

                                                 
‡ The entire chapter is reproduced from, B. Gwalani, Vishal Soni, Michael Lee, S. A. Mantri, Yang Ren, and R. 
Banerjee. "Optimizing the coupled effects of Hall-Petch and precipitation strengthening in a Al 0.3 CoCrFeNi high 
entropy alloy." Materials & Design 121 (2017): 254-260, with permission from Elsevier. 
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entropy of mixing increases as N ln N, whereas the chances to form chemical order at lower 

temperatures which depends on the interacting pairs increases with N2, which is much faster.  

Thus, investigations of chemical and structural stability of these alloys and the unique structure-

property relationship are alone intriguing. The deformation results, in particular have an 

imperative engineering role. 

The superior thermal stability of HEAs has been explained by the sluggish-long range 

diffusion [8] due to absence of any major diffusing element and the requirement of cooperative 

diffusion of atoms of different species to facilitate appropriate structural partitioning.  Therefore 

processes like crystallization, grain growth, and precipitation that are inherently diffusion 

dependent are also expected to be slow in these systems.  

Refractory high entropy alloys (body centered cubic crystal structures) have offered 

strength value as high as ~1.4 GPa [9] mainly owing to solid solution strengthening. In face-

centered cubic (fcc) HEAs, yield strength values have mostly been in the range of 150-350 MPa 

at room temperature [10, 11]. 

A recent article by He et al. [12] discussed the applicability of various strengthening 

mechanism like solid solution, grain boundary, dislocation, and precipitation strengthening etc. 

in Al/Ti containing CoCrFeNi based high entropy alloys. The authors showed an increase of ~325 

MPa in yield strength due to precipitation strengthening (Ni-Al-Ti based ordered L12 precipitates) 

and further increment of ~300 MPa due to added grain boundary and dislocation strengthening. 

Lu et al. [13, 14] showed the strengthening due to L12 and B2 in a near eutectic and eutectic alloy 

based on AlCoCrFeNix system. In their report, the combination of softer fcc/L12 phase and hard 

B2 resulted in well balanced strength and ductility combinations. 
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To examine the grain growth kinetics and microstructure stability in HEAs and their 

influence on structural properties, we selected the Al0.3CoCrFeNi alloy with a single fcc structure 

for the current study. A demonstrative approach to grain size optimization and its influence on 

hardness and yield strength is presented in this study. Further strengthening beyond just increasing 

the grain boundary area can be achieved by dislocation pinning by fine-scale precipitates.  

Strengthening due to formation of fine-scale secondary phase is also clearly presented in this 

study. A combined effect of coherent intra-granular fine scale precipitates and semi-coherent or 

incoherent intergranular precipitates coupled with grain boundary strengthening was found to 

boost the yield strength value without much compromise on ductility. 

7.3 Experimental Procedure  

An alloy with the nominal chemical composition Al0.3CoCrFeNi was prepared by a 

conventional arc melting route and microstructural characterization was performed using 

scanning electron microscopy (FEI Nova-NanoSEM 230™), coupled with energy dispersive 

spectroscopy (EDS) and electron backscattered diffraction (EBSD) detectors and transmission 

electron microscopy (FEI Tecnai G2 TF20™ operating at 200 kV). TEM lifted-out samples were 

prepared using an FEI Nova 200 dual beam focused ion beam (FIB). The alloy was cold rolled 

by 90%, were encapsulated in quartz tubes backfilled with argon and solutionized at 950 °C 

(1223K) for 5 mins, 10 mins, 15 mins and 30 mins, at 1075°C (1348K) for 10 mins, 30 mins, 45 

mins, 60 mins, 90 mins and 120 mins and at 1150 °C (1423K) for 2 mins 5 mins, 30 mins and 60 

mins followed by water quenching to obtain a variety of grain sizes. The grain sizes were 

measured using the TSL OIM™ software for analyzing grain maps obtained from EBSD data. 

Samples solutionized at 1150 oC for 60 mins were aged at 550 °C for 150 h and 700 °C for 50 h 

and water quenched to study the precipitation of secondary phases within the fcc matrix. After 
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microstructural analysis, an optimized solution treatment was carried out at 1150oC for 2 mins 

followed by aging at 620 oC for 50 h and subsequently water quenched. The room-temperature 

Vickers microhardness was measured with a load of 10 N, and at least 10 points were tested on 

each sample. The tensile tests were carried out by setting the initial strain rate at 10−3 s−1, with 

respect to change in length. For each test performed, the strain rate variation was noted to be less 

than 1 % from the desired strain rate. These tests are quasi-static tests which used a LVDT (linear 

variable displacement transformer) extensometer. These tensile test specimens (gauge length ~ 3 

mm, width ~ 1 mm and thickness ~ 0.5–1 mm) were machined from the heat-treated samples 

using electric discharge machine (EDM). At least three independent tests were carried out to 

obtain tensile elongation and strength data. The synchrotron transmission –x-ray diffraction 

experiments was performed on the 11-IDC beam-line (111 keV, λ = 0.11165 Å) of the Advanced 

Photon Source (APS) at Argonne National laboratory (ANL) on specimens with dimensions of 5 

mm × 5 mm × 0.5 mm (thickness). A CeO2 standard (NIST diffraction intensity standard set: 

674a) was used to calibrate the distance between sample and the 2D detector, the detector tilting 

angle, and position of the beam center. The scattered radiation was collected on a Perkin Elmer 

2D detector system. The 2D diffraction data were integrated and converted to an intensity vs. two-

theta (2θ) plot using the program Fit-2D. 

7.4 Results and Discussion 

Figure 7.1(a) show a series of representative pseudo-colored orientation imaging 

microscopy (OIM) grain maps acquired using standard EBSD techniques. The figure exhibits the 

grain size evolution as a function of temperature at 950, 1075 and 1150 °C for different aging 

time periods (5 mins to 120 mins). The grain size distribution (area fraction (AF) on y axis vs 

grain size (μm) on x axis) is shown in the inset of each OIM map. The grain size distribution in 
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some cases is off-random that could be due to various reasons requiring separate detailed analysis 

and experimentation in these compositionally complex high entropy alloys. The average grain 

diameter was used for comparing the grain sizes in each case. The grain size increases with aging 

time and temperature, and grains grow more rapidly as the aging temperature increases. The 

resulting grain sizes are listed in Table 7.1.  

Table 7.1 Grain size vs aging treatment 
Temperature (K) t (sec) d (µm) 
1223 300 5.7  

600 6.8  
900 7.6  
1800 9.3 

1348 600 40 
 1800 67 
 2700 84 
 3600 103 
 5400 115 
 7200 126 
1423 120 23 
 300 35 
 900 81 
 1800 104 
 3600 144 

 

The Al0.3CoCrFeNi alloy exhibits a single fcc structure before and after high-temperature 

aging [15] for all combinations for temperatures and times. The effect of grain coarsening was 

evaluated via Vickers microhardness measurements. Within the current range of grain sizes, the 

hardness values closely follow the classical Hall–Petch relationship [16] as shown in Figure 

7.1(b). 

Hv=Hvo+KHvd-1/2;                                     (1) 

where Hvo is the intrinsic hardness of the alloy, d is the average grain size and KHv is the 

Hall–Petch coefficient. 
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Figure 7.1 The OIM maps showing the grain size evolution as a function of temperature at 1223 
K, 1348 K and 1423 K for different aging time periods (5 mins to 120 mins) in Al0.3CoCrFeNi 
alloy.  The grain size distribution plots (area fraction (AF) on y axis vs grain size (μm) on x axis) 
is shown in the inset of each OIM map 
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The Hall–Petch coefficient KHv for the Al0.3CoCrFeNi alloy, which is the slope of the curve, was 

determined to be 227 Hv μm0.5. The intercept of the curve (Hvo), which denotes the hardness of 

an infinitely large grained material is 111 Hv for this alloy.   Z. Wu et al. [17] have shown the 

change in Hall-Petch intercept and Hall-Petch slope on going from pure Ni (intercept = 69 Hv, 

slope= 34 Hv μm0.5) to Ni-Co (intercept = 62 Hv, slope= 167 Hv μm0.5) to Ni-Fe-Co (intercept = 

97 Hv, slope= 131 Hv μm0.5) to Fe-Ni-Co-Cr (intercept = 118 Hv, slope= 165 Hv μm0.5). The 

addition of Al to Fe-Ni-Co-Cr, case of the alloy in the present study, has further increased the 

slope from 165 Hv μm0.5 to 227 Hv μm0.5. Sriharitha et al. [18] have discussed the effect of Al on 

increasing the hardness in the AlxCoCrCuFeNi system. 

Additionally, the effect of grain size on the tensile yield strength (YS) has been 

independently investigated via tensile tests carried out for three different grain sizes. The 

corresponding stress-strain plots are shown in Figure 7.2(a). The alloy possesses an excellent 

strain-hardening capability and thus exhibits very high ductility. The YS increased from ~160 

MPa to ~260 MPa by Hall-Petch strengthening due to grain size reduction as shown in Figure 

7.2(b). The tensile yield strength can also be expressed using a Hall-Petch relationship as given 

below: 

σHP= σ0 +Kσd-1/2;                                     (2) 

Based on equation (2), the Hall-Petch coefficient, Kσ and intrinsic yield strength of the 

alloy σ0, were calculated to be 824 MPa (µm0.5) and 95 MPa, respectively. Otto et al [11] reported 

Kσ to be 538 MPa (µm0.5) and 494 MPa (µm0.5) at -196°C and 25°C, respectively for the 

CoCrFeMnNi HEA. Stepanov et al. [19] reported a Kσ value of 935 MPa (µm0.5) for 

CoCrFeMnNi HEA containing 1 at % C suggesting a very pronounced increase due to addition 
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of carbon. The current alloy, which is interstitial free, also shows a high value for Kσ similar to 

the recent report [19]. 

 

Figure 7.2 Vickers hardness (Hv) as a function of root squared grain size (μm-1/2) in the 
Al0.3CoCrFeNi alloy. 

 

Since the Al0.3CoCrFeNi HEA is amenable to precipitation of ordered phases, as reported 

earlier [9, 10, 20-23], the influence of such precipitation on further strengthening of this alloy has 

been investigated. A relatively larger initial grain size was chosen to investigate the potential 

influence of precipitation strengthening in this alloy. The solution treated (1150°C/60mins) 

microstructure consists of a single phase fcc which is evident from the selected area electron 

diffraction (SAED) patterns (Figure 7.3(a) and Figure 7.3(b)) exhibiting solely the fundamental 

fcc spots in the [001] and [011] zone axes respectively. Figure 7.3(c) shows the TEM results from 

the 550°C/150hrs aged condition.  Extra super lattice reflections are observed at {001} and {011} 

positions in the [011] fcc zone axis as shown in the inset in Figure 7.3(c) indicating the presence 

of L12 ordering within the fcc lattice. The dark-field image recorded from a {001} super-lattice 

reflection (marked on the inset diffraction pattern) is shown in Figure 7.3(c). Fine scale L12 
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ordered precipitates are uniformly distributed within the matrix. Figure 7.3(d-h) show the results 

from the 700°C/50hrs aged condition where the fine scale globular L12 precipitates have 

dissolved, but a morphologically different phase is seen in the SEM image (Figure 7.3(d)) largely 

in the vicinity of grain boundaries. This SEM image shows a grain boundary triple junction with 

a grain boundary phase and lath-like precipitates within the matrix near the boundary (higher 

magnification image shown as an inset of Figure 7.3(d)). A FIB lift out was made from a region 

marked by the red box in the SEM image. Figure 7.3(e) shows the bright field TEM image of the 

grain boundary and near grain boundary region. The ordered spots are absent in the SAED 

patterns corresponding to ZA= [112]fcc and [011]fcc shown in Figure 7.3(f) and (g) recorded from 

the matrix region away from the lath-like precipitates. The SAED pattern from one of the lath-

like precipitates is shown as an inset in Figure 7.3(h) that can be consistently indexed as the [011] 

ZA diffraction pattern of the B2 phase. More details regarding the precipitation of the ordered B2 

phase in this alloy have been reported elsewhere [15]. 

Figure 7.4(a) shows the stress-strain plots from three different heat treatment conditions, 

solution treated (1150°C/60mins), followed by aging at 550°C/150hrs and 700°C/50hrs. The 

increase in yield and tensile strengths after precipitation of the ordered phases is evident from 

these stress-strain plots. Both yield strength (YS) and ultimate tensile strength (UTS) are observed 

to increase after the aging treatments as shown in Figure 7.4(a). The YS increased from ~159 

MPa to ~285 MPa in case of the 550°C/150hrs aging and from ~159 MPa to ~215 MPa in case 

of the 700°C/50hrs aging. UTS increased from ~410 MPa to ~540 MPa in case of 550°C aging 

and to ~520 MPa in case of 700°C aging.  Therefore, the improvement in YS due to second phase 

precipitation within the fcc matrix was ∆σ ~ 126 MPa for the L12 precipitates, and ∆σ ~ 56 MPa 

for the B2 precipitates. It should be noted that the yield strength enhancements reported in this 
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section for L12 and B2 precipitates correspond to relatively larger fcc grain sizes resulting from 

the longer solution treatment time (1150°C/60mins). Since this alloy clearly exhibits grain 

boundary strengthening, the coupled effect of Hall-Petch strengthening and precipitation 

strengthening can potentially be exploited more effectively. Based on these results, it is possible 

to formulate a new expression for the yield strength of these alloys as shown below: 

σy= σ0 +Kσd-1/2 + ∆σL12 + ∆σB2;                      (3) 

where, ∆σL12 and ∆σB2 correspond to the increase in the yield strength resulting from 

the L12 and B2 precipitates respectively. Thus, reducing the fcc grain size in the matrix for this 

alloy and subsequently precipitation hardening involving both types of ordered precipitates (L12 

and B2), could potentially lead to higher yield and ultimate tensile strengths. 

 

Figure 7.3 (a) Stress-strain plot from Al0.3CoCrFeNi alloy from three different grain sizes 
obtained by different times of aging at 1150 oC after cold rolling as labelled (b) yield strength as 
a function of grain size. 
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Figure 7.4 . (a and b)TEM SADP from [001]fcc and [011]fcc zone axis from solution aged (SA) 
condition (1150 oC/60mins) respectively (c) TEM-dark-field image recorded from a {001} 
superlattice reflection (marked on the inset diffraction pattern) in SA+550oC/ condition (d) SEM 
BSED image from SA+700oC/50h condition from a grain boundary triple junction showing the 
lath like precipitates (Higher magnification image shown as an inset) (e) the bright field TEM 
image of the grain boundary and near grain boundary region lifted out from a rectangular region 
highlighted in (d) in SA+700oC/50h condition . (f)-(g) TEM SADP from [112]fcc and [011]fcc zone 
axis from a region highlighted in (e). (h) TEM-dark-field image recorded from a {001} 
superlattice reflection (marked on the inset diffraction pattern) in SA+700oC/150h condition. The 
SADP in inset can be consistently indexed as the [011] ZA diffraction pattern from a B2 phase. 

 

Therefore, an optimized solutionization temperature with a fully recrystallized but finer 

grain structure was chosen and subjected to subsequent precipitation annealing/aging treatment. 

The aging temperature was also strategically chosen to potentially achieve strengthening via a 

combination of both coherent fine scale precipitates of L12 within the fcc matrix and semi-

coherent or incoherent grain boundary or near grain boundary precipitation of B2. An as cast and 

homogenized sample of the Al0.3CoCrFeNi alloy, after 90% cold rolling was subsequently 
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recrystallized at 1150°C for 2 mins, followed by aging at 620°C for 50h. The synchrotron X-ray 

diffraction results from the as recrystallized/solutionized condition and the 

recrystallized/solutionized plus aged (620°C for 50h) condition are shown in Figure 7.5. It can be 

noticed that in the as solutionized condition only the fundamental fcc diffraction peaks are 

observed while in the solutionized plus aged condition, extra superlattice peaks are clearly visible. 

These superlattice peaks correspond to the L12 and B2 phases, and can be accordingly  

 

Figure 7.5 Stress-strain plot from Al0.3CoCrFeNi alloy  from three different heat treatment 
indexed in the x-ray diffraction pattern. 

