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Motivation  1 

1. Motivation 

The development of novel and superior materials has been pursued by humans for thousands 

of years. Since the Bronze age, alloying is used to alter the properties of metals [1, 2]. The 

general strategy was based on the addition of small amounts of alloying elements to a principal 

matrix element. This conventional alloy development strategy limits the total number of 

possible compositions, but has led to tremendous knowledge about alloys with only one 

principle element [2-5]. Metals are mostly used as alloys to adjust a variety of characteristics 

such as mechanical, chemical or physical properties [6]. For example in steel, which consist 

primarily of iron, a large number of different alloying elements such as carbon or chromium 

were used to achieve widely varying and outstanding properties (strength, corrosion resistance 

etc.) [2]. In addition to binary or diluted alloys, chemically complex compositions are used to 

achieve specific properties like high strength at high temperatures. Prominent examples are Ni-

based and Co-based superalloys, where up to 15 different alloying elements are added to the 

primary element [7, 8]. 

Triggered by Yeh et al. [3] and Cantor et al. [4] in 2004, a new alloying concept emerged. A 

multitude of principle elements are combined to form a novel type of alloy called high entropy 

alloy (HEA). Due to the vast compositional range and enormous number of possible 

compositions, properties like the mechanical behaviour at low [9, 10], ambient [5, 11-14] or 

elevated temperatures [15, 16], fracture toughness [14, 17], corrosion [18-20] and oxidation 

resistance [21, 22] can be specifically tailored to exceed those of conventional alloys. However, 

the new compositional space also emphasizes one of the challenges, namely, “to investigate the 

unexplored central region of multicomponent alloy phase space” – B. Cantor et al. (2004) [4]. 

The concept of HEAs opens up a vast composition space and leads to an incredibly large number 

of potential alloys [23, 24]. In the past decade, just approx. 80 alloy systems have been 

investigated experimentally to identify HEAs with novel property combinations [13, 23]. Many 

equiatomic compositions with a different number of elements were studied, but compositions 

far away from equimolarity received only little attention [25]. The transition from dilute solid 

solutions to HEAs has been covered in a few studies, but aspects like the thermodynamic 

stability, segregation formation, the evolution of lattice parameter or solid solution hardening 

effects are not yet fully understood [25-30].  

In this context, the DFG priority programme “SPP2006 Compositionally Complex Alloys – High 

Entropy Alloys” offers a broad, coordinated platform in Germany to develop alloys with 

outstanding mechanical properties. The present thesis was carried out in this framework and 
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focuses on the thermodynamic stability and solid solution hardening effects in chemical 

gradients. The following questions will be addressed in this work: 

I. Is there a continuous transition in behaviour by changing the composition towards 

the central region of multicomponent alloy systems or is it characterized by 

discontinuities?  

II. Do the specific properties emerge from a cocktail of multicomponent alloying with 

unexpected, synergistic response, coupled in a non-linear manner?  

III. Are there relevant parameters to differentiate HEAs from conventional alloys? Up to 

which compositions are the classical solid solution hardening models still applicable 

and when does the picture of solvent and solute atoms break down? 

IV. How do solutes, if differentiable at all, contribute to the defect storage as well as the 

microstructural stability? What are the kinetics and thermodynamics of segregation 

and phase decomposition and what is the role of grain boundaries? 

To shed light on these questions, the phase stability including thermal stability and solid 

solution hardening is investigated in CrMnFeCoNi based high entropy alloys. The phase stability 

regarding effective solubility limits of individual elements and solid solution hardening is 

investigated using diffusion couples. Ni-enriched derivatives of the Cantor alloy in form of 

(CrMnFeCo)xNi1-x show single-phase face-centered cubic (fcc) structures throughout the full 

concentration range and are therefore well suited to study the transition from high entropy-

type alloys to dilute solid solutions. The discrete sample compositions in combination with high 

pressure torsion (HPT) deformation and subsequent annealing experiments allow to elucidate 

the effects of solutes on the saturation grain size, the thermal stability and on the mechanical 

properties. 
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2. Fundamentals 

2.1. Concept of high entropy alloys 

A novel class of alloys – high entropy alloys (HEAs) – have attracted extensive research interest 

in the last decade, especially in the last five years [2]. An early definition by Yeh et al. [3] 

describes HEAs as alloys “composed of five or more principal elements”, each with 

concentrations between 5 and 35 atomic percent (at.%). Yeh et al. [3, 31] hypothesized that 

the tendency to form solid solutions is increased by an increased configurational entropy and 

thus by the presence of multiple elements. This principal idea of entropy maximization led to a 

further definition of HEAs based on the configurational entropy, given by the Boltzmann 

equation. Yeh et al. [31] claims a minimum configurational entropy of 1.5 times the gas 

constant R (8.31 J/(K*mol)) for HEAs. A common interpretation is a single-phase solid solution 

criterion, which differs from the primary definitions. This emphasizes the motivation to produce 

single-phase solid solutions, even it is not required by definition [24]. As described in recent 

reviews from George et al. [2] or Miracle and Senkov [24], the configurational entropy is not 

the main factor responsible for the crystal structure and properties of HEAs. Although the term 

HEA is currently under debate and alternative names such as complex concentrated alloys 

(CCAs) or multi-principal element alloys (MPEAs) have been suggested, it is the most common 

term in literature and is suspected to endure [2, 24].  

Most of the HEA research and discourse in the academic community was significantly influenced 

by publications from the group of J.W. Yeh [5, 31-33] and shaped the research in the last years 

[29]. Based on their work, Yeh and co-workers proposed four core effects present in HEAs [5, 

31, 32], which are briefly summarized below and are discussed later in the chapter. The 

formulation of these core effects played a decisive role in initiating an enormous interest in this 

research field, yet, the influence of these HEA core effects appears to be not significant [24, 29]. 

I. The high entropy effect proposes that the high configurational entropy promote the 

formation of solid solutions against intermetallic compounds. 

II. The lattice distortion effect originates from the high number of atom species, which 

make up the crystal and show different size. 

III. The sluggish diffusion effect states that diffusion kinetics in HEAs are intrinsically 

slower than those in conventional alloys due to locally varying bonding conditions. 

IV. The cocktail effect is not a hypothesis regarding physical properties, but describes that 

the alloy properties may emerge from a “cocktail” of multicomponent alloying with 

unexpected, synergistic response in a possibly non-linear manner. 
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2.2. Thermodynamics and diffusion of high entropy alloys 

2.2.1. Entropic stabilisation 

The high configurational entropy is one of the characteristic concepts of HEAs as defined by 

Yeh et al. [3]. It states that the increased configurational entropy in equimolar or near-

equimolar alloys composed of a minimum of five elements is sufficiently high to stabilize solid 

solutions against the formation of intermetallic compounds [24]. The formation of phases in an 

alloy is controlled by the Gibbs free energy of mixing ∆𝐺𝑚𝑖𝑥, which can be expressed as shown 

in Eq. 1: 

 ∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥 (1) 
 

where ∆𝐻𝑚𝑖𝑥 is the enthalpy of mixing, T the temperature and ∆𝑆𝑚𝑖𝑥 the entropy of mixing [32, 

34]. Other contributions to the entropy of mixing such as vibrational entropy, magnetic entropy 

or electronic entropy are often omitted. Therefore, the entropy of mixing of HEAs can be 

expressed by: 

 ∆𝑆𝑚𝑖𝑥 = −𝑅∑𝑐𝑛ln(𝑐𝑛)𝑖  (2) 

 

where R is the gas constant and cn the mole fraction of the n-th element [24]. Similar to Eq. 1, 

the formation of intermetallic compounds can be described using Eq. 3: 

 ∆𝐺𝑓 = ∆𝐻𝑓 − 𝑇∆𝑆𝑓 (3) 
 

with ∆𝐺𝑓, ∆𝐻𝑓 and ∆𝑆𝑓 as the corresponding values for the formation of intermetallic phases 

[2]. The phase, or the combination of several phases, with the lowest Gibbs free energy will be 

present at thermodynamic equilibrium. The situation becomes more complex by adding more 

constituents, as the number of possible phases increases according to Gibbs phase rule [2]. Yeh 

et al. [3] considered an ideal solution with random distribution of the atoms (∆𝐻𝑚𝑖𝑥 = 0, Eq. 

1) and a perfectly ordered intermetallic phase with ∆𝑆𝑓 = 0 (Eq. 3). They concluded that the 

increased configurational entropy of mixing (∆𝑆𝑚𝑖𝑥) in alloys with multi-principal elements 

stabilizes random solid solutions at the expense of intermetallic compounds. It is tempting to 

compare the entropy of mixing from Eq. 2 with the formation enthalpies of intermetallic 

compounds. For example, the configurational entropy of an equimolar five-component alloy is 

given with 1.61 times R, which is equal to 13.4 J/(mol*K). This value gives an idea for an upper 

limit of the entropic contribution. At e.g. 2000 K, the entropic contribution (−𝑇∆𝑆𝑚𝑖𝑥) to the 

Gibbs free energy of mixing can be calculated to 26.7 kJ/mol. A comparison of these results 

with an evaluation of the formation enthalpies of more than 1000 intermetallic compounds 
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from Miracle et al. [24] shows that the entropic contribution is in the range of the formation 

enthalpy of intermetallics, where the median is reported to be - 36 kJ/mol.  

The entropic stabilization is fundamental to the design strategy of HEAs, however, recent 

reports revealed that the high configurational entropy does not have such an overachieving 

influence on the phase stability [29, 35-38]. Otto et al. [38] showed the limited influence of 

configurational entropy on the phase stability by substituting elements of the CrMnFeCoNi 

system with elements of comparable size, electronegativity and same crystal structure. They 

replaced one element at a time with a similar element according to the above mentioned 

parameters of the same concentration to keep the configurational entropy unchanged, e.g. Cu 

for Ni, Ti for Co, Mo for Cr or V for Fe. The chosen procedure maximised the chance of solubility 

according to the Hume-Rothery rules [39-41]. Decades ago, Hume-Rothery and co-workers 

contributed fundamentally to the understanding and prediction of the phase stability of solid 

solutions and compounds [39-41]. From this work, three general rules have been formulated 

that relate to the limits of solid solutions or the stability of certain intermediate phases. The 

Hume-Rothery rules can be briefly summarized as follows [39]:  

I. The atomic size mismatch of the elements forming an alloy should be lower than 

14 - 15 %.  

II. The electronegativity difference (chemical affinity) of the constituents should be 

small. 

III. The valence electron number should not be very different. 

However, despite following the Hume-Rothery rules, Otto et al. [38] reported that every case 

of substitution resulted in an alloy that was not stable as a single-phase solid solution. 

Consequently, the entropic contribution may not be the main factor responsible for the formed 

crystal structure. Hence, the configurational entropy cannot be used as a useful a priori 

predictor for thermodynamically stable single-phase HEAs. Even HEAs which are initially single-

phase after solidification tend to decompose at temperatures below approx. 700 °C (see chapter 

2.2.3) [2, 29, 38]. 

 

2.2.2. Phase stability models 

According to the Hume-Rothery rules, numerous studies tried to relate the phase stability of 

HEAs to parameters such as atomic size mismatch, valence electron concentration, 

electronegativity or mixing enthalpy [5, 31, 34, 42-44]. In these studies, phase stability maps 

are constructed by empirical approaches. From these maps, threshold values for the respective 
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parameters can be estimated.  

Following Zhang et al. [34, 44], two factors affect the formation of solid solutions, the atomic 

size mismatch and the chemical compatibility, i.e., the enthalpy of mixing. In this respect, the 

expected crystal structure can be shown as a function of the enthalpy of mixing and atomic size 

mismatch (Fig. 1). The atomic size mismatch parameter δ can be determined using Eq. 4: 

 𝛿 = √∑ 𝑐𝑛(1 − 𝑟𝑛/�̅�)2𝑁𝑛=1  (4) 

 

with cn the concentration of the n-th element in at.%, N the total number of elements, rn the 

atomic radius and �̅� the average atomic radius with �̅� = ∑ 𝑐𝑛𝑟𝑛𝑁𝑛=1  [44]. 

Based on this, a quantitative criterion for the formation of random solid solutions (Fig. 1 blue 

zone) can be formulated. For the enthalpy of mixing being in the range from -15 to 5 kJ/mol 

and the atomic size mismatch δ being in the range up to 6 %, random solid solutions are 

expected [29, 34]. 

 

Fig. 1: Experimentally found phase formation map based on the relationship between the enthalpy of mixing ∆𝐻𝑚𝑖𝑥 

and atomic size mismatch 𝛿  for multi-component HEAs that form single-phase solid solutions (blue), that contain 

intermetallic phases (green) and that are amorphous (red) [45]. The CrMnFeCoNi Cantor is included in orange [46]. 

Adapted and reprinted with permission from Wang et al. [45], Copyright (2014), The Minerals, Metals & Materials 

Society, Springer Nature. 

The effect of the equivalency of the alloying elements in the electron concentration is articulated 

in the Hume-Rothery rules (see chapter 2.2.1). Hence, it seems natural that another parametric 

approach for predicting the formation of solid solutions is the use of the valence electron 

concentration (VEC). In this context, Guo et al. [43] designed alloy series of AlxCoCrCuFe, 
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AlxCrCuFeNi2 and AlxCoCrCu0.5FeNi alloys, showing a correlation between VEC and the formed 

solid solution. Furthermore, numerous HEA systems taken from literature confirm the 

correlation between VEC and the formed solid solution (Fig. 2). Based on this empirical study, 

two threshold values can be defined for the formation of body-centered cubic (bcc) alloys (VEC 

≤ 6.87) or face-centered cubic (fcc) alloys (VEC ≥ 8.0) [43]. Even though an empirical 

correlation could be shown, this does not necessarily imply causation. It is worth noting that 

several concerns arise when utilizing the VEC rules [42]. The proposed threshold values were 

defined using experimental results from cast alloys [42]. The applicability to other production 

routes has not been evaluated [42]. No distinction was made between disordered and ordered 

solid solutions and the formation of bcc or fcc does not imply the formation of a single phase 

[42]. For example, Otto et al. [38] has shown that the substitution of Ni with Cu results in the 

formation of a two-phase microstructure (both fcc), even if the Hume-Rothery rules are not 

violated. The VEC threshold values seems not to be consistent amongst different material 

systems or processing conditions and can vary within and between systems [47]. The 

determination of the microstructural state has been performed in many studies using X-ray 

diffraction (XRD) alone, although XRD is not able to detect small volume fractions of secondary 

phases [2]. Furthermore, a vast majority of the investigated HEAs have been found to be initially 

single-phase after solidification, but show decomposition tendencies during heat treatments [2, 

29]. 

 

Fig. 2: Relationship between VEC and formed crystal structure. Fully open symbols represent sole bcc phases, fully 

closed symbols sole fcc phases half-closed symbols mixtures of bcc and fcc phases. Two threshold values separate into 

single-phase and two-phase regions. Data taken from Ref. [43]. 
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2.2.3. Thermal stability 

Even though a vast number of HEAs has been produced with a single-phase structure, which is 

often interpreted as a requirement for HEAs [24], it is still unclear which one is single-phase in 

the thermodynamic equilibrium or only being metastable [29, 48-50]. At present, the number 

of HEA systems showing a stable single solid solution at temperatures up to the melting point 

is very limited [29]. Contrary to initial assumptions, most HEAs are not thermodynamically 

stable, but kinetically stabilized in a metastable state [50].   

The prominent CrMnFeCoNi Cantor alloy [4] is one of many examples, which was widely 

considered to be a HEA forming a single solid solution. However, recent reports reveal that 

temperature treatments below 700 °C cause the formation of various precipitates, depending 

on the microstructure and annealing time [30, 49-52]. For a coarse-grained material, annealing 

for 500 days at 500 °C results in the formation of NiMn, FeCo and Cr-rich phases, while at 

700 °C a Cr-rich phase is observed [50]. Pickering et al. [50] annealed the coarse-grained 

Cantor alloy at 700 °C for times between 125 to 1000 h and showed that the Cr-rich σ-phase 

formed after 500 h of annealing. In addition, the volume fraction of the Cr-rich σ-phase 

increases with increasing annealing time. Schuh et al. [51] performed high pressure torsion 

(HPT) experiments on the Cantor alloy to produce a nanocrystalline (nc) microstructure with 

grain sizes in the range of 50 nm. After deformation, the alloy is single-phase down to atomic 

scale. However, the high defect density due to the increased dislocation and grain boundary 

density facilitates rapid diffusion and offers many nucleation sites in the system. As a 

consequence, precipitation formation occurs at annealing times as short as 5 minutes at 

temperatures of only 450 °C. After 5 minutes, NiMn and Cr-rich nano-scale phases were 

observed at grain boundaries and triple junctions. After longer annealing for 15 h, their volume 

fractions increased and a third FeCo phase was detected (Fig. 3).  
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Fig. 3: Advanced microscopy results of the Cantor alloy after HPT deformation and subsequent annealing, a) 

transmission electron microscopy (TEM) image of the saturated nc state after deformation, b) atom probe tomography 

(APT) reconstructions of HPT deformed samples after different annealing conditions and c) – e) backscattered electron 

(BSE) images of the HPT samples after 1 h annealing at different temperatures (circles indicate the formation of 

intermetallic phases in c) and d). Reprinted with permission from Maier-Kiener et al. [53], Copyright (2017), Materials 

& Design, Elsevier. 

