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ABSTRACT 
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Thesis Advisor: 
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Medium- and high-entropy alloys (M/HEAs) provide a vast and diverse design space 

compared to traditional alloys, creating new opportunities for uncovering un-explored 

physics and functionalities. Some of these alloys demonstrate an excep-tional 

combination of high strength and ductility, which has been attributed to the activation 

of multiple deformation mechanisms initiated by low- and medium-energy stacking 

faults. Despite numerous recent studies investigating the micro-scopic and 

macroscopic properties of these materials, research on single crystalline M/HEAs is 

notably lacking. Such studies are crucial for gaining a deeper under-standing of the 

fundamental deformation mechanisms. In response to this gap, the current study 

focuses on fabricating and characterizing single and polycrystalline M/HEAs to 

explore the underlying deformation processes responsible for their re-markable 

mechanical behavior. 
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In this work, the tensile deformation behavior of NiCoCr single crystals was studied 

along different crystallographic orientations, including [001], [011] and [111]. De-

tailed microstructural analyses were carried out to identify the dominant mecha-nisms 

during deformation and compared with the existing literature. Through ex-tensive 

characterization of bulk single crystals, it was found that the exceptional mechanical 

properties of NiCoCr result from short-range atomic order (SRO). This SRO promotes 

the simultaneous activation of twinning-induced plasticity (TWIP) and 

transformation-induced plasticity (TRIP), which leads to dynamic hardening by 

restricting dislocation motion through the formation of nanoscale twin and marten-site 

boundaries. These findings suggest that the interaction between SRO and plas-ticity 

can be harnessed to activate various deformation mechanisms, potentially leading to 

the discovery of new M/HEAs with unprecedented mechanical proper-ties. 

 

Keywords : High entropy alloys, Microstructure, Slip, Single crystals, 

Short-range ordering, Interstitial, Strain hardening, Twinning, 

Martensitic transformation. 

Science Code : 91421 
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Orta ve Yüksek Entropili Alaşımlar (M/HEA'lar), geleneksel alaşımlara kıyasla geniş 

ve çeşitli bir tasarım alanı sunarak keşfedilmemiş fiziksel özellikler ve 

fonksiyonellikler için yeni fırsatlar yaratmaktadır. Bu alaşımların bazıları, düşük ve 

orta enerjili yığılma hataları ile başlatılan birden fazla deformasyon mekaniz-masının 

etkinleşmesine bağlı olarak olağanüstü bir yüksek mukavemet ve süneklik 

kombinasyonu sergilemektedir. Bu malzemelerin mikroskobik ve makroskobik 

özelliklerini inceleyen birçok güncel çalışmaya rağmen, tek kristalli M/HEA'lar 

üzerine yapılan araştırmalar dikkate değer şekilde eksiktir. Bu tür çalışmalar, temel 

deformasyon mekanizmalarını daha derinlemesine anlamak için büyük önem 

taşımaktadır. Bu eksikliğe yanıt olarak, mevcut çalışma, M/HEA'ların tek ve çok 

kristalli örneklerini üretmeye ve karakterize etmeye odaklanarak, bu malzemelerin 

dikkate değer mekanik davranışlarından sorumlu temel deformasyon süreçlerini 

araştırmayı amaçlamaktadır. 
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Bu çalışmada, NiCoCr tek kristallerinin farklı kristalografik yönelimlerdeki [001], 

[011] ve [111] boyunca çekme deformasyon davranışı incelenmiştir. Deformasyon 

sırasında baskın mekanizmaları belirlemek için ayrıntılı mikroyapı analizleri yapılmış 

ve mevcut literatür ile karşılaştırılmıştır. Yapılan kapsamlı tek kristal karakterizasyonu 

sonucunda, NiCoCr'nin olağanüstü mekanik özelliklerinin, atom-ların kısa menzilli 

düzenlenmesinden (SRO) kaynaklandığı bulunmuştur. Bu SRO, dislokasyon 

hareketini nanoskopik ikiz ve martenzit sınırlarının oluşumu yoluyla kısıtlayarak, 

ikizlenme kaynaklı plastiklik (TWIP) ve dönüşüm kaynaklı plastiklik (TRIP) 

mekanizmalarının eşzamanlı olarak etkinleşmesini sağlamaktadır. Bu bul-gular, SRO 

ile plastiklik arasındaki etkileşimin çeşitli deformasyon mekanizma-larını 

etkinleştirmek için kullanılabileceğini ve bu sayede benzeri görülmemiş mekanik 

özelliklere sahip yeni M/HEA'ların keşfine olanak tanıyabileceğini göstermektedir. 

 

Anahtar Sözcükler : Yüksek entropili alaşımlar, Mikroyapı, Kayma, Tek kristaller, 

Kısa menzilli düzen, Arayer atomlar, Deformasyon sertleşmesi, 

İkizlen-me, Martenzit dönüşümü. 

 

Bilim Kodu  : 91421 
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CHAPTER 1 

 

INTRODUCTION 

 

This section includes the major properties of medium and high entropy alloys 

(M/HEAs) to declare the motivation of the current study. The research essentials are 

discussed after a review of research efforts spent on studying this class of material. 

Eventually, the work objectives and outline will be stated at the end of this chapter. 

 

1.1. MOTIVATION AND SIGNIFICANCE OF WORK 

 

Metals, out of all other elements, have gained an enormous well-deserved interest for 

ages, due to their essential need in a variety of fields. In spite of that, there always have 

been some economical and environmental apprehensions that limit their use [1,2]. For 

centuries, mankind has been striving to alter materials properties through alloying in 

metallic systems, in order to overcome the challenges and go beyond the limits. 

Usually, a principal element comprises another element in small percentages, and that 

has been the case ever since the beginning of alloying, i.e., the Bronze Age. For 

instance, the composition of conventional steels is made up of primarily iron, combined 

with small amounts of carbon for strength, and chromium for corrosion resistance. 

However, this approach needed to be revised in order to overstep its limits. Therefore, 

efforts have been spent towards finding new alloy designs with higher potential and 

better strength-ductility combinations, as both are desired in structural applications. 

 

In the past two decades, the discovery of a new class of alloys consisting of multi-

principal elements, i.e., multi-principal elemental alloys (MPEAs), with at least 3 

primary elements, has provided much wider space for compositional design, and 

opened up an opportunity for the development of new properties, extending the visions 

for alloying strategies and attracting exaggeratedly rising attention within the science 

community. Recently developed MPEAs have been shown to possess remarkably 
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superior properties, as compared to conventional alloys, such as strength [3], fracture 

toughness [4], corrosion and oxidation resistance [5,6], as well as magnetic properties 

[7]. Due to this set of outstanding properties, MPEAs have gained much interest in the 

scientific community. MPEAs are also called medium and high entropy alloys 

(M/HEAs), due to their high mixing entropies. 

 

HEAs have four main characteristics in common: High levels of entropy, high lattice 

distortion, sluggish diffusion, and cocktail effects [8], which differ them from other 

ordinary alloys [9] . The deviation in atomic sizes of solid atoms results in lattice 

distortion, which contributes to their high strength [10]. Moreover, it impedes atomic 

movement, reducing the diffusion rate (sluggish diffusion) [11]. The cocktail effect 

comes from incorporation of multi-principal elements, and thus they have been 

considered -at the atomic scale- as a composite material [12]. The alloy properties can 

be adjusted through modulating element types, e.g., using lighter elements results in lower 

density [13], passive oxide layer forming elements enhance the corrosion resistance 

[14], etc. At first, it was suggested that the formation of single-phase solid-solution 

stemmed from the high mixing entropy [11], but later on, evidence [15–18] have 

shown that this explanation was not enough, since HEAs and MEAs may exhibit local 

chemical short-range order (SRO) [19–22]. It was also proposed that entropy 

maximization was always beneficial [4,9,11,23] and this potent mechanical behavior 

of M/HEAs was a result of solid solution strengthening, as random distribution of 

constituent atoms impedes dislocation motion, proposed to be proportional to lattice 

misfit [24]. However, recent findings show that reducing the mixing entropy which 

results in producing a dual-phase solid-solution ends up being advantageous in two 

main aspects: Interface hardening (due to thermal stability being reduced in the high-

temperature phase), and transformation-induced plasticity (due to mechanical stability 

being reduced in the room- temperature phase) [25–29]. Furthermore, neutron 

scattering based studies [30] have recently concluded that there are no signs of large 

local lattice distortion in HEAs, which makes the precedingly mentioned solid-

solution-focused strengthening theory questionable.  

 

Despite the unique ductility of M/HEAs, their use in engineering applications is 

restricted due to lower strength. It was shown recently that increasing the strength at the 
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expense of ductility can be effectively achieved through martensitic transformation 

[1,31,32], deformation twinning [33,34] as well as precipitation strengthening [31,32]. 

This results in one of the best hardening combinations, the enormous solid-solution 

strengthening achieved by combining multi-principal elements in HEAs [1,35], which 

lead to inter-grain slip resistance, along with the transformation- induced plasticity 

(TRIP), which is widely known in advanced steels, resulting in further inter- grain slip 

resistance [36,37]. This simultaneous enhancement in both strength and ductility and 

this overcome of the so-called strength-ductility trade-off makes TRIP alloys 

mesmerizing, and discriminates them from other recently developed alloys [38,39]. 

 

Dislocation activity, which is considered as a precursor to twinning, has pushed many 

authors into conducting in-depth studies on the role of slip dislocations in further twin 

nucleation in low SFE materials, utilizing optical and transmission electron microscopy 

in result examination [40,41]. The experimental evidence provided in these studies 

have encouraged researchers to come up with many models for twin nucleation [42,43]. 

Local stress concentration resulting from multiple slip dislocation intersection is a 

common requirement among the precedingly mentioned models. However, Mahajan 

and Chin [44] have proposed a model in which the intersection of multiple slip 

dislocations resulted in twin nucleation, even though local stress concentration was not 

observed. Karaman [45] suggests that dislocation pile-up against a barrier in the 

primary plane is -in most cases- the underlying mechanism behind this stress 

concentration. Twinning nucleation was reported more frequently in orientations 

supportive to dislocation pile-up formation, as well as at lower temperatures. 

Afterwards, twinning continues as a favorable realignment of partial dislocations [45]. 

The amazing combination of properties mentioned in M/HEAs demand for researches 

aiming at revealing their underlying secrets, which is the main objective of the present 

work. 

 

1.2. BACKGROUND 

 

FeNiCoCrMn, the first discovered and in-depth studied HEA, has gained much interest 

due to its stable single phase fcc crystal structure. The underlying secrets of the 

extraordinary mechanical behavior of the equiatomic variant of FeNiCoCrMn HEA 
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have recently been reported [4,33,35,46,47]. Many authors have been striving to 

understand the deformation mechanisms and microstructure evolution of 

polycrystalline FeNiCoCrMn as per temperature and heat treatment [48,49]. 