Figure 7.5 also shows insets of the corresponding BSE - SEM images from these two 

conditions where grain boundary precipitation is observed in the solutionized plus aged condition 

(1150°C for 2 mins + 620°C for 50h). These grain boundary precipitates are likely to be B2 

precipitates, based on their morphology and contrast, and comparing them with similar 

precipitates observed in case of 700°C/50h aging (Figure 7.2 (h)). The tensile mechanical 

behavior of these two conditions is shown in Figure 7.6. It should be noted that the stress-strain 

plot for the as recrystallized/solutionized has already been shown in Figure 7.2(a), but is being 

repeated in Figure 7.6 for comparison of the mechanical properties before and after precipitation. 
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The solution treated plus aged condition (CR + 1150°C/2mins + 620°C/50h) shows a substantial 

improvement in YS (~490MPa) while maintaining a high ductility (~45%). Such a remarkable 

combination of YS and ductility is noteworthy for an fcc-based HEA. Additionally, it should be 

noted that while the Al0.3CoCrFeNi alloy has been widely investigated in the literature [9, 10, 18-

21], the combined effect of Hall-Petch strengthening and precipitation hardening (via two distinct 

types of ordered precipitates) has not yet been exploited. 

 

Figure 7.6  X-ray diffraction results from synchrotron X-ray diffraction experiments on CR + 
1150 oC/2mins) and CR + 1150 oC/2mins +620 oC/50h samples as labeled in the figure. The 
insets on the right hand side of the X-ray plots show the BSE-SEM images taken from the same 
sample. 

 

Based on equation (3), for a fcc grain size ~ 25 µm for the new aging condition, and 

assuming similar strengthening effects from the L12 and B2 precipitates, as discussed previously, 

the expected yield strength of the solutionized plus aged condition (CR + 1150°C/2mins + 

620°C/50h) Al0.3CoCrFeNi alloy would be: 

σy= 263(σ0 +Kσd-1/2) + 126(∆σL12) + 56(∆σB2) = 445 MPa                                     (4) 
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The experimentally observed yield strength is ~490 MPa, which is in reasonably good 

agreement with the predicted yield strength from equation (4) above. Additionally, it should be 

noted that the expected or computed value of the yield strength is based on strength enhancements 

from the L12 and B2 precipitates that were measured at 550°C and 700°C, respectively. The 

620°C/50h aging could potentially result in a different volume fraction and size distribution of 

these ordered precipitates and requires more detailed investigation. With a reduction in the matrix 

grain size, the grain boundary surface area per unit volume will increase, and consequently the 

volume fraction of B2 precipitates is also expected to increase. Therefore, the matrix grain size 

can have an indirect influence on the precipitation behavior in this alloy. Furthermore, there is the 

likelihood of additional strengthening mechanisms that have not been accounted for in the present 

analysis. Nevertheless, the approach outlined in this study, of employing the coupled effect of 

Hall-Petch strengthening from finer recrystallized grains, and two different types of ordered 

precipitates, one homogeneously distributed within the fcc matrix (L12) and the second one (B2) 

concentrated at, or in the vicinity of, grain boundaries, can lead to substantial enhancements in 

yield and ultimate tensile strengths while maintaining excellent levels of ductility in these HEAs. 

This ultimately results in a better balance of properties that is critical for engineering applications. 

 
Figure 7.7 Stress- Strain plot from CR + 1150 oC/2mins and CR + 1150 oC/2mins + 620 oC/50h 
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The B2 precipitates appear to be largely nucleating at or in the vicinity of the matrix grain 

boundaries at 700°C/50hrs as shown in Figure 7.3(d). Any substantial B2 precipitation in case of 

the 550°C/150hrs aged sample was not seen. However, a combination of both γ’ precipitates and 

grain boundary B2 precipitates in case of the 620°C/50hrs aged sample (refer Figure 7.5). The 

underlying rationale for the selective precipitation of γ’ at 550°C and B2 at 700°C, is not well 

understood. However, since the B2 preferentially forms at or near grain boundaries, it is likely to 

have a higher nucleation barrier as compared to the intra-granular homogeneously nucleated γ’ 

precipitates. Consequently, at 550°C there is a competition between γ’ precipitation versus B2 

precipitation and the former dominates presumably due to the lower nucleation barrier. However, 

since no γ’ precipitates are observed at 700°C, it is likely that this phase has been de-stabilized 

(above the solvus temperature), and consequently only B2 precipitation is observed at or near the 

matrix grain boundaries. With regards to the influence of these two types of precipitates on the 

mechanical properties, both γ’ and B2 precipitates individually result in increments in the yield 

strength (YS) of this alloy. γ’ precipitation leads to a ~78% enhancement in YS while B2 

precipitation leads to a ~35% enhancement in YS. 

Table 7.2Mechanical properties under tensile loading after various heat treatments in alloy 
Al0.3CoCrFeNi 

Sample 
conditions 

YS  
(MPa) 

UTS 
 (Mpa) 

Elongation 
to 
 Fracture (%) 

CRSA (1150 oC / 60 mins) 159±22 410±42 65±3 
CRSA (1150 oC / 5 mins) 220±20 550±35 60±4 
CRSA(1150 oC/ 60 mins) + 700 oC/50h 215±16 520±21 43±6 
CRSA(1150 oC/ 60 mins) + 550 
oC/150h 285±14 540±43 55±12 
CRSA (1150 oC / 2 mins) 263±32 589±51 60±7 
CRSA(1150 oC/ 2 mins) +620 oC/50h 490±22 840±24 45±8 
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Therefore, γ’ precipitation appears to be more effective in strengthening. However, it 

should be noted that while γ’ precipitates are highly refined and nucleate homogeneously 

throughout the matrix grains, the B2 precipitates are more localized to the grain boundary regions. 

Furthermore, these B2 precipitates are coarser and appear to have semi-coherent interfaces with 

the matrix. Therefore, it can be concluded that the combined precipitation of both types of 

precipitates is probably an effective mechanism for achieving higher strength, as was 

demonstrated in case of the 620°C/50hrs annealed sample. 

7.5 Summary and Conclusion 

Summarizing, a methodical study of Hall-Petch strengthening resulting from grain size, 

and precipitation strengthening from two different types of ordered precipitates was carried out 

in an fcc based, precipitation hardenable, Al0.3CrCoFeNi HEA. Both hardness and tensile yield 

strength of this alloy exhibit the classical Hall–Petch relationship although the experimentally 

determined hardening coefficient is substantially larger than that obtained in conventional fcc 

metals [23, 24, 25]. The additional strengthening contributions from two types of ordered 

precipitates, L12 and B2, have been independently determined, and the results have been used to 

develop a new annealing/aging strategy that can take advantage of both types of ordered 

precipitates simultaneously. The results of this coupled effect of both L12 and B2 precipitates and 

a finer recrystallized grain size within the same microstructure, are very impressive, resulting in 

an excellent combination of yield strength (~490), ultimate tensile strength (~840), and ductility 

(~45% elongation). The experimental results and their quantitative analysis presented in this study 

can potentially be employed to design an HEA with the optimum combination of Hall-Petch and 

precipitation strengthening mechanisms. This opens up new avenues for the future development 

of HEAs for engineering applications. 
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CHAPTER 8 

STRENGTH MAXIMIZATION THROUGH THERMO-MECHANICAL TREATMENTS 

8.1 Abstract 

High entropy alloys offer a tremendous opportunity to achieve unprecedented property 

space by probing unexplored composition space. The combination of multiple strengthening 

mechanisms provided wide-ranging strength-ductility permutations. Fcc-based Al0.3CoCrFeNi 

alloy was strengthened by combining novel hierarchical B2/bcc precipitates inside fcc matrix. The 

alloy was thermo-mechanically treated to obtain nano-scaled B2 precipitates, which themselves 

contain coherent nano-scaled bcc zones. Tensile strength 1.85 GPa at ambient temperature was 

obtained by a combined effect of grain boundary, dislocation and second phase strengthening. 

8.2 Introduction 

The development of materials with high stiffness and strength continues to be the frontier 

of activities in materials science. Such materials are particularly critical to advance the 

performance and efficiency of jet engines, power plants, airplanes and automobiles where 

incremental increases in strength values also result in huge savings and added value. 

The high ductility and malleability of metallic materials, in addition to their reasonably 

high strength, make them superior to other engineering materials such as ceramics and 

composites. Crystal structure is also crucial to structural property integrity. Fcc (face centered 

cubic) structures are generally more ductile and easily deformable as compared to bcc (body 

centered cubic), have higher packing efficiency (around 74%), closely packed slip systems, and 

easy slip due to the availability of abundant slip systems (12 slip systems) [1,2]. The ever-growing 

stringent drive for advanced applications requires stronger materials that at the same time are 

easily formable, and have improved mechanical properties, which are indispensable. 



115 

Composition, crystal structure and phase distribution, and size scale are the three dimensions for 

optimization of mechanical properties. High-entropy alloys are an intriguing new class of metallic 

materials that have offered a versatile range of permutations of composition and phase structures 

with a wide range of structure-property combinations [2-10]. This new class of alloys derives 

their properties from being multi-element systems that yet can crystallize as simple phase 

structures despite containing high concentrations of five or more elements with different crystal 

structures [2-10]. 

HEAs have fascinated researchers because of their many superior mechanical and physical 

properties, properties many a times better than the commercially-optimized and -used alloys. For 

example, ultrahigh fracture toughness that is comparable to cryogenic steel [11,12,13] offers 

significant resistance to fatigue [9,14], oxidation [15,16] and corrosion in various environments 

[17-21]; presents extremely good irradiation resistance [22, 23, 24], large strain hardenability [25, 

26, 27] and superconductivity [28]; and has magnetic properties [29,30,31,32], high temperature 

strength and toughness [33,34,35,36]; as well as chemical properties [37]. Literature debates 

submit that the superior properties of HEAs is a direct consequence of four core effects - high-

entropy, sluggish diffusion, severe lattice distortion and the cocktail effect [38,39,40]. Several 

complexities preclude generalizing that any one rule on all the multi-element systems is neither 

possible nor scientifically correct.  

Instead, in general HEAs due to their richness of compositional variability offer a 

tremendous opportunity to micro-engineer the microstructure and manipulate the resultant 

properties. Several different mechanisms governing the final properties can be activated at the 

same time in these alloys to get a cumulative effect on the resultant property.  
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The major concern for fcc-based alloys is the lower strength as compared to bcc-based 

materials. Also, many researchers have critically assessed fcc HEAs as being similar to multi-

component austenitic stainless steels or Ni-based super-alloys that are often composed of more 

than two major alloy elements; for example, commercial alloys INCONEL 800 (Cr23Fe46Ni31), 

INCONEL 600 (Ni74Cr18Fe8), SS 316 (Cr18Fe67Mn2Mo1Ni12). Most of the reported 

mechanical strength data on fcc HEAs suggest strength very similar to commercially used 

austenitic stainless steels (YS =250-500 MPA and elongation to failure= 5-30%) [6, 8-10, 12, 25, 

26, 38-42]. Ni-based alloys provide even higher strength and stability in a wider range of 

temperatures extending to 900-1000oC [43]. Some precipitation-strengthened stainless steels like 

PH-17-4 or PH 13-8 offer exceptional room temperature UTS of >1.4 GPa. These alloys have an 

austenitic matrix under solutionized condition (UTS = <700 MPa), but are used mostly after a 

thermal treatment that induces martensitic transformation along with fine scale precipitation that 

improves strength tremendously. Also, commercial alloys represent an exhaustive amount of 

research and experience to satisfy an exquisite balance of requirements that go far beyond first- 

and second-tier properties. The minor additions of interstitial elements, focused heat treatment 

cycles and standardized manufacturing routes have been established to fine-tune the properties 

that meet the requirements for all the commercial alloys.  

Fcc-based Al0.3CoCrFeNi (a quinary HEA) has demonstrated the potential to be 

precipitation-strengthened via ordered phases [12, 27, 44-47], and it also showed a strong 

capability for grain boundary strengthening [47]. The addition of Ti, Mo, Nb in CoCrFeNi 

(quaternary alloy) and the .3CoCrFeNi alloy system have shown further strengthening of the alloy 

at room temperature by forming strong precipitate phases [48-55]. The Al0.3CoCrFeNi alloy 

displayed high yield strength of 1600MPa in fiber form at 77K [12] and shows good radiation 
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resistance up to 60 peak dpa [23]. The alloy shows a remarkable resistance to shear localization 

and is a potential candidate for penetration protection applications such as armors [56, 57]. Room 

temperature strength of the alloy reported thus far has been rather low (~300MPa) [27, 58] while 

corrosion resistance was reported to be better than SS 304 and SS 316 [19]. The unique 

combination of various elements like Al for precipitation strengthening, Cr for corrosion 

resistance, Ni for strength and creep resistance, and Co for superior creep resistance makes this 

alloy a perfect candidate for applications such as structural material in pressure water reactors and 

nuclear powers plants if material strength could be improved.   

In the current work, an fcc HEA (Al0.3CoCrFeNi) that offered the possibility of combining 

different strengthening mechanisms was used to achieve unprecedented mechanical properties. 

These mechanisms include strengthening due to lattice friction, solid solution strengthening, grain 

boundary strengthening, dislocation strengthening, precipitation strengthening, cluster 

strengthening and interfacial strengthening, that, when activated, could cumulatively strengthen 

a relatively lower strength material with 250MPa yield strength to a 1850MPa yield strength. A 

range of mechanical properties can be obtained in an HEA upon optimizing the thermal and 

mechanical treatments [59-69], and the current work is a pertinent demonstration of that. 

8.3 Experimental Procedure 

8.3.1 Materials Processing and Microstructural Characterization  

 The Al0.3CoCrFeNi HEA was produced from high-purity elements (>99.9% pure), that 

were arc-melted under argon atmosphere and cast into cylindrical ingots measuring 3mm (length) 

× 10 mm(diameter). The ingots were re-melted five times, and inverted after every re-melting to 

homogenize the composition. Further, the ingots were solutionized at 1150oC for 1 h under argon 

atmosphere, cut in half length-wise and then cold-rolled at room temperature along the side that 
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is 30mm (total reduction in thickness of ~90%). Each piece was subsequently annealed at 

different temperatures of 1150oC for 2 mins (CR-1150), 550oC for 24 h (CR-550), and 620oC for 

50 h (CR-620) under vacuum, leading to sheets with a recrystallized microstructure consisting of 

grains ~200 nm (CR-550), to 50 µm (CR-1150), in size. To analyze the microstructure of the 

material after processing, pieces were cut and metallographically polished in stages to a final 

surface finish of 0.04 mm using colloidal silica. The crystal orientations and elemental 

composition were characterized by EBSD and EDX, respectively, in a FEI Nova Nano SEM. The 

remnant strain was determined by X-ray diffraction (Cu-Ka1) monochromatic radiation using 

Rigaku Ultima III. 

TEM and APT lift-out samples were prepared using an FEI Nova 200 dual beam focused 

ion beam (FIB). TEM analysis was conducted using an FEI Tecnai F20 operated at 200 kV 

outfitted with a STEM-EDS detector. APT experiments were conducted on a CAMECA local 

electrode atom probe 3000X HR instrument. All experiments were performed in the temperature 

range of 40 K – 60 K with target evaporation of 0.5% and pulse fraction of 20% of a steady-state 

applied DC voltage. APT data reconstruction and analysis were carried out using CAMECA 

IVAS® 3.6.8 software.  

8.3.2 Mechanical Characterization 

Dog-bone-shaped tensile specimens with gauge length (G) 3 mm were machined from the 

rolled and annealed sheets by electrical discharge machining. Both sides of the specimen were 

ground using SiC paper to final thickness of ~0.7 mm and gauge width of ~ 1.0 mm. Tensile tests 

were performed at an engineering strain rate of 10-3 s-1. These quasi-static tests used a LVDT 

(linear variable displacement transformer) extensometer. At least four independent tests were 

carried out to obtain tensile elongation and strength data. The elongation of the gauge length of 
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each sample was measured after testing, and engineering stress–strain curves were calculated 

from the load-displacement data. Yield strength, σy, ultimate tensile strength, σu, and elongation 

to failure, εf, were determined from the uniaxial tensile stress–strain curves. 

8.4 Results 

8.4.1 Concurrent Recrystallization and Precipitation 

To obtain optimum grain size, the homogenized and cold-rolled samples were 

recrystallized at three different time/temperatures combinations (Figure 8.1). The three annealing 

conditions were 1150oC/2 mins, 550oC/24 h and 620oC/50h, which hereafter will be referred to 

as CR-1150, CR-550 and CR-620, respectively. The corresponding microstructure from 

backscatter electron (BSE) scanning electron microscopy (SEM) from the three conditions (insets 

in Figure 8.1) shows that considerable microstructural refinement was achieved via the three 

conditions. Average grain sizes in CR-1150, CR-550 and CR-620 were 23, 0.7 and 1.1 µm, 

respectively.   

The CR-1150 microstructure contained recrystallized equiaxed grains with no inter- or 

intragranular secondary phase. A second phase precipitation was observed in CR-620 and CR-

550 condition. The BSE images indicated that CR-550 and CR-620 were comprised of a two-

phase mixture of light and dark contrast. The mechanical response and the associated 

microstructural features of CR-1150, CR550 and CR620 will be discussed next. 