Similar results are reported for the HEAs Al0.5CoCrCuFeNi [33, 37], AlCoFeMnNi [54], 

HfNbTaTiZr [55, 56] or HfNbTiVZr [57] as well as for ternary or quaternary alloys [58-61]. 

Knowledge of the decomposition tendencies in combination with an almost unlimited number 

of chemical compositions opens the possibility of proper controlling the microstructure and thus 

the mechanical properties by precipitation formation [24, 62-64]. Similar to conventional 

alloys, the type, volume fraction, shape and distribution of the precipitates is crucial for the 

resulting properties [62], which can be adjusted by composition and thermal treatment. 

 

2.2.4. Diffusion 

The concept of sluggish diffusion was proposed as one of the four core effects of HEAs by Yeh 

in 2006 [32] and has gained attention as it is of significant importance for possible high 

temperature applications [65]. As mentioned above, sluggish diffusion describes the 

intrinsically slower diffusion kinetics in HEAs due to locally varying bonding conditions. 
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First interdiffusion experiments using CrMnFeCoNi based alloys in a quasi-binary diffusion 

couple support this concept [66]. The observed reduction in diffusion kinetics is correlated to 

strong variations in the lattice potential energy and thus vacancy formation and migration 

enthalpies. Tsai et al. [66] concluded that the potential energy landscape in HEAs causes 

trapping of diffusing elements at energetically favourable positions. However, recent 

publications [65, 67, 68] critically addressed the analysis from Tsai et al. [66] and questioned 

the correctness of the interpretation and evaluation of the data.  

In general, diffusion kinetics are studied using two different diffusion techniques, interdiffusion 

and tracer diffusion experiments [65, 67]. The two review articles from Dabrowa and 

Danielewski [65] and Divinski et al. [67] reveal a controversial discussion and different 

conclusions on sluggish diffusion.  

In fact, the sluggish diffusion effect is only vaguely defined and was apparently suggested to 

comprise the effect of the simple increase in the number of constituents or configurational 

entropy [26, 69]. A straightforward correlation between decreasing diffusivity and increasing 

number of components is not evident, instead, the type of the added elements plays a decisive 

role with respect to the observed diffusivity [69-71]. Durant et al. [70] report a significant 

decrease in diffusivity by adding a third element to binary systems. However, diffusivity does 

not appear to decrease further when more elements are added. Moreover, Jin et al. [71] shows 

a faster diffusion in the quinary CrFeCoNiPd and CrFeCoNiMn systems than in the quaternary 

CrFeCoNi and even the ternary CrCoNi system at absolute temperatures. At homologous 

temperatures, Vaidya et al. [69] observed decelerated diffusion rates in HEAs when compared 

to alloys with a reduced number of containing elements. Using an absolute temperature scale, 

the tendency of decreasing diffusivities with higher number of principal elements cannot be 

confirmed [69]. 

 

2.3. Structure and defects in high entropy alloys 

2.3.1. Lattice structure and short-range order 

Due to the high entropy effect, no host matrix or dominant atom species is present in HEAs and 

each atom is surrounded by different kinds of species with different atomic sizes [42]. This 

causes a displacement from the mean lattice position, which results in an elastic distortion of 

the lattice (Fig. 4). The individual displacement at each lattice site and thus the elastic distortion 

depends on the chemical environment and are claimed to be more pronounced in HEAs than in 

dilute solid solutions [24]. These distortions affect several material properties like mechanical 

strength or hardness [32, 72-74], electrical and thermal conductivity [32, 75, 76] and the 
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thermodynamic stability [77].  

The severe lattice distortion is one of the four proposed core effects of HEAs, however, the level 

of distortion in the benchmark CrMnFeCoNi HEA was shown to be not disproportionately larger 

than in other highly alloyed systems like Ni-33Cr or Ni-37.5Co-25Cr  [78]. A combination of 

simulation and experiment revealed a rather small mean distortion in the Cantor system 

(< 1 %) [79]. For refractory bcc HEAs, Song et al. [80] found much more significant distortions 

compared to fcc 3d-transition metal HEAs. A study using density functional theory predicted 

localised strains in a bcc VNbMoTaW HEA of no more than ± 5 % of the lattice parameter, 

which is in the range of concentrated binary alloys. [29, 81]. While early studies [31, 33, 42, 

82] predicted a severely distorted lattice for HEAs, more recent experiments and simulations 

[29, 78-81] do not measure significantly higher values compared to binary alloys. Likewise, the 

presence of elastic strain in the crystal lattice will lead to an increase in Gibb´s free energy, 

which would counteract entropic stabilisation of the solid solution phases and makes the 

coexistence of thermodynamic stability and a severe lattice distortion effect questionable [29]. 

Consequently, this topic requires further investigation, which will provide significant 

contribution to the general understanding of HEAs [29]. 

 

Fig. 4: Effect of atom size on the lattice position in a) a dilute solid solution with solutes surrounded by solvent atoms 

and b) a high entropy alloy with no dominant atom species [24]. Reprinted with permission from Miracle et al. [24], 

Copyright (2017), Acta Materialia, Elsevier. 

While the severe lattice distortion effect is not evident in the Cantor system [79], it is still under 

debate if there is chemical short-range order (SRO) present in HEA´s or not [51, 79, 83-97]. 

Several computer simulation studies reported chemical SRO in medium entropy alloys (MEAs) 

or high entropy alloys. Ding et al. [83] used density functional theory-based monte carlo 

simulations to predict chemical SRO in CrCoNi alloys in the vicinity of Cr atoms. Antillon et al. 

[84] found strong chemical ordering in a CoFeNiTi alloy between Fe and Ti. In this case, the 
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degree of chemical SRO changes with annealing in the way that it increases with decreasing 

annealing temperature. Tamm et al. [85] used monte carlo simulations combined with density 

functional theory calculations, revealing chemical SRO in the CrCoNi and CrFeCoNi systems. 

Besides the mentioned simulation results, Zhang et al. [86] experimentally studied chemical 

SRO in the CrCoNi system with the extended x-ray absorption fine structure technique. The 

results indicate ordering tendencies with preferential Cr – Ni and Cr – Co pairs. Concerning 

these results, Yin et al. [87] criticize that the interpretation of the data also relies on density-

functional theory. Using TEM, Zhang et al. [88] observed diffusive superlattice peaks in the 

diffraction pattern of a CrCoNi alloy after annealing at 1000 °C (120 h) followed by slow 

furnace cooling. The authors have assigned these structural features to the presence of SRO 

[88]. However, there is also a large body of counter evidence present in literature. Most of the 

work is based on atom probe tomography (APT) investigations on medium- and high entropy 

alloys [51, 79, 93-97]. The APT studies revealed a randomly distributed solid solution down to 

the atomic scale. In 2020, Lee et al. [97] used electron diffraction, scanning transmission 

electron microscopy – energy dispersive x-ray spectroscopy (STEM-EDX) and APT on the 

equiatomic Cantor alloy and observed no chemical heterogeneity or ordered structures of sizes 

within the spatial resolution limit, which is in the range of 1 nm. 

 

2.3.2. Dislocations 

It is known that plastic deformation in crystalline solids occurs via motion of dislocations on 

closely packed slip planes with the slip direction corresponding to the closely spaced 

crystallographic direction [98, 99]. In fcc metals, slip typically takes place on {111} planes in 

‹110› directions with dislocations having a Burgers vector b of the type 
12‹110› [98]. It can be 

energetically more favourable for perfect dislocations to split up into 
16‹121› Shockley partials, 

which is associated with slip and creates a stacking fault in between the two partials [98]. The 

dissociation width of the partials depends on the shear modulus, Burgers vector and the stacking 

fault energy (SFE) [98]. The resistance to dislocation sliding is caused by the periodicity of the 

crystal lattice and is called Peierls potential [98, 99]. To move a dislocation, this potential 

barrier needs to be overcome by the application of a critical stress (Peierls stress or Peierls - 

Nabarro stress) [98, 99].   

Against this backdrop, the fundamental process for plastic deformation in HEAs is found to be 

similar to the one in conventional alloys, with dislocation glide on normal fcc slip systems and 

dissociation into Shockley partials [10, 13, 100]. One difference between HEAs and single 

element systems can be found in the dislocation line arrangement. In general, a dislocation 
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tends to minimize its energy [98, 101]. This is achieved in pure metals by being as short as 

possible (straight dislocation line) [98, 101]. In HEAs, however, when a dislocation glides over 

a certain distance, the dislocation is attracted by regions of favourable solute fluctuations and 

repelled by unfavourable ones [102, 103]. The dislocation can thus reduce its total energy by 

adopting a wavy configuration, even if it costs energy to create a longer dislocation line [102, 

103]. Furthermore, large fluctuations in the SFE were observed in HEAs, depending on the local 

chemical composition [83, 104]. These fluctuations in SFE lead to local variations in the 

separation distance of Shockley partials, which further facilitates a wavy dislocation 

configuration [92, 104, 105]. In general, fcc HEAs show relatively low SFE values in the range 

of 30 mJ/m2 and smaller [106-109]. Even though, these values are not particularly low 

compared to other binary fcc metals, the dissociation width can be relatively large because of 

its relatively large shear modulus [100]. In materials showing a low SFE or a large dissociation 

width between the partials, dislocation cross-slip or climb is hampered [108, 109]. As a 

consequence, these materials are more likely to deform by twinning, with increased dislocation 

storage capability and strain hardening through deformation induced twinning (dynamic Hall-

Petch) [108, 109]. In case of HEAs, early literature stated a high average Peierls barrier, which 

impedes dislocation glide [13]. The strength of HEAs is, however, not based on a high average 

Peierls barrier but rather on the increased resistance against dislocations movement due the 

local chemical disorder, i.e., solid solution hardening (see chapter 2.4.1) [13, 110]. 

 

2.3.3. Structure evolution during severe plastic deformation 

The production of ultrafine-grained (UFG) or nanocrystalline (nc) materials by means of severe 

plastic deformation (SPD) processes (top-down approach) has been subjected of intensive 

research for few decades due to the enhanced material properties [111, 112]. Among others, 

definitions of the microstructures are given by Valiev et al. [113] and Kumar et al. [114]. 

Accordingly, UFG materials show grain sizes in the range of 100 – 1000 nm and nc materials 

are defined as those with an average grain size smaller than 100 nm [113, 114]. 

In general, SPD processing is described as a process using high hydrostatic pressure to introduce 

very high strains into a bulk solid without significant change in the overall dimensions of the 

material [112]. Due to the retention of the shape of the sample, a high strain can be applied to 

the material, which is essential for introducing a very high dislocation density of at least 1014 

m-2 and thus achieving exceptional grain refinement well below 1 µm without fracture [112, 

115]. The plastic strain introduced during the SPD process causes dislocation storage in the 

material. The dislocations introduced into the material by plastic deformation are not only 
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randomly distributed, but accumulated in dislocation cell walls or sub-grain boundaries [111, 

116-119]. As the strain increases, the misorientation angle increases due to the storage of 

further dislocations followed by a decrease in boundary spacing. At very large strains, the 

average misorientation of neighboring elements increases and can reach values of > 15°, which 

corresponds to a misorientation angle of high angle grain boundaries [111, 116-119]. 

Furthermore, homogeneous microstructures throughout the sample can be attained by HPT 

using very high strains [120, 121].  It has been found that a typical texture evolves during the 

HPT process in fcc metals [122]. Most fcc metals like pure Ni show a weak simple-shear texture 

after HPT deformation [123, 124]. This typical shear texture is also observed for the Cantor 

alloy to a low extend after HPT deformation [125, 126]. 

For metals processed by HPT, the grain size saturates to a material specific steady-state level at 

very large strains. In this stage, additional straining does not result in a further refinement of 

the microstructure [127, 128]. The minimal achievable grain size or saturation grain size ds as 

well as the strain necessary to reach the steady-state mainly depends on the composition (type 

of element, purity, alloying elements) [127, 129, 130] and the deformation temperature (higher 

ds with increasing temperature) [131-133]. In contrast, the initial microstructure itself does not 

affect the saturation grain size [111, 127]. A shear strain of approx. 50 is sufficient to obtain 

the steady-state grain size of the equiatomic Cantor alloy, which is in the range of 50 nm [51]. 

Reaching the saturation grain size can be described by a process of counterbalanced elimination 

of dislocations by recovery or dynamic recrystallization and the production of new dislocation 

during continuous deformation [127, 133, 134]. From this point of view, it seems reasonable 

to assume that a material parameter like the SFE, which controls the dislocation mobility and 

dislocation storage, also affect the minimal achievable grain size. The SFE strongly influences 

the grain refinement rate, however, a direct correlation between saturation grain size and SFE 

could not be reported for various pure elements with strongly varying SFE [111] as well as 

different alloys [127, 129, 130]. Edalati et al. [127] propose that alloying, which affects the 

mobility of edge dislocations due to an atomic size and modulus mismatch of solutes, will also 

control the steady-state or saturation grain size. The authors concluded from the fact that the 

interaction of solutes with screw dislocations is much weaker compared to the interaction of 

solutes with edge dislocations, that the stronger interacting edge dislocations control the 

recovery and hence the saturation grain size [127]. The found empirical correlation between 

solid solution hardening (SSH) and saturation grain size has been observed for a variety of 

binary solutions, where the Labusch model [72, 73] is used to calculate the SSH contribution 

of fcc alloys (see chapter 2.4.1). Fig. 5 shows the correlation between normalized saturation 

grain size and SSH contribution for various binaries. It can be seen that a higher SSH 
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contributions causes a smaller saturation grain size. In this context, Bruder et al. [130] studied 

a series of binary Cu alloys which, compared to each other, show either comparable SFE or 

comparable SSH contributions. The results confirm the empirical correlation proposed by 

Edalati et al. [127], namely that the saturation grain size only correlates with SSH and not with 

the SFE. 

 

Fig. 5: Correlation between saturation grain size ds normalized by the Burgers-vector b and the solid solution 

hardening contribution ΔτEdge dislocation using Labusch´s model, adapted from [127]. Reprinted with permission from 

Edalati et al. [127], Copyright (2014), Acta Materialia, Elsevier. 

 

2.3.4. Grain boundary structure 

For future alloy design, the grain boundary structure and the grain growth kinetics need to be 

understood. Since a stable microstructure and thus constant mechanical properties are essential 

for long-term use and structural applications, the microstructure is of significant importance 

[135]. In general, the driving force for grain growth or grain boundary motion is the reduction 

in excess energy either stored in the grain interior by dislocations (primary recrystallization) or 

in the grain boundary itself (secondary recrystallization or continuous grain growth) [39, 118]. 

During primary recrystallization, grain boundaries move across deformed regions with high 

dislocation densities, leaving behind significantly lower dislocation densities [39, 118]. A 

further driving force for grain boundary migration results from the energy stored in grain 

boundaries itself. A reduction of the stored energy can also be achieved by reducing the total 

grain boundary area [39, 118]. The initial microstructure has a decisive influence on the 

coarsening processes. Typically, no primary recrystallization is observed for nc or UFG materials 

processed by severe plastic deformation [118, 136-139]. Instead, strong recovery with 
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subsequent continuous recrystallization can be seen for severe plastic deformed metals [138-

140].  