Additionally, researches on single crystals (SCs) of this HEA were conducted to get a 

better comprehension on the deformation mechanisms with regard to crystallographic 

orientation [4,48,50–53]. One thing worthy of mentioning is that the stacking fault 

energy (SFE) of this HEA was reported between 0.018 and 0.027 J/m2, which makes 

it easier to understand the similarity between its mechanical behavior and that of the 

low SFE so-called twinning-induced plasticity (TWIP) steels [37,45,54]. According to 

previous researches, SS316 and SS316L austenitic steels, as well as Hadfield steel (Fe-

12Mn-1C) deform by twinning at the onset of plastic deformation in the [111]-oriented 

crystals when subjected to tension at room temperature, whereas in other orientations 

it remains absent until the later stages of deformation [45,55,56]. In contrast, 

deformation twins were rarely observed in FeNiCoCrMn HEA when subjected to 

tension load at room temperature [48,50], even though TWIP was reported to have a 

vital effect on the admirable mechanical behavior at cryogenic temperatures [4,48]. 

Therefore, twinning is considered as a major factor that garnered notice to fcc HEAs 

due to TWIP effect. The very high levels of strain hardening exhibited by TWIP steels 

due to twin/twin and twin/slip interactions, which improve ductility by retarding 

necking instability [37,45,57], are thus almost achievable in HEAs that can undergo 

deformation twinning. Consequently, many efforts have been aiming at developing 

low SFE M/HEAs that would behave similar to TWIP steels, and thus, possess 

extremely high tensile ductility, not only at cryogenic but also at room and higher 

temperatures [48]. Therefore, SFE is a critical factor that plays a crucial role in alloy 

designing. Table 1. lists different deformation mechanisms with their SFEs. 

 

Table 1. SFEs for different deformation mechanisms [58–60]. 
 

Deformation 
mechanism 

Dislocation 
slip 

Deformation 
Twinning 

Twinning 
and/or 

Martensitic 
Transformation 

SFE ≥ 40 mJ/m2 20-40 mJ/m2 ≤ 20 mJ/m2 
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Equiatomic FeMnCoCr (Ni removed variant of the precedingly mentioned alloy) has 

been reported to have an unfavorable multi-phase microstructure [61]. By reducing the 

amount of Cr and Co, Deng et al. [28] was able to get rid of the σ phase. SFE can be 

lowered via reducing the Mn content, as in polycrystalline Fe40Mn40Cr10Co10 HEA, 

in which deformation response at room temperature is mainly governed by planar slip, 

until about 10% strain, where twinning starts prevailing gradually [28]. However, this 

is not the case for all grains, since this HEA displays a strong orientation dependent 

deformation response. For instance, Deng et al. [28] has reported some grains ex-

hibiting dislocation cell structure, signifying a high SFE material, while high density 

dislocation walls, planar slip and nano-twins were observed in others, which is the case 

for low SFE materials. Therefore, there is an urgent demand for a thorough study on 

SCs of this HEA, in order to understand the underlying mechanisms responsible for 

this high strain hardening, toughness, and ductility, as a function of crystallographic 

orientation. 

 

Ever since the discovery of FeMnCoCrNi HEA, many efforts have been spent on 

developing other quaternary, quinary and ternary fcc, bcc and hcp crystal structured 

multi- principal elemental alloys [12,61–63]. Researches made on various HEAs and 

MEAs conclude that NiCoCr MEA has the greatest strength-toughness combination 

among all other HEAs and MEAs with fcc crystal structure [64,65]. Its relatively low 

stacking fault energy (SFE) facilitates deformation twinning through reducing the twin 

formation critical stress [65], delaying the necking instability and enhancing the 

ductility. This looks feasible when we consider low SFE materials, as they are more 

susceptible to deformation twinning [3,66], and hence, possess enhanced work 

hardening rates, ductility and dislocation storage capacity. Similar to TWIP steels [67–

69], nanotwins nucleation at the early strain levels promote high strain hardening rates 

due to the Hall-Petch effect, in which dislocation motion is hindered by twin 

boundaries [23,64]. Despite the optimistic results acquired on polycrystalline NiCoCr, 

the microstructural evolution in each individual grain and the corresponding effects 

are yet to be discovered. For a clearer understanding on the deformation mechanisms 

corresponding to various individual crystallographic orientations, it is necessary to 

distinct between grain and twin boundaries effects on the plastic deformation 

evolution. Consequently, a study on single crystalline NiCoCr focused on determining 
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the different deformation mechanisms and microstructural evolution as a function of 

crystallographic orientation and strain level is mandatory to the science community. 

 

1.2.1.  The Effect of Stacking-Fault Energy on Mechanical Properties 

 

Afar from HEAs, high Mn containing austenitic ferrous alloys are interesting class of 

materials owing to their high ultimate tensile strength (over 1000 MPa) with over 60% 

total elongation at room temperature (RT) [45], low/medium stacking fault energies 

(SFEs), and applications in automotive industry. Several studies were conducted to 

adjust SFEs of austenitic alloys in order to attain better control over prevailing 

deformation mechanisms, such as dislocation slip, mechanical twinning, and 

martensitic transformation [70], which can be extended to those in HEAs. This makes 

SFE one of the most important factors that dictate the deformation mechanism 

exhibited by the lattice, as deformation twinning requires a low SFE, as in Hadfield 

steel. Therefore, tuning SFE plays a critical role in altering mechanical properties in 

M/HEAs. For example, SFE in Fe40Mn40Co10Cr10 HEA can be lowered by the addition 

of Mn, or totally/partially removing Ni [28]. Getting rid of Ni completely whilst 

keeping the CoCrFeMnNi HEA at equiatomic composition results in a multiphase 

microstructure [61]. Thus, in order to avoid the σ phase, Deng et al. [28] reduced the 

content of Cr and Co in CoCrFeMnNi HEA, which lead to a single phase FCC 

microstructure. Conversely, an increase in Mn content, particularly in polycrystalline 

Fe40Mn40Cr10Co10 off-stoichiometric HEA, reduces SFE and promotes extreme 

twinning activity at cryogenic and ambient temperatures. Beside HEAs, many FCC 

crystal structured MEAs were reported to exhibit such exceptional combination of 

strength and ductility, particularly NiCoCr and VCoNi MEAs [68,71,72]. 

Furthermore, NiCoCr exhibits the optimal strength-ductility combination across a 

broad temperature range [3,4,6]. However, the reasons for this outstanding mechanical 

behavior are yet to be discovered. The exceptional mechanical behavior in NiCoCr has 

been attributed to twinning and transformation-induced plasticity (TWIP/TRIP) 

[71,73]. However, lattice distortion is linked to the extremely high yield strength in 

VCoNi [74]. Consequently, it is still unclear whether these mechanisms are the 

primary causes of the unique mechanical behavior. TWIP alloys are often resilient 

against martensitic transformations, even when they have low SFEs [10]. Therefore, it 
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is uncommon to observe simultaneous TWIP/TRIP at ambient temperatures. Haiyan 

and co-authors [75] claim that the formation of stacking faults can trigger both 

deformation twinning and FCC-to-HCP phase transformation, which lead to TWIP and 

TRIP effects, respectively. According to their claim, there are two pathways with 

regard to SFs, through which the microstructure goes before eventually exhibiting 

deformation twinning or HCP phase transformation. The pathways are illustrated in 

Error! Reference source not found. From Error! Reference source not found.a, 

we can see that the microstructure undergoes two main changes before twin nucleation, 

namely intrinsic and extrinsic stacking faults (ISF and ESF) formation. However, it is 

possible for the alloy to undergo FCC-to-HCP phase transformation through the 

formation of intrinsic stacking faults (Error! Reference source not found.b). The 

interesting part here is that we are able to achieve a stacking-fault-driven deformation 

twinning and/or phase transformation, only through the introduction of Shockley 

partials. Introducing Shockley partials with burger’s vector of bሬ⃗ =
ଵ

଺
〈112ത〉 on adjacent 

(111) planes leads to twin nucleation. Nevertheless, achieving HCP transformation is 

possible through two sequential ISFs, i.e. two Shockley partials of the same burger’s 

vector on alternating planes. 

 

 
 
Figure 1. Schematic illustration of Stacking-fault driven deformation twinning and 

HCP transformation. a) pathway for deformation twinning, FCC into ISF 
into ESF into twinning. b) HCP transformation pathway, FCC into ISF into 
HCP [75]. 
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1.2.1.1. Observation and Characterization of SFs 

 

The critical effects of SFs on microstructural evolution and, thus, mechanical behavior, 

encourages for spending efforts towards microstructural investigation aimed at 

observing and characterizing SFs. A direct observation of SFs has been reported 

frequently in the literature. 

 

Su et al. [76] were able to detect SFs directly in TEM images, as well as streaks 

observed in SAD pattern, as can be seen in Figure 2 These streaks are sometimes 

confused as indicator of short-range ordering (SRO), which will be discussed in the 

next section. 
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Figure 2. a) Schematic illustration of extrinsic and intrinsic SFs [77]. b) diagonal SFs 

observed in an FCC Co, in different (111) planes [78]. c) Parallel SFs 
observed in HCP Co basal plane [79]. d) SFs on basal plane of Mg alloys, 
hot rolled to 88% strain [80]. e) SFs observed in a nanoscale Ti film [81]. f) 
Nano-sized SFs in Al0.1CoCrFeNi HEA [82]. g) Dark field TEM image of 
SFs in Fe50Mn30Co10Cr10 HEA [83]. 

 

Using TEM, Haiyan et al. [75] reported the observation of SF induced twinning and 

HCP transformation ( 

Figure 3). 
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Figure 3. Bight-field (BF) and dark-field (DF) TEM images of NiCoCr MEA samples 

subjected to tension up to fracture at RT and 15 K. a) Dislocations and 
numerous stacking faults, RT sample. b) Deformation twinning and 
selected-area diffraction (SAD) pattern for further evidence (inset). c) 
Dislocations and SFs, 15 K sample. d) DF image showing HCP phase with 
further evidence by SAD pattern (inset). HCP lamellae and SFs. f) HRTEM 
image of adjacent regions of FCC and HCP [75].  

 

In another study, Sezer et al. [84] investigated the work hardening behavior of single 

crystalline Fe40Mn40Co10Cr10 HEA. Their TEM observations show several stacking 

faults, as can be seen in  

 

Figure 4 Furthermore, an interaction between SFs and twinning was also detected ( 



11 

 

Figure 4b), declaring how SFs play an important the role in effecting the mechanical 

behavior and deformation mechanisms exhibited by the material. 

 

 
 
Figure 4. TEM images of Fe40Mn40Co10Cr10 HEA deformed up to failure. a) SF 

parallelepipeds. b) a SF-twinning interaction. c) zoom-in of the dotted red 
squared area in b) [84]. 