8.4.2 Mechanical Strength 

The stress vs strain plots for these three conditions are shown in Figure 8.1(b). CR-1150 

has yield strength of ~250MPa and elongation of 60% while CR-620 condition shows a good 

compromise of strength and ductility with yield strength of 850MPa and 35% elongation. 

Importantly, we discovered that CR-550 shows an extremely high strength (UTS) of 1850 MPa; 
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approaching 2 GPa. Such high room temperature tensile strength is unprecedented for any 

commercial metallic alloy. Figure 8.1(c) shows an Ashby’s plot depicting a comparison of the 

current material with most of the commercially used steels [9,70,71]. The tensile test data is 

tabulated in Table 8.1. The ductility of CR-620 condition sample Al0.3CoCrFeNi HEA compares 

favorably with metastable austenitic stainless steels with a 25% higher UTS value. With a strength 

value of 1850MPa, the Al0.3CoCrFeNi HEA represents one of the strongest fcc materials ever 

reported. Regardless, our mechanical property assessment when taken together with Figure 8.1 

demonstrate that Al0.3CoCrFeNi HEA, a common fcc-based HEA composition, can be tightly 

tuned to a wide range of strength-ductility combination by choosing appropriate conditions. 
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Figure 8.1 (a) Heat treatment conditions and corresponding SEM images in Al0.3CoCrFeNi(b) 
stress vs strain plot under tensile loading (c) an ashby plot depicting a comparison of the current 
material with the most of the commercially used steels)  

 

8.4.3 Microstructural Characterization 

The CR-1150 condition comprised of only single fcc solid solution phase as shown by 

electron backscatter diffraction (EBSD) orientation map indexed with an average confidence 

index of 0.8 using fcc data base and transmission electron microscopy (Figure 8.2). 



122 

 

Figure 8.2 SEM and TEM from CRSA condition: (a) SEM image (b) EBSD grain map (c) and (c) 
SADP from [011] and [112] Za showing single phase fcc phase.  
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Figure 8.3 EBSD from CR-620 (a) IPF image, (b) phase distribution of fcc (red) and bcc (green) 
phase (c)TEM from CR-620 showing the BF image of the fcc grain with small B2 precipitates (i)[ 
011]SADP from  fcc zone axis (ii) SADP from [011]B2  

The results from CR-620 are summarized in Figure 8.3. The (EBSD) orientation map with 

phase distribution is shown in Figure 8.3 (a) and (b), respectively. The EBSD phase map presented 
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in Figure 8.3 (b) reveals that CR-620 consists of a dual phase mixture comprised of a fcc (red) 

and a “bcc-like” grains. TEM results (Figure 8.3 (c)) further indicated that the fcc grains also 

consisted of bcc-ordered B2 precipitates with ellipsoidal morphology (encircled in yellow dotted 

lines in Figure 8.3 (c)).  

In stark contrast to the other microstructures, Figure 8.4 shows CR-550 contained nano-

scale fcc grains, as depicted in BSE-SEM image (Figure 8.4 (a)). The higher magnification image 

in the inset also shows blocky grain boundary precipitates and annealing twins in the micro-

structure. TEM results are in Figure 8.4 (b-f) where Figure 8.4 (b) shows a BF-TEM image. The 

∑3 special boundaries or twin boundaries are highlighted in yellow dotted lines, and the B2/bcc 

particles use white dotted lines. The micro-diffractions from the nano-fcc grains in inset (i, ii, iii) 

show [112], [111] and [011] fcc zone axes devoid of any extra superlattice spot hence, the 

reasonable conclusion that the fcc matrix is disordered. The micro-diffraction from B2/bcc 

particle shows bcc [011] SADP with extra spots at (001) positions. The [001] spot is highlighted 

using a white dotted circle in the inset (iv) in Figure 8.4 (b). Figure 8.4 (c) shows the conventional 

SADP from the fcc nano grained matrix with a fcc grain on [112] zone axis. Spots additional to 

the fundamental fcc spots are observed here. Figure 8.4 (d) shows the direct beam image made 

using the spot highlighted by a red circle while Figure 8.4 (e) and (f) show DF-TEM images from 

spots highlighted using white and yellow circles, respectively, in Figure 8.4 (c). An fcc grain is 

lighted up from the (220) fcc spot (Figure 8.4 (e)) where as a grain boundary B2/bcc particle is 

lighted up (Figure 8.4 (f)) from the extra spot near the (113) fcc spot in Figure 8.4 (c) highlighted 

by a yellow circle. 
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Figure 8.4 CR-550 (a) SEM image showing the fine scale grain structure in CR-550. Inset shows 
the higher magnification BSED image. (b) TEM: BFTEM image from this sample showing the fcc 
+ B2 microstructure. Micro-diffraction patterns from fcc (i, ii, iii) and B2 (iv) are shown as insets 
as labeled. (c) SADP from an fcc grain oriented at [112] zone axis. (d) Bf image of the grain. (e) 
DF image lighting up from the spot highlighted by the white circle in (c). (f) DF image from the 
spot encircled by the yellow circle in (c).  

 

Hence the microstructure in CR-550 and CR-620 contains ultrafine grains of fcc decorated 

with bcc ordered phase at and near grain boundaries where the CR-1150 is a single-phase fcc solid 

solution. 

8.4.4 Compositional Characterization of bcc/B2 and fcc Matrix 

Scanning transmission electron microscopy (STEM) results from the CR-550 condition 

are shown in Figure 8.5. The STEM image taken from a near grain boundary region shows the 

fcc matrix and the grain boundary B2/bcc phase. The compositional distribution of elements is 

characterized using (Energy Dispersive Spectroscopy) EDS in STEM mode. The STEM-EDS 

results presented in Figure 8.5 (b-f) show the elemental distribution in the scanned region. Note 

that the grain boundary phase is enriched in Al and Ni around the shell where it is rich in Cr in 
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the core of the second phase. Most likely the Ni-Al rich region is ordered B2, and the core is 

disordered bcc (α Cr). Using TEM diffraction precludes clear deconvolution of the two phases as 

their fundamental spots coincide. Consequently, a higher resolution atom probe tomography 

(APT) was used.  

 

Figure 8.5 STEM from CR-550 (a) STEM image from the grain boundary region. (b-f) STEM 
EDS maps of various elements as labeled in the figure. 

 

The APT results are shown in Figure 8.6. A site specific (Focused Ion Beam) FIB lift-out 

was prepared from a grain boundary region. The second phase B2/bcc particle is positioned on 

the top of the tip by slow milling and thinning the tip at 5kV voltage. SEM image of the APT tip 

made using FIB and  an APT reconstruction containing all ions (Al- black, Cr- red, Co-green, Ni-

blue and Fe- yellow) is shown in the Figure 8.6(a). The ionic maps of three representative 

elements (Al, Cr, Co) are shown clearly displaying the three different phases in the microstructure 

as labeled in the Figure 8.6 (b). The top of the tip’s reconstruction shows a dual phase, Ni-Al rich 
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on the right side and Cr rich phase on the left side. The lower region of the tip is most likely the 

fcc matrix which contains mixture of all major alloy elements. 

 

Figure 8.6 Atom probe Tomography: SEM image of the APT tip made using FIB and an  APT 
reconstruction showing all elements in different colors. (b) Al (black), Cr (red) and Co (green)ion 
maps are shown to display the elemental distribution of different elements. (c-e) 1D compositional 
profiles along the 3 different colored arrows shown in (a). 

 

The partitioning of elements across bcc- matrix, B2 matrix and bcc-B2 interfaces are 

shown in Figure 8.6(c, d and e) respectively by one-d compositional profiles along different 

colored arrows shown in Figure 8.6 (a). The bcc phase is found to be ~90 (at. %) Cr while the 
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composition of B2 phase is found to be about 40 (at. %) Ni, 25 (at. %) Al, 20 (at.%) Cr, 7.5 (at. 

%) Fe and 7.5 (at. %) Co. The matrix to contain equiatomic proportion of every element except 

Al, which is about 2.5 (at. %) (Al0.1CoCrFeNi).  

Nano-segregation of Al and Ni and Cr is observed in the fcc matrix as can be seen in  

Figure 8.6(a and b) in the matrix region. Al segregation is very evident in ionic distribution map 

of Al. Figure 8.7 shows the iso-concentration surface analysis of the matrix region, where 30 (at. 

%) Ni surfaces and 15 (at. %) Cr surfaces are used to demarcate the atomic segregations in the 

fcc matrix. It seems to be a composite fine scale arrangement of Al-Ni rich phase existing side-

by -side with a Cr rich phase distributed homogeneously in the matrix. These could be medium 

range ordering/ clustering of atom in the fcc matrix which have compositional evolved while 

annealing and might or might not have evolved crystallographically as was impervious to 

diffraction analysis shown earlier.   

Table 8.1 Yield strength, ultimate tensile strength and elongation to failure under varous heat 
treatments under tensile loading  

Condition YS UTS Elongation 

Soln (1150-2mins) 256±16 589±526 60±4 

550C/24h 1851±67 1864±89 5±1 
620C/50h 840±43 1050±65 35±6 
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Figure 8.7 Atom probe tomography from CR-550: (a)Ni Iso-concentration-surfaces 
encapsulating regions with more than 30% Ni concentration. (b)  Cr Iso-surfaces encapsulating 
regions with more than Cr % Cr concentration. (c) iso-surfaces shown in (a) and (b) are displayed 
together. 

 

8.4.5 Fracture Mode 

The material was tested under opening mode (a tensile stress is applied normal to the place 

of the crack). In a ductile material, the local conditions near the initial crack include nucleation, 

growth and coalescence of voids. The present material shows signature of cleavage and micro-

pores which readily tells that the material fail in a ductile manner. The fracture surface SEM 

images from CR-1150, CR-620 and CR-550 are shown in Figure 8.8. CR-1150 showed and 

elongation of 65% before failure and neck formation is clearly visible by naked eyes (Figure 
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8.8(a)). Under this condition large pores and cleavages are observed, a magnified view is shown 

in the inset of Figure 8.8(a) where the pores are highlighted by a dotted white circle and the 

cleavage in a yellow ellipse shape. Figure 8.8(b-c) show the fracture surface of the CR-620 and 

CR-550 where the pore sizes have reduced significantly, but still the fracture mode appears to be 

ductile.  

 

Figure 8.8 Fracture surfaces from (a) CRSA, (b) CR-620 and (c) CR-550 conditions  
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8.5 Discussion 

A major new finding of the present work is that the likelihood of B2/bcc fine scale 

precipitation in an fcc matrix could be used as a dispersion/precipitation strengthening means.  

The hierarchical decomposition of B2/BCC can be explained by the interfacial energy reduction. 

The equilibrium phases calculated by Calphad calculation (discussed in detail in section 8.5.4) 

are fcc + bcc + B2 + sigma. The interfacial energies for various interfaces are: fcc/L12~0.015 J/m2, 

fcc/bcc~0.35 J/m2, fcc/B2=0.2 J/m2 and fcc/sigma~0.5 J/m2. In previous reports only fcc [58], 

fcc+L12 [27, 45, 47] or fcc+B2 [27, 44, 46] have been reported in this alloy. The large amount of 

strain introduced in a solutionized condition by cold rolling before low temperature aging at 550 

oC provided the additional energy required to overcome the activation barrier for B2 precipitation 

in this alloy while suppressing L12 precipitation.  Although there is a driving force for B2 

precipitation as shown by calphad but the activation energy for B2 precipitation is normally high 

due to higher interfacial energy with fcc matrix. Also bcc phase, which is an equilibrium phase, 

nucleated around the B2 phase as the interfacial of bcc with B2 is very low thus no new high 

energy interfaces with fcc are created upon nucleation of bcc phase separately. 

 A coupled effect of nano-grained structure, strengthening of grain boundaries due to 

pinning by B2/bcc and composite cluster/segregation strengthening by B2/bcc (most likely) 

resulted humongous strengthening of a soft fcc material. The σy for CR-1150 was 250MPa at room 

temperature and which increased to 1850Mpa in the CR-550 condition. 

The above results suggest that there could various factors may be involved in 

strengthening CR-550. To appreciate the correlation between microstructures and strength, the 

structure-based calculation of strength is used to estimate the theoretical strength implying a 

simplistic model. It is assumed here that yield stress of the material is the sum of strengthening 
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contribution from individual crystal defects that act as obstacles for dislocation slip in the 

following equation: 

σy=σA+σss+σgb+σdis+σppt(MPa)               (1) 

σA σSS,σgb, σdis and σppt are strengthening contributions from lattice friction, solid solution, grain 

boundary, dislocations, and precipitates, respectively. To estimate the mechanism involved in 

achieving high strength in CR-550 condition, we will focus on contributions of individual 

components in the following sections. 

8.5.1 Peierls-Nebarro Stresses and Solid Solution Strengthening 

The dislocations within a plane experience a lattice friction to move and the magnitude 

varies periodically as the dislocations move. Peierls-Nebarro stress is the intrinsic strength of the 

material and can be estimated by deducting solid solution strength from the  σo  (Hall petch 

constant). The matrix composition of the of the alloy in CR-550 was experimentally determined 

to be 2.5%Al 25%Co 25%Cr 24%Fe 24%Ni (~Al0.1CoCrFeNi). A σo value in the Hall petch 

equation established for Al0.1CoCrFeNi by Kumar et al [72] was 174MPa. Also the solid solution 

strengthening for this alloy composition was calculated by He et al [71] ~25 MPa. Hence the 

contribution of Peierls-Nebarro stresses in strengthening could be approximated to be about 

150MPa. The values are obviously too small to account for the high strength achieved in this 

alloy condition hence some other dominant mechanisms are hindering the dislocation movements. 

8.5.2 Hall Petch or Grain Boundary Strengthening 

The strengthening due to the refinement of grains can be an important contributor to the 

overall strength. In order to estimate the contribution from Hall-petch effect an equation 𝝈𝝈 =

𝛔𝛔𝛔𝛔 +  𝟑𝟑𝟑𝟑𝟏𝟏
√𝒅𝒅𝟏𝟏

 MPa calculated for Al0.1CoCrFeNi [72] is used. The d is the grain diameter. The ∆ σgb 

is calculated to be 443MPa for 700nm size grained structure [CR-550] and about 354MPa for 
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1100nm size grained structure [CR-620]. Hence the grain boundary strengthening causes a 

significant contribution to the strengthening of the alloy. 

8.5.3 Dislocation Strengthening  

A high density of dislocations can act as a hindrance for easy movement of the other 

dislocations and also cause an additional increase in the strength of the alloy. [71, 73] 

∆σdis =  M α G b ρ1/2                                            (2) 

where M = 3.1 for fcc polycrystalline materials, which is a constant called Taylor factor, used to 

convert the shear component of the stresses to normal stress; α= 0.2 also a constant for fcc metals, 

G is the shear modulus of the alloy which is reported to be 74 GPa for similar HEA) [13] ρ is the 

dislocation density, and b is the burger vector. 

The b can be estimated to be (𝐚𝐚/√𝟔𝟔)= 0.15nm for fcc.  

Dislocation density can be roughly estimated to be ρ550≃3 x 1014 /m2 ρ620≃5 x 1013 /m2 

[13]. Putting these values in equation (2), the dislocation strengthening is calculated to be ∆σ550 

= 119 MPa, ∆σ620 = 49 MPa. The results indicate that the low temperature annealing was 

insufficient to completely annihilate the dislocations introduced while heavy cold rolling in the 

precious step. Thus the strengthening due to the dislocations plays an important role in 

strengthening in this alloy. 

8.5.4 Second Phase Strengthening 

The second phase strengthening in the alloys could be extremely complex. It could be 

categorized into three major components viz. (a) precipitation strengthening via grain boundary 

B2 precipitates (b) intergranular (Al-Ni) and (Cr) rich clusters/phases and (c) interfacial 

strengthening due to fcc/B2 interfaces. The effect of secondary phase strengthening ∆σSP can be 

estimated by deducting the other components from the experimentally measured strength values. 
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The ∆σSP-550= ~1108 MPa whereas ∆σSP-620= ~273 MPa. Though coarsening of B2 

precipitates is observed CR-620, which could cause the reduction in strengthening due to 

precipitates and interfacial strengthening. In-spite the coarsening the precipitate, their size still 

appears to be the quite small (<1000 nm), hence the major difference in ∆σSP in the two conditions 

could be due to the cluster strengthening applicable in the ∆σSP-550 condition providing the 

additional strengthen to the alloy (about 835 MPa). 