The grain growth in fcc HEAs has been investigated intensively with reduced grain growth 

kinetics being frequently reported [52, 141-148]. Its origin is still a matter of debate and several 

explanations for the observed hindered grain growth kinetics emerged [52, 141-148]. Possible 

reasons that have been mentioned are an intrinsically reduced grain growth rate due to the 

distorted matrix [142]. Furthermore, the reduction in grain growth kinetics can be explained 

by sluggish diffusion and solute effects [141, 144, 148] or by the formation of secondary phases 

[145, 146]. Utt et al. [147] used atomistic computer simulations and a 4-component CuNiCoFe 

model system to address the question whether the microstructure is stabilized by solutes or if it 

is intrinsically more stable due to lattice distortions and local chemical fluctuations. They 

concluded that grain boundary migration is hindered by solute segregations to the grain 

boundaries and not by lattice distortions or local chemical fluctuations [147]. In this case, the 

specific grain boundary energy and thus the driving force for grain growth is lowered in the 

vicinity of solutes, resulting in a thermodynamic stabilization of the microstructure [118]. Li et 

al. [30] reported on the decisive role of high angle grain boundaries for segregation phenomena 

in the Cantor alloy, which trigger phase nucleation at grain boundaries. In this context, strong 

pinning due to secondary phases (Zener pinning [118]) has been observed in HEAs, stabilizing 

the microstructure in the nc or UFG regime [145, 146, 149, 150]. 

 

2.4. Deformation behaviour and hardening 

The mechanical properties of alloys strongly depend on the composition, microstructure and 

processing conditions [13, 24]. Simultaneously, the HEA concept offers a vast compositional 

range and thus a huge number of (meta)stable compositions [13, 151]. Given the large number 

of possible alloy systems, a large amount of data regarding the mechanical properties of HEAs 

has been collected, which, however, cannot be directly compared with each other due to 

differences in element species and their concentrations, the way of thermomechanical 

processing and post-process heat treatment [13, 24]. Within a recent review article, George et 

al. [13] attempted to evaluate the mechanical property data of HEAs to address the questions 

of how special HEAs are with respect to their mechanical properties and whether they are 

potential candidates for structural applications. It has been shown that the fundamental 

processes for plastic deformation such as dislocation slip, twinning and grain boundary sliding 

present in conventional alloys are also seen in HEAs [13, 42]. As the fundamental deformation 

mechanisms appear to be similar to those of conventional alloys, the development of new HEAs 
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with promising mechanical properties can build on the prior metallurgical knowledge [13]. Not 

many HEAs have been found to possess superior properties compared to conventional alloys 

[13]. However, the current research effort in the field of HEAs remains valuable, as the 

compositional parameter space offers the possibility for new alloys in which multiple 

mechanisms work simultaneously or sequentially, which may lead to enhanced properties [13]. 

The Cr-Mn-Fe-Co-Ni alloy family and especially the equiatomic CrMnFeCoNi Cantor alloy are 

the most thoroughly investigated systems in literature, making the Cantor alloy the benchmark 

material and basis of the current knowledge of HEAs mechanical properties [13]. Wu et al. [12, 

141] systematically investigated single-phase, equiatomic subsystems of the Cr-Mn-Fe-Co-Ni 

alloy family by macroscopic indentation and tensile testing. They revealed the individual effects 

of the different type of elements on the mechanical properties of the alloys. It has been shown 

that the tensile yield strength does not solely depend on the number of added elements, but 

rather on the nature of the elements, as the yield strength does not monotonically increase with 

the number of constituent [12]. In this context, the ternary CrCoNi alloy showed the highest 

strength, followed by two quaternary systems and then the five-component Cantor alloy [12]. 

These observations lead to the assumption that Cr is the most potent strengthening element in 

the present alloy family [12]. This behaviour was also observed by microhardness 

measurements on these alloys [141]. During the early stages of plasticity, the deformation 

mechanisms for CrCoNi are similar to the mechanisms observed in CrMnFeCoNi [152]. With 

increasing strain, nanotwinning occurs as an additional deformation mechanism in both 

systems [152]. The critical resolved shear stress for twinning is comparable for both alloys 

[152]. However, the twinning stress arises at lower strain values in the CrCoNi alloy, as the 

yield stress and the work hardening rate are higher compared to the Cantor alloy [152]. The 

higher yield stress can be explained by the solid solution hardening model proposed by 

Varvenne et al. [102, 103], where the mean shear modulus and the atomic size misfit volumes 

are taken into account. The increased work hardening rate for CrCoNi is related to the higher 

shear modulus of 87 GPa compared to 81 GPa of the Cantor alloy [152]. The activation of 

mechanical nanotwinning at lower strain results in a larger strain interval at which 

nanotwinning is activated, which in turn leads to enhanced mechanical properties (strength, 

ductility) [152]. 

 

2.4.1. Solid solution hardening and related models 

High entropy alloys offer the opportunity for high solid solution hardening contributions due 

to their highly concentrated multi-element matrix [103]. However, the vast compositional 
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range cannot be easily studied systematically by means of experiments. Therefore, only a minor 

fraction of possible compositions has been explored so far [2, 13, 24]. Wu et al. [12, 141] 

changed the number of constituents of the equiatomic alloys in the Cr-Mn-Fe-Co-Ni alloy family 

and studied the effect on the mechanical properties. Laurent-Brocq et al. [27, 153] and Bracq 

et al. [28] investigated five-component subsystems of the Cantor alloy following the form 

(ABCD)100-xEX and analysed the hardness and yield strength as a function of composition in the 

fcc phase region. Bracq et al. [28] selected 24 compositions to cover the fcc phase space and 

measured the hardness via nanoindentation (Fig. 6). The systematic study covers both higher 

and lower values of cn with respect to the equiatomic composition (cn = 0.2). If the alloy 

becomes more diluted (cn >0.2), Co or Ni additions result in an increase in hardness, while the 

hardness decreases with Cr, Fe or Mn additions. Lowering the concentration of the respective 

fifth element (cn < 0.2) results in a constant hardness for Co, a significant increase for Fe and 

a decrease for Cr or Mn. 

 

Fig. 6: Rescaled experimental nanoindentation hardness for the five isopleths of the CrMnFeCoNi Cantor alloy, which 

follow the form (ABCD)100-xEx, with E listed in the legend. All hardness values are normalized by the hardness of the 

equiatomic composition, which is given at xi = 20 at.%. The investigated alloys are all single fcc solid solutions. The 

shown hardness values are averaged over an indentation depth interval from 350 – 400 nm, therefore size effects 

may affect the data. Data taken from Ref. [28] 

The vast compositional range and the lack of experimental data reinforces the need for 

parameter free and predictive solid solution hardening models for fast exploration and serving 

as a basis and guidance for experiments.  

Solid solution hardening is fairly well described for dilute solutions. Two different type of 

models are used, the strong-pinning models as described by Fleischer [74, 154] or Friedel [155] 
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or the weak-pinning models like the Labusch [72, 73] model. Fleischer [74, 154] and Friedel 

[155] describe hardening by dilute, strong obstacles, where the dislocation line is pinned at 

individual solutes at full interaction force or not at all. The dislocation line bows out under the 

influence of an applied stress, until the dislocation can overcome one obstacle and glide further. 

It is assumed that the predominant interaction is based on two elastic effects, a lattice parameter 

misfit and a shear modulus misfit. In contrast to the discrete obstacle model, Labusch provides 

a statistical description of a dislocation interacting with randomly distributed solutes. The 

Labusch model assumes concentrated, weak obstacles and a distribution of interaction forces. 

Trapping the dislocation line in energetically favored positions results in a reduced mobility of 

the dislocation and thus in a strengthening of the material as an additional force is required to 

move the dislocation further [39, 72-74, 154]. The solid solution hardening contribution 

according to the Labusch model can be calculated using Eq. 5: 

 ∆𝜏 = 𝐺[𝜀�́�2 + (15𝜀𝑏)2]2/3𝑐2/3550  (5)  
 

where G is the shear modulus, 𝜀�́� the modulus mismatch parameter, 𝜀𝑏the atomic size mismatch 

and c the concentration of the alloying element [127].  

A comparison of the two assumptions – strong-pinning type / weak-pinning type – revealed that 

the Labusch-type models give a better description of the strengthening for solute concentrations 

relevant for engineering alloys [103, 156]. Nevertheless, the classical solid solution hardening 

models are based on well-defined solvent and solute species, where a base element (solvent) 

defines the host lattice and small amounts of alloying elements (solutes) are introduced. This 

classical picture of clearly defined solvent and solute species is not valid for highly concentrated 

alloys and, moreover, breaks down for equiatomic compositions [103]. Even though the 

limitations of the Labusch model are known, some studies have applied it in modified forms to 

HEAs. Senkov et al. [157] applied the Labusch model in a modified form to the refractory 

TiZrNbHfTa bcc HEA to circumvent the problem of the host lattice definition. The HEA is 

assumed as a pseudo-binary system, pairing elements with similar properties in terms of atomic 

radius and shear modulus. This very rough analysis results in a moderate deviation between 

experiment and model of approx. 18 %. However, this approach cannot be applied in a 

generalized way for arbitrary compositions, especially not for compositions which cannot be 

treated as pseudo-binaries.   

The solid solution hardening model proposed by Varvenne et al. [102, 158, 159], has attracted 

significant interest in recent years and is commonly used for predicting yield strength of random 

fcc HEAs [28, 87, 102, 158-163]. It describes the HEA as a homogeneous monoatomic matrix 

with average properties (grey matrix, see Fig. 7). Each element is considered as a solute 
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embedded into this effective matrix, causing local concentration fluctuations with respect to the 

average composition. The interaction between dislocation and the randomly distributed solutes 

(i.e. random local concentration fluctuations) in the effective matrix are responsible for the 

strengthening. The dislocation is attracted by energetically favorable solute fluctuations and is 

repelled by energetically unfavorable ones. This mechanism leads to a bowing of the dislocation 

line towards regions of favorable solute fluctuations, reaching a low-energy wavy configuration. 

For glide, the dislocation has to overcome an energy barrier, which arises from the energy cost 

to move from an energetically favored to an unfavorable potential energy. 

 

Fig. 7: Effective medium approach for dislocation-solute interactions of the Varvenne solid solution hardening model 

[102], a) fully random three-component alloy and b) effective matrix of the same alloy with one “A” solute embedded 

in the matrix, adapted from [102]. Reprinted with permission from Varvenne et al. [102], Copyright (2016), Acta 

Materialia, Elsevier. 

As the full dislocation – solute interaction energies are not easily measureable or computable, 

Varvenne and co-workers [102] presented a reduced version of the theory. In the reduced and 

fully analytic theory, only the elastic contribution to the interaction energy is considered, which 

arise from the interactions of the dislocation stress field and the solute misfit volumes. The 

misfit volumes are representative for each solute and a key quantity in the theory. The zero-

temperature flow stress 𝜏𝑦0  and the energy barrier ∆𝐸𝑏  can be written as Eq. 6 and Eq. 7 

according to Ref. [159]:  

 ∆𝜏𝑦0 = 0.01785𝛼−1/3�̅� (1 + �̅�1 − �̅�)4/3 [∑ 𝑐𝑛∆𝑉𝑛2𝑛 𝑏6 ]2/3 (6) 

 ∆𝐸𝑏 = 1.5618𝛼1/3�̅�𝑏3 (1 + �̅�1 − �̅�)2/3 [∑ 𝑐𝑛∆𝑉𝑛2𝑛 𝑏6 ]1/3 (7) 

 

where 𝛼 is a line tension parameter given as 0.123, �̅� and �̅� are the elastic constants shear 

moduls and Poissons´s ratio of the random alloy, 𝑐𝑛 is the mole fraction of component n, ∆𝑉𝑛 

is the atomic size misfit volume of element n with ∆𝑉𝑛 =𝑉𝑛 − �̅� and b is the Burgers vector. 
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The input parameters are obtained from rule-of mixtures models following Varvenne et al. 

[159]: 

 �̅� = ∑𝑐𝑛𝜇𝑛𝑛 , �̅� = ∑𝑐𝑛𝐸𝑛,�̅� =  �̅�2�̅� − 1𝑛 𝑎𝑛𝑑�̅� = ∑𝑐𝑛𝑉𝑛𝑛  (8) 

 

At finite temperature, the thermally activated escape of a dislocation from a stress-dependent 

energy barrier follows an Arrhenius relationship, which relates strain rate, stress and 

temperature [164, 165]. From this, the flow stress 𝜏𝑦 can be written for ambient temperatures 

as:  

 𝜏𝑦 = 𝜏𝑦0 [1 − (𝑘𝐵𝑇∆𝐸𝑏 𝑙𝑛 𝜀0̇𝜀̇ )23] (9) 

 

where 𝑘𝐵 is the Boltzmann-constant, 𝜀0̇ is a reference strain rate and 𝜀̇ the strain rate [159]. 

The reference strain rate 𝜀0̇ is derived from the Orowan relationship, but is of minor importance 

due to its logarithmic contribution [102]. The flow stress can be converted into the yield stress 𝜎𝑦 using the Taylor factor M, which is 3.06 for polycrystalline fcc metals [102]: 

 𝜎𝑦 = M𝜏𝑦 (10) 

 

2.4.2. Hall-Petch hardening 

Applying an external mechanical stress greater than the Peierls stress results in slip of 

dislocations on the glide planes [98]. A direct transfer of slip across high angle grain boundaries 

is difficult, as glide planes typically rotate across grain boundaries [166]. Grain boundaries act 

as barriers to dislocation movement [166]. The Hall-Petch relation [167, 168] describes the 

correlation between the yield strength and the grain size of a material: 

 𝜎𝑦 = 𝜎0 + 𝑘𝑦𝑑−1 2⁄   (11) 

    

with 𝜎𝑦being the yield stress, 𝜎0  the grain size independent friction stress, 𝑘𝑦  a material-

dependent constant and 𝑑 the grain size [166].  The Hall-Petch relation [167, 168] is based 

according to Cottrell [169] on dislocation pile-up at grain boundaries or according to Li [170, 

171] on hardening due to grain boundary ledge dislocations. The theory of dislocation pile-up 

describes a pile-up of dislocations against grain boundaries, where the number of dislocations 

and thus the acting stress ahead of the dislocation pile-up depends on the length of the slip 

plane, i.e., on the grain size [166]. Therefore, the external stress required to induce dislocation 
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motion in the adjacent grain increases with decreasing grain size. In the non-pile-up theory, 

grain boundaries are assumed to act as dislocations sources, which cause enhanced dislocation 

accumulation in the presence of grain boundaries and thus hardening [170, 171]. 

Hardening of a material is feasible by reducing its grain size, where the Hall-Petch relationship 

predicts a linear dependence of the yield stress on the square root of the reciprocal grain size 

[39]. The Hall-Petch relation in the above shown form is only valid for recrystallized materials, 

which hardly contain other defects like dislocations [172, 173], hence, the studies regarding 

the Hall-Petch relationship are frequently based on plastically deformed and subsequently 

annealed samples. Investigations concerning the validity of the Hall-Petch relation in HEAs are 

therefore often limited to grain sizes in the micrometer range see e.g. Refs. [10, 141, 144, 174, 

175]. At intermediate annealing temperatures, where reduced grain growth is expected, the 

formation of precipitates will take place (see chapter 2.2.3). Thus, the annealing process after 

deformation is limited to high temperatures, which is associated with enhanced grain growth. 

It has been shown that various equiatomic MEAs and HEAs, including the Cantor alloy, obey 

the classical Hall-Petch relationship, i.e., the hardness or yield strength was found to follow a 

linear relationship on the inverse square root of the grain size [10, 141, 144, 174, 175].  The 

Hall-Petch slope was found to be 494 𝑀𝑃𝑎√µ𝑚 for the Cantor alloy [10] and 160 𝑀𝑃𝑎√µ𝑚 for 

pure Ni [172]. 

 

2.4.3. Mechanical properties of nanocrystalline HEAs 

HEAs show extraordinary structural refinement during SPD like HPT, which can lead to high 

strength of these materials [51, 55, 59]. For example, the tensile strength of the CrCoNi alloy 

can be increased dramatically from the coarse-grained state (several 100 µm) with approx. 

460 MPa to roughly 2000 MPa in the nc state after HPT [59]. A similar behavior can be seen 

for the CrMnFeCoNi alloy [51]. The bcc TiZrNbHfTa alloy already shows a yield strength of 

approx. 830 MPa in the coarse-grained state, which can be increased to approx. 1900 MPa by 

HPT processing [55]. It is known that the grain refinement to the nc or UFG regime leads to a 

significant loss in ductility, which can be attributed to the low strain hardening capability and 

hence the accompanying tendencies for localized deformation and plastic instabilities [176-

178]. Interestingly, while the grain refinement leads to significant loss in ductility for the named 

fcc HEAs, the ductility is mostly retained for the bcc TiZrNbHfTa alloy (Fig. 8). This effect is 

unusual for nc materials, but was observed in literature for several materials and was termed 

by Valiev et al. [179, 180] as “paradox of strength and ductility in SPD-processed metals”. They 

argued, concerning the origin of this effect, that the introduction of a high density of high angle 
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grain boundaries will change the primary deformation mechanism from dislocation or twinning 

based plasticity to grain boundary mediated processes like grain boundary sliding and grain 

rotation [179, 180]. 