 

1.2.2.  Short-range Ordering in Medium and High Entropy Alloys 

 

Short-range ordering, defined as the correlation of occupied local lattice sites, is one 

significant factor that has an effect on dislocation plasticity in MPEAs [85–88]. The 

presence and degree of symmetry or correlation in a system is designated by order and 

disorder. A random solute solution state can be achieved at high temperatures, whereas 

preserving it requires fast cooling rate. However, the presence of disorder at 

thermodynamic equilibrium dismantles the state of random solute solution [89]. In 

contrast, the differentiation of the odds that specific sublattice positions will be 

occupied by specific atoms is known as long-range order 
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Figure 5. Schematic illustration of random solid solution, short-order and long-range 

order in a binary system [74]. 

 

Given their chemical complexity, HEAs strongly tend to exhibit SRO [90]. However, 

due to the complexity in its local atomic environment, the increasing number of 

components makes SRO formation more difficult [91,92]. 

 

The presence of SRO prevents cross-slip and can promote dislocation pile ups in FCC 

solid solutions [85–88]. This has encouraged researchers to prove SRO existence and 

its influence on mechanical response of M/HEAs [16,20,22]. However, there are still 

conflicts regarding how SRO affects the deformation behavior and mechanical 

response of M/HEAs, mainly NiCoCr MEA. Zhang et al. have reported that, despite 

having a very low stacking fault energy (8.18± 1.43 mJ/m2), as-quenched samples of 

polycrystalline NiCoCr do not experience planar slip due to lack of SRO, while the 

aged samples exhibit planar dislocations even though they possess a higher degree of 

SRO, no second phase precipitates and almost triple the amount of SFE of the as-

quenched samples [22]. However, previous studies [3,64,93] strongly disagree with 

these findings, reporting pronounced planar slip in as-quenched samples of NiCoCr 

with a medium SFE (22 ± 5 mJ/m2) exhibiting pronounced planar dislocations. 

Moreover, the claim that higher SRO degree samples of NiCoCr exhibit higher yield 

strength and hardness contradict with Yin et al. results, concluding that there was no 

appreciable SRO degree dependence of yield strength and hardness in NiCoCr [94]. It 

is known that dislocation structure in FCC materials is strongly dependent on the grain 

orientation, SFE, SRO and precipitates [85,95]. Therefore, the disparities in findings 

might stem from, rather than SRO, either presence of precipitates or the tests being 
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conducted in different crystallographic orientations, resulting in higher yield strength 

and hardness. Thus, a more precise investigation of the effect of SRO on the 

mechanical behavior of M/HEAs needs to be established to resolve the conflict and 

reveal the underlying secrets behind those outstanding mechanical properties. 

 

1.2.2.1. SRO Characterization 

 

As precedingly mentioned, SRO has a strong effect on the mechanical properties of 

HEAs. Thus, precise characterization and description of SROs in these complex alloys 

become essential for a further comprehension of the SRO-properties relationship and 

a better design of HEAs with higher potential. In this regard, there are two aspects of 

SRO characterization, namely quantitative description and direct observation [96]. 3D 

atom probe tomography (3D-APT) has shown a potential for SRO characterization. A 

recent study conducted by Maiti et al. [97] showed that reconstruction of lattice-based 

distribution of atoms can be achieved by combining the APT data, as shown in  

Figure 6a. However, this approach still struggles to handle the complicated field 

evaporation for the SROs with subtle chemical differences from the matrix [90]. Direct 

observation of SRO is not any less challenging, as appropriate scattering contrast (the 

deviation in atomic size, mass, etc.) between atoms is needed to define particular 

atomic pairs. Additionally, SRO presence makes this even more complicated. To 

overcome this, techniques can be utilized such as high-precision probing such as the 

abnormal X-ray diffraction, where altering the input beam energy around the elements’ 

absorption edges (such as Cr, Fe, and Ni) helps distinguishing between the scattering 

contributions of various constituents [91]. Techniques with enhanced diffraction 

contrast, such as energy-filtered diffraction pattern, are also practical in directly 

observe scattering signals of SRO, as shown in  

Figure 6b [22,98]. However, this streaking is not necessarily an SRO indicator, as they 

are more commonly attributed to planar defects, e.g., stacking faults [99]. Furthermore, 

this claim lacks theoretical support verifying that these streaks are distinct 

identification of SRO domains with nanoscale diameter. 

 

Recently, a couple of studies claimed that streaks connecting Bragg diffractions can 

be an indicator of medium-range ordering, as they are designated by a directional 
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diffuse intensity, which can overlap with the diffuse intensity caused by soft 

vibrational modes [22,100,101]. 

 

 
 

Figure 6. Experimental characterization of SRO by a) APT, conducted on an annealed 
TaNbHfZr HEA, b) energy-filtered diffraction pattern, conducted on NiCoCr 
MEA. The APT measurements indicate SROs enriched by Zr/Hf [97]. The 
distinct streaking stems from SRO domains’ diffuse scattering signals [22]. 

 

Liu et al. [102] reported an observation of SRO in Fe50Mn30Co10Cr10 HEA, utilizing 

high-angle annular dark-field (HAADF) in a scanning transmission electron 

microscopy (STEM), along with the corresponding Fast Fourier Transform (FFT), as 

shown in  

 

Figure 7 They claim that the extra diffusions (one circled in yellow) are indicator of 

SRO presence. Furthermore, they employed energy dispersive X-ray spectroscopy 

(EDS) mapping and got a map from the HAADF image, as shown in  

 

Figure 8 It can be clearly seen from the zoomed-in maps that there is an Fe 

concentration on every other atomic plane. 
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Figure 7. STEM-HAADF image with the [112] zone axis, FFT pattern inset. Note that 

there are extra diffusions at 
ଵ

ଶ
{3ത11}, as well as the sharp Bragg spots from 

FCC diffraction [102]. 

 

 
 

Figure 8. EDS mapping from the HAADF image in  

 

Figure 7 with zoomed-in maps. White lines mark the intersection between (3ത11) and 
(111) planes [102]. 

 

SRO was further identified in NiCoCr MEA single crystals using polar synchrotron 

transmission x-ray diffraction spectra ( 
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Figure 9) [100]. Diffuse diffraction spots can be observed in both water-quenched ( 

 

Figure 9a) and 48h-aged ( 

 

Figure 9b) samples. Although the diffusion of the spots remains the same, there is a 

clear increase in the intensity in the 48h-aged sample as compared to the WQ sample. 

This intensity increase indicates a transition state between short-range ordering and 

long-range ordering, i.e. medium range ordering (MRO), which is presumed to be an 

extension/growth of SRO [100,103]. 

 

 
 

Figure 9. Investigation of SRO in NiCoCr MEA single crystals in the [001] zone axis 
using polar synchrotron transmission x-ray diffraction spectra [100]. a) WQ, 
b) 48h-aged samples. The extra reflections indicating SRO can be seen in 
both samples (white circles). 

 

1.2.2.2. Tuning The Degree of SRO 

 

Thermally activated SRO formation techniques, e.g., aging, have been widely studied 

in the literature [100,104–107]. On the other hand, tailoring the degree of SRO is also 

possible via subjecting the material to mechanical load. This mechanically-driven SRO 

was proposed by Seol et al. [108], where they apply a tensile load on polycrystalline 

Fe40Mn40Cr10Co10 HEA at 77 K. Moreover, they reported that the degree of SRO can 

be further tuned by changing the loading rates. In terms of characteristics and 
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observations, the resulting mechanically-derived SRO (MSRO) is no different from 

the thermally activated SRO, as they both display diffuse scattering in the SAD pattern 

( 

 

Figure 10). Furthermore, they both double the {311} interplanar spacing compared to 

that one in the FCC lattice. However, the nucleation of MSROs is attributed to edge 

dislocations and SFs within atomic-packing-displacement-driven slip bands. 

Moreover, the majority of MSROs have a consistent distribution along the slip bands 

in each particular grain of the distorted material. This provides a clear distinction 

between the formation mechanism of the precedingly existing SROs and the MSROs, 

despite both causing the same diffuse scattering indicators at 1 2ൗ {311} locations in 

the SAD pattern [108]. 

 

 
 

Figure 10. STEM-FFT pattern showing MSRO (left). Inverse FFT pattern created by 
superimposing a single MSRO domain with FCC lattice fringes (right) 
[108].  

 

1.2.2.3. SRO-Mechanical Properties Relationship 

 

SRO is believed to have a substantial effect on the mechanical properties of MPEAs. 

In fact, several studies have already approached enhancing the mechanical properties 

of MPEAs via tuning the degree of SRO, including SFEs, strain hardening, hardness 

and yield strengths [16,22,96,100,104,105,109,110]. 
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In their study, Sezer et al. [100] investigated the SRO-mechanical property 

relationship, and claimed that the SRO influence on the mechanical properties was 

strongly orientation-dependent. Furthermore, they claimed that a rarely observed 

simultaneous TWIP and TRIP was triggered by SRO. 

 

 

 

Figure 11 shows the mechanical responses of [111]-, [110]- and [001]-oriented WQ 

and 48h-aged samples of single crystalline NiCoCr MEA, subjected to tension at 300 

K. Overall, SRO had a minor effect on the yield strength, while it strongly enhanced 

the strain-to-failure and the ultimate tensile strengths, clearly seen in the [111]- and 

[110]-oriented aged samples. The mechanical responses of [001]-oriented WQ and 

aged samples, however, were nearly the same. This indicates a strong orientation 

dependence of the SRO effect on the mechanical behavior of NiCoCr MEA. 

 

In this context, Zhang et al. [22] were able to achieve an appreciable increase in the 

yield strength of polycrystalline NiCoCr MEA, after aging at 1000 °C for 120 h. 

According to the authors, this increase in the yield strength affirms the effect of SRO 

on the mechanical properties of NiCoCr MEA. 

 

 
 

Figure 11. Tensile test results of [111]-, [110]- and [001]-oriented WQ and 48h-aged 
samples of single crystalline NiCoCr MEA, at 300 K [100]. 

 

Chen et al. [110] conducted on polycrystalline VNiCo MEA reported dislocation pile-

up around SRO domains, indicating a strong relationship between dislocation motion 
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and the existence and degree of SRO. According to the strain maps generated using 

geometrical phase analysis ( 

 

Figure 12), prior to tensile loading, yellow areas designate elastic compressive strains 

produced by SRO domains, as V-enriched planes alternate with V-depleted ones. The 

post-deformation strain map, however, shows multiple neighboring red and blue 

regions on top of the yellow regions (SRO domains). Accordingly, Chen et al. suggest 

that this local strain might stem from a pairing of SRO and dislocations caused by an 

increase in the force required for a dislocation to overcome the SRO domains. 

 

 
 

Figure 12. Local strain maps generated using geometrical phase analysis (GPA) in 
VNiCo MEA, before (left) and after (right) deformation. The inset on the 
left illustrates the alternating planes in the SRO. A close-up view of a 
contrasting local strain can be seen in the inset on the right [110]. 

 

1.2.3.  Strain Hardening Behavior of Medium/High Entropy Alloys 

 

Besides the unique mechanical properties, M/HEAs exhibit exceptional strain 

hardening behavior, which is, in some cases, comparable to the so-called TWIP Steels. 