8.5.5 B2 Precipitation  

Another important observation of this work was change in the ordered precipitate type 

owing to change in thermal treatment. In previous chapters L12 phase was precipitated on 

annealing at 550 oC which was not seen here, instead B2 and bcc are observed. The major change 

here is concurrent recrystallization and precipitation treatment instead of a two-step 

recrystallization followed by annealing procedure followed earlier. Calphad based estimates of 

different equilibrium phases as a function of temperatures (using computation thermodynamic 

software, Thermo-Calc [72]) is shown in Figure 8.9. It is observed that ordered bcc phase (B2) is 

predicted to be a major phase instead of L12 which is observed in the experimental results in this 

chapter. To explain this observation, Thermo-Calc was also used to calculate the onset driving 

forces for precipitation from supersaturated solid solution of composition Al0.3CoCrFeNi. The 

results are shown in Figure 8.10. Within the temperature range of 500-800 oC, the driving force 

for B2 precipitation is highest, as compared to L12, sigma, or bcc. However, B2 does not form 

homogeneously within the fcc matrix in fully-recrystallized coarse-grained structure – rather L12 

precipitates are observed homogeneously as in 550°C/150hrs and 600°C/50hrs conditions seen in 

previous chapters. Although the driving force for B2 precipitation is the highest, the fcc/B2 

interfacial energy is also very high which will offer a large B2 nucleation barrier. Whereas fcc/L12 
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interfacial energy is very low, hence low nucleation barrier for L12 precipitation within fcc matrix. 

And thus L12 phase is readily observed on annealing at 550 oC in a relaxed microstructure.   

 

Figure 8.1 Temperature vs volume fraction of various phase in Al0.3CoCrFeNi HEA calculated 
via calphad approach  

 

Nucleation barriers for precipitation from fcc solid solution are shown in Figure 8.11. 

However, under a strained condition as provided by rolling, the inherent strain energy helped the 

system to overcome the nucleation barrier for precipitation of B2 phase. Therefore B2 phase 

supersedes L12 phase during a concurrent recrystallization and annealing treatment.  
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Figure 8.2 Driving force for precipitation of different phases vs temperature in Al0.3CoCrFeNi 
HEA 

 

 
Figure 8.3 Nucleation barrier for precipitation of various phases vs Temperature in 
Al0.3CoCrFeNi HEA 
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8.6 Summary and Conclusion  

In summary, various thermomechanical treatments were used to effectively strengthen an  

fcc based HEA. The resultant microstructure consists of hierarchal precipitates with multi-

generations of precipitation sequences. A high strength of 1.85 GPa under tensile loading was 

obtained via a combined effect of various strengthening mechanisms. A strength model was 

developed to understand various contributing factors.  Our findings open a new door for the future 

development of HEAs for high temperature structural applications.  
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CHAPTER 9 

ROLE OF COPPER IN NUCLEATION AND STABILIZATION OF ORDERED L12 

PRECIPITATES§ 

9.1 Abstract 

A detailed investigation of precipitation of the ordered L12 (γ′) phase in a Al0.3CrCuFeNi2 

high entropy alloy (HEA), more generally referred to as a complex concentrated alloy (CCA), 

reveals the role of copper (Cu) on stabilization and precipitation of the ordered L12 (γ′) phase. 

Detailed characterization via coupling of scanning and transmission electron microscopy, and 

atom probe tomography revealed novel insights into Cu clustering within the face-centered cubic 

matrix of this HEA, leading to heterogeneous nucleation sites for the γ′ precipitates. The 

subsequent partitioning of Cu into the γ′ precipitates indicates that their stabilization is due to Cu 

addition. The γ′ order-disorder transition temperature was determined to be ~930oC in this alloy 

based on synchrotron diffraction experiments involving in situ annealing. The growth and high 

temperature stability of the γ′ precipitates was also confirmed via systematic scanning electron 

microscopy investigations of samples annealed at temperatures in the range of 700 - 900°C. The 

role of Cu revealed by this study can be employed in the design of precipitation strengthened 

HEAs, as well as in a more general sense applied to other types of superalloys with the objective 

of potentially enhancing their mechanical properties at room and elevated temperatures.  

9.2 Introduction  

In pursuit of new alloy development, High Entropy Alloys (HEAs) have attracted 

significant attention during the last decade.  

                                                 
§ The entire chapter is reproduced from, B. Gwalani , D. Choudhuri, V. Soni, Y. Ren, M. Styles, J. Y. Hwang, S. J. 
Nam, H. Ryu, S. H. Hong, and R. Banerjee. "Cu assisted stabilization and nucleation of L1 2 precipitates in Al 0.3 
CuFeCrNi 2 fcc-based high entropy alloy." Acta Materialia 129 (2017): 170-182, with permission from Elsevier. 
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The “HEA” term was coined by considering the fact that even on alloying five different 

elements with unlike crystal structures can be alloyed into a single phase uni-crystal structure 

largely stabilized by the high configurational entropy [1]. Recently there has been an explosion 

in this field, and quite a few promising single-phase HEAs have been identified, such as face-

centered cubic (fcc) alloys; Al0.1CoCrFeNi [1] and CrCoFeMnNi [2] , and body-centered cubic 

(bcc) alloys; NbMoTaW [3], NbMoTaVW[4], NbTiMoVAl0.5 [5] and HfNbTaTiZr [6].  HEAs 

have not only interested researchers due to their simple crystal structures but also due to the 

exceptionally high tensile or/and compression strength exhibited by some of these alloys.  

Fracture strengths reaching ~4 GPa [7] and yield strengths of ~2.5 GPa [8, 9] have been reported. 

The bcc based HEAs comprising refractory elements VNbMoTaW [10] and ordered HEA 

systems primarily containing the B2 phase, such as AlCoCrFeNi [11], have shown a 0.2% yield 

stress of ~1250 MPa at ambient temperatures. Single phase CoCrFeMnNi has also been reported 

to exhibit facture-toughness values higher than 200 MPa.√m [12]. HEAs have also been referred 

to as multi-principal element alloys, since they do not have a single base element, and as complex 

concentrated alloys (CCAs). 

While there has been a strong focus by researchers to identify HEAs exhibiting a single-

phase solid solution based microstructure, more recently, it has been acknowledged that these 

multi-principal element systems often exhibit phase separation (including spinodal 

decomposition) as well as ordering tendencies leading to the formation of ordered second-phase 

precipitates [13-18]. Such second-phase decomposition products are often the result of the 

competition between high configurational entropy of mixing, usually dominant at higher 

temperatures, versus the enthalpy of mixing, usually dominant at lower temperatures. Therefore, 

in many cases the same HEA could potentially exhibit a single-phase solid solution at a higher 



146 

temperature but decompose to form one or more second phases at lower temperature. The 

resulting microstructures can often be very complex and hierarchal spanning over multiple length 

scales [19, 20]. Understanding the evolution of such microstructures with competing influences 

of entropy and enthalpy is key for the future development of HEAs or more broadly CCAs. 

While the quest for finding more single solid solution high entropy alloys continues [6], 

the previously reported HEA’s (CrFeMnCoNi, Al0.1FeCrCoNi, HfNbTaTiZr etc.) are being 

investigated at various levels of detail to mature them for real engineering applications. Thermo-

mechanical treatments, friction stir processing, severe plastic deformation by rolling, forging and 

torsion [21, 22, 23 & 24] have been some methods employed to refine the microstructures and 

improve the mechanical properties. Addition of minor elements for solid solution strengthening, 

or a precipitate former for precipitation strengthening, have been other approaches that have been 

recently employed for designing new HEAs with enhanced properties [25].  

One of the first single-phase high entropy alloys reported was Al0.1CoCrFeNi by Yeh et 

al. [1]. Consequently many results have been published on the AlxCoCrFeNi system [26, 27 & 

28]. Experimental results have shown that Co is not necessarily essential for obtaining a single 

solid solution and since Co is expensive, it can be readily substituted by Ni to maintain similar 

level of fcc formers in the HEA composition [29, 30]. The present study is based on a previously 

reported AlxCrCuFeNi2 graded HEA alloy, where an increase in Al content was found to cause a 

transition in the principal solidification phase from fcc to bcc [31]. At low Al content (Al=0-0.4) 

it has been reported to contain a fcc matrix and interdentritic Cu-rich fcc phase. Subsequently, in 

a more recent study, the authors have further investigated a specific composition, Al0.3CrCuFeNi2, 

by casting this alloy, followed by rolling it at ambient temperature and solutionizing the dendritic 

structure to obtain a uniform microstructure consisting of single-phase equiaxed fcc grains. 
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Annealing the Al0.3CrCuFeNi2 alloy at temperatures in the range of 550-700°C, resulted in the 

precipitation of the ordered L12 (γ’) phase [30]. 

In the present paper, a systematic investigation was conducted on the formation and 

evolution of ordered L12 precipitates at different aging temperatures in the fcc based HEA 

(Al0.3CuFeCrNi2) specifically focusing on the following aspects: 

Synchrotron diffraction experiments during in situ heating and cooling experiments to 

capture the order-disorder transition in this system in real time. Validation of the stability of the 

ordered L12 (γ’) precipitates, based on scanning electron microscopy (SEM) investigation of the 

growth and coarsening of L12 (γ’) precipitates as a function of temperature in the range 700°C-

900°C. 

Detailed transmission electron microscopy (TEM) and scanning transmission electron 

microscopy (STEM) studies to characterize the mechanism of L12 (γ’) precipitation, focusing on 

their nucleation sites within the fcc matrix. 

Detailed atom probe tomography (APT) experiments to determine Cu clustering within 

the fcc matrix, and its subsequent influence on L12 (γ’) precipitation, as a function of temperature. 

9.3 Experimental 

The alloy was cast in a conventional arc melting furnace by mixing constituent elements, 

with purity greater than 99.9%, on a water-cooled heath made of copper in a controlled 

atmosphere of pure argon. Repeated melting was carried out for five times and the ingot was 

inverted before every re-melt to ensure chemical homogeneity of the alloy. The cast ingot was 

~10 mm in diameter and ~30 mm in length and was cut into thin slices for characterization. 

Macroscopic microstructural characterization and the composition of the arc melted 

materials was examined by using an FEI Nova-NanoSEM 230™ scanning electron microscope 
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(SEM). The SEM was fitted with an energy dispersive X-ray (EDS) detector (EDAX, Model: 

Apollo X), and a pure Ni standard was used to calibrate it. Alloy samples were scanned several 

regions in areas of 1x1 mm2 to ensure the composition and homogeneity and EDAX’s Genesis 

Spectrum version 6.0 software was used to process the raw data. The as-cast samples were cold 

rolled (CR) by giving a 20 % reduction in thickness and subsequently solution annealed (SA) at 

1000°C for 3h. The SA samples were isothermally annealed at 550°C for 150h (CR-SA-550), 

700°C for 50h (CR-SA-700), 800°C for 20h (CR-SA-800), and 900°C for 20h (CR-SA-900). The 

current alloy composition has been reported to have copper segregation at inter-dendritic regions 

in the as-cast condition [31]. Hence cold rolling and solutionization was done to obtain a micro-

structurally and compositionally homogenous structure. The further annealing treatments were 

done to study the precipitation behavior in this alloy. The precipitate evolution at various 

temperatures was characterized by SEM. 

Conventional transmission electron microscopy (TEM) studies were carried out with a 

FEI Tecnai G2 TF20™ operating at 200 kV. Precipitate characterization was done using 

conventional and high angle annular dark field- scanning TEM (HAADF-STEM) modes. To 

measure the composition, energy dispersive spectroscopy (Super-X system) equipped on an FEI-

TITAN G2 TEM microscope was used in the HAADF STEM mode operating at 300 kV and the 

results were analyzed with FEI’s ES vision software version 6. TEM foils were prepared by an 

FEI Nova Nanolab 200 dual-beam focused ion beam (FIB) instrument using a Ga ion beam for 

milling. The ion beam thinning of the samples was done in multiple steps starting from 30 kV 

ions and finishing with 5 kV ions to reduce the surface damage caused by higher energy ions.  

Samples for in situ synchrotron studies were prepared with dimensions of 

5 mm × 5 mm × 0.5 mm (thickness). The experiment was carried out at the 11-IDC beam-line 
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(111 keV, λ = 0.117418 Å) of the Advanced Photon Source (APS) at Argonne National 

laboratory (ANL). A CeO2 standard (NIST diffraction intensity standard set: 674a) was utilized 

to calibrate the distance between sample and the 2D detector, the position of the beam center and 

the detector tilt angle. The scattered radiation was collected on a Perkin Elmer 2D detector system. 

The Fit-2D software was used to radially integrate the 2D diffraction data to produce 1D intensity 

vs. two-theta (2θ) plots. Further details about the experimental procedure can be found elsewhere 

[32]. The resulting 1D diffraction data were analyzed using the Pawley method [33], as embodied 

in the TOPAS software package (Bruker), to obtain accurate measurements of the lattice 

parameters for the two phases as a function of temperature. 

9.4 Results and Discussion 

Coarser scale L12 (γ’) precipitation in as-cast versus thermo-mechanically processed 

conditions The back-scattered SEM results from the as-cast and CR-SA conditions are shown in 

Figure 9.1. As reported earlier for Cu containing HEAs [13, 31, 34, 35 & 36] Cu segregates to the 

inter-dendritic regions in the as-cast structure as shown in Figure 9.1(a). The compositions of the 

two regions in the microstructure, based on SEM-EDS are - grey matrix phase: Al: 4 at.%, Cr: 21 

at.%, Fe: 23 at.% Ni: 40 at.% and Cu: 12 at.% and white phase: Al: 6 at.%, Cr: 6 at.%, Fe: 6 at.% 

Ni: 22 at.% and Cu: 58 at.% . The Cu EDS map, shown as an inset in Figure 9.1(a), clearly reveals 

inter-dendritic segregation of Cu. The as-cast sample was annealed at 700°C for 50h and a 

preferential precipitation of cuboidal second phase precipitates was observed, as shown in Figure 

9.1(b). The number density and volume fraction of these second phase precipitates appears to be 

higher in the Cu rich inter-dendritic regions as shown in the higher magnification view in Figure 

9.1(b) inset. While the identity of these cuboidal second phase precipitates cannot be determined 

from these SEM images, they are likely to be L12 ordered γ’ precipitates, based on similar 
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observations presented previously [30]. The as-cast alloy was rolled and solution annealed at 

1000°C for 3 h to obtain an equiaxed grain microstructure. The destruction of the dendritic 

microstructure resulted in the subsequent homogenization of the macro-scale Cu segregation, 

which is not observed in the SEM images from the CR-SA condition, shown in Figure 9.1(c). 

Figure 9.1(d), (e) and (f) show backscatter SEM images from the CR-SA- 700, CR-SA-800 and 

CR-SA-900 samples, after isothermal annealing respectively at 700°C, 800°C, and 900°C, where 

homogenously distributed precipitates, exhibiting a dark contrast, are observed throughout the 

microstructure. With an increase in the annealing temperature from 700°C to 900°C, there is a 

substantial increase in the size scale of the precipitates. After annealing at all the temperatures 

700°C, 800°C, and 900°C, precipitates exhibiting two types of morphologies are clearly visible, 

both equiaxed-like morphology as well as long needle-shaped precipitates (refer Figure 9.1. 1(d), 

1(e) and 1(f)). These two types of precipitates could potentially be ordered γ’ precipitates as well 

as Cu-rich precipitates, but conclusive identification of these two types of precipitates requires 

more detailed analysis. 

ImageJ software was used to analyze these backscatter images to generate data regarding 

the distribution of these darker contrast regions/precipitates. A total of 5 images for each condition 

were utilized in the analysis. A summary of various observations from these images is presented 

in Table 9.1. The average size of the darker contrast regions/precipitates (average area of each 

precipitate) substantially increased from 0.005 µm2 at 700°C to 0.025 µm2 at 800°C to 0.19 µm2 

at 900°C. precipitates in the interdendritic region. (c) cold rolled (20%) and solutioned (1000oC 

for 3 h) CR-SA condition, (d) CR-SA followed by subsequent annealing at 700oC for 50 h, CR-

SA-700 (e) CR-SA followed by annealing at 800oC for 20 h, CR-SA-800 (f) CR-SA followed by 
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annealing at 900 o C for 20 h, CR-SA-900 . No second phase is observed in CR-SA whereas the 

size of second phase increases with temperature as we go from 700oC to 900oC 

Table 9.1 ImageJ analysis of three sample conditions showing the distribution of darker contrast 
regions/precipitates in the matrix.  