 

Fig. 8: Representative tensile stress vs. strain curves for the coarse-grained and nanocrystalline states of a) the fcc 

CrCoNi and b) the bcc TiZrNbHfTa alloys. Data taken from Refs. [55, 59]. 

  





   

Objective of the work  25 

3. Objective of the work 

Based on the literature review in chapter 2, important scientific questions arise, which will be 

addressed throughout the synopsis of this thesis. The objective of the present work is to discuss 

and clarify fundamental questions concerning thermodynamic aspects and the mechanical 

properties of fcc HEAs. For this purpose, the prototypical CrMnFeCoNi alloy and its derivatives 

will be investigated to shed light on the following research questions: 

I. Are there composition-dependent structural discontinuities or significant changes in 

the properties of HEAs upon small variations in concentrations and do the specific 

alloy properties emerge from a “cocktail” of multicomponent alloying, which couples 

in a non-linear manner? 

II. Which characteristics of an alloying element are relevant for solid solution hardening 

in HEAs and how can it be described by means of a SSH model far from the picture 

of solute and solvent species? 

III. What is the role of solutes on the defect storage as well as the microstructural stability 

and what are the kinetics and thermodynamics of segregation and phase 

decomposition? 

The present work contributes to the understanding of phase stability and solid solution 

hardening effects in fcc high entropy alloys and the questions outlined above will be addressed 

in the following chapters. A diffusion couple approach or discrete sample compositions are used 

to move away from equimolarity and to investigate the effects of composition or solutes on the 

microstructure and the respective properties. In this respect, emphasis is put on the multi-

element matrix of HEAs and a possible classification of alloys into dilute solid solutions and 

high entropy-type compositions. The key findings are summarized in chapter 4 and presented 

and discussed in detail in chapter 5. 
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4. List of selected publications 

The cumulative dissertation summarizes the fundamental scientific findings being reported in 

the following publications published with contributions as main-author in peer-reviewed 

journals. The full-text articles are attached in chapter “8.2 Selected reprints”. 

 

Publication A: 

Exploring the compositional parameter space of high-entropy alloys using a diffusion 
couple approach 

Tom Keil, Enrico Bruder, Karsten Durst  
Materials & Design, 176 (2019) p. 107816. DOI: 10.1016/j.matdes.2019.107816. 

 

Diffusion couples were produced using the equiatomic fcc CrMnFeCoNi Cantor alloy and a 

commercial fcc CoNiCrMo (MP35N®) alloy with constituent and foreign elements in order to 

investigate the phase stability with respect to individual solubility limits or the formation of 

intermetallic phases. A combination of energy dispersive x-ray spectroscopy (EDX) and electron 

backscatter diffraction (EBSD) revealed the crystal structures present in the interdiffusion zones 

and the local composition at phase transition. The experimental procedure enables 

investigations of wide compositional ranges as well as a separation between phase transitions 

occurred during annealing and those occurred during quenching. No general correlation 

between atomic size mismatch and maximum solubility limit were found, whereas a correlation 

between valence electron concentration and formed crystal structure seems to exist for 

transitions between fcc and bcc. 

 

Publication B: 

Solid solution hardening in CrMnFeCoNi-based high entropy alloy systems studied by a 
combinatorial approach 

Tom Keil, Daniel Utt, Enrico Bruder, Alexander Stukowski, Karsten Albe, Karsten Durst  
Journal of Materials Research, 36 (2021) p. 2558. DOI: 10.1557/s43578-021-00205-6. 

 

Solid solution hardening was studied in the fcc Cantor system using a diffusion couple approach 

with all alloying elements. The alloying content was varied continuously and the local 

nanoindentation hardness was directly correlated to the chemical composition. The hardness of 

the different solid solutions were analysed via a modified Labusch model and the more recent 
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Varvenne solid solution hardening model for HEAs. The Labusch model was used to fit the 

concentration dependent hardness data, suggesting Cr as the most potent strengthening 

element in the HEA. The Varvenne model on the other hand uses, among others, the shear 

modulus of the grey matrix as a material parameter to predict the concentration-dependent 

strength of the fcc solid solution. For comparison of experimental hardness and predicted 

strength, the composition-dependent work hardening behavior and the concept of 

representative indentation strain needs to be considered. Including these factors, a very good 

agreement between experiment and model is found for all diffusion couples. 

 

Publication C: 

From diluted solid solutions to high entropy alloys: Saturation grain size and mechanical 
properties after high pressure torsion 

Tom Keil, Enrico Bruder, Mathilde Laurent-Brocq, Karsten Durst  
Scripta Materialia, 192 (2021) p. 43. DOI: 10.1016/j.scriptamat.2020.09.046 

 

The microstructural evolution of the equiatomic Cantor alloy and Ni-enriched variations 

((CrMnFeCo)xNi1-x) with x=0.8, 0.4, 0.08 were investigated after high pressure torsion to 

elucidate the effect of solutes on the saturation grain size and the mechanical properties. The 

solid solution hardening contributions were determined using the conventional Labusch model 

and the more recent Varvenne model, which was specially developed for chemically complex 

fcc HEAs. The saturation grain size correlate with the SSH contribution, showing lower 

saturation grain size with higher solute content, i.e., higher SSH contribution. Here, the 

Varvenne model shows an accurate description of the saturation grain size development from 

a dilute solid solution to a chemically complex HEA. Hardness measurements on coarse-grained 

and HPT deformed states showed an increasing hardness with increasing solute content due to 

higher SSH and Hall-Petch contributions. Moreover, nanoindentation strain rate jump testing 

reveals a different transient behavior and similar strain rate sensitivities for all compositions in 

the nanocrystalline and ultra-fine grained regime. 
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Publication D: 

Effects of solutes on thermal stability, microstructure and mechanical properties in 
CrMnFeCoNi based alloys after high pressure torsion 

Tom Keil, Shabnam Taheriniya, Enrico Bruder, Gerhard Wilde, Karsten Durst  
Acta Materialia, 227 (2022) p. 117689. DOI: 10.1016/j.actamat.2022.117689 

 

This work focuses on the grain growth and decomposition tendencies of Ni-enriched subsystems 

of the Cantor alloy, with an emphasis on a transition from dilute solid solutions to high entropy 

alloys, revealing the influence of solutes on the microstructural stability and mechanical 

properties. Ni-enriched derivatives of the Cantor alloy in form of (CrMnFeCo)xNi1-x with x=0.8, 

0.4, 0.08 (Ni20, Ni60, Ni92 and Ni100) were used to investigate the effects of solutes on the 

microstructural stability, i.e., grain growth and decomposition tendencies, and the resulting 

mechanical properties after severe plastic deformation via high pressure torsion and subsequent 

isochronal annealing over a wide temperature range from room temperature to 900 °C. At 

intermediate annealing temperatures, the high entropy-type alloys exhibit decomposition 

tendencies in form of secondary phases (Ni20) or nanosized Cr-rich precipitates and Mn 

segregations to grain boundaries (Ni60), none of which is observed for the dilute solid solutions 

(Ni92, Ni100). All alloys exhibit a two-stage coarsening behavior with marginal grain growth 

below a certain temperature and typical diffusion driven growth above. The high entropy-type 

compositions show a higher transition temperature, which is attributed to the impact of solutes 

and partial decomposition on grain boundary mobility (solute drag and Zener pinning). 

Nanoindentation analyses are strongly affected by the pile-up behavior, which is very 

pronounced after annealing at intermediate temperatures due to the change in work hardening 

behavior (hardening by annealing and softening by deformation effect). The pile-up corrected 

data show that the hardness at room temperature of the high entropy-type compositions 

remains constant up to annealing at 450 °C (Ni60) or increases up to 500 °C (Ni20), whereas 

the dilute solid solutions already soften upon annealing above 300 °C. The modulus of the alloys 

is not affected by the heat treatment. Nanoindentation strain rate jump tests reveal differences 

in the transient behavior, which is discussed in terms of solute concentration and 

microstructural size. 
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5. Synopsis of publications 

The following chapter provides an overview of the experimental approaches and main results 

of the published articles. The present work focuses on the phase stability and thermal stability 

as well as on solid solution hardening effects of fcc CrMnFeCoNi based systems using either a 

diffusion couple approach or discrete sample compositions.   

In the first part, diffusion couples were produced to explore the wide compositional parameter 

space, offered by the alloying concept of HEAs, and to investigate solid solution hardening 

within chemical gradients in an effective manner. The maximum solubility limits of individual 

elements are identified and discussed within the context of various phase stability models. 

Additionally, the influence of different elements on the hardness and thus on the solid solution 

hardening behaviour is analysed within the fcc structure of the alloy using nanoindentation. 

Given that the Varvenne model, one of the most promising SSH models, has been derived from 

equiatomic compositions [102, 103, 159], the present work aims to prove the applicability of 

the model to a wide concentration range up to the phase boundary.  

In the second part, discrete sample compositions were subjected to HPT deformation followed 

by isochronal annealing. The results of the diffusion couple approach revealed the presence of 

a single fcc structure for Ni-enriched compositions of the Cantor alloy up to pure Ni. This makes 

this material system a useful model system to study the transition behavior from a dilute solid 

solution to HEAs and to discuss and clarify the role of solutes on the microstructural stability 

and mechanical properties. It has been shown for Ni-enriched derivatives of the Cantor alloy 

that there is no continuous transition in properties from dilute solid solutions up the equiatomic 

composition. The observation of a breakpoint in lattice parameter evolution from Vegards law 

and the observed hardness trend [27, 28] indicates that alloys might be classified into dilute 

solid solutions and high entropy-type compositions. In this context, Ni-enriched derivatives of 

the CrMnFeCoNi Cantor alloy (Ni20, Ni60, Ni92 and Ni100) were used to investigate the effects 

of solutes on the microstructure and the mechanical properties. This includes the investigation 

of the saturation grain size after HPT deformation as well as after isochronal annealing over a 

wide temperature range, the analysis of the microstructural stability, i.e., grain growth and 

decomposition tendencies during annealing and the resulting mechanical properties. 
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5.1. Thermodynamic stability and solid solution hardening in single-phase HEAs 

The results presented are published in: 

Keil, T., Bruder, E. and Durst, K., Exploring the compositional parameter space of high-entropy 

alloys using a diffusion couple approach, Materials & Design, 176 (2019) p. 107816. 

Keil, T., Utt, D., Bruder, E., Stukowski, A., Albe, K. and Durst, K., Solid solution hardening in 

CrMnFeCoNi-based high entropy alloy systems studied by a combinatorial approach, Journal of 
Materials Research, 36 (2021) p. 2558. 

 

One main part of the present work is based on the production and analysis of diffusion couples 

to investigate the vast and widely unexplored compositional range of high entropy alloys. 

Therefore, diffusion couples were produced using the Cantor alloy with all constituent elements 

as diffusion partners to change the composition continuously starting from the equiatomic HEA. 

During the interdiffusion heat treatment, the constituents of the alloy diffuse towards the pure 

metal and vice versa, resulting in the formation of an interdiffusion zone. With the selected 

parameters, an interdiffusion zone width of approx. 200 µm was achieved. The combination of 

chemical and structural analysis using EDX and EBSD with a local resolution in the µm range 

was used to address phase stability aspects. By performing nanoindentation hardness mapping 

within the concentration gradients in the interdiffusion zone, the composition-dependent 

hardness can be used to analyse the role of solid solution hardening in HEAs with a spatial 

resolution down to a few microns. 

 

Fig. 9 Schematic illustration of the experimental procedure within the diffusion couple approach, including EBSD, 

EDX and nanoindentation. 
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5.1.1. Compositional parameter space 

Using the chemical and structural information from EDX and EBSD, the phase stability of the 

Cantor alloy is investigated over wide concentration gradients in a continuous manner. In this 

respect, maximum solubility limits of individual elements or composition-dependent structural 

discontinuities in the matrix of the base alloy are observed in detail. Regarding the phase 

stability or phase formation rules of HEAs, it is worth to note that the terminology can be 

deceptive, as thermodynamic equilibrium and phase stability are not necessarily equivalent. As 

described in chapter 2.2.3, most HEAs, like the Cantor alloy, are not thermodynamically stable, 

but kinetically stabilized in their metastable state [50]. In case of the diffusion couple 

experiments, the samples were annealed at 1150 °C or 1000 °C and then quenched to room 

temperature. The phase stability is defined as states which are formed at annealing temperature 

and kept stable at room temperature, although being potentially metastable. In the second main 

part of this thesis, additional annealing steps at lower temperatures were applied to discrete 

compositions after HPT deformation to approach the thermodynamic equilibrium and to study 

decomposition tendencies. 

After the interdiffusion heat treatment, three different cases are identified depending on the 

diffusion partner species (Fig. 10): a single fcc phase is present using Mn or Ni as diffusion 

partner elements (Fig. 10 a and b), a phase transition takes place from fcc to bcc (Fe) or to the 

hexagonal close-packed (hcp) structure (Co) within a smooth concentration gradient (Fig. 10 c 

and d) and a formation of an intermetallic phase can be seen using Cr as a diffusion partner 

element (Fig. 10 e). This transition to the intermetallic phase is characterised by abrupt changes 

in concentrations. While the concentration profiles show a distinct s-shape for the diffusion 

couples with Mn, Co and Fe, a strong interaction between Co and Mn can be observed for the 

diffusion couple Cantor+Ni (Fig. 10 a). The trajectory through the multi-dimensional phase 

space may even be more complex, such as when using Cr as a diffusion partner element. The 

formation of an intermetallic phase takes place at increased Cr concentrations, which can be 

indexed as a bcc structure. Prior to the intermetallic phase, the Cr as well as Ni concentration 

increases (uphill diffusion). For further evaluation of the phase stability, it should be taken into 

account that all element concentrations change simultaneously and do not necessarily remain 

in equiatomic ratio (Ni or Cr diffusion couple).  
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Fig. 10: Full concentration profiles for the different Cantor+i diffusion couples measured using EDX line scans. The 

initial boundary is found at d = 0 and marked by a dashed line. The coloured scale on top of each diagram represents 

the present phase. The diagram is categorized in three cases: a) – b) single phase, c) – d) phase transition and e) 

formation of an intermetallic phase.  
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The phase stability with respect to the local composition has been illustrated in spider web like 

diagrams (Fig. 11), where each column represents one single diffusion couple. Beside the three 

named cases (single fcc phase, phase transition and formation of intermetallic phases), it is also 

possible to separate between phase transitions, which were present during annealing and ones 

that occurred upon cooling.  

Discontinuities and element accumulation prior to the phase boundary (uphill-diffusion) 

indicate that the phase transition was already present at annealing temperature. Compositions 

within the concentration interval of the discontinuity do not exist on a local scale and 

correspond to a two-phase region. The uphill diffusion of Ni prior to the intermetallic phase in 

the diffusion couple with Cr is related to its narrow concentration interval for the element Ni. 

Diffusion couples with Co and Fe on the other hand show smooth s-shaped concentration 

gradients within the interdiffusion zone. At annealing temperature (1150 °C), both Co and Fe 

are present in their fcc modifications, but transform to the hcp or bcc structure during 

quenching. Consequently, the phase transition must have formed during quenching, as such a 

phase transition would be associated with a multi-phase region and this in turn would result in 

discontinuities in the concentration gradient.  

 

Fig. 11: Phase stability diagram for the Cantor+i diffusion couples in a) the quenched condition and b) at annealing 

temperature. The interdiffusion heat treatment was performed for 24 h at 1150 °C for Cr, Mn, Fe, Co and Ni and at 

1000 °C for Mn. Each column represents one single diffusion couple experiment with the composition of the respective 

partner element displayed on the axis. Reprinted with permission from Keil et al. [48], Copyright (2019), Materials & 

Design, Elsevier. 