The strain hardening of low SFE FCC alloys is divided into four distinct stages. Stage 

I is mostly governed by dislocation propagation, and it is similar to stage III of high 

SFE FCC alloys, in which the ongoing decrease of strain hardening is prevalent 

[13,14,111]. Asgari et al. [13] claimed that twinning does not occur in stage I. 

However, overlapping stacking faults take place in this stage, indicating dislocation 

interactions which form sites for twin nucleation. The major twinning stage, or stage 

II, is distinguished by an increasing strain hardening. It begins with the formation of 
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primary twins in the grains with favorable orientation. The strain hardening rate 

increases during this stage and then essentially stays constant. The onset of stage II is 

usually around true strains of 0.03-0.04, indicating that dislocation-dislocation 

interactions and the activity of dislocation slip take place before twinning [111]. 

Despite the dramatic rise in strain hardening at the onset of stage II in  

 

Figure 13, it is of importance to mention that this is not always the case. However, 

there are some disagreements upon stage II being totally attributed to the onset of 

deformation twinning, rather, some link the onset of this stage to a twinning rate 

increase [1], or to a secondary twinning system being activated [48,49]. The maximum 

strain hardening rate is seen at the stage II to stage III transition. During stage III, strain 

hardening rate progressively decreases due to descension in primary twin formation 

rate. As deformation twins are forming, grain size decreases, and thus further twin 

formation will require higher stresses [50]. Kalidindi et al. [13,14] suggest that the 

gradual decrease of strain hardening in stage III comes to an end owing to the initiation 

of twinning on secondary twin systems. These four stages are the most agreed upon by 

researchers. However, there are some studies that suggest more than four stages. 

Proposing a fifth stage, Barbier et al. [48,51] claim that the continuously diminishing 

strain hardening rate occurs during this stage due to the substantial increase of twin 

volume fraction. Yet, this finding seems to have contradiction with the well-

established saturation of deformation twinning. 
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Figure 13. a) Illustration of four strain hardening stages of Fe-17%Mn-0.4%C-1.3%Al 
TWIP steel. b) Enlargement of the area defined indicated in a). σT is the 
twinning stress. The strain hardening rate peaks at the transition from 
stage II to stage III [111]. 

 

1.2.4.  Interstitial Effect on Mechanical Properties of M/HEAs 

 

HEAs differ from conventional alloys in many aspects, substantially the in solute 

solvent concept, as it is absent in HEAs. In traditional alloys, to form an interstitial 

solid solution by filling lattice gaps with solute atoms, the difference in the atomic 

radii must be larger than 41% [112]. Non-metallic interstitial elements such as carbon, 

boron, nitrogen and oxygen, which are known to possess very small atomic radii (less 

than 0.1 nm), still produce distortion when entering the lattice gap, owing to the fact 

that the gap is yet smaller than these atomic radii. Depending on the degree of lattice 

distortion caused by interstitial doping, the alloy properties can be significantly 

affected [113]. These non-metallic elements are often doped into conventional alloys 

as gap atoms, which can either reinforce the alloy in a solid solution or play a second 

phase strengthening role by building stable carbon compounds with the alloying 

elements. For example, the doping of carbon or nitrogen doped steels exhibit both solid 

solution strengthening and second phase precipitation, altering the performance of the 

material [114]. Lattice distortion, however, plays a critical role in nitrogen- and 

oxygen-doped titanium alloys, impeding dislocation movement, and thus enhancing 
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the mechanical properties [115]. This method can be extended to HEAs, further 

enhancing their properties and providing a much broader field of choices in terms of 

interstitials-chemical composition combination. However, there are certain cautions 

need to be taken when doping HEAs with interstitial atoms. First, if the HEA is 

overdoped with interstitials (the amount of interstitials is beyond the solubility limit), 

undesired ceramic phases will form, acting as crack propagation areas due to their 

brittleness, deteriorating the mechanical properties of the alloy [116]. Second, despite 

the advantageous attribute of interstitials to mechanical properties, it is still possible 

to have segregations at internal stress concentrated areas, such as grain boundaries and 

crack tips, which leads to concentration of local stress, thus acting as crack nucleation 

areas and resulting in early failure of the alloy [116]. 

 

1.2.4.1. Effects of C Doping 

 

Having an atomic number of 6 and radius of 0.8 nm, C is considered the most widely 

used doping element in alloy design, mainly for two reasons. First, C has a high 

solubility in austenite, which facilitates the formation of a solid solution structure, 

enhancing the mechanical properties of the alloy [117,118]. Wang et al. [119] were 

able to achieve a ~120% increase in yield strength of Fe40.4Mn34.8Ni11.3Al7.5Cr6 HEA 

via C doping. Second, C doping can also result in carbide structure formation, which 

is known to enhance yield strength [120], hardness [121] and wear resistance [122]. C 

doping also governs and affects the microstructure phase in HEAs, as Bai Li et al. 

[123] doped 5% C into Fe40Mn30Ni10Cr10Al10 HEA, and their results indicate that the 

microstructure went from being a dual phase (BCC and FCC) to a single FCC phase. 

Guo et al. [120] studied the effects of C interstitials on equiatomic FeCoCrNiMn HEA, 

manufactured by arc-melt method in a water-cooled copper crucible in Argon 

atmosphere. Three different variants of the alloy were prepared, with the C content 

being 0 at%, 0.5 at% and 1.0 at%. From the XRD analysis ( 

 

Figure 14), besides the FCC peaks, delicate diffraction peaks were detected in the C0.5 

and C1.0 samples, designating M23C6 carbides at (422) and (511) planes. This indicates 

that M23C6 carbides were formed during annealing after cold rolling. 
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Figure 14. XRD analysis of FeCoCrNiMn HEA with varying C concentrations. 

 

However, one of the challenges encountered is the determination of the right amount 

of interstitial C to be doped. Chen et al. [124] conducted a study on the design and 

effect of C doping on (Fe40Mn40Ni10Cr10)100-xCx HEA. What they found out was that 

doping 3.3% C resulted in the best combination of mechanical properties. This addition 

of C reduced the SFE of the alloy, promoting deformation twinning and thus TWIP 

effect, which can be clearly seen in the EBSD characterization ( 

 

Figure 15). 

 

 
 

Figure 15. EBSD maps showing the post-fracture microstructure of a) C0 and b) C3.3 
samples of the HEA [124]. 

 

1.2.4.2. Effects of N Doping 
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Among all interstitial elements, N is the most efficient in terms of stabilizing FCC 

phase in the matrix so far [125]. Based on previous studies [125–129], N doping can 

improve the mechanical properties of HEAs, including yield strength, ultimate tensile 

strength and strain hardening behavior of the material. Moreover, N doping was proven 

to contribute in grain refinement, further enhancing the mechanical performance of the 

material [130]. Lee et al. [131] compared nitrogen doped FeMnCoCr HEA to its 

nitrogen-free counterpart, and found that when even a small amount of N enters the 

matrix, the forming Ng phase stabilized the FCC phase by impeding the deformation 

and thermally induced phase transformation, which is further proven by the EBSD 

images ( 

 

Figure 16). Furthermore, N doping also had an effect on the yield strength of the alloy, 

as it increased from 472 MPa to 503 MPa, as well as ductility (from 23% to 48%), 

after 1.0% N addition. The yield strength improved with further addition of N, as the 

alloy reached a yield strength of 602 MPa. The work hardening rate of the alloy barely 

changes with the addition of 1.0% N. However, with the increase of N content, the 

work hardening rate is dramatically enhanced. 

 

Han et al. [132] introduced N into CoCrFeMnNi HEA, and examined its effect on the 

mechanical properties of the alloy. From their findings, it was concluded that N doping 

substantially enhanced the strength of the alloy, while the change in ductility was 

negligible. 

 

Additionally, other studies reported that N doping shows a lot of promise for material 

surface engineering [133]. N-containing VAlTiCrMo HEA coating was examined by 

Chen et al. [134]. The outcomes demonstrated that N changed the coating's phase 

structure from BCC to FCC and enhanced its hardness and elastic modulus. By using 

reactive sputtering, Cheng et al. [135] created HEA (AlCrMoTaTiZrN) films with 

varying N concentrations and attained an ultra-high hardness of 40.2 GPa. 
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Figure 16. EBSD maps showing phase distribution of Fe50Mn25Cr15Co10, annealed 
(c1), strained to 10% (c2) and 20% (c3); Fe50Mn25Cr15Co10N1.0, annealed 
(d1), strained to 10% (d2) and 20% (d3); (e1-e3) EBSD phase map of 
Fe50Mn25Cr15Co10N1.6, annealed (e1), strained to 10% (e2) and 20% (e3) 
[131]. 

 

1.2.4.3. Effects of O Doping 

 

Oxygen doping usually forms impurities undesired in metals, such as oxide particles 

[113]. Despite its positive effect on strength, O doping increases brittleness of the 

material. Therefore, it is crucial to avoid the brittle phases during metal production. 

Nevertheless, recent studies have found that O doping can form high solubility 

interstitial solid solutions in HEAs made up of transition metals, including Ti, Zr, Hf 

[136], V [137], Nb [138], Ta [139]. For Ti alloy [140], O doping produces interstitial 

solid solution in Ti, increasing the lattice distortion, impeding dislocation motion, 

therefore increasing the strength [141,142]. Chen et al. [143] conducted a research on 

ZrTIHfNb0.5Ta0.5Ox HEA. Specimens of the alloy were conducted to compressive load 

at (25˚C, 700˚C, 800˚C). They conclude that low O containing alloy (0.05, 0.1) 

exhibits good ductility at RT (>50%), and the yield strengths are 955 MPa and 1097 

Mpa, respectively. With the increase of O content (0.2), the yield strength is slightly 

enhanced (1393 Mpa) at the expense of ductility (8.2%). O doping was also found to 
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inhibit the martensitic transformation in Ti23Nb0.7Ta2Zr [144]. Lei et al. [145] reported 

that doping 2% O into TiZrHfNb HEA resulted in a 50% increase in yield strength, as 

well as a 100% increase in ductility, breaking the so-called strength-ductility trade-off 

[146]. Interestingly, O atoms form a new state different from traditional interstitials, 

called “ordered oxygen complexes” (OOCs) [147]. 

 

1.2.4.4. Effects of B Doping 

 

Boron is usually doped into Ni-based and Ti-based alloys, and has increasingly been 

proposed for use in HEA systems [148,149]. Unlike other interstitial elements, B has 

a lower formation enthalpy, facilitating the formation of hard second phases [150]. 

Hou et al. [151] doped different amounts of B into AlFeCoNi HEA. Their concluded 

that increasing the amount of B resulted in higher yield strengths. Moreover, B 

promotes grain refinement, thus enhancing the mechanical properties of the alloy 

[152]. 

 

1.2.5.  Plastic Deformation in Single Crystals: 

 

Single crystalline M/HEAs, just like any other single crystal, obey Schmid’s Law, 

which states that shearing on a slip system can be initiated only if its corresponding 

resolved shear stress reaches a critical value, called the critical resolved shear stress. 