CR-SA-700 CR-SA-800 CR-SA-900 

Precipitate 
density 

210 particles / 
µm2 

35 particles / 
µm2 

1.3 particles / 
µm2 

Area fraction 10.1% 22.8% 23.03% 

Average size 0.005 µm2 0.025 µm2 0.19 µm2 
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Figure 9.1 Back scattered SEM: (a) As-cast microstructure showing the segregation of Cu-rich 
phase in the inter-dendritic regions. (Inset- shows the elemental EDS map of Cu) (b) As-cast and 
annealed at 700oC for 50 h. The γ' is observed to preferentially form in the inter-dentritic region. 
The inset shows the higher magnification image with higher density of   cuboidal  
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9.4.1 Order-Disorder Transition 

The results of synchrotron diffraction experiments carried out during in situ heating and 

cooling, have been summarized in the XRD plots shown in Figure 9.2. The starting condition 

employed for these in situ heating-cooling synchrotron experiments was a CR-SA-700 sample 

which contained well-developed L12 (γ’) precipitates prior to the initiation of the heating cycle at 

the synchrotron. The X-ray beam had a square cross-section of 500x500 µm2 and the thickness 

of the sample was about 1000 µm. The high energy of the synchrotron beam permitted carrying 

out the XRD experiments in transmission mode through relatively thick samples, leading to 

averaging over substantial sample volumes. Furthermore, the samples were rocked through an 

angle of ±5° to provide better statistical averaging over grains of multiple orientation. The right 

inset in Figure 9.2 shows a magnified view clearly revealing the L12 peaks at various 

temperatures.  The {100} L12 peak is highlighted by the red box and it is observed that the peak 

starts to disappear above 900°C. 

These in situ XRD experiments clearly indicate an order to disorder transition at high 

temperature (>900°C) and subsequent re-ordering during cooling. The rate of heating and cooling 

was 0.5°C/s. X-ray diffraction datasets were collected during the whole experiment after intervals 

of 18 s (corresponding to ~9°C temperature intervals). Lattice constants were determined from 

selected data points along the heating and cooling cycles, and have been plotted against 

temperature in Figure 9.3. At the early stages of the heating cycle, the lattice expanded linearly 

due to thermal expansion but above ~930°C, there is a change in the slope with the rate of 

expansion increasing substantially. Similarly, while cooling down, prior to the reordering of 

matrix, leading to lattice contraction, a change in slope can be observed. The current observation 

of lattice expansion on disordering has also been reported earlier in Ni-based superalloys [32, 37 
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& 38]. The change in the slope or the change in the rate of expansion while heating (disorder) and 

while cooling (re-order) can be attributed to the order-disorder transition in this alloy, as clearly 

pointed out in the figure (Figure 9.3). However, it is difficult to conclude that the order-disorder 

transformation temperature in this alloy is exactly 930°C, based solely on the change in the slope 

of the lattice parameter versus temperature plot. This is particularly pertinent considering the fact 

that the synchrotron x-ray diffraction results shown in Figure 9.2 exhibit L12 superlattice peaks 

at 950°C. 

 
Figure 9.2 Synchrotron XRD traces from an insitu experiment done on CR-SA-700. Inset on right 
shows the magnified view where the γ' (L12 -Space Group = Pmmm) peaks can be clearly 
identified.  
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Figure 9.3 The plot of lattice parameter of fcc phase vs temperature. The change in slope while 
heating and cooling denotes the order-disordered transformation reaction. Lattice expansion is 
observed when the matrix is dis-ordered. 

 

It is possible that these superlattice peaks are remnant from partially dissolved L12 

precipitates, that did not completely dissolve during the 0.5°C/s heating rate. Additionally, to 

ascertain the complete dissolution of L12 phase above 930°C, long-term annealing treatments 

were carried out at 935°C/20hrs and the high angle annular dark-field (HAADF) scanning 

transmission electron microscopy (STEM) image from this condition is shown in Figure 9.4(a). 

The sample clearly exhibit two phases (bright contrast phase and a dark contrast phase). The 

elemental distribution map (STEM-EDS map) showed that the bright contrast phase was rich in 

Cu and lean in all other elements whereas the matrix phase is seen to be rich in Ni, Cr and Fe. Al 

did not show much partitioning. Cu and Ni maps are shown in Figure 9.4 (b) and (c) respectively. 

The selected area diffraction patterns (SADP) from [011] zone axes of Cu rich phase and the 
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matrix are shown Figure 9.4 (d-e) respectively, which  did not show presence of any extra super-

lattice spot hence it can be concluded that ordering of fcc is not prevalent at 935oC 

.  

Figure 9.4 High Angle Annular Dark Field -Scanning Transmission electron microscopy 
(HAADF-STEM): (a) shows the HAADF-STEM image from the CR-SA-935 condition.(b-c) 
STEM-EDX: Elemental distribution map showing the elements with the color coding: Cu-red, Ni-
blue (d-e) Selected area diffraction patterns (SADP) from [011] zone axes of Cu rich phase and 
the matrix respectively 

 

9.4.2 Copper Clustering in Solution Treated and Quenched Condition 

Selected area electron diffraction (SAD) patterns from the CR-SA sample are shown in 

Figure 9.5, where (a), (b), and (c) correspond to the [001], [112], and [011] zone axes (ZA) of an 
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fcc phase respectively. The principal reflections visible in all these diffraction patterns are the 

fundamental fcc spots. Additionally, there are possibly some very faint reflections visible at the 

{011} positions in [001] and [112] zone axes diffraction patterns. While these additional spots 

are very faint and also diffuse, they indicate the possibility of early stages of long-range ordering 

(LRO) within the fcc matrix. Hence the possibility of ordering within the fcc matrix in the solution 

treated and quenched sample cannot be ruled out. Figure 9.5 shows the atom probe APT results 

from the CR-SA sample. The ion maps for the different elements have been shown in Figure 9.6(a 

to f), and correspondingly labeled. 

 

Figure 9.5 Transmission electron microscopy (TEM) on CR-SA condition: (a, b & c) selected 
area diffraction patterns (SADP) from (a) [001], (b) [112], and (c) [011] zone axes (ZA) of the 
CR-SA sample respectively. 

 

A clear inhomogeneity can be seen in the Cu ion map shown in Figure 9.6(f). This 

compositional inhomogeneity has been quantified by plotting the 1-D compositional profile, 

averaged along a cylindrical cross-section (radius = 20 nm, length = 120 nm), along the direction 

shown in Figure 9.6(a). 

This 1-D profile is shown in Figure 9.6(g), and clearly exhibits fluctuations in the Cu 

composition with an average wavelength of approximately 20 nm. These fluctuations are present 

in the solution treated and water quenched condition of this alloy, and the Cu content in some 
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regions is as high as ~80at% (refer Figure 9.6(g)). These compositional fluctuations can be 

attributed to a phase separation within the fcc matrix. 

 
Figure 9.6 Atom probe tomography (APT) on CR-SA condition: (a) reconstruction showing all 
ions, (b), (c), (d), (e) and (f) show the ion map of various elements as labeled (g) 1-D 
compositional profiles along the arrow shown in (a). 
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However, it should be noted that these compositional fluctuations occur over a length scale (~ 

20nm) that is substantially more refined (by about three orders of magnitude) as compared to the 

phase separation (~ 10-20 µm) resulting in Cu-rich inter-dendritic regions in the as-cast alloy 

(refer to Figure 9.1(a)). Such macroscopic Cu segregation is not observed in the CR-SA condition 

of this alloy, shown in the backscatter SEM image in Figure 9.1(c). Therefore, it can be deduced 

that the dendritic segregation was completely obviated and the alloy was compositionally 

homogenized in the CR-SA condition at the solution treatment temperature of 1000°C. During 

the subsequent quench from 1000°C to room temperature, the alloy phase separates into Cu-rich 

and Cu-depleted regions as shown in Figure 9.6, presumably via a rapid spinodal decomposition 

process. 

A 45at% Cu iso-concentration surface (also referred to as iso-surface) has been used to 

delineate the Cu-rich regions and the corresponding interfaces have been shown in the 

reconstruction in Figure 9.7(a). Composition profiles across these interfaces have been calculated 

in the form of a proximity histogram shown in Figure 9.7(b). The Cu rich phase consists of ~80 

at% Cu, ~ 16 at% Ni and ~4 at% Al. Referring back to the raw ion map for Al shown in Figure 

9.6(d), a weak clustering tendency is observed in the case of this element too. However, the exact 

location of this Al clustering is difficult to identify. 

Figure 9.7(c) shows a 5 nm slice of the raw ion map showing Cu (red) and Al (black) ions. 

The highlighted region (yellow box) in Figure 9.7(c) has been magnified in Figure 9.7(d) and the 

corresponding Cu-rich and Al-rich regions have been highlighted via iso-surfaces; 45 at% Cu 

(red) and 8 at% Al (black). Figure 9.7(d) clearly reveals that the Al-rich regions lie adjacent to 

the Cu-rich regions, or more specifically at the interface between the Cu-rich regions and the 

surrounding matrix. A proximity histogram averaging fifty randomly selected Al-rich interfaces 
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is shown in Figure 9.7(e). Al enrichment up to ~14 at% is observed in these regions. It is important 

to note that while the Cu and Al clustering is clearly visible in the APT reconstructions and the 

corresponding compositional analysis of the CR-SA sample, there is no indication of the 

formation a Cu-rich phase in the electron or synchrotron X-ray diffraction patterns.  

 
Figure 9.7 Atom probe tomography (APT) on CR-SA condition: (a) reconstruction showing 45% 
Cu iso-concentration surface (b) proximity histogram across the selected interface between the 
Cu-rich regions and matrix showing compositional partitioning (c) 5 nm slice of the raw ion map 
showing Cu (red) and Al (black) ions (d) region marked with yellow box in (c) has been magnified 
and Cu rich and Al rich regions have been highlighted using 45 at% Cu (red) and 8 at% Al (black) 
iso-concentration surfaces. (e) Proximity histogram averaging fifty randomly selected Al-rich 
interfaces showing compositional partitioning between inside and outside Al rich regions. 

 

This clearly indicates two things; firstly the lattice parameters of the primary fcc matrix and the 

Cu-rich phase are very similar, and secondly, the Cu-rich phase is disordered. Additionally, it 
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should also be noted that the possible presence of weak and diffuse superlattice reflections at the 

{011} positions in the [001] and [112] fcc zone axes (ZA) SAD patterns from this CR-SA 

condition (shown in Figure 9.5(a) and (b)), indicates the possibility of long-range ordering within 

the Al-rich regions adjacent to the Cu-rich regions. However, based on the results presented in 

this study it is rather difficult to conclusively prove ordering within the Al-rich regions. 

The strong tendency for Cu-clustering in this system, leading to the formation of Cu-rich 

regions even in the solution treated and quenched condition (CR-SA), can be rationalized based 

on the relative interaction parameters for the various binary combinations involving Cu. Thus, the 

principal binary interaction parameters are Cu-Ni, Cu-Fe, Cu-Cr, and Cu-Al. While Cu-Ni is well 

known as an isomorphous system, it should be noted that complete solid-state miscibility is seen 

only above ~500°C. At lower temperatures, there is a miscibility gap in this system, indicative of 

positive enthalpy of mixing or a positive interaction parameter [39,40]. Both Cu-Fe and Cu-Cr 

largely exhibit solid-state immiscibility at lower temperatures (< 300°C), and have large positive 

enthalpies of mixing. Cu-Al is the only binary system involving Cu that has a negative enthalpy 

of mixing, but with the mole fraction of Al in this alloy being only 0.3 atomic fraction, this 

interaction is likely to have a relatively weaker influence. Therefore, comparing these binary 

interaction parameters, it can be rationalized that Cu will have a strong tendency to cluster in this 

alloy. Furthermore, Cu clustering has been previously reported to occur in other HEAs [41, 42]. 

9.4.3 9.4.3 Early Stages of L12 (γ’) Precipitation 

Figure 9.8(a, b & c) show the SAD patterns from [001], [011] and [112] zone axes from 

the CR-SA-550 sample. The super-lattice reflections at {001} and {011} locations in all three 

SAD patterns confirms the presence of L12 ordering. These L12 precipitates have been highlighted 

in the dark-field TEM image shown in Figure 9.8(d), which were recorded by selecting a super-
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lattice reflection from the [001] SAD pattern. This dark-field image indicated a homogenous 

distribution of very fine scale (~5 nm) precipitates within the fcc matrix after annealing at 550°C 

for 150h. 

 

Figure 9.8 Transmission electron microscopy (TEM) on CR-SA-550 condition:  (a) SADP from 
[001] ZA (b) [011] ZA (c) [112] ZA showing the super-lattice spot at {001} and {011} positions 
marked in yellow color. (d) dark field (DF) TEM image obtained from the super-lattice spot 
encircled in yellow in (b) SADP [011] ZA showing the super-lattice spot at {001} position  The γ' 
to precipitates are lighted up in the DFTEM image. 

 

Figure 9.9 shows the STEM results from the CR-SA-550 condition. Figure 9.9(a) shows 

a high angle annular dark-field (HAADF) STEM image exhibiting a uniform distribution of fine 

scale precipitates of a brighter contrast. This second phase is clear in the magnified image shown 

in the lower part of Figure 9.9(a). Compositional profiles for the different elements, along the 

yellow arrow marked in Figure 9.9(a), are plotted in Figure 9.9(b).  
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Figure 9.9 High Angle Annular Dark Field -Scanning Transmission electron microscopy 
(HAADF-STEM) on CR-SA-550 condition: (a) shows the HAADF-STEM image, the lower portion 
shows high magnification image. (b) EDX - compositional line profiles for various elements along 
the yellow arrow shown in (a), spikes in Cu concentration can be clearly seen.  (c - g) EDX- 
elemental distribution maps showing various elements as labeled in the figure. 

 

The composition profile for Cu exhibits relatively high amplitude fluctuations. Furthermore, the 

composition profiles for Ni, Fe, and Cr, appear to be synchronized with enrichments and 

depletions at the same location, and out of phase with the Cu fluctuations. The STEM-EDS 

elemental maps for the different elements are shown in Figure 9.9(c to g) with each 

correspondingly labeled. Fig. 9(c) clearly shows the Cu-rich precipitates. Some Al enrichment is 

also visible in Figure 9.9(e) but the signal to noise ratio is not sufficiently high to delineate Al-

rich precipitates. While the dark-field TEM image in Figure 9.8(d) clearly showed the presence 

of L12 ordered precipitates within the fcc matrix, and the STEM-EDS results showed Cu 

clustering, the relationship between these two observations and their spatial correlation cannot be 

conclusively established solely based on these experimental observations. Therefore, detailed 
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APT investigations were carried out to further investigate the relationship between the Cu-rich 

precipitates and the L12 ordered precipitates. 

Figure 9.10 shows the 3D APT reconstructions of ion maps for various elements from the 

CR-SA-550 sample. Figure 9.10(a) shows all the ions, and at least three compositionally different 

phases are clearly visible. The Cu-rich phase is dominated by red, the Ni and Al rich γ’ phase is 

dominated by black, while the matrix is dominated by blue. The composition of the three phases 

was calculated by extracting spheres of 5 nm diameter from each phase as marked by 1, 2 and 3 

and generating the bulk composition of these spheres. Sphere 1 which is from the Cu-rich phases 

has ~94 at% Cu and rest is mostly Ni as shown in Table 9.2. Sphere 2 corresponds to the γ’ phase 

(as shown in Figure 9.10(e)) which is ~ 56 at% Ni, ~17 at% Cu and 24 at% Al. As the L12 phase 

has a stoichiometry of 3:1 for the ratio of Ni sites to Al sites, it appears that the Cu atoms 

preferentially occupy the Ni sites resulting in a γ’ phase stoichiometry of (Ni,Cu)3Al. Since 

partition towards the γ’ phase it can be concluded that Cu stabilizes this ordered L12 phase in this 

HEA. The 3D reconstructions of the ionic maps shown in Figure 9.10 clearly reveal a relationship 

between the fcc Cu and the L12 (γ’) ordered phases, with precipitates of both phases associated 

to each other (refer to Figure 9.10(a)). Furthermore, lattice planes are also clearly visible within 

the L12 (γ’) ordered precipitates, in both Figure 9.10(a) an (e). Unit cells for fcc Cu and the L12 

ordered phase with (Ni/Cu)3Al stoichiometry are shown in Figure 9.11(a). Figure 9.11(b) shows 

a higher magnification (15 nm x 10 nm x 5 nm) view of the reconstruction showing only Cu (red) 

and Al (black) ions.  The region of the 3D reconstruction was selected near a [001] pole, to reveal 

the {001} lattice planes corresponding to the fcc Cu and L12 (γ’) phases. The lattice planes in 

both phases are parallel and appear to display a cube-on-cube orientation relationship. 
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Figure 9.10 Atom probe tomography (APT) on CR-SA-550 condition: (a) reconstruction showing 
all ions, (b), (c), (d), (e) and (f) show the ion map of various elements as labeled. 
 