Quenching of the samples results in a kinetic stabilisation of the metastable states at ambient 

temperatures, which is of importance for investigations regarding the mechanical properties 

and thus the solid solution hardening effects within the fcc structure of the HEA (see chapter 

5.1.2). In case of Co or Fe, the concentrations of these elements can be increased substantially 
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up to the phase boundary to 66.4 at.% or 65.0 at.%, respectively. Due to the formation of an 

intermetallic phase in the Cantor+Cr diffusion couple, the concentration interval of Cr is limited 

to max. 34.3 at.% prior to the phase boundary. The phase stability ranges can now be used for 

comparison with existing results from Calphad (Calculation of Phase Diagrams) simulations 

[181]. The stability range of the fcc solid solution of the CrMnFeCoNi alloy was theoretically 

studied using the Calphad method and the TCHEA1 database by Bracq et al. [181] (Fig. 12). 

 

Fig. 12: Phase stability diagrams calculated using the Calphad method and the TCHEA-1 data base for CrMnFeCoNi 

based variants. Processed alloys are shown as symbols at homogenization temperature. Adapted from [28] and 

reprinted with permission from Bracq et al. [28], Copyright (2019), Acta Materialia, Elsevier. 
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At 1150 °C, experiment and simulation show the same results for an increase in Cr, Fe, Co or 

Ni. For the latter three, a complete miscibility (single fcc phase) between the equiatomic 

composition and the pure element can be seen for modelling and diffusion couples. The 

solubility limit of Cr in the fcc structure of the Cantor alloy was determined by Calphad to 

approx. 30 at.%, followed by a two-phase region in the concentration interval between 30 and 

55 at.%. These concentration limits are also observed in the Cantor+Cr diffusion couple with 

minor differences in the absolute values. The small deviations could be related to the change in 

element ratios during diffusion, as in the simulation all other elements were kept in equimolar 

proportions. Bracq et al. [181] showed that Mn on the other hand destabilises the fcc solid 

solution, which is in contrast to the present results. However, the presence of a single fcc 

structure in the diffusion couple experiment with Mn cannot be explained at the moment, since 

pure Mn only shows the close-packed cubic structure at temperatures above 1095 °C.  

The atomic size mismatch as well as the valence electron concentration can be used as a 

parameter to describe the phase stability of HEAs. Using the concentration gradients from the 

diffusion couple experiments, composition-dependent atomic size mismatch and VEC ranges 

can be determined within the interdiffusion zone. The atomic size mismatch is relatively small 

for Cr-Mn-Fe-Co-Ni based compositions and shows values below 1 for all possible compositions 

within the diffusion couple experiments using Eq. 4. Accordingly, the atomic size mismatch 

parameter does not indicate at which composition in the Cantor system a phase transition is 

present or expected. The VEC is another parameter, which directly affects the phase stability. 

Guo et al. [43] used the VEC to describe the phase formation of cubic solid solutions and defined 

two threshold values for the formation of bcc or fcc solid solutions based on an empirical study 

(Fig. 2). For the interpretation of the data, the following notes should be taken into account. 

First, the evaluation from Guo et al. [43] was based on cast alloys, the validity of the threshold 

values is not given for other processing routes. [42]. In the present study, the samples were 

annealed below the melting temperature and subsequently quenched in water, resulting in a 

different cooling rate. Second, no distinction was made between ordered and disordered solid 

solutions [42]. By forming an intermetallic phase showing an ordered bcc structure 

(Cantor+Cr), the proposed threshold values should be considered with care. Third, the different 

phase fields do not necessarily indicate that only one single solid solution is formed [42]. 

Especially after slow cooling rates or heat treatments at intermediate temperatures, several 

phases could be present in HEAs. Furthermore, the transition to an hcp structure (Cantor+Co) 

is not included in the proposed model. However, the VEC can be calculated using the measured 

concentration profiles. The equiatomic Cantor alloy shows a VEC of 8, the addition of Cr or Mn 

lowers of the VEC and an increase in Fe, Co or Ni results in constant (Fe) or higher (Co, Ni) 
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VECs of the resulting alloy. The diffusion couple Cantor+Ni remains single-phase fcc and shows 

VECs greater than 8, which is located in the fcc phase region according to Guo et al. [43]. Even 

though the VEC decreases towards 7 by adding Mn, which is located in the two phase region, 

the diffusion couples remains single-phase fcc. The phase transition from fcc to bcc in the 

Cantor+Fe diffusion couple takes place at a VEC of 7.9 and the fcc stability range of the 

diffusion couple with Cr is located between 8 and 7.75. Hence, the phase transition is close to 

the proposed threshold value for the fcc or fcc + bcc phase space. The VEC model from Guo et 

al. [43] provides a convenient way for HEA design and may be used as a guidance for alloy 

synthesis using mainly transition metals. 

 

5.1.2. Solid solution hardening effects 

Utilising the above discussed results on the different Cantor+i diffusion couple experiments 

with regard to the local chemical composition as well as the phase stability limits of the fcc solid 

solution, SSH can be studied in HEAs using nanoindentation and having access to a wide range 

of compositions. Nanoindentation offers the advantage of testing very small sample volumes to 

determine the mechanical properties of a material, which facilitates the study of SSH effects 

close to the solubility limit of the different constituents at the phase boundary.  

In Fig. 13, the local concentration and hardness profiles are shown up to the respective phase 

boundary of the fcc structure of the investigated HEA. As discussed in chapter 5.1.1, the 

Cantor+Mn diffusion couple shows a single fcc solid solution, but due to oxidation effects, the 

evaluation of SSH is limited to Mn concentrations below 55 at.%.  

Starting with a hardness level of ≈ 2.2 GPa for the equiatomic composition of the Cantor alloy 

on the right, the hardness evolves within the interdiffusion zone as a function of concentration 

(solid lines) within the fcc structure of the alloy. The diffusion couple Cantor+Ni (a) shows a 

single fcc phase across the complete concentration gradient, which allows the investigation of 

SSH from a quasi-binary alloy to a HEA. The hardness remains almost constant up to a Ni 

concentration of 60 at.%, followed by a continuous decrease to the hardness level of pure Ni. 

This result suggests that a transition takes place from a dilute solid solution to HEA behaviour. 

The observation of a breakpoint in lattice parameter evolution [27] and hardness indicates a 

correlation between hardness and lattice parameter and that alloys might be classified into 

dilute solid solutions and high entropy-type alloys. The increase in Mn concentration to 55 at.% 

causes a hardening of the alloy to 2.5 GPa. Due to the phase boundary present in the 

interdiffusion zone of the Co, Fe or Cr diffusion couples, SSH is evaluated up to approx. 55 at.% 

Co or Fe and up to approx. 30 at.% Cr. While an increase in Co concentration shows nearly no 
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influence on the hardness, the addition of Fe results in a continuous softening of the alloy. 

Lastly, Cr shows a substantial hardening of the base alloy at concentrations below 30 at.%. 

 

Fig. 13: Concentration and hardness profiles for the different Cantor+i diffusion couples within the single-phase fcc 

region. d represents the relative position in the interdiffusion zone starting from the equiatomic composition on the 

right. Solid lines show the concentration and each discrete data point represents the hardness of one indentation test. 

For further information on the indentation error bars (grey), please see the full text of publication B (chapter 8.2). 

Reprinted with permission from Keil et al. [182], Copyright (2021), Journal of Materials Research, Springer Nature. 
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Relating yield strength to hardness: 

The direct correlation between chemical composition and nanoindentation hardness, as shown 

in Fig. 13, is used to investigate SSH in HEAs. However, when using nanoindentation testing to 

determine SSH effects in different compositions, some issues arise related to the testing method 

itself. 

Instrumented nanoindentation is nowadays a highly automatized and standard technique to 

measure a materials hardness H and Young´s modulus E. Thereby, the desired material 

properties are measured under load and can be recorded as a function of indentation depth. 

[183-187]. Therefore, the experimentally measured hardness is obtained at a specific 

representative plastic strain, which depends on the opening angle of the indenter tip [186, 188]. 

For geometrically self-similar indenters, like the three-sided Berkovich tip, the introduced strain 

remains constant, independently of the applied load or indentation depth, respectively. The 

three-sided Berkovich tip, which was used in the experiments, induces a representative strain 

of 𝜀𝑟 ≈ 8% [186]. While nanoindentation determines the hardness at a given plastic strain, the 

aforementioned Varvenne SSH model (see chapter 2.4.1) predicts a yield strength at zero strain, 

both are not strictly equivalent to each other. Furthermore, nanoindentation on pure elements 

will always give finite hardness values [188, 189], the Varvenne SSH model on the other hand 

predicts a zero flow stress for monoatomic metals. Nonetheless, the hardness can be related to 

the representative strength 𝜎𝑟 at representative strain 𝜀𝑟 using Tabors equation [190, 191]: 

 𝐻 = C𝜎𝑟 (12) 
 

where C is the constraint factor. C itself depends on the elastic/plastic work ratio and reaches 

a value of around 3 for materials showing a fully plastic behavior at representative strain [192]. 

Following Tabors equation (Eq. 12), the hardness can be understood as a measure of strength 

at representative strain (one discrete point on the stress-strain curve). Therefore, 

nanoindentation hardness measurements can be used to quantify SSH, as the difference in 

hardness between an alloy and its pure matrix element is representative for the strength change 

due to SSH. [188] But this relation only holds, if other contributions to nanoindentation 

hardness like strain hardening, indentation size effect (ISE), strain rate sensitivity and pile-up 

behavior do not change within the chemical gradients [188, 193]. It has been shown that pile-

up and rate sensitivity can be neglected and the ISE is comparable for all investigated 

compositions [182]. However, the strain hardening behavior plays a major role during 

indentation [182], as a changing SFE is expected with changing composition, which in turn 

affects the local strain hardening behavior [107, 108]. Consequently, the two effects solid 
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solution hardening (∆𝜎𝑆𝑆𝐻) and strain hardening (∆𝜎𝑆𝐻) contribute to the hardness difference 

between alloy composition and reference sample composition (Fig. 14). Therefore, both 

contributions needs to be taken into account for the hardness evaluation. 

 

Fig. 14: Schematic representation of the relation between hardness and yield strength for two different compositions 

using Tabors equation, adapted from [182]. Reprinted with permission from Keil et al. [182], Copyright (2021), 

Journal of Materials Research, Springer Nature. 

To analyse the hardness as a function of chemical composition, the concentration gradients 

from EDX are used as an input for the Labusch model [72, 73] and the state-of-the-art SSH 

model from Varvenne et al. [102, 103]. The calculated yield strength is then compared to 

experimental hardness using Tabors relation (Eq. 12). 

Application of the Labusch model: 

The Labusch SSH model describes the interaction of solutes and dislocations in dilute solid 

solutions, where the change in critical shear stress ∆𝜏𝐿𝑎𝑏𝑢𝑠𝑐ℎ  is proportional to the solute 

concentration c2/3 [72, 73]. The equation of the Labusch model is generalized to HEAs, 

assuming additive strengthening contributions for each constituent of the HEA: 

 ∆𝜏𝐿𝑎𝑏𝑢𝑠𝑐ℎ =∑𝑘𝑛𝛥𝑐𝑛2/3𝑛 ∝ 𝛥𝐻 (13) 

  

where kn is the strengthening parameter for each element n. The following strengthening 

parameters are obtained from fitting the hardness data of the phase boundary composition and 

the equiatomic composition of the different diffusion couples using Eq. 13: 𝑘𝐶𝑟 = 0.0514, 𝑘𝑀𝑛 =0.0058, 𝑘𝐹𝑒 =−0.0470, 𝑘𝐶𝑜 =−0.0109, 𝑘𝑁𝑖 =−0.0342 , in units of GPa/at.%2/3. The above 

mentioned issues for relating hardness and yield strength are circumvented, since they get 

incorporated into the individual kn values during fitting the hardness data. However, a change 

in strain hardening behaviour would affect the values of the individual kn parameters.   

The resulting hardness prediction is shown in Fig. 15 as solid lines and compared to the 
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experimental hardness (symbols) for the different diffusion couples. This approach works well 

for the Cr, Mn, Fe and Co diffusion couples, where a nearly linear regime can be seen. But it 

fails to describe the initial hardness plateau with subsequent hardness drop of the diffusion 

couple Cantor+Ni, where based on the breakpoint of lattice parameter [27] and hardness 

evolution (Fig. 13 a) a transition between dilute solid solutions and HEAs is expected.   

Given the need for experimental data to be fitted, the modified Labusch model is not predictive. 

However, it sheds light on the hardening characteristics of the individual elements in the Cantor 

system. The sign and absolute value of the strengthening parameter determines the effect of a 

specific element on the strength of the system. A positive strengthening parameter indicates 

that this kind of solute increases the strength of the specific composition, whereas a negative 

parameter corresponds to a softening effect of the solute species. It can be seen from the 

obtained strengthening parameters that Cr is the most potent strengthening element, whereas 

Fe and Ni additions lead to a softening of the resulting alloys. Wu et al. [12] have already 

reported on the beneficial influence of Cr on the strength of a variety of equiatomic Cr-Mn-Fe-

Co-Ni based alloys with different number of constituents. The authors attributed this effect to 

the modulus mismatch of Cr compared to the other constituents. Their assumption is based on 

the elastic constants of the elements in their ground states, while all tested alloys show an fcc 

structure, which could lead to inaccuracies or wrong implications. 

 

Fig. 15: Measured hardness (symbols) and best fit results of the modified Labusch model (solid lines) for the different 

diffusion couples over the stable fcc phase region. The composition of the respective diffusion partner element is 

scaled on the x-axis. Measured and calculated hardness is normalized by the hardness of the equimolar alloy HCantor. 

The different hardness series are shifted by a constant offset for better readability. Reprinted with permission from 

Keil et al. [182], Copyright (2021), Journal of Materials Research, Springer Nature. 
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Application of the Varvenne model: 

As the strengthening parameter cannot be known a priori in the modified Labusch model, it can 

hardly be used for strength predictions of HEAs. The Varvenne model, on the other hand, 

remains parameter-free in its reduced elastic form (Eq. 6 to 9) and can thus be used as a 

predictive tool. The predicted critical shear stress will be converted into a macroscopic yield 

strength using the Taylor factor, which in turn is converted into a hardness using Tabors 

equation (Eq. 12). The Varvenne model cannot provide an absolute hardness value, therefore 

the composition-dependent hardness (H(cn)) is normalized by the hardness level of the 

equiatomic alloy (HCantor). Strain hardening depends on the local composition and can change 

the relation between experimental hardness and the predicted SSH contribution by the model. 

Here, a strain hardening factor f(c) is introduced to account for strain hardening during 

indentation. A concentration independent factor of f = 2 is initially assumed to take the strain 

hardening from 0 to 8 % plastic strain into account. Tensile tests show a hardening in this plastic 

regime of about 1.84 [10]. This initial assumption of a constant strain hardening factor of 2 

leads to the results shown in Fig. 16 a). As the Varvenne model naturally describes a SSH 

contribution of 0 for pure Ni, but the macroscopic hardness of pure Ni will not converge to 0 

[188], an indentation base hardness for pure Ni of 1.5 GPa is introduced to adjust the predicted 

hardness of the Ni series to the measured ones (dashed line). While good agreement is already 

found for the Fe, Co and Ni diffusion couples, especially the hardness plateau of the latter is 

well described, the hardness trends cannot be reproduced for all diffusion couples. Moreover, 

there is no physical reason for f to be constant within the concentration gradients. In this 

context, a linear dependency of the strain hardening factor on the concentration of the 

respective diffusion partner element is assumed and determined by fitting the existing hardness 

data (inset of Fig. 16 b). The introduction of a composition-dependent strain hardening 

behaviour strongly improves the agreement between SSH model and nanoindentation 

hardness. The hardness increase at higher Cr or Mn concentration can now be captured by the 

model, which is assumed to be caused by a stronger strain hardening behaviour during 

indentation.  
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Fig. 16: Measured hardness (symbols), including coloured error bars for the indentation experiments, and predicted 

hardness (solid lines) for the different diffusion couples over the stable fcc phase region. The composition of the 

respective diffusion partner element is scaled on the x-axis. Measured and calculated hardness is normalized by the 

hardness of the equimolar alloy HCantor. a) shows the calculated hardness from the Varvenne model assuming a 

constant strain hardening behaviour in the investigated concentration gradients. b) shows the Varvenne fit assuming 

a concentration-dependent strain hardening factor f. The used f factors are shown in the inset. An indentation base 

hardness for pure Ni is additionally introduced for the Cantor+Ni diffusion couple (dashed lines). Reprinted with 

permission from Keil et al. [182]. Copyright (2021), Journal of Materials Research, SpringerNature. 