 

The critical resolved shear stress (τcr) can be calculated from the formula: 

 

τcr = 𝜎s cos 𝜆 sin Ø 

 

Where σε is the applied tensile stress, λ is the angle between the loading direction and 

the normal to slip plane, Ø is the angle between the loading direction and the slip 

direction, which is {111} for fcc crystal structure. The product cos 𝜆 sin Ø is called the 

Schmid factor, m. 
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The Schmid factors for fcc crystal structure, for slip and twinning for both tension and 

compression, as well as the number of the most favorable slip/twinning systems that 

have the same Schmid factor, are listed in Table 2. 

 

Table 2. Schmid factors for slip and twinning in [001], [111] and [123] directions for 
tension and compression [46]. 

 

Axis 
Tensile Schmid Factors Compressive Schmid Factors 

Slip Twin Slip Twin 

[001] 
0.41 

8 Sys. 

0.23 

8 Sys. 

0.41 

8 Sys. 

0.47 

4 Sys. 

[111] 
0.28 

6 Sys. 

0.31 

3 Sys. 

0.28 

6 Sys. 

0.16 

6 Sys. 

[123] 
0.46 

1 Sys. 

0.47 

1 Sys. 

0.46 

1 Sys. 

0.34 

1 Sys. 

 

We see that the number of favored systems with equivalent Schmid factors varies from 

1 to 8. Table 2 shows that both the loading direction and the crystallographic 

orientation have an effect on the resulting favored deformation mechanism. Notice that 

loading direction doesn’t have an effect on slip Schmid factors, whereas it crucially 

influences on twinning Schmid factors. 

 

1.2.6.  Manufacturing Techniques of Single Crystals 

 

1.2.6.1. Zone Melting 

 

Zone melting is a method employed in the production of single crystals, in which a 

molten zone of a crystal is passed along, melting the impurities at its edge, resulting in 

a pure solid material behind. By concentrating the impurities in the melt, it is possible 

to transfer them to one side of the ingot. The regulated motion of the molten zone helps 

purifying the material and facilitates the formation of a single crystal [153]. This 

method was first used commercially in germanium, achieving an impurity of one atom 

per ten billion, yet it can be applied to nearly any combination of solute and solvent 

where there’s a significant difference in concentration between the solid and liquid 

phases at equilibrium [154]. 
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Figure 17. Zone melting. [155]. 

 

Experimental Setup: 

 

Chamber: The process typically takes place in a controlled atmosphere, often in a 

vacuum or inert gas environment to prevent contamination from the surroundings. 

 

Heating Element: A localized heating element is employed to create a narrow molten 

zone along the length of the crystal rod. 

 

Crystal Rod: The material to be purified is usually in the form of a rod or ingot, placed 

horizontally within the chamber. 

 

Temperature Control: Precise temperature control is crucial to maintain the molten 

zone at a temperature slightly above the melting point of the material [156]. 

 

Applications: 

 

Semiconductor Industry: Zone melting is extensively used in the semiconductor 

industry for the production of high-purity silicon crystals used in integrated circuits 

and other electronic devices [157]. The exceptional purity levels achieved through 

zone melting are crucial for ensuring the performance and reliability of semiconductor 

devices. 
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Materials Science: Beyond semiconductors, zone melting is employed in the 

purification and growth of various crystalline materials used in optics, photovoltaics, 

and other advanced technologies where purity is paramount [156,157]. 

 

1.2.6.2. Directional Solidification Methods 

 

Heat flow direction and cooling rate directly affects the grain formation and 

orientation. In general, grain direction is parallel to the heat flow direction. Directional 

solidification method is based on the movement of the mold from heating zone to 

cooling zone at a certain speed. This method is suitable for industrial scale 

manufacturing and widely used in manufacturing of nickel-based superalloy gas 

turbine blades [158]. 

 

1.2.6.3. Power Down Method 

 

This method is based on the progressive reduction of the temperature in the furnace. 

Although it does not require the displacement of the mold with molten metal from the 

heating furnace, cooling water at the bottom of cooling chill plate for cooling operation 

is needed [158]. 

 

Preparation: 

 

First, the mold is placed in the heating furnace on the copper chill plate. Then, the 

chamber is vacuumed. Afterwards, the mold is heated to the desired temperature. 

Meanwhile, metal ingot is melted using induction heating. After the mold reaches the 

temperature throughout its whole volume the molten metal is filled into the mold. After 

the pouring process is done, the lid is closed and the lower heater element is switched 

off [159]. 

 

Cooling: 

 

The liquid metal in contact with the chill plate begins the process of solidification. The 

upper heating element is kept on at this point. This allows for columnar grain growth 
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parallel to the heat flow direction. After all liquid metal is cooled down, the directional 

solidification process is finished [160]. 

 

 
 

Figure 18. Power down method schematic [159] 
 

1.2.6.4. Bridgman-Stockbarger Method 

 

The Bridgman-Stockbarger method is a technique used in materials science and crystal 

growth to produce single crystals of various materials, particularly semiconductors 

[161]. It was developed by Percy Williams Bridgman and John C. Stockbarger in the 

early to mid-20th century. The process begins with placing the material to be 

crystallized in a refractory crucible capable of withstanding high temperatures [162]. 

Afterwards, the process will carry on as follows. 

 

Heating: 

 

The crucible is subjected to high temperatures in a furnace until the material melts and 

forms a molten phase [162]. In order to make sure the crystal grows in a specific 

direction, a temperature gradient must be established within the crucible [163]. 

 

Seed Crystal Introduction: 
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A seed crystal, usually of the same material as the one being grown, is introduced into 

the molten phase at the higher temperature end of the crucible [164]. 

 

Controlled Cooling and Crystal Growth: 

 

As the temperature decreases, the molten material begins to solidify around the seed 

crystal, forming a single crystal with atoms arranging themselves in a crystalline 

structure [164]. 

 

Pulling Process (Optional): 

 

In some variants of the Bridgman method, the crucible may be slowly pulled upwards 

or downwards during the cooling process to further control the growth rate and quality 

of the crystal [165]. 

 

Harvesting and Processing: 

 

Once the crystal growth is complete, the single crystal is carefully harvested from the 

crucible and may undergo additional processing steps such as cutting, polishing, and 

doping to tailor its properties for specific applications [162]. 
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Figure 19. Bridgman-Stockbarger Method [161]. 

 

1.2.6.5. Liquid Metal Cooling (LMC) Method 

 

This method is very similar to Bridgman-Stockbarger method. While chill ring is used 

in Bridgman method, this method uses a cooling bath filled with liquid metal instead 

(usually aluminum and tin, due to their low melting points, high thermal conductivity 

and cost efficiency) [158]. 

 

The mold is heated in a furnace using radiant heaters, then it is moved with a specific 

speed to the coolant bath. The coolant bath is continuously stirred and kept at a 

constant temperature during the cooling process. Finally, the solidified metal is 

obtained [160]. 
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Figure 20. LMC Method Schematic [166]. 

 

1.2.6.6. Chemical Vapor Deposition (CVD) 

 

Chemical Vapor Deposition (CVD) crystal growth method is a technique used to grow 

single-crystal materials through the chemical reaction of gaseous precursors on a 

substrate [167]. This method allows for the precise control of crystal growth 

parameters, resulting in high-quality crystals with tailored properties. It involves the 

decomposition or reaction of gaseous precursor molecules at the surface of a heated 

substrate, resulting in the deposition of crystalline material [168]. Selecting 

appropriate precursor materials is crucial for CVD crystal growth. These precursors 

should be volatile compounds that can undergo controlled decomposition or reaction 

to form the desired crystal structure [167]. The CVD crystal growth process typically 

occurs within a reaction chamber maintained at controlled temperature and pressure 

conditions. Heating the substrate to elevated temperatures facilitates the 

decomposition or reaction of precursor gases [168]. 
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Prior to crystal growth, the substrate surface is often cleaned and prepared to promote 

nucleation and adhesion of the deposited material [169]. Then, the precursor gases are 

introduced into the reaction chamber, where they come into contact with the heated 

substrate surface. These precursors may be introduced separately or as a mixture, 

depending on the desired crystal composition and properties [170]. 

 

Upon reaching the heated substrate surface, the precursor molecules undergo chemical 

reactions such as decomposition, pyrolysis, or reduction, leading to the formation of 

solid-phase crystalline material. This material then grows epitaxially on the substrate, 

following the crystal lattice orientation of the substrate [171]. Various parameters such 

as temperature, pressure, precursor flow rates, and substrate composition are carefully 

controlled to achieve the desired crystal growth characteristics, including crystal size, 

orientation, and quality. 

 

The growth mechanisms during CVD crystal growth can vary depending on factors 

such as precursor chemistry, substrate surface properties, and reaction conditions. 

Common mechanisms include surface adsorption, surface diffusion, and bulk diffusion 

[168]. 

 

1.2.6.7. The Czochralski Method 

 

In this method, the melt is kept at a temperature slightly above its freezing point. Then, 

a seed crystal rigidly fixed to a rotating tube is lowered into the surface of the melt. 

The temperature of the melt is reduced until the molten material begins to freeze onto 

the seed. Afterwards, the rod is pulled while rotating and more material solidifies onto 

the seed crystal. Rotating the rod produces stirring effect, promoting homogenization 

of the melt [172]. 
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Figure 21. The Czochralski method schematic [173]. 

 

1.2.7.  Polycrystalline M/HEAs 

 

Apart from single crystals, polycrystalline M/HEAs are also of much interest due to 

their superior performance in most engineering applications, as well as the outstanding 

mechanical properties they possess (e.g. yield strength, toughness and strain hardening 

rate) when compared to their SC counterparts. Most importantly, polycrystalline 

materials, unlike SCs, exhibit an isotropic (independent of orientation) mechanical 

behavior in most cases, which explains their preference over SCs in most applications. 

For polycrystalline materials, the main focus will be on grain refinement, as it is widely 

known for its success in crucially alter the mechanical properties of metallic alloys. 

Severe plastic deformation (SPD) is an effective mechanism that has been wildly 

employed to increase the strength at the expense of ductility to a high extent [174–

179], which can reach very high values of yield strength, e.g., a yield strength of (~1.2 

GPa) in ECAP processed NiCoCr MEA [179]. The reduced grain size and increased 

dislocation density achieved through SPD contribute to an enhancement of the yield 

strength. One of the most efficient grain refinement methods is deformation twinning, 

as dislocation motion is restricted at twin boundaries, leading to the so-called Hall-Petch 

effect [84]. TRIP is also a desired deformation mechanism in fcc crystals, since it leads 
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to toughening at ambient and low temperatures. A distinction between these two 

mechanisms is that TWIP can only take place at cryogenic temperatures [48], whereas 

TRIP is most often observed at both ambient and low temperatures [1]. 