Table 9.2 CR-SA-550 condition: Composition of Cu-rich phase, γ’ (L12 precipitate) & γ (matrix) 
by atom probe tomography (APT) 
Location 1 ( Cu) 2 (γ’) 3(γ) 

Ions At. Percent  (%) Sigma  (%) At. Percent  (%) Sigma  (%) At. Percent  (%) Sigma  (%) 
Al 0.79 0.17 24.01 1.47 1.14 0.25 
Ni 4.80 0.42 56.20 2.52 39.76 1.70 
Cu 94.23 2.56 17.19 1.21 0.82 0.21 
Cr 0.00 0.00 1.16 0.29 28.47 1.38 
Fe 0.18 0.08 1.44 0.32 29.81 1.42 

 

To depict the lattice planes more clearly and measure the interplanar spacing, spatial 

distribution maps (SDM) have been constructed from these phases and are shown in Figure 

9.11(c) and (d). Figure 9.11(c) shows the Cu-Cu SDM for the Cu-rich precipitate while Figure 
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9.11(d) shows the Al-Al SDM for the L12 (γ’) ordered precipitate. A derivative of the radial 

distribution function, the SDM is usually utilized to determine the distribution of solute atoms in 

the z-direction as well as to create a 2D map to locate atomic positions in the x–y lateral plane 

[43, 44]. Figure 9.11(c) shows the yz-SDM corresponding to self-interaction of Cu-Cu. The SDM, 

plotted on the plane defined by the y- and z-axes, were created from a region of interest (ROI), 

placed at the center of the pole (most probably {001}) and the angular offset between the ROI 

and the actual lattice planes in the reconstructions was carefully minimized so that the highest 

spatial resolution could be obtained in the SDM. The yz-SDM for Cu-Cu interactions reveals that 

the minimum separation between the Cu atoms is 0.18 nm in the z-direction. While the yz-SDM 

for Al-Al interactions shown in Figure 9.11(d) reveals that the minimum separation between Al-

Al atoms is 0.37 nm. 

 

Figure 9.11 Atom probe tomography (APT) on CR-SA-550 condition: (a) Unit cells for fcc Cu 
and the γ' ordered phase (with (Ni/Cu)3Al stoichiometry (b) high magnification (15 nm x 10 nm x 
5 nm) view of the reconstruction showing only Cu (red) and Al (black) ions (c) and (d) spatial 
distribution maps (SDM) from Cu-rich phase and γ'. 
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The Cu rich phase exhibits an interplanar spacing of ~0.18 nm which can be attributed to 

the {002} planes of fcc Cu rich phase. A similar SDM from the γ’ phase showed a d spacing of 

~0.37 nm. These planes are likely to be the {001} planes of the ordered phase. It has been reported 

earlier by Meher et al. [45, 46] that in ordered precipitates like γ’ the resolution to detect the {002} 

is affected by the offset of the precipitate from zone axis and temperature of evaporation. The 

bonding on the Ni-Ni planes is mostly metallic and hence weaker than the covalent/ionic bonding 

due to hybridization pAl-dNi orbitals on mixed Ni-Al planes [45, 46]. The evaporation of the pure 

Ni rich planes is much easier as compared to more strongly bond Ni-Al planes and hence during 

the field evaporation process in the atom probe, the pure nickel planes merge with the mixed Ni-

Al planes, resulting in only a single set of {001} planes appearing in the reconstruction [45, 46]. 

This makes the detection of the {002} planes very difficult, if not impossible, until the offset of 

the precipitates from the [001] direction is minimized and evaporation temperatures are reduced 

to as low as 20 K. However, from the viewpoint of the present paper, the near parallel alignment 

of the {002} planes of fcc Cu and the {001} planes of the ordered L12 (γ’) precipitate, is sufficient 

evidence to establish the cube-on-cube orientation relationship between these two phases. 

Figure 9.12(a) shows a 20 nm x 50 nm x 10 nm slice of the reconstruction from the larger 

view APT reconstruction from the CR-SA550 condition, shown in Figure 9.10. The Cu-rich 

precipitate and the L12 (γ’) precipitate are encapsulated by a Cu-isosurface (red) and an Al-

isosurface (grey). The γ’ precipitates are seen to grow on the orthogonal edges of the Cu phase 

maintaining the orientation relationship. 1-D compositional profiles for the different elements 

have been plotted along the axis of the cylinder, aligned across a fcc Cu/ L12 (γ’) interface, shown 

in Figure 9.12(a), and these profiles have been shown in Figure 9.12(b). The Cu-rich phase, which 

is >95 % (at.) Cu and nearly pure Cu, appears to be directly attached to the L12 (γ’) precipitate 
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with an average composition of 60at% Ni, 15at% Cu, and 25at% Al. Based on the detailed APT-

based experimental observations presented in Figure 9.10, Figure 9.11, and Figure 9.12, and the 

corresponding quantitative analysis, the following insights can be obtained; 

The fcc Cu-rich precipitates within the fcc matrix of the HEA are associated with the Al-

rich ordered L12 (γ’) precipitates. 

 

Figure 9.12 Atom probe tomography (APT) on CR-SA-550 condition: (a) 20 nm x 50 nm x 10 nm 
slice which the Cu-rich precipitate & γ' being encapsulated by a Cu-isosurface (red) and an Al-
isosurface (grey). (b) 1-D compositional profiles for the different elements have been plotted 
along the axis of the cylinder in the figure by red arrow. 

 

The {002} planes of the fcc Cu-rich precipitates are aligned parallel to the {001} planes 

of the ordered L12 (γ’) precipitates, suggesting a cube-on-cube orientation relationship between 

these two phases. 
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Cu partitions to the ordered L12 (γ’) precipitates indicating that the ordered precipitates 

are stabilized by Cu, and assuming a stoichiometry of Ni3Al in this ordered phase, the Cu atoms 

appear to occupy the Ni sites. 

There are two possible mechanisms leading to the formation of spatially associated Cu-

rich and Al-rich L12 (γ’) precipitates: spinodal decomposition within the fcc matrix of the HEA, 

leading to phase separation into Cu-rich and Al-rich regions in close proximity, followed by 

ordering within the Al-rich regions to form L12 (γ’) precipitates, or, initial Cu-clustering within 

the fcc matrix of the HEA, followed by these Cu-rich clusters acting as heterogeneous nucleation 

sites for the Al-rich L12 (γ’) precipitates. 

9.4.4 Advanced Stages of L12 (γ’) Precipitation 

Similar studies were carried out on CR-SA-700 condition as shown in Figure 9.13 and 

Figure 9.14. Figure 9.13 shows the TEM results where (a) shows the [011] ZA SAD pattern and 

(b) shows a dark-field TEM image made from {001} superlattice spot highlighted (yellow circle) 

in the SAD pattern shown in Figure 9.13(a). The size scale of γ’ has increased from ~5 nm in CR-

SA-550 to ~75 nm in case of CR-SA-700.   Figure 9.13(c-e) show the elemental maps obtained 

by STEM-EDS mapping from this sample. Figs. 13(c) and (d) show the Al and Cu maps 

respectively. Fig. 13(c) shows the L12 (γ’) precipitates while Fig. 13(d) shows the Cu-rich 

precipitates within the fcc matrix of the HEA. Fig. 13(e) shows an overall STEM-EDS map where 

the signals from all the constituent elements of this HEA have been superimposed. This STEM-

EDS map clearly substantiates that the Cu-rich precipitates act as heterogeneous nucleation sites 

for the (γ') precipitates. The compositions of the three phases, based on the STEM-EDS analysis, 

are listed in Table 9.3. The γ' precipitates contain Ni = 52 at%, Cu = 31 at%, Al = 11.5 at% Fe = 

4 at% and Cr = 1.5 at%, the Cu-rich precipitates adjacent to the L12 precipitates contain ~86 at% 
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Cu and γ matrix composition is Ni = 43 at%, Al= 2 at. %, Cu = 15 at%, Cr= 18 at. % and Fe = 22 

at%. As discussed in the previous case for the CR-SA-550 sample, in the present case too, 

partition of Cu into the L12 precipitates substantiates that the Cu-rich precipitates not only 

nucleate the L12 precipitates but also stabilize it. There could be dilution of compositions of fine 

precipitates (γ' and Cu- rich phase) in STEM-EDS due to beam interactions and over lapping of 

these phases in TEM foil. Hence a better estimate of elemental partitioning in γ'- γ is provided by 

APT results. 

Fig. 14 shows the APT reconstruction from CR-SA-700 condition. Due to larger size scale 

of the phases in this condition, only the L12 (γ’) and matrix phases were captured in the 

reconstruction. A proximity histogram was generated from the interface marked as 2 in the figure. 

The partitioning of the elements are found to very similar to that observed in case of the CR-SA-

550 condition with Ni, Cu and Al partitioning towards γ’. The composition of γ matrix and γ’ 

were extracted using a 5 nm diameter sphere as explained earlier and the APT compositions for 

the two phases are listed in Table 9.4. The γ' precipitates contain Ni = 56.5 at%, Cu = 16.5 at%, 

Al = 21 at% Fe = 2 at% and Cr = 4 at% where are the γ matrix composition is Ni = 45 at%, Cu 

=6 at. %, Al = 2.5 at%, Fe = 19.5 at% and Cr = 25 at %. 
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Figure 9.13 Transmission electron microscopy (TEM) on CR-SA-700 condition: (a, b & c) show 
the SADP ZA= [112] fcc , [110]fcc and DFTEM from the selected extra superlattice spot 
respectively. The γ' precipitates are lighted up in the DFTEM image in (c). (d through h) show 
elemental distribution maps for Fe, Cr, Al, Ni & Cu respectively (g) overall STEM-EDS map 
where the signals from all the constituent elements of this HEA have been superimposed. 

 

Table 9.3 CR-SA-700 condition: Composition of Cu-rich phase, γ’ (L12 precipitate) & γ (matrix) 
by STEM EDS 

Location γ γ' 
Ions At. Percent (%) Sigma (%) At. Percent (%) Sigma (%) 
Al 4.70 0.18 21.10 0.45 
Ni 44.91 0.65 56.62 0.83 
Cu 5.74 0.20 16.56 0.39 
Cr 19.64 0.39 1.73 0.12 
Fe 25.02 0.45 3.99 0.18 
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Figure 9.14 Atom probe tomography (APT) on CR-SA-700 condition: reconstruction showing all 
ions, (b) proximity histogram showing compositional partitioning across the interface γ-γ' 
interface.  

 

Table 9.4 CR-SA-700 condition: Composition of γ’ (L12 precipitate) &  γ (matrix) by atom probe 
tomography (APT) 
Ions 1 ( Cu) 2 (γ’) 3(γ) 
Al 2.60 11.47 2.31 
Ni 8.89 51.70 42.55 
Cu 85.71 31.28 15.38 
Cr 0.72 1.39 17.86 
Fe 2.08 4.16 21.9 

         

Isothermal annealing at even higher temperatures of 900°C, corresponding to the CR-SA-

900 sample, exhibited a rather interesting change in the microstructure. The backscatter SEM 

image from this sample, shown in Fig. 1(f) shows needle-shaped precipitates with a dark contrast, 

indicating that these needles are enriched in the lighter elements, e.g. Al in this alloy system. 

Since, the darker contrast phase in case of the CR-SA-700 sample (Fig. 1(d)) is the ordered L12(γ’) 

phase, it would appear the dark needle-shaped precipitates in Fig. 1(f) belong to the L12(γ’) phase. 

More detailed TEM results from this condition are shown in Fig. 15. The bright-field image in 

Fig. 15(a) shows multiple needle-shaped precipitates, aligned perpendicular to each other. A [001] 
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zone axis electron diffraction pattern from only the fcc matrix is shown in Fig. 15(b). Figs. 15(c) 

and (d) show [001] and [011] zone axes diffraction patterns from regions containing both the fcc 

matrix and the precipitates. The presence of {001} and {011} superlattice reflections in these 

diffraction patterns, clearly establishes the presence of L12 ordering within the needle-shaped 

precipitates.  

 

Figure 9.15 Transmission electron microscope (TEM):  (a) BFTEM image from CR-SA-900 
showing needle-shaped precipitates (b) [001] zone axis electron diffraction pattern from only the 
fcc matrix (c)&(d) [001]& [011] zone axis electron diffraction pattern from region containing 
precipitate and the matrix respectively. (e) dark-field TEM image, recorded from the specific 
{011} superlattice reflection marked with a circle in (d). (f) HAADF-STEM image of the 
intersection of two perpendicularly aligned needle-shaped regions together with the 
corresponding STEM-EDS maps for Al, Cu and Fe shown as insets as labeled.   

 

A dark-field TEM image, recorded from the specific {011} superlattice reflection marked 

with a circle in Fig. 15(d), is shown in Fig. 15(e). Interestingly, this dark-field image highlights 

nanoscale γ’ precipitates within the needle-shaped region, rather than the entire needle being 
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highlighted. This indicates that the needle-shaped regions themselves are composed of two 

distinct phases, a disordered fcc matrix with a highly refined uniform dispersion of γ’ precipitates. 

A HAADF-STEM image of the intersection of two perpendicularly aligned needle-shaped regions 

is shown in Fig. 15(f) together with the corresponding STEM-EDS maps for Al, Cu and Fe shown 

in Figs. 15(f) insets on left and right respectively. The needle-shaped regions have an overall 

higher Cu content as compared to the surrounding matrix. Al partitioning is not very strong but it 

appears high in the needle-shaped regions. APT results from this sample are shown in Fig. 16. 

Site-specific samples were prepared using the dual-beam FIB from regions containing the needle-

shaped regions, as shown in Fig. 16(a) and (b). While it was rather challenging to capture all three 

regions of interest within the same APT reconstruction, one example of such a case is shown in 

Figs. 16(d) and (e). The approximate region from which this APT sample was extracted has been 

illustrated in Fig. 16(c), where a dark-field TEM image is shown together with a schematic of the 

APT sample. The actual APT reconstruction in Fig. 16(d) shows a small section of a γ’ precipitate 

at the top, a small section of the Cu-rich channel below the precipitate (γ1), and then a large region 

of the fcc matrix below. The composition profiles for the relevant elements, averaged along a 

cylinder a diameter 3 nm along the axis of the reconstruction (marked by an arrow in Fig. 16(d)), 

have been plotted in Fig. 16(e). The Al+Ni rich marks the γ’ precipitate, with the Cu-rich region 

to its right, and the fcc matrix further to the right is enriched in Fe, Ni, and Cr. While it is rather 

difficult to get quantitative information for the γ’ precipitate from this APT reconstruction, since 

only a very small section of the precipitate was captured, the overall trends in the composition 

profiles are well reflected for all three regions. Based on the SEM, TEM and APT results from 

the CR-SA-900 sample, it can be concluded that after 900°C/20hrs annealing there is a phase 

separation within the fcc matrix leading to the formation of Cu-rich needle-shaped regions and γ’ 
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precipitation is largely confined to within these needle-shaped phase separated regions. This is 

unlike the CR-SA-550 and CR-SA-700 conditions, where conjoint or coupled γ’/Cu-rich 

precipitates are uniformly distributed within the fcc (γ) matrix. The details of the mechanism 

leading to the phase separation into needle-shaped Cu-rich regions and γ’ precipitation within 

these Cu-rich regions, requires further investigation. Interestingly, the SEM results from the 

960°C/20hrs annealed condition, shown in Fig. 4(a), exhibits brighter contrast Cu-rich needle-

shaped regions since the γ’ precipitates within these regions have dissolved (temperature is higher 

than the order-disorder transformation temperature). 

 

Figure 9.16 Atom probe tomography (APT) on CRSA-900 condition: (a) SEM image showing the 
region used for  site-specific sample prepared using the dual-beam FIB (b) SEM image of the 
needle prepared for atom probe tomography showing the alignment of precipitates (c) TEM dark 
field image showing the approximate region captured in the APT reconstruction highlighted with 
white  trapezium shape (d) APT reconstruction capturing the 3 phases - L12, Cu rich fcc phase 
and the fcc matrix from top to bottom (e) A cylindrical 1-D compositional profile along the 
direction shown by the arrow in (d) presenting the partitioning of various elements in different 
phases along this direction. 

 

9.5 Summary and Conclusion 

The role of Cu in HEAs, such as Al0.3CuCrFeNi2 has been investigated in detail in the 

present study. While Cu has a strong tendency to segregate into the inter-dendritic regions in the 

as-cast condition, a homogeneous distribution of Cu, at the macroscopic length scale, can be 
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obtained by deforming and recrystallizing the as cast alloy. Subsequently, the role of Cu on 

stabilization and precipitation of the ordered L12 (γ’) precipitates can be summarized as follows: 

The order-disorder transition associated with the formation of the L12 (γ’) phase in this 

HEA has been investigated via in situ synchrotron XRD annealing experiments and while the 

exact order-disorder transition temperature could not be determined, this temperature was 

determined to lie within the range 930°C-960°C for this alloy. 

Cu has a strong clustering tendency in this HEA system and consequently phase separation 

is clearly observed in the solution-treated and quenched condition of the alloy, revealed by APT. 