In conclusion, the diffusion couple approach facilitates the investigation of HEAs to address 

phase stability aspects like maximum solubility limits of individual elements or the formation 

of intermetallic phases. By knowing the stability range of the fcc phase of the Cantor alloy, solid 

solution hardening effects can be investigated over wide concentration gradients up to the 

phase boundary. Thereby, going beyond previous results from discrete compositions [28]. The 

used SSH models can describe some hardness trends, but not all trends observed via 

experiment. After fitting the experimental data to introduce a correlation factor that takes the 

strain hardening behaviour into account, the Varvenne model represents the hardness trends 

well. But this is actually the crux as it is not possible to know in advance whether a model 

predicts the strength of a random system quite well or fails. It becomes more problematic if the 

SSH model is not predictive and requires strengthening parameters as input values from 

experiment (modified Labusch model). In consequence, the used SSH models are able to 

extrapolate from experimental data, but cannot be used independently. Yet this is the major 

endeavour for SSH models to explore the vast concentration range of HEAs without time 

consuming experiments. Additionally, small changes in the input parameter of the Varvenne 

model can cause significant changes in the predicted strength, as the model is based on a rule-

of-mixtures. 
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5.2. Microstructural stability and mechanical properties after high pressure torsion 

The results presented are published in: 

Keil, T., Bruder, E., Laurent-Brocq, M. and Durst, K., From diluted solid solutions to high 

entropy alloys: Saturation grain size and mechanical properties after high pressure torsion, 
Scripta Materialia, 192 (2021) p. 43. 

Keil, T., Taheriniya, S., Bruder, E., Wilde, G. and Durst, K., Effects of solutes on thermal 

stability, microstructure and mechanical properties in CrMnFeCoNi based alloys after high 

pressure torsion, Acta Materialia, 227 (2022) p. 117689. 

 

The second main part of the thesis is based on severe plastic deformation of discrete Ni-enriched 

subsystems of the CrMnFeCoNi Cantor alloy. The alloy composition selection was based on the 

evolution of lattice parameter [27] and hardness [27, 182] with varying Ni content in form of 

(CrMnFeCo)xNi1-x. Laurent-Brocq et al. [27] found a deviation of the lattice parameter from 

Vegards law at Ni concentrations below 60 at.%. This breakpoint coincides with the hardness 

trend found in the diffusion couple experiment (Fig. 13 a), where the hardness first increases 

with increasing solute concentration, followed by a constant hardness level for Ni 

concentrations between 60 and 20 at.%. Finally, four compositions (Ni20, Ni60, Ni92 and 

Ni100) were subjected to severe plastic deformation by HPT and were subsequently annealed 

over a wide temperature range. The effects of solutes on the saturation grain size, solid solution 

hardening, thermal or microstructural stability and mechanical properties were investigated 

using a combination of electron microscopy and nanoindentation to further elucidate the 

presumed transition between conventional dilute solid solutions and HEAs.  
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Fig. 17: Schematic illustration of the experimental procedure within the discrete sample composition approach, where 

the saturation grain size after deformation, the hardness change and grain growth upon annealing and the 

deformation behaviour at different strain rates will be analysed. 

 

5.2.1. Steady-state microstructure after high pressure torsion 

Both, SFE and SSH affect the grain refinement rate, but recent studies concerning the effect of 

SFE and SSH on the saturation grain size suggest that it is mainly controlled by SSH effects 

[111, 127, 130]. The found empirical correlation between saturation grain size and SSH 

contribution is explained by Edalati et al. [127] by a hindered dislocation motion necessary for 

dislocation recovery, grain boundary migration and recovery. Renk and Pippan [194] related 

the effects of alloying on ds to a change in the grain boundary mobility. The gained knowledge 

from dilute solid solutions shall be used to gain further insights into SSH effects in HEAs, which 

are not yet fully understood. Therefore, the correlation between saturation grain size and SSH 

contribution predicted via different SSH models is investigated for the aforementioned 

compositions. Tab. 1 shows the alloy designation and composition, the different SSH 

contributions as well as the saturation grain size, determined by BSE images (Fig. 18). As the 

grain size measured in this work is in good agreement with literature values for Ni20 (50 nm 

[51]) and Ni100 (170 nm [195]), it is reasonable that no slip occurred during HPT deformation 

and all samples were strained to the saturation state. The resistance to edge dislocation motion 

of solute atoms is calculated using the classical Labusch model (∆𝜏𝐿𝑎𝑏𝑢𝑠𝑐ℎ) [72, 73, 127] and 
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the more recent model from Varvenne et al. [102, 103], which is specifically designed to 

describe SSH effects in fcc HEAs (∆𝜏𝑉𝑎𝑟𝑣𝑒𝑛𝑛𝑒). While the Varvenne model assumes an effective 

matrix with average properties, where the solutes are embedded, the Labusch model demands 

a reference lattice. Even though it is not strictly valid for the equiatomic Cantor alloy, Ni is 

defined as the matrix element, where Cr, Mn, Fe and Co are embedded as solutes. 

Tab. 1: Saturation grain size ds and solid solution hardening contribution Δτ according to the Labusch and Varvenne 

model of the different compositions. 

Alloy designation and 

composition 

Saturation grain size ds 

/nm 

ΔτLabusch  

/MPa 

ΔτVarvenne  

/MPa 

Ni100 142 ± 57 0 0 

Ni92 (Cr2Mn2Fe2Co2Ni92) 110 ± 45 11.10 11.03 

Ni60 (Cr10Mn10Fe10Co10Ni60) 62 ± 23 33.13 40.45 

Ni20 (Cr20Mn20Fe20Co20Ni20) 55 ± 17 53.87 41.36 

 

 

Fig. 18: Saturation microstructure of the different Ni-X alloys after HPT deformation using BSE contrast imaging: a) 

Ni20, b) Ni60, c) Ni92 and d) Ni100. The saturation grain size is measured using a line intercept method. Reprinted 

with permission from Keil et al. [129], Copyright (2021), Scripta Materialia, Elsevier. 
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From the BSE images shown in Fig. 18 it is apparent that the grain size after HPT deformation 

decreases with increasing solute concentration. The evaluation of the saturation grain size and 

SSH contribution according to Edalati et al. [127] reveals an inverse correlation between  

normalized saturation grain size (ds/b) and ∆𝜏 for both SSH models (Fig. 19). The increase in 

solute content and thus an increase in SSH contribution leads to smaller achievable grain sizes 

from pure Ni to the equiatomic Cantor alloy, i.e., the higher ∆𝜏, the lower ds. It is known for 

binary Ni alloys that solute additions increase the microstructural stability [196] and thus lower 

the grain boundary mobility. These differences in the grain boundary mobility due to SSH may 

explain the different saturation grain size after SPD.   

Using the classical Labusch model, it is possible to describe the trend in normalized saturation 

grain size (ds/b) using a linear fit, but its deviation increases as the solute concentration 

increases. It seems that the correlation found by Edalati et al. [127] using the Labusch SSH 

model breaks down for highly concentrated alloys. From Ni60 onwards to higher solute 

concentrations a plateau is more likely to form with a different slope (Fig. 19 dotted line). 

Despite a much higher ∆𝜏𝐿𝑎𝑏𝑢𝑠𝑐ℎ of Ni20 (≈ 54 MPa) compared to Ni60 (≈ 33 MPa), both show 

a comparable steady-state grain size. The Varvenne model on the other hand predicts similar 

SSH contribution for Ni20 (41.36 MPa) and Ni60 (40.45 MPa), which is in good agreement 

with the measured saturation grain size in combination with the correlation found by Edalati 

et al. [127]. Both alloys show a similar SSH contribution as well as a similar grain size, which 

indicates that the saturation grain size also correlates with the SSH contribution in chemically 

complex alloys. It seems that a transition between dilute solid solutions and high entropy-type 

compositions is also observable using the saturation grain size as an indicator. Both, the 

saturation grain size (Fig. 19) as well as the hardness (Fig. 13 a) depend on the SSH 

contribution, which in turn is based on the atomic size misfit or the solute misfit parameter 

(∑ 𝑐𝑛∆𝑉𝑛2𝑛 ). A direct comparison of the lattice constant, the solute misfit parameter, the SSH 

contribution calculated via the Varvenne model and the saturation grain size is given in Fig. 20 

and reveals that a plateau is more likely to form at high solute or low Ni concentrations. This 

deviation from Vegards law at high solute concentrations may indicate a possible transition 

between conventional dilute solid solutions and HEAs.  

Laurent-Brocq et al. [27] experimentally observed a deviation of the lattice parameter for the 

formerly discussed Ni-X samples from Vegards law (rules-of-mixtures), which is limited to pure 

element lattice parameters and extrapolates from dilute solid solutions. The increase in 

interatomic distances with increasing chemical complexity is less pronounced than predicted 

from Vegards law. The authors proposed that SRO could influence the evolution of lattice 

parameter, which may be present in HEAs (see chapter 2.3.1) [27]. The SSH model derived by 

Varvenne et al. [102] uses, among other material parameters, the solute misfit volume, which 
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is the key quantity in the theory for assessing SSH in HEAs. While it considers the atomic size 

misfit, shear modulus fluctuations are neglected and only the average shear modulus is taken 

into account (Eq. 6 & 7). The classical Labusch model on the other hand describes the 

interaction of obstacles and dislocations in dilute solid solutions and is based on two elastic 

interactions, the atomic size misfit as well as the modulus misfit [72, 73]. Satisfactory 

agreement between SSH contribution calculated using the Varvenne model and experimentally 

measured saturation grain size is found (Fig. 19), indicating that the consideration of both 

elastic interactions, like the Labusch model does, may not be valid for HEAs. It seems that a 

different strengthening mechanism plays a role, which is mainly based on the solute misfit 

rather than the shear modulus misfit. Even though a clear correlation has been found between 

experimentally observed saturation grain size and SSH contribution or solute misfit parameter, 

respectively, this result does not enable an extrapolation to other HEAs or element combinations 

nor predicts a comparable behavior for other systems. 

 

Fig. 19: Normalized saturation grain size (ds/b) as a function of solid solution hardening contribution ∆𝜏 determined 

by the classical Labusch model (assuming Ni as the matrix element) and the Varvenne model. The dashed lines 

represent the linear fit of the Ni-X data, the dotted line shows the extrapolation of the Ni20 and Ni60 data. Reprinted 

with permission from Keil et al. [129], Copyright (2021), Scripta Materialia, Elsevier. 
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Fig. 20: Lattice constant (data taken from Ref. [27]), solute misfit parameter (∑ 𝑐𝑛∆𝑉𝑛2𝑛 ), SSH contribution calculated 

using the Varvenne model and saturation grain size as a function of Ni concentration. The solid line represents the 

lattice parameter evolution using Vegards law. The other constituents (Cr, Mn, Fe, Co) stay in equiatomic ratio. 

 

5.2.2. Thermal stability and related properties 

In the previous chapters, a transition in properties from dilute solid solutions to HEAs has 

already been shown (Fig. 20). As solutes influence the thermal stability of UFG binaries [196], 

the effect of solutes on the microstructure and mechanical properties is investigated via 

subsequent annealing of the HPT deformed Ni-X series. Annealing of the deformed states results 

in a coarsening of the microstructures of all compositions. The grain size is displayed as a 

function of annealing temperature in Fig. 21 a). It can be seen that the grain size does not 

change significantly after annealing at 300 °C for all compositions. The high entropy-type alloys, 

which show smaller saturation grain sizes compared to the dilute samples, exhibit almost no 

grain growth up to 500 °C annealing, where the Ni92 and Ni100 samples already start to 

coarsen significantly (insert Fig. 21 a). Nanostructured or UFG materials processed by severe 
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plastic deformation were shown to be stable against primary recrystallization, as strong 

recovery operates in the first stage of annealing, leading to a decrease in the dislocation density 

and thus in a decreasing driving force for primary recrystallization [136-139]. The occurrence 

of recovery in the Ni-X series is also found in form of a hardening by annealing effect and will 

be discussed later. A strong recovery at an early stage of annealing results in a variety of 

recrystallization nuclei that promote continuous or normal grain growth [138, 139]. 

Furthermore, Humphreys et al. [136, 137] showed in their theoretical analysis that materials, 

which contain a high amount of high angle grain boundaries are stable against discontinuous 

or abnormal grain growth. In this context the authors estimated a critical fraction of high angle 

grain boundaries to approx. 0.65 - 0.75, above which grain growth is continuous and below 

which it is discontinuous. Materials processed via HPT to the saturation state typically contain 

a fraction of high angle grain boundaries larger than the mentioned threshold value [121, 197]. 

This suggests that predominantly normal grain growth takes place in the investigated Ni-X alloy 

series, for which the driving force can be determined via the grain boundary curvature. The 

driving force for normal grain growth is inversely related to the curvature radius, which on the 

other hand directly correlates with the grain size [118]. Assuming that the specific grain 

boundary energy is constant, the driving force for normal grain growth can therefore be ordered 

according to the measured saturation grain size: Ni20 > Ni60 > Ni92 > Ni100. Hence, the 

grain growth kinetics do not seem to correlate with the stored energy (defect density) and can 

rather be attributed to a lower grain boundary mobility in the Ni20 and Ni60 alloys due to 

stronger pinning effects in the presence of higher amounts of solutes or secondary phases. As 

shown in chapter 2.3.4, solute segregation and secondary phase formation significantly inhibit 

grain boundary motion and thus coarsening of the microstructure [145-147, 149, 150]. At 

temperatures of 800 °C and above, strong grain growth takes place, resulting in coarse-grained, 

single-phase microstructures for the different compositions. 

The grain growth kinetics are analysed by calculating the activation energy for grain growth Q 

according to Refs. [144, 174, 198] using Eq. 14: 

 ln (𝑑𝑛 − 𝑑0𝑛𝑡 ) ∝ (−𝑄𝑅) ∗ 1𝑇 
(14) 

with d being the grain size, d0 the initial grain size after HPT deformation, n the grain growth 

exponent, which was set to 3 for all compositions, t the annealing time, R the gas constant and 

T the annealing temperature. Fig. 21 b) indicates two regimes of activation energies with a 

transition at intermediate temperatures. The grain size remains almost constant at low 

temperatures, indicating that stress relaxation processes and rearrangement of unstable grain 
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boundary configurations take place, which is associated to low activation energies [199-201]. 

It is known that SPD modifies the atomic structure of grain boundaries due to the absorption of 

dislocations and accumulation of a high density of defects in the boundary-near region. 

However, only a fraction of the grain boundaries transform into a deformation-affected state 

[202-204]. Divinski et al. [205, 206] propose a picture of a composite structure of deformation- 

modified grain boundaries interspersed with non-modified areas (original or relaxed grain 

boundary structure) for severely deformed materials. This composite structure incorporates 

pinned regions of high stability against displacement, resulting in a stabilization of such grain 

boundary configurations against relaxation [205, 206]. 

 

Fig. 21: a) grain size after 1h annealing at various temperatures for the different Ni-X compositions and b) arrenhius 

plot of ln(Dn - D0
n) vs. 1000/T. Reprinted with permission from Keil et al. [207], Copyright (2022), Acta Materialia, 

Elsevier. 

At higher temperatures, the alloys start to coarsen significantly. The corresponding activation 

energies for grain growth (see Fig. 21 b) are similar to that of volume diffusion [208], hence, 

diffusion processes may be responsible for grain growth. The diffusion rates of the different 

alloys are known from tracer diffusion experiments [208] and can be ordered as 

Ni92 > Ni100 > Ni60 > Ni20. A comparison with the calculated activation energies for grain 

growth shows a good qualitative agreement, indicating a correlation between diffusion 

coefficient D and activation energy Q for dilute solid solutions as well as for HEAs. The 

aforementioned high temperature regime with significant grain growth is shifted to higher 

temperatures in case of the more complex Ni20 and Ni60 alloys, indicating a higher thermal 

stability. 