 

High pressure torsion (HPT), and equal channel angular pressing (ECAP), are one of 

the most well-known SPD methods capable of producing ultra-fine grained (UFG) 

structures. However, ECAP is still more efficient in processing relatively large samples, 

where all dimensions can exceed a centimeter, and it provides a relatively uniform 

microstructure. Moreover, the unchanging cross section allows for multiple repetitions 

of the process, if it is within the material processing capacity, until the desired 

microstructure and deformation levels are achieved. The impacts of grain size 

reduction via various thermomechanical techniques on the mechanical properties of 

HEAs have been studied under uniaxial loading [174–178,180–182]. Although HPT 

has shown success in increasing the strength and hardening of CoCrFeMnNi HEA 

[181,182], its major drawback is the low ductility level of the samples [181,182]. To 

resolve this, annealing is usually applied, leading to grain growth, and phase 

decomposition, reducing the strength and producing a more complex 

microstructure[181,182]. Many HEAs have been HPT processed, however, an increase 

in strength was achieved at the expense of ductility. A more favorable strength-

ductility combination was achieved in CoCrFeMnNi through the precedingly 

mentioned ECAP method, demonstrated by Shahmir et al. [178]. 

 

1.2.8.  Non-monotonic Loading and Fatigue Lives of M/HEAs 

 

In most engineering applications, alloys are usually subjected to cyclic loading. 

Furthermore, mechanical behavior and microstructural evolution of conventional 

alloys can differ extensively based on loading conditions, specifically in under cyclic 

loading [183,184]. Hence, studies focusing on the cyclic response of HEAs are 

essential in order to reveal their deformation behavior under cyclic loading, estimate 

their fatigue lives, and develop HEAs with higher fatigue resistances. While failure 

can still occur at relatively low stresses, many applications have high loads and, hence, 

materials exhibit at least minor yielding in each cycle, ultimately leading to short fatigue 

lives [185,186]. Despite having many researches conducted on the low-cycle fatigue 
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(LCF) behavior of conventional alloys [183–185,187–190], there is a gap in the 

literature regarding the fatigue behavior of HEAs, since related studies are very rare and 

mostly focusing on the high-cycle fatigue (HCF) regime [191–196]. Moreover, all of 

these studies were established on completely different HEAs. Outstanding fatigue 

properties were achieved in an UFG Al0.3CoCrFeNi HEA through nanotwin nucleation 

[191]. Recent studies focusing on the HCF behavior have reported the effect of grain 

size on the cyclic deformation response (CDR) of the CoCrFeMnNi HEA, where UFG 

material possessed a considerably higher fatigue strength and stability relative to the 

coarse grained (CG) variant [192]. Different authors have investigated the CDR of 

various HEAs. Despite the fact that Fe50Mn30Co10Cr10 HEA has exhibited an 

appreciable work hardening in tensile tests [1], and the martensitic phase 

transformation governing the microstructural evolution in both monotonic and cyclic 

loading conditions [1,196], the martensitic transformation did not contribute to 

significant hardening under cyclic loading as compared to that in monotonic loading 

[196]. Coarse grained (CG) CoCuFeMnNi HEA has also shown a lack of hardening 

under cyclic loading, nonetheless, in this particular HEA, phase transformation was 

absent and the microstructural evolution was governed by dislocation activity [195]. 

According to numerous studies established in the last two decades, in the HCF regime, 

the fatigue strength of the UFG alloys is relatively high as compared to their CG 

counterparts, which is attributed to their magnificently enhanced monotonic strength 

[197–200]. In contrast, in the LCF regime, fatigue lives were lower in several studies 

[201–205]. A good explanation for this LCF response is the localized crack initiation 

stemming from inhomogeneities due to insufficient material flow during SPD 

[206,207]. Moreover, it is important to know that crack initiation and crack 

propagation lives are both included in the total fatigue life. Based on that, it was 

reported by several researchers that SPD processed materials possess good crack 

initiation resistance, yet endure rapid crack propagation [208,209]. In many LCF 

studies conducted on different UFG alloys, it was shown that dynamic 

recrystallization, dislocation rearrangement and accompanying damage localization 

resulted in inferior fatigue strengths at low temperatures and small cycle counts [210–

215]. One effective way to attain a stable UFG microstructure and CDR is to reduce 

the amounts of interstitials and produce precipitates [212,213]. Grain refinement using 

ECAP was found to remarkably extend the fatigue life at the lowest strain amplitude, 
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whereas CG samples had better fatigue properties at higher strain amplitudes [197]. 

This behavior of ECAP samples could be related to cyclic softening, damage 

localization, as well as the higher stress amplitudes enforced by grain refinement. 

 

1.3. OBJECTIVES AND OUTLINE 

 

The purpose of the present research is to obtain a clear understanding on the 

relationship between macroscopic mechanical behavior and microscopic deformation 

factors (crystallographic orientation, testing temperature, and chemical composition 

dependence) in M/HEAs. The study aims mainly at achieving a better understanding 

of the deformation mechanisms responsible for the outstanding properties of M/HEAs. 

For SC specimens, we will focus on [001], [111] and [123] orientations. It is convenient 

to choose these three crystallographic orientations in order to represent different zones 

of the stereographic triangle, and thus to make a number of slip and twinning systems 

at different stages of deformation, and most importantly observe the orientation 

dependence of twinning and how it evolves with strain. Additionally, both tensile and 

compressive loads will be applied to different specimens in order to understand 

influence of load direction on the mechanical deformation mechanisms. The single 

crystals are clearly advantageous in terms of the achievable fundamental understanding 

of deformation mechanisms, owing to the absence of grain boundaries and texture 

effects associated with polycrystalline materials. 

 

The overall objectives of our study can be stated as the following: 

 

1. Experimentally inspect the response of single crystalline NiCoCr to uniaxial 

load as a function of crystallographic orientation. 

2. Elucidate microstructural evolution and deformation mechanisms, including 

twinning, slip and martensitic transformation, and their reciprocal interactions 

on the mechanical response of NiCoCr single crystals. 

3. Generalize the outcomes and expand our material design space to other 

M/HEAs possessing similar characteristics. This will be helpful in designing 

new materials that not only have the same beneficial properties possessed by 

our alloys but also outperform them in some aspects.
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CHAPTER 2 

 

EXPERIMENTAL METHODS 

 

This chapter covers the metallurgy of specimens, including single crystal 

development, heat treatment, test specimen morphology, and techniques for 

characterizing them both before and after testing. Many of tests were repeated or 

reproduced from the previous studies [216]. 

 

2.1. MATERIALS 

 

Production of single crystals of M/HEAs was done using the Bridgman method in an 

inert helium atmosphere at tomsk state university in russia. After crystallizing, they 

were quenched in water at room temperature after being homogenized for 24 hours at 

1473 k in an inert atmosphere. Imr test labs, lansing, new york, determined the material 

compositions. In accordance with astm e 1019-18, inert gas fusion thermal 

conductivity was used to calculate the specimens' carbon contents. Laue back-

reflection pictures were used to establish the bulk crystal's orientation. Using wire 

electrical discharge machining (edm), dog bone-shaped tensile specimens were 

cut from the single crystals so that their tensile axes were along the [111], [110], and 

[001] crystallographic orientations. These orientations were chosen to maximize the 

schmid factors for slip and twinning and to trigger slip-or-twinning-

biased deformation mechanisms. For the mentioned orientations, the schmid factors 

for slip and twinning as well as the number of the most favorable slip/twinning systems 

with the same schmid factors are shown in Table 2. The number falls within the range 

of 1 to 8. The table indicates that the preferred deformation mechanism is dependent 

on the crystallographic orientation based on the schmid factor assessment.
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Figure 22. Tensile and compressive tests specimens’ designs. 

 

2.2. UNIAXIAL TENSILE TEST RESULTS 

 

Prior to tensile testing, the samples were mechanically polished using a sequence of 

metallographic grinding papers, the coarsest of which was 800 grit. A 0.1 µm diamond 

solution was then used to provide a final surface finish. Using an effective strain rate 

of 5x10-4 s-1, room temperature uniaxial tension tests were carried out on a 

servohydraulic mts machine fitted with a specifically made grasping mechanism 

[karaman tz]. The gage section of the tension specimens measured 8 mm by 3 mm and 

had a thickness of 1.0 to 1.2 mm ( 

 

Figure 22). The selection of this low strain rate was made to minimize any potential 

rate impacts. The compression specimens were cut into 4-by-4-by-8-millimeter 

rectangular prisms ( 

 

Figure 22). The compression tests were conducted using tungsten carbide platens. 

During compression testing, thick teflon tapes were placed between the sample and 

the plates to reduce friction as much as possible. An mts extensometer that was fixed 

to the specimens' gage section was used to measure strains, and a load cell was used 

to measure loads. To ensure accuracy, all tests were repeated four times. To investigate 

the single crystals' microstructural evolution, several tests were interrupted at various 

strain levels prior to failure. Tests for nanoindentation were conducted using the 
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hysitron ti 950 triboindenter. Maximum load was 10000 µn. From 150 indentations, 

the average nanoindentation hardness values were calculated, along with the 

accompanying ±standard deviations. To monitor the progression of local strain and 

determine the location of strain at different degrees of macro-scale deformation, in situ 

2-d dic was employed. The polished surfaces were first sprayed with an adhering 

coating of black paint to create the background layer, and then white paint was 

airbrushed on top to create a fine speckle pattern. The reference and distorted states of 

the surfaces were captured in high-resolution photographs using an optical keyence 

vhx-600 microscope (4800 x 3600 pixels). Pictures were taken every five seconds. 

Moreover, strain localization at different phases of deformation was distinguished and 

the number of active deformation systems was determined using better resolution ex 

situ dic. An open source 2d matlab tool called ncorr was used to analyze the obtained 

dic pictures. 

 

2.3. TRANSMISSION ELECTRON MICROSCOPY 

 

A 200kv transmission electron microscope (tem) from fei, the tecnai 20st, was used to 

examine microstructural characteristics. On the titan themis 300 s/tem (running at 

300kv), energy-filtered tem studies were carried out to reduce the signal-to-noise ratio 

of the diffraction contrast from the current sro [50,132] and hrtem observations. The 

samples were ground to a thickness of 50 to 70 µm in order to manufacture the tem 

foils. These foils were then twin-jet electropolished at -20°c using an electrolyte that 

included 80% methanol and 20% nitric acid at 10 v. 
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CHAPTER 3 

 

ON THE ORIGIN OF STRAIN-HARDENING BEHAVIOR OF SINGLE 

CRYSTALLINE NiCoCr MEDIUM ENTROPY ALLOY 

 

The engineering stress - strain responses and the strain-hardening response coefficient 

 (dσ/dε) - true strain curves obtained from the room temperature uniaxial tension 

experiments are shown in  

 

Figure 23 The [111]-oriented samples had the highest ultimate tensile strength (UTS) 

of 645±5 MPa over 60% strain, whereas the [110]-oriented crystals exhibited an UTS 

of 470±5 MPa (similar to the previous results [3]), combined with a large uniform 

elongation of over 120%. The highest strain-hardening coefficient was observed in the 

[111]- oriented crystals with 675 MPa strength and. The [001] orientation presented 

the lowest UTS, strain and strain hardening coefficient compared to the other 

orientations. All orientations demonstrate an increasing hardening rate at the beginning 

of the deformation with multi-deformation mechanisms activated (see optical image 

insets in  

 

Figure 23). We also noted that all orientations display Luder`s type propagation of 

localized deformation The variations in hardening response are governed by different 

types and numbers of active deformation mechanisms, as described below. Clearly, 

the plastic flow behavior in these HEA single crystals are highly dependent on the 

crystallographic orientation, similar to single crystals of medium entropy alloys [3], 

low SFE stainless steels [217] and Hadfield steels [56,218–224].
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Figure 23. a) The room temperature engineering stress - engineering strain tension 
responses of the [111], [110]- and [001]-oriented single crystals of the 
NiCoCr MEA. The evolution of θ (𝑑𝜎/𝑑𝜀), with true strain for the b) [111], 
c) [110] and d) [123]-oriented crystals. Inverse pole figures and 3D 
schematics inset show the initial loading directions (IPFX) for three 
orientations, measured using EBSD. The stages of deformation were also 
marked for each orientation.  