Cu-rich clusters containing as high as 80at% Cu are observed. A small degree of Al enrichment 

is also observed adjacent to the Cu-rich regions. 

There are two possible mechanisms leading to the formation of spatially associated Cu-

rich and Al-rich L12 (γ’) precipitates within the microstructure: spinodal decomposition within 

the fcc matrix of the HEA, leading to phase separation into Cu-rich and Al-rich regions in close 

proximity, followed by ordering within the Al-rich regions to form L12 (γ’) precipitates, or, initial 

Cu-clustering within the fcc matrix of the HEA, followed by these Cu-rich clusters acting as 

heterogeneous nucleation sites for the Al-rich L12 (γ’) precipitates. This leads to uniformly 

distributed conjoint/coupled L12 (γ’)/Cu-rich precipitates within the fcc matrix of the HEA. 

Based on APT results, Cu partitions to the L12 (γ ’) phase, indicating the stabilization of 

this ordered phase by Cu. Furthermore, assuming a stoichiometry of Ni3Al for the γ’ phase, the 

Cu atoms appear to occupy the Ni sites in the ordered L12 structure. 

Higher temperature (800-900°C) isothermal decomposition of this alloy occurs via a 

macroscopic phase separation leading to the formation of Cu-rich needle-shaped regions, with the 

γ’ precipitation being largely confined to within these needle-shaped regions. 
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The γ’ order-disorder transformation temperature for this alloy lies in the range 930°C-

960°C, which is much higher than that observed in case of the Al0.3CrFeCoNi HEA reported 

previously [24], where γ’ dissolved below 700°C. The clustering of Cu in this HEA can be 

harnessed to develop a more homogeneous distribution of fine scale γ’ precipitates for enhanced 

precipitation strengthening both at room as well as at elevated temperatures. The results presented 

in this paper lead to some fundamental insights into the mechanism of Cu clustering in high 

entropy alloys and its consequent influence on precipitation and stabilization of ordered phases. 

This approach can be effectively employed in other precipitation-hardened HEAs or in general 

other alloy systems. 
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CHAPTER 10  

COMPOSITIONAL OPTIMIZATION: MINOR ADDITIONS oF Cu & Ti  

10.1 Introduction 

Based on the understanding from the previous work a compositionally new alloy was 

designed to optimize the microstructure and mechanical properties which is presented in Chapter 

10.  The new alloy composition was devised to be Al0.3Cu0.3Ti0.2CoCrFeNi (6.5% Al, 6.5% Cu, 

4.0%Ti, and 20.75% Co, Cr, Fe, Ni each atomic percent) which is a modified version of 

Al0.3CoCrFeNi with minor addition of  Cu and Ti aims to stabilize L12 phase at elevated  

temperatures and strengthen the alloy further. Previous results from Al0.3CuCrFeNi2 alloy 

suggested that Cu played a crucial role in stabilizing the L12 precipitates to high temperature (930 

oC) as compared to Al0.3CoCrFeNi where the precipitates dissolved below 700 oC. Also it was 

found that the L12 phase is nucleated on a Cu rich region which generates the possibility of Cu 

rich regions acting at heterogeneous nucleation sites for L12 to precipitate. But Cu also seemed 

to embrittle the alloy possibly due to segregation. Hence Cu content is optimized here. A detailed 

investigation involving, heat treatments, mechanical properties, SEM and TEM examination at 

each stage are presented.   

10.2 Experimental Procedure 

Alloy with nominal chemical composition Al0.3Cu0.3Ti0.2CoCrFeNi was prepared by a 

conventional arc melting route and microstructural characterization was performed using 

scanning electron microscopy (FEI Nova-NanoSEM 230™), coupled with energy dispersive 

spectroscopy (EDS) and electron backscattered diffraction (EBSD) detectors and transmission 

electron microscopy (FEI Tecnai G2 TF20™ operating at 200 kV). TEM lifted-out samples were 

prepared using an FEI Nova 200 dual beam focused ion beam (FIB). The alloy was cold rolled 
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by 50%, were encapsulated in quartz tubes backfilled with argon and solutionized at 1150 °C for 

5 mins followed by water quenching to obtain a recrystallized microstructure. Orientation 

microscopy was done using the TSL OIM™ software for analyzing grain orientation maps 

obtained from EBSD data. Samples solutionized at 1150 oC for 5 mins were aged at 600 °C for 

150 h and 800 °C for 30 mins and water quenched to study the precipitation of secondary phases 

within the fcc matrix. The tensile tests were carried out by setting the initial strain rate at 10−3 s−1, 

with respect to change in length. For each test performed, the strain rate variation was noted to be 

less than 1 % from the desired strain rate. These tests are quasi-static tests which used a LVDT 

(linear variable displacement transformer) extensometer. These tensile test specimens (gauge 

length ~ 3 mm, width ~ 1 mm and thickness ~ 0.5–1 mm) were machined from the heat-treated 

samples using electric discharge machine (EDM). At least five independent tests were carried out 

to obtain tensile elongation and strength data.  

10.3 Results and Discussion 

10.3.1 Heat Treatments and Scanning Electron Microscopy 

The scanning electron microscopy (SEM) results are shown in Figure 10.1 along with the 

heat treatment cycle. The homogenized alloy was cold rolled (CR) at room temperature for 50 % 

reduction in thickness. The CR alloy is then subjected to a high temperature (1150 oC for 5 mins) 

to recrystallize the grains structure. SEM microstructure from this condition is shown with black 

border which shows recrystallized grains with about 5-10 µm grain size. A darker contrast grain 

boundary precipitate is observed. The recrystallized samples (CRSA) underwent two different 

aging treatments viz. 800 oC for 30 mins (CRSA-800) and 600 oC for 150 h (CRSA-600). The 

micrographs from these conditions are shown and labeled in Figure 10.1(CRSA-800 with blue 

broken-line border and CRSA-600 with red solid-line border). Grain growth took place during 
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both aging treatments and the number density of the dark contrast phase also appears to increase 

by visual examination of SEM images.  

 

Figure 10.1 Heat treatment conditions and corresponding SEM images in 
Al0.3Cu0.3Ti0.2CoCrFeNi 

 

Electron backscatter diffraction (EBSD) and energy dispersive spectroscopy (EDS) results 

are shown in Figure 10.2, Figure 10.3 and Figure 10.4. Figure 10.2 shows the EBSD results from 

CRSA condition where the pseudo-colored orientation map contains both the matrix phase and 

the grain boundary darker contrast phase seen in SEM image (Figure 10.1). The grain boundary 
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phase is index by bcc crystal structure. A pseudo-colored reference stereographic quadrants 

corresponding to the orientations of the fcc and bcc phases is shown as a inset to Figure 10.2(a). 

The phase map showing the fcc phase in orange and the bcc phase in green is shown in Figure 

10.2(b). Based on these EBSD maps it can be concluded that matrix is clearly fcc based and the 

boundary phase is bcc based structure. 

 

Figure 10.2 EBSD results showing (a) inverse pole figure map (IPF) and (b) phase map from 
1150 C for 5 mins CRSA HT condition of Al0.3Cu0.3Ti0.2CoCrFeNi alloy 

 

Figure 10.3(a-b) and Figure 10.4(a-b) present similar results containing orientation maps 

(a) and phase maps (b) from CRSA-600 condition and CRSA-800 respectively showing the fcc 
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based matrix and bcc based grain boundary phase. Figure 10.4(c-i) show the EDS maps of various 

elements as labeled in the figure presenting the partitioning of elements in the two phases 

identified as fcc (matrix) and bcc (grain boundary). The grain boundary phase is found to be rich 

in Al (c, red), Ti (d, green), and Ni (e, cyan). Cu enrichment is observed around the secondary 

precipitates whereas the Cr and Fe partition out of the second phase. 

 

Figure 10.3 EBSD results showing (a) inverse pole figure map (IPF) and (b) phase map from 
CRSA-600 HT condition of Al0.3Cu0.3Ti0.2CoCrFeNi alloy. 
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Figure 10.4 EBSD results showing (a) inverse pole figure map (IPF) and (b) phase map from 
CRSA-800 HT condition of Al0.3Cu0.3Ti0.2CoCrFeNi alloy. (c-i) EDS maps of various elements as 
labeled. 

 

10.3.2 Mechanical Properties 

Figure 10.5 shows the room temperature tensile engineering stress-strain curves of the 

three heat treatment conditions of the Al0.3Cu0.3Ti0.2CoCrFeNi HEA. The CRSA condition 

exhibits yield strength (YS) of about 375 MPa and an elongation to failure of about 65 %. After 

undergoing the annealing treatments the alloy shows an increase in YS reaching to 720 MPa in 

CRSA-800 condition and 840 MPa in CRSA-600 condition. The elongation to failure for CRSA-

800 is 20% whereas for CRSA-600 is it about 25%. CRSA-600 presents a promising strength-

ductility combination with excellent work hardenability. The ultimate tensile strength of the alloy 

is about 1.1 GPa. It is worth noting that alloy showed grain growth while the aging treatment 

which would inversely affect the strength due to hall-petch effect. Inspite of grain growth the hike 

in strength values could be explained by fine scale precipitation in the fcc  matrix. 
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Figure 10.5 Stress vs strain plots of the three HT condition of the Al0.3Cu0.3Ti0.2CoCrFeNi alloy 
under tensile loading. 

  

10.3.3 X-Ray Diffraction 

Further characterization of the alloy conditions was done using X-ray diffraction (XRD) 

experiments. The results are shown in Figure 10.6 where the XRD traces from all the three 

conditions are plotted in a staggered plot. Only fcc fundamental peaks are visible from the 

diffraction patterns. Though, it is evident that there is a peak shift when comparing the CRSA 

with the CRSA-800 and CRSA-600 conditions. The ordering on matrix normally results in 

contraction on the average lattice parameter of the matrix [1, 2, 3]. A peak shift towards the right 

hand side direction denotes a contraction of the fcc matrix which is suggestive of a ordering 

transformation occurring here. Further characterization would be needed to substantiate this. No 
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evidence of second phase seen on grain boundary is clearly distinguishable by current X-ray 

diffraction results. 

 

Figure 10.6 XRD traces from the three HT condition of the Al0.3Cu0.3Ti0.2CoCrFeNi alloy. 
 

10.3.4 Transmission Electron Microscopy (TEM) 

10.3.4.1 CRSA Condition  

TEM results from the 3 conditions are shown and discussed in Figure 10.7-10.15. Figure 

10.7(a) shows the bright field image from CRSA condition capturing a grain boundary region. 

The grain boundary is marked by a while dotted line and the grain boundary precipitate is 

highlighted by a yellow dotted line. Figure 10.7(b-d) shows a selected area diffraction patterns 

(SADPs) from three different zone axes from the matrix region, which are unambiguously 

indexed as [112], [001] and [011] zone axes of an fcc structure, respectively. The images were 

taken at 64 sec exposure each and do not show very clear evidence of extra superlattice spots 
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indicating towards ordering of the matrix. But in image (d) where the ZA=[011] fcc shows faint 

reflections at {001} and {011} positions representing ordering. Hence there is a possibility of a 

small volume fraction of ordered L12 precipitates present which might have precipitated while 

water quenching the sample. It has also being reported in Ni-based super alloys containing Al that 

a small amount of short range or long range order may exist in the alloy even on quenching from 

above solvus temperature [4, 5].   

 

Figure 10.7 TEM from CRSA: (a) BF image (b-d) SADPs from 112, 001, and 011 zone axes. 
 

The SADPs from the grain boundary precipitates are shown in Figure 10.8(a and b) 

showing [011] and [001] zone axis of a bcc crystal structure. The presence of 1/4, 2/4, 3/4 {222} 

spots in [011] zone axis clearly establish the phase to be ordered L21. The existence of extra (-11-

1) and (-1-11) reflections in Figure 10.8(a) are inconsistent with B2 ordering which has a 



191 

symmetry of Pm-3m. However, the presence of these reflections is consistent with the Fm-3m 

symmetry observed for the [110] zone of an ordered L21 structure (Huesler structure, fm-3m). 

 
Figure 10.8 TEM from CRSA: (a-b)SADPs from 011 and 001 zone axes of the grain boundary 
precipitate, (c) DF from the highlighted spots in (a) showing the L21 precipitate lighting up. (d) 
STEM image of the L21 precipitate (e-k) EDS maps showing the compositional partitioning across 
the precipitate and the matrix. 
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The dark field (DF) image in Figure 10.8(c) was recorded using a set of super lattice 

reflections highlighted in Figure 10.4(a) by the dashed yellow circle. Addition of Ti has been 

shown to stabilize L21 phase in high entropy alloy by other author [6, 7].  The scanning 

transmission electron microscopy (STEM) results are shown in Fig. 10.8 (d-k) where STEM EDS 

maps of various elements are presented. The results are consistent with SEM-EDS results 

obtained from CRSA-800 shown in Figure 10.4.  Hence it is credibly shown that the grain 

boundary precipitation is of L21 phase which is most likely present in all three different heat 

treatment conditions. The size scale, volume fraction, number density of the L21 particles is 

different under different conditions. 

10.3.4.2 CRSA-600 Condition  

To explore the microstructure of other two conditions CRSA-600 and CRSA-800 further 

detailed characterization of these conditions is presented. Figure 10.9(a) shows the BF image 

from a CRSA-600 sample showing a grain boundary as labeled in the Fig. The SADPs from 

[001]fcc and [011]fcc of the matrix are shown in Figure 10.9 (b and c).  The SADPs show the 

presence of extra super lattice spots at {001} position in [001] ZA and {001} and {011} positions 

in [011] ZA, this clearly suggests the presence of the ordered L12 precipitates in the matrix. A 

dark field image made from the super lattice spot highlighted by a red circle in Figure 10.9(b) is 

shown in Figure 10.9(d). The image shows fine scale ordered precipitates lighting up, with a size 

scale of about 10-20 nm. 

To undoubtedly characterize the grain boundary region micro-diffraction using a 

convergent beam condition was done.  The results are shown in Figure 10.10(a-d). Figure 10.10(a) 

shows a BF image where different phases are labeled as established by the diffraction patterns 
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shown in (b-d). There are at least three different phases identified at the grain boundary. Majority 

of the  

 

Figure 10.9 TEM from CRSA-600: (a) BF image showing the GB region. (b-c)SADP from 100, 
011 zone axis of fcc crystal structure showing extra superlattice spot. (d) DF image showing L12 
precipitates lighting up. 

  

Precipitates are L21 phase; however it is not the exclusive grain boundary phase present. 

Possibly sigma phase and another disordered bcc phase are also precipitated on the grain 

boundaries in this condition. STEM image and EDS maps of various elements taken from the 

grain boundary region are shown in  L12 phase is highlighted better in Ni map as marked in the 

figure.  Figure 10.11.  It seen that the disordered bcc phase is rich in Cr and could most likely be 
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the alpha Cr phase which has been observed in Ni-Cr based alloys on prolonged aging above 500 

oC[8].  L21 phase which is rich in Al, Ti is lighted up in Al and Ti maps as labeled whereas the A 

summary of compositions of different phases from STEM EDS by spot scan is shown in Table 

10.1. 

 

Figure 10.10 TEM from CRSA-600: Bf image showing the grain boundary region. (b-d) SADPs 
taken from various precipitates on the grain boundary in this condition. 
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Figure 10.11 TEM from CRSA-600: (a) STEM image from the grain boundary region (b-h) STEM 
EDS maps 
 
Table 10.1 STEM EDS spot composition results from different phases in CRSA-600 
Matrix Alpha Cr L21 
Element At % Uncertainty % At % Uncertainty % At % Uncertainty % 
Al 4.2 0.04 0 0 15.1 0.09 
Ti 4.9 0.06 0 0 16.8 0.13 
Cr 20.6 0.13 84.3 0.9 3 0.09 
Fe 19 0.15 8.1 0.1 6 0.1 
Co 20.8 0.16 3.4 0.07 29 0.2 
Ni 20.4 0.16 0.2 0.02 20.9 0.18 
Cu 10.1 0.12 4 0.1 9.2 0.13 
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10.3.4.3 CRSA-800 Condition  

Figure 10.12 presents the TEM observations from CRSA-800 condition.  The various zone 

axis are shown in Figure 10.12 (a, b and c) as labeled. The superlattice reflections are consistent 

with the ordered L12 precipitation. The DF image from the highlighted superlattice spot in Figure 

10.12(a) is shown in Figure 10.12(d) showing L12 precipitates lighting up. Furthermore an 

annealing twin is seen in the image as labeled and SADP from the twin region is shown as an 

inset of the image. The L12 precipitates in this condition have larger size scale (30-50 nm) as 

compared to CRSA-600. 