The grain growth kinetics are typically governed by the elemental distribution e.g. solute drag 

or Zener drag. As the decomposition tendencies of the Cantor alloy are thoroughly described 

elsewhere [50-52], the present studies regarding segregation or secondary phase formation 
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focus on the Ni60 and Ni92 alloys and aim at the aforementioned transition behaviour. While 

BSE contrast images do not show secondary phases in the Ni60 alloy after annealing at 700 °C 

(Fig. 22 b), a different picture emerges from scanning transmission electron microscope (STEM) 

analysis (Fig. 22 c). Cr-rich precipitates with an fcc crystal structure and an average size of 

approx. 40 nm can be seen at grain boundaries as well as inside the grains. While various 

secondary phases with significant volume fractions are expected after annealing of the 

equiatomic Cantor alloy at comparable temperature and exposure time (approx. 10 vol.% [51]), 

the volume fraction of the Cr-rich phase in the Ni60 alloy is very low and saturates at a value 

of about 1 vol.%, independent of the annealing time or temperature [207]. However, if the 

system has more time (10h or 100h), Mn segregations form at high angle grain boundaries in 

the Ni60 alloy as shown in Fig. 22 e), providing a further dragging force against grain boundary 

migration. Diffusion measurements on the specific alloy compositions used in this work revealed 

considerable differences in the elemental diffusivities, with Cr and Mn showing the highest 

diffusivities [26]. The Ni92 alloy on the other hand does not show any precipitates after 

annealing at 600 °C for 1h. Hence, the entropic contribution is not the main factor stabilizing a 

single-phase solid solution. Taking the precipitation formation as a further classification 

parameter into account, the investigated alloys show once more the same tendency of grouping 

into high entropy-type (Ni20 and Ni60) and dilute (Ni92 and Ni100) solid solutions. Here, the 

chemically complex alloys show decomposition, which is most pronounced for the Ni20 alloy 

(highest configurational entropy), indicating a limited effect of the configurational entropy on 

the thermal stability. The reduced number of secondary phases and their reduced volume 

fractions indicate a more stable structure for Ni60 showing similar coarsening tendencies 

compared to Ni20. Utt et al. [147] showed in their recent work that the grain boundary mobility 

is not intrinsically reduced in HEAs due to lattice distortions or local chemical fluctuations. 

Hence, the observed reduced grain growth of the high entropy-type alloys in comparison to the 

dilute solid solutions can be attributed to a kinetic stabilization facilitated by solute drag [118, 

209] and Zener pinning [118, 149]. 
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Fig. 22: Advanced microscopy results of Ni20 and Ni60 after HPT deformation and annealing. a) – b)  BSE images 

showing the microstructure after annealing (1h) at 700 °C (secondary phases are indicated by circles). c) STEM high-

angle annular dark-field (HAADF) micrograph with overlapping Cr elemental map showing precipitation formation of 

the Ni60 alloy after annealing at 600 °C for 1 h. Electron energy loss spectroscopy (EELS) high loss relative composition 

maps and the corresponding line profiles of the Ni60 alloy annealed at 600 °C for d) 1 h and e) 100 h. In e), the line 

scan over Cr-rich precipitates inside the grain (white arrow) is shown on the left and the line scan over Mn enrichments 

at a grain boundary (black arrow) is shown on the right. A higher annealing time triggers the formation of Mn 

segregations at grain boundaries, but results in no further change of the Cr-rich secondary phase. Adapted and 

reprinted with permission from Keil et al. [207], Copyright (2022), Acta Materialia, Elsevier. 

The effects of solutes on the thermal stability can also be observed using the change in hardness 

after annealing. As it is known for dilute solid solutions, an addition of solutes increases the 

thermal stability, depending on the type of solutes (atomic size mismatch) and their amount 

[196, 210]. In the present study, nanoindentation testing is used to measure the effect of 

annealing on the microstructure and the mechanical properties to further elucidate the role of 

solutes in the CrMnFeCoNi system and its variants (Fig. 23).  
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The different compositions have shown significant material pile-up during indentation, 

depending on the annealing temperature or microstructure (UFG regime), respectively. This 

behaviour can be attributed to the low work hardening capability of the samples after SPD 

[211]. The pile-up formation changes during annealing, showing a peak in pile-up height at 

intermediate temperatures (see chapter 8.2. Publication D for a detailed description of the pile-

up formation). Consequently, the evaluation of the indentation data using the Oliver-Pharr 

method [184] do not give proper values as only sink-in is considered in the method. The contact 

area obtained from the Oliver-Pharr method (AO-P) has been corrected according to the 

procedure proposed by Kese et al. [212] and the corrected hardness and modulus values are 

shown in Fig. 23. In a previous work by Maier-Kiener et al. [53] from 2017, the pile-up 

behaviour was not considered, hence, the interpretation of the data was misleading.  

In the as-deformed state, Ni20 and Ni60 show comparable hardness values of approx. 4.9 GPa, 

which is consistent to the similar SSH contribution and saturation grain size found for both 

alloys (Fig. 20). In addition, this hardness level is much higher than those of the dilute solid 

solutions. This is related to the higher SSH and Hall-Petch [167, 168] contributions. Low 

temperature annealing (300 °C) results in a slightly increased hardness for most of the 

compositions while keeping the grain size almost constant. This increase can be related to the 

hardening by annealing effect, where the number of free dislocations and dislocation sources is 

reduced without significant grain growth or recrystallization [213, 214]. After this short period 

of hardening, the hardness increases further to a peak value of 5.38 GPa for Ni20 at 500 °C, 

remains constant up to 450 °C for Ni60 or starts to decrease substantially for Ni92 and Ni100. 

The hardness increase for Ni20 may be an indicator for the formation of secondary phases, 

which takes place at intermediate temperatures in form of NiMn, FeCo or Cr-rich precipitates 

[50, 51, 215]. The constant hardness of the Ni60 alloy up to 450 °C correlates well with the 

measured grain size, which also remains nearly constant in the mentioned temperature range, 

indicating a high microstructural stability. Ni92 and Ni100 on the other hand already starts to 

soften at this temperature due to significant grain growth. Annealing at temperatures above 

500 °C cause a decrease in hardness for all compositions due to grain coarsening as described 

by the Hall-Petch relation [167, 168]. In the coarse-grained state after annealing at 900 °C, 

where single-phase solid solutions are observable for all compositions, the hardness correlates 

with the alloying content, i.e., the higher the solute concentration and thus the higher the SSH 

contribution, the higher the hardness.  

The indentation modulus shows similar trends for all compositions with a slightly decreased 

modulus for the as-deformed states followed by a small continuous increase towards the coarse-

grained states after high temperature annealing. The lowered indentation modulus in the as-

deformed state is presumably not attributed to the high grain boundary density after HPT, since 
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an effect of grain boundary density on the elastic properties is only expected at much smaller 

grain sizes [216]. Another hypothesis on the origin of the slightly reduced modulus refers to 

crystallographic texture present after shear deformation. However, texture analysis for Ni20 

[125, 126] and Ni100 [123, 217] from literature and Ni60 and Ni92 from the present study 

[207] indicate that the reduced modulus is not caused by crystallographic texture or a change 

thereof due to annealing. Instead, samples showing pronounced material pile-up during 

indentation (preferably in the as-deformed state and annealed in the low and intermediate 

temperature range) also show reduced modulus values. Accordingly, the effect of a slightly 

reduced modulus could be attributed to small overestimations of the contact area, if not all of 

the piled-up material is in direct contact with the indenter tip.  In literature [53], a significant 

modulus peak was observed for Ni20 after HPT and isochronal annealing (1h) at intermediate 

temperatures, which was attributed to secondary phase formation. This effect is also observable 

in the raw indentation data calculated by the Oliver-Pharr method, even for the compositions 

showing no precipitation formation [207]. As this peak in modulus is not apparent after contact 

area correction (Fig. 23 a), it may be concluded that this peak formation observed for the Ni20 

alloy in literature [53] is caused by material pile-up and not by the limited amount of secondary 

phases (approx. 10 vol.% [51]). 
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Fig. 23: Nanoindentation results of the HPT deformed Ni-X compositions after isochronal annealing at different 

temperatures (1h). a) indentation modulus and b) hardness measured at room temperature. Reprinted with 

permission from Keil et al. [207], Copyright (2022), Acta Materialia, Elsevier. 

The strain rate sensitivity (SRS) and the derived activation volumes are measured using 

nanoindentation strain rate jump tests [218]. While samples with a nc or UFG microstructure 

in the low temperature regime show an almost depth independent hardness at higher 

indentation depth (> 1000 nm), the hardness needs to be corrected for the coarse-grained 

samples according to the Nix-Gao model [219]. A change in strain rate results in a change in 

hardness, where higher hardness values are found at higher strain rates. This change in 

hardness with changing strain rate is used to measure the strain rate sensitivity exponent m of 

the material, which is defined for nanoindentation according to Ref. [218] as:   

 𝑚𝑛𝑎𝑛𝑜𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 =𝑑(𝑙𝑛𝐻)𝑑(𝑙𝑛𝜀̇)  (15) 
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The corresponding apparent activation volume V* can be written as [218]: 

 𝑉∗ =𝐶√3𝑘𝐵𝑇𝑚𝐻  
(16) 

 

with C the constraint factor, which is usually equal to 3 for metals [186], kB the Boltzmann 

constant and T the test temperature of 25 °C. The activation volume for plastic deformation is 

related to the deformation mechanisms involved [220].  

A different transient behaviour after the strain rate jump can be observed for the high entropy- 

type compositions (Ni20, Ni60) on the one hand and the dilute solid solutions (Ni92, Ni100) 

on the other hand as shown in Fig. 24 c). The high entropy-type alloys exhibit a yield point 

behaviour with softening after a strain rate jump, followed by a short section of strain 

hardening. This yield point behaviour is observable to the same extent after annealing at 

temperatures up to 600 °C. In this regime, a UFG microstructure is present for both 

compositions. The Ni92 and Ni100 samples exhibit the same yield point phenomenon in the as-

deformed state, but less pronounced. Annealing at 300 °C results in a somewhat stronger strain 

hardening section. This phenomenon vanishes at temperatures above 300 °C.   

It is known from stress reduction tests of nc Ni alloys [221, 222] that dislocation-based plasticity 

is supressed after a stress drop due to temporarily pinning of mobile dislocations by solutes so 

that dynamic recovery by means of grain boundary processes get more prominent. 

Consequently, dynamic recovery of defects controls the strength by reducing the dislocation 

density while contributing to plastic strain. With further straining, hardening of the 

microstructure takes place, as mobile dislocations need to be generated, followed by a dynamic 

equilibrium of defect annihilation and generation. [221, 222] The observed transition 

behaviour of Ni20 and Ni60 can be described with the aforementioned processes and can thus 

be attributed to the high solute concentration in combination with a grain size in the nc and 

lower UFG regime, where grain boundary mediated processes are decisive [221]. The more 

pronounced yield point phenomena for Ni92 and Ni100 after annealing at 300 °C compared to 

the as-deformed state may be caused by the reduction of mobile dislocations during annealing 

[213, 214], while keeping the grain size almost constant in the lower UFG regime. The 

reduction in stress by reducing the strain rate in combination with the reduced number of 

mobile dislocations after annealing results in a suppressed forward glide of dislocations and 

recovery mechanisms start to dominate. As described above, further straining results in a short 

hardening section of the material due to dislocation nucleation. 

 

 



   

Synopsis of publications  59 

 

Fig. 24: a) hardness (pile-up corrected) vs. indentation depth for the Ni-X samples in the as-deformed state and b) 

activation volume and strain rate sensitivity vs. annealing temperature. The nanoindentation strain rate jump tests 

were performed at room temperature. Reprinted with permission from Keil et al. [207], Copyright (2022), Acta 

Materialia, Elsevier. 

The strain rate sensitivity increases with decreasing grain size, as dislocation – grain boundary 

interactions getting more pronounced [218, 223, 224], the activation volume behaves inversely 

according to Eq. 16. In the as-deformed state, all compositions show nearly identical activation 

volumes in the range of 30 b3. This corresponds to dominating dislocation-glide based plasticity 

(dislocation cross-slip and/or dislocation nucleation), which acts in the range up to 100 b3. 

[225-227]. After high temperature annealing, alloys with a higher alloying content show lower 

activation volumes. Furthermore, Ni20, Ni60 as well as Ni92 show much smaller V* compared 

to Ni100. This behaviour may be attributed to the higher SSH contribution that have to be 

overcome thermally activated, similar to the Peierls mechanism in bcc alloys [53]. For Ni100, 

dislocation-dislocation interactions are expected in the coarse-grained states based on the V*, 

which is in the range of several hundred b3 [227]. 

The change in hardness after annealing and the differences in the transient behavior indicate 

that SSH strongly influence the microstructural stability, i.e., the grain boundary kinetics. For 
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samples showing higher solute content, a pronounced hardness plateau is observable at higher 

temperatures, referring to lower grain boundary mobilities and thus higher structural stabilities. 

The transient behavior after a strain rate jump indicate more stable microstructures for samples 

with higher SSH contributions. The lower mobility of the grain boundaries in turn explains the 

differences in grain refinement and thus the different saturation grain size. 
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6. Summary 

The present thesis, which was carried out in the DFG framework “SPP2006: Compositionally 

Complex Alloys – High Entropy Alloys”, focuses on the phase stability and solid solution 

hardening effects of the single-phase fcc CrMnFeCoNi Cantor alloy and compositional 

deviations thereof using diffusion couples and discrete sample compositions.   

Diffusion couples were used to explore the multi-component space of HEAs in terms of 

composition-dependent structural discontinuities and individual solubility limits. With respect 

to phase stability, three different scenarios were observed (single-phase, phase transition and 

formation of intermetallic phases) and the stability ranges were visualized in comprehensive 

phase stability diagrams. The maximum solubility limits of the different constituents were 

identified and different approaches for describing the phase stability have been discussed 

including the atomic size mismatch parameter or the valence electron concentration. In case of 

Cr-Mn-Fe-Co-Ni based compositions, the atomic size mismatch is relatively small. Hence this 

parameter gives no indication on the expected phase at a given composition. Guo et al. [43] 

utilized the VEC to describe the phase formation of cubic solid solutions, but some restrictions 

are associated to this model and thus the applicability to diffusion couples is only limited. 

Nevertheless, the observed fcc – bcc phase transitions are consistent with the predictions of the 

VEC model. Furthermore, SSH effects were investigated within the concentration gradients of 

the Cantor alloy up to the respective phase boundaries, as concentration-dependent SSH has 

been a topic of interest in HEA research [13, 24, 103]. While the Cantor alloy and several 

discrete subsystems have been characterized in terms of strength [28], this work focuses on 

SSH across continuous concentration gradients up to the phase boundary with an emphasis on 

the influence of different elements on the SSH behavior. The experimental hardness was 

analyzed using a modified Labusch and the Varvenne SSH model. The Labusch model was fitted 

to experimental data and Cr was shown to be the most potent strengthening element, which 

confirms previous suggestions from literature [12]. While the Labusch model is not predictive, 

the Varvenne model remains parameter-free in its simplified form and can therefore be used 

for strength predictions. After introducing a concentration-dependent strain hardening factor, 

the Varvenne model is able to describe the hardness trends up to the phase boundaries of all 

diffusion couples.  

However, the used diffusion couple approach for studying the phase stability and SSH is also 

accompanied by some issues. First, a direct control of the local composition is not feasible, since 

all concentrations change simultaneously depending on the diffusion kinetics. Second, 

knowledge of the concentration-dependent strain hardening behavior during indentation is 

essential to relate the experimental hardness to strength predictions from SSH models. 
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Measuring the local strain hardening is linked to a high experimental effort. The flow behavior 

could be determined by means of a nanoindentation multiple sharp tip approach [228], by 

spherical indentation or by uniaxial micropillar compression tests [192]. 

Since Ni-enriched subsystems of the Cantor alloy show single-phase fcc structures throughout 

the concentration range, (CrMnFeCo)xNi1-x material systems were used to study the transition 

from high entropy-type alloys to dilute solid solutions. The effects of solutes on the mechanical 

properties and microstructural evolution during deformation and annealing were 

comprehensively investigated using HPT, electron microscopy (SEM & TEM) and 

nanoindentation. An inverse correlation between ds and SSH was found, i.e., higher SSH 

contributions cause smaller saturation grain sizes. Using the classical Labusch model, it is 

possible to describe the trend in grain size using a linear fit, however, the deviation increases 

at higher solute concentrations. The Varvenne model on the other hand predicts similar SSH 

contributions of the high entropy-type alloys (Ni20, Ni60), which is in good agreement with the 

measured grain size in combination with the Edalati correlation. The present results suggest 

that ds correlates with SSH not only in binary systems but also in HEAs. Furthermore, the shown 

trend in saturation grain size indicates that the atomic size misfit may be the main contributor 

to SSH in fcc HEAs rather than fluctuations in the shear modulus, as agreement is only found 

for the Varvenne model and not for the Labusch model. It seems that another mechanism for 

SSH may operate in HEAs, indicating a transition between dilute solid solutions and HEAs.  