 

The strain-hardening response of NiCoCr along [110]- and [111- oriented specimens 

exhibits five stages, as shown in  

 

Figure 23b and 1c, whereas the [001]-oriented crystal presents four stages. To 

characterize the deformation behavior of NiCoCr single crystals, samples with 

different loading direction were exposed to EBSD experiments after uniaxial tensile 

loading. The crystallographic texture measurements of bulk samples using EBSD 

confirmed the presence of twins and ɛ- martensite as observed in TEM (see 

supplemental  
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Figure 24a-e). The EBSD maps micrographs also showed two primary and tertiary 

twin systems inside a primary twin in the [110]-oriented failed specimen. In  

 

Figure 24, the EBSD measurements of the [111], [110]- and [001] single crystals show 

a typical FCC single crystal pattern along the [110] zone axis. The EBSD IPFX maps 

for the sample of the [001]-oriented crystal deformed to failure shows that the plastic 

flow is governed by dislocation plasticity during the deformation, while the primary 

twinning system is activated in stage II hardening in the [111]-oriented crystal. 

Moreover, the secondary twinning system is observed in the stage IV, which is the 

main reason for an extended hardening stage as compared to the [100]-oriented crystal. 

The EBSD pattern of the [110] oriented crystal exhibits the twinning activity at the 

beginning for the deformation (stage II), while it presents elongated stripes instead of 

narrow spots in the stage IV ( 

 

Figure 24), demonstrating the loss of single crystallinity after deformation. The 

distribution of these stripes indicates the secondary twin variants. The stress levels for 

the onset of slip (i.e., initial yield point) and twinning/ɛ-martensite (first confirmed by 

STXRD and TEM) were identified. Using these stress levels, the critical resolved shear 

stresses (CRSS) for dislocation glide and twinning / ɛ-martensite were calculated as 

69±2 and 79±5 MPa, respectively, using τୡ୰
ୱ୪ = mୱ୪σக

ୱ୪ for slip and τୡ୰
୲୵ = σக

୲୵m୲୵ for 

twinning.  

 

It was shown that similar to low-SFE TWIP steels [56,225], the sharp change in stage-

I hardening is due to dominant single slip and stable dislocation generation  

 

Figure 23a. The dissociation of perfect dislocations into Shockley partials, followed 

by either the incubation stage of twinning nucleation or ɛ-martensitic phase 

transformation, are other possible factors contributing to the sharp  decrease in stage 

I [111]. On the other hand, the rapid change in stage II work-hardening is believed to 

be driven by multiple-active deformation mechanisms, i.e., mechanically-induced 

twinning nucleation [3], ɛ-martensite [57], and dislocation activity, see  
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Figure 24 and  

 

Figure 25 The existence of twin boundaries or ɛ-martensite in stage-II cause a 

reduction in dislocation mean free path through the decrease in inter-twin distances. 

This leads to a dynamic Hall-Petch hardening, and eventually to very high  in stage-

II. The noticeable  reduction in stage-III was attributed to an increase in dislocation 

activity since a new twinning system activation is not observed via in-situ STXRD 

experiments. 

 

As the twinning proceeds in stage II, more stress is needed to continue twinning and 

transformation. Therefore, the stage-III work-hardening acts as an incubation stage, 

with the formation of cell structures and Taylor lattice, [84,111] for stage IV hardening 

in NiCoCr in the [111]- and [110]-oriented crystals, before reaching the onset of 

necking.  The hardening rate starts to increase in stage IV due to further dynamic Hall-

Petch effect enabled by the simultaneous TWIP and TRIP mechanisms activated by 

LC locks and stair-rod dislocations. 
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Figure 24. Representative EBSD ipf color maps illustrate microstructure of single 
crystalline nicocr samples deformed up to failure. a) the [110]-oriented 
single crystal deformed up to failure showing the twinning formation, b) 
ɛ-martensite, c) the [111]-oriented single crystal deformed up to failure 
indicating the deformation twinning formation d) ɛ-martensite. € 
misorientations maps proving the existence of three different twin systems 
marked on a). 

 

EBSD micrograph demonstrated the existence of primary twin system in the [111] 

oriented sample on the microscopic scale strained up to failure. TEM pictures revealed 

that the twinning and hcp phase were accounted by the 1/6〈112〉 Shockley partial 

dislocations and stair-rod dislocations in in the previous studies [3,100]. The twinning 
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and hcp phase transformation is not due to the TEM thin foil effects as both 

mechanisms were confirmed in bulk samples using X-Ray scans and crystallographic 

texture measurements ( 

 

Figure 25). X-Ray diffraction analysis of the [111] oriented single-crystal NiCoCr 

MEA after failure demonstrated additional hcp peak ( 

 

Figure 25a). Crystallographic texture analysis of (220) poles for the fcc crystal and the 

texture analysis of (1ത010) poles for the hcp crystal are presented in ( 

 

Figure 25b). 

 

 
 

Figure 25. a) X-Ray diffraction analysis of the [111] oriented single-crystal NiCoCr 
MEA after failure showing additional hcp peak, b) crystallographic texture analysis of 
(220) poles for the fcc crystal c) the texture analysis of (1ത010) poles for the hcp crystal. 

 

3.1. DETECTION OF SHORT-RANGE ORDERING (SRO)  

 

One of the simplest experimental indication for the existence of SRO and its effect on 

mechanical behavior is the observation of planar slip, dislocation pile-ups and non-

equivalent distance between the initial adjacent pairs of dislocations in the pile-up and 

the later pairs [87,226,227]. According to Cohen and Fine [88], due to the favorable 

(stable) SRO, the first dislocation in the pile up is exposed to higher resistance against 

slip due to interaction with the SRO. Once the SRO is destroyed with the passage of 

this dislocation, the deformation becomes localized leading to a pile-up. All successive 

dislocations, produced by the activated dislocation source and moving along the 

regions with SRO that was locally destroyed (due to rearrangement of solute) help to 
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overcome the higher resistance. Therefore, the distance between the first and second 

dislocations in the pile up should be much lower as compared to the distance between 

the successive dislocations [87,226,227].  

 

Hence, it is used [110]- and [111]-oriented single-crystal NiCoCr bulk samples and 

uniaxially deformed them at RT to observe the effect of SRO on TWIP/TRIP. We have 

chosen single crystals to better understand the deformation mechanisms by eliminating 

confounding factors such as grain boundaries and grain-size strengthening prevalent 

in polycrystalline samples. The rationale for choosing these two crystallographic 

orientations is to sample different regions of the stereographic triangle and to form 

different numbers of slip and twinning systems at various stages of deformation. In 

addition, it can be monitored the orientation dependence of the strain level at which 

the mechanisms initiate, and how TWIP and TRIP evolve.  

 

Transmission Electron Microscopy (TEM) investigations on a [110]-oriented sample 

strained up to 4% under tension confirm the above mechanisms and thus the existence 

of SRO. The observations ( 

 

Figure 26 a-b) qualitatively matches with the previous studies. The first two 

dislocations in the pile-ups are much closer than others ( 

 

Figure 23a), a clear signature of SRO in single crystalline NiCoCr medium entropy 

alloy. 

 

 
 

Figure 26. Bright-field TEM images of the [110]-oriented single crystals after tensile 
deformation at RT up to 4% strain, showing (b-c) a planar dislocation pile-up on a single slip 
system with non-equivalent distances between the dislocations at the pile-up tip. 

 



49 

To investigate short-range order (SRO) in NiCoCr single crystals, Sezer et al., 

performed high-resolution transmission electron microscopy (HRTEM) [100].  Two 

NiCoCr single crystalline samples were exposed different heat treatments following 

homogenization at 1473 K: (1) water-quenched to room temperature (WQ, referred to 

as “as-quenched”), and (2) aged at 1273 K for 48 hours, followed by furnace cooling 

(denoted as “aged-48h”). The microstructure and SRO characteristics were examined 

using energy-filtered and high-resolution TEM imaging, as shown in  

 

Figure 27 The energy-filtered [110] electron-diffraction patterns reveal streaking along 

the {111} directions between Bragg spots in the aged-48h sample ( 

 

Figure 27b), while no significant streaking is observed in the WQ sample ( 

 

Figure 27a). Quantitative analysis of the diffuse scattering intensity along the dashed 

lines in  

 

Figure 27a and  

 

Figure 27b is also provided. By placing the objective aperture at the centers of the 

(000) and {111} spots, highlighted by the blue circles in  

 

Figure 27a and  

 

Figure 27b, SRO is visualized as bright dots in energy-filtered, dark-field TEM images 

( 

 

Figure 27c and  

 

Figure 27d). The aged-48h sample exhibits a high density of nanoscale domains (~5-

7 nm), while smaller (~2 nm) nano-domains are sporadically present in both the WQ 

and aged-48h samples, suggesting that SRO is in a nascent state in the WQ sample. 

High-resolution TEM images and corresponding Fast Fourier transforms (ffts) for the 

WQ and aged-48h samples are compared in  
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Figure 27e and  

 

Figure 27f. The WQ sample displays a mostly uniform fcc structure with minimal 

defects, whereas the aged-48h sample shows superlattice features of approximately 5 

nm along {111} planes (highlighted by white circles in  

 

Figure 27f), aligning with the size of the nano-domains observed in energy-filtered, 

dark-field images. These findings suggest that high-temperature aging enhances the 

formation of SRO in the single-crystalline NiCoCr samples. These experimental 

investigations support our findings in  

 

Figure 26 They also investigated directly effect of SRO mechanical behaviors in 

NiCoCr. 
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Figure 27.  The microstructure of water-quenched (WQ, left panel) and 1273 K / 48 h 
aged (48 h, right panel) samples is shown. (a, b) display energy-filtered diffraction 
patterns taken along the [110] zone axis for the WQ and 48h samples, respectively. 
Streaks along the {111} directions are visible only in the 48h sample, as confirmed by 
the intensity line profile along the dashed lines in the diffraction pattern below. (c, d) 
show energy-filtered dark-field images of the WQ and 48h samples, with aperture 
positions marked by blue circles in a) and b). In the 48h sample d), short-range ordered 
domains (bright dots marked by red circles and blue arrows) ranging from ~2 nm to 
~7 nm in size are extensively observed, unlike in the WQ sample. (e, f) present typical 
high-resolution TEM images and corresponding fast Fourier transform (FFT) images 
for the WQ and 48h samples. The WQ sample exhibits a mostly uniform structure, 
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while the 48h sample reveals superlattice features (indicated by red circles in f)). 
Streaking along the {111} directions is also visible in the FFT pattern of the 48h sample 
f), indicated by blue arrows [100]. 