 
Figure 10.12 TEM from CRSA-800: (a-c) SADPs from 001, 011, 112 ZA of fcc crystal structure 
respectively showing extra superlattice spots corresponding to L12 ordering. (D) DF image 
showing the L12 precipitates lighting up.  
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The STEM EDS maps showing L12 precipitates lighting by in Ni, Ti and Al maps is 

shown in Figure 10.13. It is interesting to note that the L12 precipitates are nucleated near Cu 

region clusters as labeled in the figure. This was also observed in Al0.3CuCrFeNi2 alloy 

presented in chapter 9.  

 

Figure 10.13 TEM from CRSA-800: DF image showing L12 on grain boundary (b-h) STEM EDS 
maps showing compositional partitioning 

 

Sigma phase was also seen on grain boundary as is shown in Figure 10.14. The diffraction 

patterns are show in Figure 10.14 (b and c) showing a larger lattice parameter structure most 

probably sigma phase (needs to be indexed), which is a tetragonal structure reported in high Cr 

containing stainless steels [9]. In CRSA-800 in addition to matrix L12 there are blocky precipitates 

of L12 structure extending to the grain boundary. Figure 10.15 shows the compositional 

partitioning in L12 phase observed on grain boundary. Figure 10.15(a and b) show BF and DF 
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image of a grain boundary region respectively where L12 is lighted up in (b) made from a 

superlattice spot highlighted in [011] SADP of the fcc matrix shown in inset in (a). The STEM 

EDS maps show that the lamellar phase in between the blocky L12 precipitates is Cu rich.  

 

Figure 10.14 TEM from CRSA-800:BF image from the gb region showing the L12 and sigma 
phases. (b-c) SADPs from the sigma 
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Figure 10.15 TEM from CRSA-800: (a-b)BF and DF from the grain boundary region respectively 
(c) EDS maps from the region shown in (a) and (b). 
 
10.4 Conclusion 

Al0.3Cu0.3Ti0.2CoCrFeNi presents a potent alloy for precipitation strengthening where L12 

can be precipitated as a coherent homogeneously distributed hard second phase. Cu can assist in 

precipitation of L12 phase by stabilizing it and possibly providing heterogeneous nucleation sites 

for L12 precipitation. Grain boundary precipitation of L21 was observed in all three conditions 

and can also possibly act as grain boundary strengthener. The yield strength of material increased 

from 375 MPa in CRSA to 720 MPa in CRSA-800 and to 840 MPa in CRSA-600 condition. Fine 
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scale precipitation of L12 precipitates in CRSA-600 could be the major reason for the strength 

increment.  
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CHAPTER 11 

CONCLUSIONS  

A novel combinatorial approach for rapid assessment of composition-microstructure-

property relationships in multi-phase HEA is presented in Chapter 1. This combinatorial 

approach, based on laser additive deposition of compositionally graded alloys, was successfully 

applied to process graded AlxCrCuFeNi2 alloys (x varying from 0 to 1.5) using LENSTM 

technology. This approach permitted a detailed assessment of the transition in microstructure 

along the same alloy gradient, from a predominately fcc solid solution, to fcc/L12 to mixed fcc/L12 

+ bcc/B2 and finally to predominantly bcc/B2 as the Al content increases from 0 to 1.5 (molar 

fraction). This change in microstructure and phase constitution was accompanied by a 

corresponding progressive increase in microhardness with increasing Al content, clearly 

indicating that the bcc/B2 microstructure is substantially harder than the fcc/L12 microstructure.  

Al0.3-CoCrFeNi/CuCrFeNi2 was identified as a potent candidate for precipitation strengthening 

due to its ability of form homogenously distributed ordered precipitates. 

After zoning into a compositional range alloys were prepared by conventional melting and 

casting route. A  γ + γ' prime (L12) microstructure, mimicking that of nickel or cobalt base 

superalloys, can be achieved in both the HEAs, Al0.3CoFeCrNi and Al0.3CuFeCrNi2, these γ' 

precipitates are only stable up to temperatures of 650oC, and dissolve at higher temperatures 

(~700°C), and are replaced by ordered B2 precipitates, in case of Al0.3CoFeCrNi. In contrast, the 

same type of γ'-L12 precipitates are stable up to 900°C in case of the Al0.3CuFeCrNi2 alloy. 

The L12 precipitates exhibit a stoichiometry of (Ni,Cu)3(Al,Fe,Cr) in case of the 

Al0.3CuCrFeNi2 alloy while the stoichiometry changes to (Ni,Cr)3(Al,Fe,Co) in case of the 

Al0.3CoCrFeNi alloy. Furthermore, even after precipitation of the L12 phase, the fcc solid solution 
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matrix in case of the Al0.3CoCrFeNi alloy, retains a high entropy character with four principal 

elements. Therefore, it is expected that the high entropy character of the matrix will retain its 

advantageous properties, such as sluggish diffusion, hindered dislocation movement etc., with the 

added strengthening role of the ordered second phase precipitates. 

A methodical study of Hall-Petch strengthening, resulting from grain size, and 

precipitation strengthening from two different types of ordered precipitates, was presented  in an 

fcc based, precipitation hardenable, Al0.3CrCoFeNi HEA. Both hardness and tensile yield strength 

of this alloy exhibit the classical Hall–Petch relationship, though the experimentally determined 

hardening coefficient is substantially larger than that obtained in conventional fcc metals. The 

additional strengthening contributions from two types of ordered precipitates, L12 and B2, have 

been independently determined, and the results have been used to develop a new annealing/aging 

strategy that can take advantage of both types of ordered precipitates simultaneously. The results 

of this coupled effect of both L12 and B2 precipitates and a finer recrystallized grain size within 

the same microstructure, are very impressive, resulting in an excellent combination of yield 

strength (~490), ultimate tensile strength (~840), and ductility (~45% elongation). The 

experimental results and their quantitative analysis, presented in this study, can potentially be 

employed to design an HEA with the optimum combination of Hall-Petch and precipitation 

strengthening mechanisms. This opens up new avenues for the future development of HEAs for 

engineering applications. 

A wide range of microstructure-property is obtainable in high entropy alloys due to 

interplay between enthalpy and entropy at various temperatures. A novel concurrent 

recrystallization and precipitation approach results in unexpected B2 + fcc microstructure 

providing tremendous strengthening to the system. A possible explaination to the observation 
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based on nucleation barrier and interfacial energies is provided substantiated with thermodynamic 

calculations.   

The role of Cu in HEAs, such as Al0.3CuCrFeNi2 has been investigated in greater detail. 

While Cu has a strong tendency to segregate into the inter-dendritic regions in the as-cast 

condition, a homogeneous distribution of Cu, at the macroscopic length scale, can be obtained by 

deforming and recrystallizing the as cast alloy. Subsequently, the role of Cu on stabilization and 

precipitation of the ordered L12 (γ’) precipitates was presented in Chapter 9 in detail.  

Based on the learnings from the previous work a new alloy composition was designed to 

optimize the microstructure and mechanical properties.  The new alloy composition was devised 

to be Al0.3Cu0.3Ti0.2CoCrFeNi (6.5% Al, 6.5% Cu, 4.0%Ti, and 20.75% Co, Cr, Fe, Ni each 

atomic percent) which is a modified version of Al0.3CoCrFeNi and Cu and Ti are added to stabilize 

L12 precipitation and strengthen the alloy further. Al0.3Cu0.3Ti0.2CoCrFeNi presents a potent alloy 

for precipitation strengthening where L12 can be precipitated as a coherent homogeneously 

distributed hard second phase. Cu can assist in precipitation of L12 phase by stabilizing it and 

possibly providing heterogeneous nucleation sites for L12 precipitation. Grain boundary 

precipitation of L21 was observed in all three conditions and can also possibly act as grain 

boundary strengthener. The yield strength of material increased from 375 MPa in CRSA to 720 

MPa in CRSA-800 and to 840 MPa in CRSA-600 condition. Fine scale precipitation of L12 

precipitates in CRSA-600 could be the major reason for the strength increment.  
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CHAPTER 12 

PLANNED/FUTURE WORK 

High entropy alloys prove to be a potent candidate for effective precipitation hardening 

but there are various issues and unexplored dimensions to make them usable for commercial 

applications. There several standardizations, quality checks and perquisites for all commercial 

alloys which involve rigorous testing of various properties under several environments.  After 

from strength improvements properties like corrosion resistance, creep, toughness, weldability 

etc. are all very important to make any material usable. 

The next follow up task is to conduct corrosion experiments under various environments 

and study the corrosion resistant properties of these alloys. 

Gamma- gamma prime microstructure has been used in Ni-based super alloys for high 

temperature applications. HEAs studies under this work showed gamma-gamma prime 

microstructures. The size scale and volume fraction of gamma prime phase is an important 

parameter to manipulate in order to obtain desirable strength and creep properties for application 

at elevated temperatures. A follow up work to study the tunabilty of the gamma prime phase in 

HEA shall be undertaken and growth kinetics should be studied for these systems. 

All the alloys studies here showed very good work hardening under tensile loading.  It is 

an important property desired for many applications which implies that the material keep gaining 

strength as more and more load is applied to it. Deformation mechanisms of the alloys are very 

important to understand which can give use the leverage to fine tune and improvise the alloy 

designs. Intermittent loading and testing to understand the deformation mechanism in detail shall 

be a follow up task to capture the dislocation movements, twin-ability, slip formations and stress 

induced transformations in the current alloys studied for this work. 
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All the tensile tests for this work were conducted under static strain rates, but is would be 

interesting to explore the alloys with high velocity strain which are extremely important for many 

applications like ballistic missiles. Hence a follow up task is to conduct some high strain rate test 

and study the materials response.   

The grain growth study shown in chapter 6 shows sluggish growth as Al content is 

increases in the quaternary alloy CoCrFeNi. Cluster analysis of atom probe data suggest clustering 

of Al atom in the matrix which could be causing cluster drag affect. A more detailed theoretical 

analysis using computational tools like DFT and ab intio moleculaler (AIMD) could help in 

substantiating the role of each element in high entropy alloys.  



206 

APPENDIX A 

ELEMENTAL PROPERTIES OF ELEMENTS USED IN HEAs SO FAR
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Element properties and the number of alloys that use the indicated elements. 

Element 
Atomic 
number 

Used in 
# of 
alloys 

Structure 
at RT 

Structure 
at Tma 

Atom 
radius 
(pm) Tm(K) 

Density 
(g cm−3) 

Young's 
Modulus 
(GPa) 

Pauling 
EN VEC 

H 1       25           
Li 3 7 A2 (BCC) b 151.9 454 0.53 4.9 0.98 1 
Be 4 1 A3 (HCP) A2 (BCC) 112.8 1560 1.86 287 1.57 2 

B 5 3 
A10 
(hR105) b 82 2348 2.46   2.04 3 

C 6 7 A3 (HCP) b 77.3 4742 2.27   2.55 4 
N 7       75 63 1.03   3.04 5 
O 8       73 54 0.92   3.44 6 
Na 11   A2 (BCC) b 185.7 371 0.97 10 0.93 1 
Mg 12 7 A3 (HCP) b 160.1 923 1.74 45 1.31 2 
Al 13 274 A1 (FCC) b 143.2 933 2.7 70 1.61 3 

Si 14 19 
A4 
(cubic)c b 115.3 1687 2.33 47 1.9 4 

P 15   A17 (oC8) b 106 317 1.82   2.19 5 

S 16   
A16 
(oF128) b 102 388 2.06   2.58 6 

K 19   A2 (BCC) b 231 337 0.85   0.82 1 
Ca 20   A1 (FCC) A2 (BCC) 197.6 1115 1.53 20 1 2 
Sc 21 1 A3 (HCP) A2 (BCC) 164.1 1814 3 74 1.36 3 
Ti 22 121 A3 (HCP) A2 (BCC) 146.2 1941 4.5 116 1.54 4 
V 23 70 A2 (BCC) b 131.6 2183 6.12 128 1.63 5 
Cr 24 301 A2 (BCC) b 124.9 2180 7.19 279 1.66 6 
Mn 25 101 A12 (cI58) A2 (BCC) 135 1519 7.47 198 1.55 7 
Fe 26 348 A2 (BCC) A2 (BCC) 124.1 1811 7.88 211 1.83 8 
Co 27 301 A3 (HCP) A1 (FCC) 125.1 1768 8.84 209 1.88 9 
Ni 28 341 A1 (FCC) b 124.6 1728 8.91 200 1.91 10 
Cu 29 186 A1 (FCC) b 127.8 1358 8.94 130 1.9 11 
Zn 30 6 A3 (HCP) b 139.5 693 7.14 108 1.65 12 
Ga 31   A11 (oC8) b 139.2 303 5.91   1.81 3 

Ge 32 1 
A4 
(cubic)c b 124 1211 5.33   2.01 4 

As 33   A7 (hR2) b 115 1090 5.79 8 2.18 5 
Se 34   A8 (hP3) b 140 494 4.81 10 2.55 6 
Rb 37   A2 (BCC) b 244 312 1.53 2.4 0.82 1 
Sr 38   A1 (FCC) A2 (BCC) 215.2 1050 2.58   0.95 2 
Y 39 5 A3 (HCP) A2 (BCC) 180.2 1795 4.47 64 1.22 3 
Zr 40 48 A3 (HCP) A2 (BCC) 160.3 2128 6.51 68 1.33 4 
Nb 41 37 A2 (BCC) b 142.9 2750 8.58 105 1.6 5 
Mo 42 47 A2 (BCC) b 136.3 2896 10.23 329 2.16 6 
Ru 44 2 A3 (HCP) b 133.8 2607 12.37 447 2.2 8 
Rh 45 2 A1 (FCC) b 134.5 2237 12.43 275 2.28 9 
Pd 46 3 A1 (FCC) b 137.5 1828 12.43 121 2.2 10 
Ag 47 1 A1 (FCC) b 144.5 1235 10.5 83 1.93 11 
Cd 48   A3 (HCP) b 156.8 594 8.65 50 1.69 12 
In 49   A6 (tI2) b 165.9 430 7.29 11 1.78 3 
Sn 50 11 A5 (tI4) b 162 505 7.29 50 1.96 4 
Sb 51   A7 (hR2) b 145 904 6.69 55 2.05 5 
Te 52   A8 (hP3) b 145.2 723 6.24 43 2.1 6 
Cs 55   A2 (BCC) b 265 302 1.87 1.7 0.79 1 
Ba 56   A2 (BCC) b 217.6 1000 3.6 13 0.89 2 
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La 57   A3 (DHCP) A1 (FCC) 187.9 1193 6.2 37 1.1 3 
Ce 58   A3 (HCP) A2 (BCC) 182.5 1072 6.77 34 1.12 3 
Pr 59   A3 (DHCP) A2 (BCC) 165 1204 6.77 37 1.13 3 
Nd 60 1 A3 (DHCP) A2 (BCC) 164 1289 7.01 41 1.14 3 
Sm 62   C19 (hR3) A2 (BCC) 181 1345 7.53 50 1.17 3 
Eu 63   A2 (BCC) b 198.4 1095 5.25 18 1.2 3 
Gd 64 2 A3 (HCP) A2 (BCC) 180.1 1586 7.9 55 1.2 3 
Tb 65 2 A3 (HCP) A2 (BCC) 178.1 1632 8.23 56 1.1 3 
Dy 66 2 A3 (HCP) A2 (BCC) 177.4 1685 8.55 61 1.22 3 
Ho 67   A3 (HCP) b 176.6 1745 8.8 65 1.23 3 
Er 68   A3 (HCP) b 175.6 1802 9.06 70 1.24 3 
Tm 69 1 A3 (HCP) b 156 1818 8.84 74 1.25 3 
Yb 70   A1 (FCC) A2 (BCC) 170 1097 6.97 24 1.1 3 
Lu 71 2 A3 (HCP) b 173.5 1936 9.84 69 1.27 3 
Hf 72 6 A3 (HCP) A2 (BCC) 157.8 2506 13.28 78 1.3 4 
Ta 73 14 A2 (BCC) b 143 3290 16.68 186 1.5 5 
W 74 2 A2 (BCC) b 136.7 3695 19.41 411 2.36 6 
Re 75   A3 (HCP) b 137.5 3458 21.02 463 1.9 7 
Os 76   A3 (HCP) b 135.2 3306 22.59   2.2 8 
Ir 77   A1 (FCC) b 135.7 2719 22.56 528 2.2 9 
Pt 78   A1 (FCC) b 138.7 2041 21.46 168 2.28 10 
Au 79 1 A1 (FCC) b 144.2 1337 19.29 78 2.54 11 
Hg 80   A10 (hR1) b 150 234 14.24   2 2 
Tl 81   A3 (HCP) A2 (BCC) 171.6 577 11.87 8 1.62 3 
Pb 82   A1 (FCC) b 175 600 11.35 16 2.33 4 
Bi 83   A7 (mC4) b 160 544 9.81 32 2.02 5 
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