 

3.2. EFFECT OF SHORT-RANGE ORDERING ON THE MECHANICAL 

PROPERTIES  

 

To examine the impact of SRO on mechanical behavior, uniaxial tensile tests were 

conducted on both as-quenched and aged single-crystal samples at room temperature 

(RT) [100]. The tensile test results show that while aging for 48 hours increases the 

degree of SRO, it leads to only a slight improvement in yield strength (around 6% ± 

3%) across all orientations, consistent with previous theoretical predictions [94]. 

However, a significant enhancement in true strain (~15% ± 2% for [111]-oriented 

crystals and ~25% ± 2% for [110]-oriented crystals) and ultimate true-tensile strength 

(~15% ± 2% for [111] and ~30% ± 2% for [110]) was observed in aged samples for 

both [111] and [110] orientations, while the stress-strain responses of the as-quenched 

and aged samples in the [001] orientation showed no notable differences in this study 

[100]. 

 

The marked improvement in tensile ductility in the aged samples is attributed to the 

increased degree of SRO. To further explore how SRO influences deformation 

mechanisms, EBSD maps were recorded in uniformly deformed regions before 

necking for the [111], [110], and [001] single-crystal tensile specimens. EBSD 

imaging revealed that the superior strength and ductility in the aged samples are due 

to a higher density of strain-induced twinning and ɛ-martensite formation in both [111] 

( 

 

Figure 28a) and [110] ( 

 

Figure 28b) orientations. The increased SRO likely delays recovery processes, thereby 

enhancing the TWIP/TRIP effects by raising stress levels and influencing partial 

dislocation separation [3,84,85,216]. In contrast, no twinning or ɛ-martensite was 

detected in the [001] orientation according to EBSD imaging. 
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Figure 28. Representative EBSD IPF color and phase maps provide a visual overview 
of the microstructure in single-crystalline NiCoCr specimens. In a), the 
[111]-oriented, and in b), the [110]-oriented single crystals are shown in 
their initial as-quenched conditions, deformed to failure, illustrating the 
formation of twinning and ɛ-martensite. For the 48-hour aged samples, also 
deformed to failure, an increased density of twins and ɛ-martensite is 
observed. c) displays the corresponding inverse pole figures for the [111]- 
and [110]-oriented crystals shown in a) and b) [100]. 

 

A recent study on the influence of SRO on the mechanical response of NiCoCr along 

the [123] orientation similarly found no improvement in tensile ductility, akin to the 

results for the [001]-oriented crystal in this study [107]. This is because the [123] 

orientation lies near the center of the stereographic triangle, where the applied stress 

has little effect on partial dislocation separation and stacking fault energy 

[3,84,85,216], limiting twinning, martensitic transformations, and changes in 

deformation modes under higher stress levels. The Schmid factors for slip and 

twinning, experimental yield strengths, and critical resolved shear stress values are 

listed in Table 2 These results clearly demonstrate that SRO directly influences the 

TWIP/TRIP effects. 
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3.3. COMPARISON OF MECHANICAL TENSILE TESTS OF MEDIUM AND 

HIGH ENTROPY ALLOYS WITH CONVENTIONAL STEELS 

 

Fe40Mn40Cr10Co10 HEA, NiCoCr MEA and many other M/HEAs exhibit one of the 

highest strain hardening behaviors among other HEAs. However, the underlying 

secrets were still mysterious and needed to be revealed by studying single crystalline 

version of the alloys, in order to eliminate grain boundaries and texture effects. 

Therefore, Sezer et al. [84] made a research on single crystalline Fe40Mn40Cr10Co10 

HEA in different crystallographic directions, and compared them with two TWIP 

steels, namely Hadfield and SS316 steel, which exhibit superior strain hardening 

behavior. The three directions which he chose were [001], [111] and [123]. In the [111] 

orientation, the alloy exhibited a strain hardening behavior similar to TWIP steels, 

which also possess low sfes [37,45,54]. However, the [001] and [123] oriented 

specimens were not very similar to the [111] specimens, as they did not show as 

remarkable strain hardening behavior comparing to TWIP steel single crystals oriented 

in the same directions. 

 

 
 

Figure 29. Comparison of the strain hardening rate responses of Fe40Mn40Cr10Co10 HEA, Hadfield steel 
and SS316 stainless steel, obtained from uniaxial tension at room temperature [84]. 
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Figure 30. The comparison of strength differentials (σ - σ₀, where σ₀ is the yield 
strength) and hardening response as a function of applied strain is shown 
for three medium to low stacking fault energy materials: 316 stainless steel 
(SS316) [28], Fe-12%Mn-1%C Hadfield steel [21], and the current 
medium entropy NiCoCr alloy. This comparison highlights the superior 
ductility and strength differential of the NiCoCr alloy, which demonstrates 
a more pronounced hardening response and better mechanical 
performance compared to SS316 and Hadfield steel under similar strain 
conditions [3]. 

 

The uniaxial tensile responses of the three different orientations of equiatomic NiCoCr 

medium entropy alloy (MEA) single crystals investigated in this study closely 

resemble those observed in 316L stainless steel [55] and Fe-12%Mn-1%C Hadfield 

steel [56] single crystals, particularly regarding the hardening response, stages of 

deformation, and relative hardening rates. However, a key difference is that the steels 

exhibit higher yield strengths, as their critical resolved shear stresses (CRSS) are 

greater than that of the NiCoCr MEA. Despite this, the NiCoCr MEA crystals show 

significantly greater ductility—more than 50% higher than the steels. 

 

A notable distinction between the NiCoCr MEA and 316 stainless steel/Hadfield steel 

single crystals lies in the extent of Stage IV hardening in the orientations examined 

([111], [123], and [110]). In NiCoCr single crystals, the combined strain levels for 

Stage III and Stage IV are considerably higher than those in 316 stainless steel and 

Hadfield steel. This suggests that secondary twinning and/or the formation of twin 

networks during Stage IV deformation in NiCoCr crystals play a critical role in 

suppressing necking and enhancing ductility. One possible explanation is that the 
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twins in NiCoCr appear to be thinner compared to those in 316 stainless steel and 

Hadfield steel during Stage IV, which may create more boundaries for slip interactions. 

This suggests that NiCoCr has a greater capacity for dislocation storage and better 

resistance to necking instability than these conventional low and medium stacking 

fault energy (SFE) steels. 
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CHAPTER 4 

 

CONCLUSIONS 

 

In this study, single crystals of NiCoCr were examined to reveal the influence of short-

range ordering (SRO) and crystal orientation on their mechanical behavior 

Fe40Mn40Co10Cr10, CoCrFeMnNi medium/high entropy alloys (M/HEAs). Various 

crystallographic orientations were systematically investigated, along with the low-

cycle fatigue behavior at different strain amplitudes (0.2%, 0.4%, and 0.6%) for both 

single and polycrystalline HEAs. The main findings are as follows: 

 

1. Strain Hardening and Orientation Dependence: The strain hardening response 

and strain hardening coefficient at room temperature under tension show a 

strong dependence on crystallographic orientation in both NiCoCr MEA and 

Fe40Mn40Co10Cr10 HEA. This behavior is influenced by the activation of 

orientation-specific deformation mechanisms, such as deformation twinning 

and planar slip, as well as the formation of dislocation networks or walls. In 

the [011], [111], and [123] orientations, four distinct stages of strain hardening 

occur due to the activation of multiple twin systems, while the [001] orientation 

shows only three stages, lacking deformation twinning.  

 

2. Exceptional Strain Hardening in the [111] Orientation: The [111] orientation 

in both NiCoCr MEA and Fe40Mn40Co10Cr10 HEA displayed an outstanding 

strain hardening coefficient (θ), attributed to the activation and interaction of 

multiple twin systems during stage 2 of deformation. The high ductility in this 

orientation, despite its significant strength, was due to the formation of nano-

twins within primary twins and the activation of tertiary twins in stage 4, which 

provided additional deformation when other mechanisms were exhausted. 

Additionally, multiple slip mechanisms in the [111] orientation allowed 

Shockley partial dislocations to form stacking faults in stage 4. This response 
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is similar to twinning-induced plasticity (TWIP) steels with low stacking fault 

energy. For the [123] orientation, deformation was dominated by planar slip, 

with the coexistence of slip and nano-twins in stage 2 contributing to strain 

hardening. Unexpectedly, the [123] orientation also exhibited stage 4 

hardening, similar to the [111] orientation, due to deformation twinning and 

dislocation structures forming in stage 4. 

 

3. Lack of Twinning in the [001] Orientation: In NiCoCr MEA, 

Fe40Mn40Co10Cr10 HEA, and CoCrFeMnNi HEA, no twinning was 

observed in the [001] orientation, which aligns with the Copley-Kear effect for 

interstitial-free face-centered cubic (fcc) metals. Strain hardening in this 

orientation was attributed to the formation of high-density dislocation walls 

(HDDWs) along multiple slip systems. Although planar slip is typically 

associated with HDDW formation, planar features were not observed in 

transmission electron microscopy (TEM) of the [001] orientation. Instead, 

dislocation interactions, including the formation of multi-junctions and 

dislocation dipoles, facilitated the development of HDDWs, which acted as 

barriers to dislocation motion and formed a structure similar to a Taylor lattice, 

enabling dislocation cell formation. 

 

 

4. Comparison with Low Stacking Fault Energy Steels: The strain hardening 

response of the M/HEAs in this study was compared to conventional low 

stacking fault energy steels, such as 316 stainless steel and Hadfield steel. 

Although the M/HEAs lack interstitial solid solution hardening, they exhibit 

similar strain hardening stages to these steels. However, M/HEAs demonstrate 

higher ductility in the [111] and [123] orientations due to extended stage 4 

hardening, though they have lower yield strength compared to 316 stainless 

steel and Hadfield steel. In the [001] orientation, the conventional steels 

displayed better plastic deformation ability due to deformation twinning. 

 

5. Role of SRO in Deformation Modes: While previous studies on conventional 

steels and M/HEAs primarily focused on stacking fault energy, recent studies 
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highlight the direct influence of SRO on deformation mechanisms. This 

discovery is significant for designing new MPEAs with enhanced plastic 

deformation capabilities. Despite this progress, further research is necessary 

to fully understand the complex nature of SRO and its interactions with phase 

transformation nucleation mechanisms.
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