Annealing of the Ni-X series results in grain growth and, if thermodynamically favourable, in 

segregation or secondary phase formation. While the decomposition tendencies of the Cantor 

alloy are already known in literature, see e.g. Ref. [51], the present study revealed Mn 

segregations at high angle grain boundaries and the formation of Cr-rich nanophases in the 

Ni60 alloy. Furthermore, the decomposition is limited to the high entropy-type alloys, as no 

segregations are observed for Ni92 after annealing. The grain coarsening behaviour was studied 

and a reduced grain boundary mobility was observed for the Ni20 and Ni60 alloys, which can 

be attributed to the kinetic stabilization due to pinning effects of solutes (solute drag) or the 

presence of secondary phases (Zener drag) and rather not to lattice distortions or local chemical 

fluctuations [145-147, 149]. The activation energy for grain growth was calculated for the 

alloys and two different temperature regimes have been found with significantly different 

activation energies. While at low temperatures stress relaxation processes and rearrangement 

of unstable grain boundary configurations dominate without significant grain growth, diffusion 

processes prevail at higher temperatures, resulting in grain coarsening. A comparison of the 

activation energies for grain growth Q and the diffusion coefficients D from tracer diffusion 

[208] reveals good qualitative agreement, indicating a correlation between Q and D.  
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The effect of solutes on the microstructural stability upon annealing was further studied by 

means of nanoindentation. The investigated compositions showed in the nc and UFG regime 

significant material pile-up during indentation, which changes with annealing temperature. In 

the as-deformed state, the hardness increases with increasing SSH contribution with its 

maximum for Ni60. This trend is caused by the higher SSH itself and the smaller saturation 

grain size, which in turn is also a consequence of the stronger SSH. Subsequent to a short period 

of hardening after annealing at 300 °C, different hardness trends evolve for the investigated 

compositions at intermediate temperatures. The high entropy-type alloys show a constant or 

increasing hardness up to 450 – 500 °C, where the grain size remains almost constant. The 

hardness of the dilute solid solutions already drops significantly after annealing in this 

temperature regime due to grain growth. However, the indentation modulus is not effected by 

the change in grain size or the formation of secondary phases at the given volume fraction. In 

this respect, nanoindentation hardness testing can be used to experimentally examine the 

composition-dependent thermal stability, indicating a higher microstructural stability for Ni20 

and Ni60 even at smaller grain size (higher defect density). Nanoindentation strain rate jump 

tests revealed differences in the transient behaviour between the Ni20 and Ni60 high entropy- 

type alloys and the dilute Ni92 and Ni100 solid solutions, which can be attributed to the 

different amount of solutes. The determined strain rate sensitivity or activation volume for 

plastic deformation provided insights into the thermally activated deformation processes with 

dislocation-glide based plasticity in the as-deformed states and after annealing at temperatures 

up to 600 °C. The relatively small activation volumes of the Ni20, Ni60 and Ni92 alloy after 

high temperature annealing indicate that SSH needs to be overcome by thermal activation, 

which is comparable to the Peierls mechanism in bcc metals. In summary, the effects of solutes 

or SSH on the grain refinement, the thermal stability including grain growth and decomposition 

and on the mechanical properties have been investigated. Based on the evolution of the lattice 

parameter, Laurent-Brocq et al. [27] proposed a transition from dilute solid solutions to HEAs. 

The results of the present work points in the same direction. First, the hardness trend of the 

Cantor+Ni diffusion couple indicate a transition at approx. 60 at.% Ni (Fig. 13 a). Second, 

there is also a breakpoint in ds and SSH contribution for the Ni-enriched derivatives of the 

Cantor alloy at the same Ni concentration (Fig. 20). Third, decomposition is limited to 

compositions with 60 at.% Ni and lower.  
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In this paper the phase stability and solubility limits of high-entropy alloys are studied, using a diffusion couple

approach. Diffusion couples have been fabricated using the established Cantor alloy (CrMnFeCoNi) and a com-

mercial fcc CoNiCrMo alloy (MP35N®) with constituent or foreign elements as diffusion partners. Chemical gra-

dients within the interdiffusion zone as well as the phase stability are quantified using EDX and EBSD. For

comparability of the results, new phase stability diagrams are presented. The experimental results show no gen-

eral correlation betweenmaximum solubility of individual elements and atomic size mismatch, whereas the va-

lence electron concentration model (VEC) seems to be a good approximation for fcc to bcc phase transitions for

most of the investigated diffusion couples.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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High entropy alloy
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1. Introduction

Over the last decade, the attention to a novel class of alloys called

high-entropy alloys (HEA) has increased significantly. By definition,

these alloys contain at least five principal elements, eachwith a concen-

tration of minimum 5 to maximum 35 atomic percent (at.%). [1–3] Fur-

thermore, a single-phase solid solution is often considered as another

mandatory criterion. The high-entropy alloys with five principal ele-

ments offer a huge parameter space for numerous alloys with poten-

tially interesting properties. [4] Various alloys have already been

developed and characterised from this vast compositional range, yet, it

remains widely unexplored. [4,5]. So far, mainly equiatomic systems

have been investigated in literature, whichwas driven by the idea of en-

tropy maximisation [1,6]. One of these alloys is the prototypical

equiatomic and nowadays well known CrMnFeCoNi alloy, which was

first studied by Cantor et al. [7] and shows a single face-centered cubic

(fcc) solid solution. Recent studies [8–11] on the thermal stability of
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the Cantor alloy have revealed the formation of precipitates at temper-

atures below 800 °C. Thus, even the Cantor alloy does not fulfil the

single-phase criterion. However, information on the phase stability

and the property range is hardly available in case of changing and

non-equiatomic compositions. This understanding is essential for both

alloy optimisation and fundamental scientific topics like solid solution

strengthening or phase stability including the role of valence electron

concentration and atomic size misfit. [12–16]

The diffusion couple technique or themodification to diffusion mul-

tiples are promising methods for investigating phase space, phase sta-

bility and mechanical properties over a wide range of compositions.

[17,18] Franke et al. [17] investigated binary diffusion couples combin-

ing EDX with nanoindentation and discussed the results in terms of

solid solution strengthening. Additionally, diffusion couples are used

to study diffusion or diffusional interactions in high-entropy alloys

and to discuss the phenomenon of “sluggish-diffusion”. [19,20] Using

diffusionmultiples, at least three components are placed in direct diffu-

sional contact to each other. In this way, information about phase stabil-

ity, mechanical properties and diffusion kinetics can be obtained for

higher-order systems much faster than with conventionally produced

alloys. The development of high-entropy alloys can be accelerated by

using the resulting contour maps of composition, hardness and stability

parameters of the quinary region. [21–24]

The objective of this work is to present possibilities and opportuni-

ties of the diffusion couple approach for investigation of the phase sta-

bility of high-entropy alloys over wide concentration intervals in a

continuous manner. For this purpose, we developed a diffusion couple

technique to explore in a continuous approach the chemical composi-

tion space of two different alloy systems. To investigate the phase stabil-

ity of high-entropy alloys, we changed the chemical composition

continuously starting from the base alloy. This allows to identify

composition-dependent structural discontinuities and to screen the

property range of the two different alloy systems. Phase stability is stud-

ied by a combination of energy dispersive X-ray spectroscopy (EDX)

and electron backscatter diffraction (EBSD). The investigated diffusion

couples are based on a commercial fcc CoNiCrMo alloy (MP35N®) and

the established CrMnFeCoNi Cantor alloy. The CrMnFeCoNi alloy is the

most well-known and investigated high-entropy alloy, but due to the

higher total number of elements a more complex system. In addition,

the four-component CoNiCrMo alloy provides further scenarios encour-

aging that this approach can be applied to subsets of high-entropy alloys

to investigate entire compositional ranges of individual constituent ele-

ments and not only an increase compared to the nominal composition.

2. Experimental procedure

Diffusion couples of the homogenised Co35.8 Ni35.3 Cr22.9Mo6.0
medium-entropy alloy (MEA) and the Cr20.7Mn18.5Fe20.2Co20.5Ni20.1
Cantor alloy were prepared with all constituent pure elements as well

as Fe as foreign element in case of the CoNiCrMo alloy. The purity levels

of the diffusion partner elements Cr, Mn, Fe, Co, Ni and Mo show purity

levels of 99.95%, 99.8%, 99.85%, 99.9%, 99.0% and 99.98%, respectively.

The commercial CoNiCrMo alloy was used in a fully annealed condition

and the Cantor alloy was synthesized by using an inductive furnace

under inert atmosphere followed by a homogenization step as de-

scribed in [25].

Fig. 1 schematically shows the experimental approach to generate

diffusion couples. The contact areas of both the alloy and diffusion part-

ner elementswere polished down to¼ μmdiamond suspension. For the

diffusion bonding step, the samples were mounted in a Mo sample

holder and a load was applied by screws. Subsequently, a two-step

heat treatment consisting of a diffusion bonding process and a high

temperature interdiffusion heat treatment was performed. The diffu-

sion welding process was carried out in a furnace under inert argon at-

mosphere at different temperatures between 1000 °C and 1250 °C for

1 h. In the next step, the welded specimen was sealed in quartz tubes

at 0.3 bar argon atmosphere to perform the final heat treatment under

inert conditions. In order to create a sufficiently large interdiffusion

zone, a final heat treatment was carried out for 24 h at temperatures

that were selected according to the material combination, followed by

water quenching. Due to the low melting point of Mn, the CrMnFeCoNi

+ Mn diffusion couple was diffusion welded and heat treated at 1000

°C, all other diffusion couples were diffusion welded at 1250 °C and

heat treated at 1150 °C. For chemical and structural investigations

within the interdiffusion zone, cross sections were prepared and

polished up to amechano-chemical treatmentwith a colloidal silica sus-

pension. The chemical and structural characterizationwas carried out at

a scanning electron microscope (TESCAN Mira3). The concentration

profiles within the interdiffusion zone were measured by EDX (energy

dispersive x-ray spectroscopy) line scans using 20 kV acceleration volt-

age, a dwell-time of 200ms, a step size of 1 μmand 32 to 64 frames. The

phase analysis was performed using electron backscatter diffraction

(EBSD).

3. Microstructural and chemical analysis

By combining the chemical analysis with the results of EBSD mea-

surements, maximum solubility limits of individual elements in thema-

trix of the base alloys can be observed in detail. During the interdiffusion

process, three different cases can be identified for both alloy systems.

Fig. 2. gives examples for the single phase case (a.): CrMnFeCoNi +

Ni), the formation of an intermetallic phase (b.): CrMnFeCoNi + Cr)

and the occurrence of a phase transition from fcc to bcc (c.):

CrMnFeCoNi + Fe). Table 1 and 2 provide an overview of the element

concentrations at the phase transitions from the base alloys to the re-

spective diffusion partner elements.

3.1. Single phase

If nickel is used as a diffusion partner element, the fcc crystal struc-

ture of both investigated alloys extends over the entire compositional

range (Fig. 3 a.) - b.)). For the CoNiCrMo + Ni diffusion couple, the

Fig. 1. Schematic diagram of a.) assembly of the diffusion couples (adapted from ur Rehman [26]), b.) formation of the interdiffusion zone (IDZ) during heat treatment.
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concentration profile of Ni shows a distinct s-shape within the interdif-

fusion zone as it is expected for binary diffusion couples from literature

(Grube-Jedele solution [27]). An increase in Ni content results in a con-

tinuous decrease of all other element concentrations. The changes in el-

ement concentrations extend over an interdiffusion zone width of

approximately 130 μm. Starting from the equiatomic composition of

the CrMnFeCoNi alloy, theNi concentration shows an s-shaped increase.

Up to a distance of approximately 67 μm to the interface, both Ni and Co

show an equal concentration level of about 24 at.%. Up to this position

the element concentrations of Cr and Fe are almost constant, while the

Mn concentration has already dropped to 12.4 at.%. In this region an ac-

cumulation of the Co concentration takes place (uphill-diffusion). In the

further course, the Mn concentration remains stable over a wide range

and Co, Cr and Fe decrease in their concentrations. While the decrease

in element concentration ismost pronounced for Co, the concentrations

of the elements Cr and Fe show a comparable course over the entire

width of the diffusion couple.

In case of Mn as diffusion partner element for the CrMnFeCoNi alloy

(Fig. 3 c.)), the entire concentration profile shows an fcc structure. Ac-

cordingly, no phase transition is observed. This seems exceptional as

pure Mn only appears above 1095 °C in the closest packed cubic struc-

ture [28]. The increase in Mn concentration leads to a decrease in the

concentrations of all other constituent elements to the same extent,

hence, the concentration profiles of the other constituent elements are

similar over the entire concentration interval, which extends over ap-

proximately 210 μm.

3.2. Phase transition

In contrast to the results using Ni or Mn as diffusion partner ele-

ments, an increasing element concentration of Co or Fe causes a phase

transition between the two base alloys and the pure element (Fig. 3

d.) – g.)).

For CoNiCrMo, the element concentrations can be increased signifi-

cantly up to approximately 62 at.% Co or 60 at.% Fe until a phase transi-

tion to the hcp structure of Co or to the bcc structure of Fe occurs. The

diffusion couple with Co (Fig. 3 d.)) exhibits an interdiffusion zone

width of approximately 108 μm.Within this compositional interval, Ni

shows the strongest decrease in element concentration. An increase in

Fe concentration (Fig. 3 e.)) results in a collective decrease in all concen-

trations of the constituent elements. In this case, Ni and Co show a com-

parable chemical profile and a pronounced decrease in concentrations.

For the CrMnFeCoNi alloy, the chemical gradients also show an s-

shaped concentration profile for the diffusion couples based on Co and

Fe. The increase in Co content results in a collective decrease of the

four other constituent elements. At first Ni exhibits a stable course,

but decreases rapidly in the area of the initial interface. The increase in

Co content leads to a phase transition of the fcc structure of the alloy

to the hcp structure of Co at approximately 66 at.% Co. Due to the ele-

ment exchange between the alloy and Fe, a phase transition from fcc

to bcc can be observed at an Fe concentration of approximately 65 at.

%. The increase in Fe results in a decrease of all element concentrations,

whereby Co andNi show a comparable chemical distributionwithin the

interdiffusion zone.

3.3. Formation of intermetallic phases

Besides entire single phase and phase transition, a third case can be

observed for both alloys, namely the formation of intermetallic phases.

By using Cr as a diffusion partner element (Fig. 3 h.) and j.)), the fcc

phase extends up to approximately 41 at.% Cr for the CoNiCrMo alloy

and up to 34 at.% for the CrMnFeCoNi alloy. A further increase results

in the formation of intermetallic phases. In case of the CoNiCrMo alloy,

the tetragonal sigma (CrFeMo) structure can be assigned to the inter-

metallic phase. The transition to the intermetallic phase is characterised

by abrupt changes in concentrations of all elements. Within the fcc

structure of the alloy, the increase in Cr leads to a decrease in Co and

Mo content, Ni remains unaffected at a constant level of about 31 at.%.

If the diffusion couple is based on the CrMnFeCoNi alloy, the formed in-

termetallic phase can be indexed as a bcc structure. In the area prior to

the phase transition, the elements Co, Fe and Mn are substituted by Cr

and Ni (uphill diffusion of Ni). The CoNiCrMo + Mo diffusion couple

shows the formation of an intermetallic phase (Fig. 3 i.)). Starting

Fig. 2. BSE images with superimposed chemical and phase distribution of CrMnFeCoNi alloy (green) paired with a.) Ni, b.) Cr and c.) Fe.

Table 1

Element concentration at phase transition of the diffusion couples based on the CoNiCrMo

alloy, entire single phase observed for the diffusion couple with Ni. The diffusion welding

process was performed at 1250 °C for 1 h and the final heat treatment was carried out at

1150 °C for 24 h.

Concentration in at.% Phase transition Co Cr Mo Ni

Base alloy 35.8 22.9 6.0 35.3

CoNiCrMo + Co fcc/hcp 61.7 14.4 3.3 20.6

CoNiCrMo + Cr fcc/sigma 24.8 41.2 3.3 30.7

CoNiCrMo + Fe fcc/bcc 14.1 9.2 2.1 14.3

CoNiCrMo + Mo fcc/IPa 27.4 19.5 16.0 37.1

a Unknown intermetallic phase, further investigations required.

Table 2

Element concentrations at phase transition of the diffusion couples based on the

CrMnFeCoNi alloy, entire single phase observed for the diffusion couples with Mn and

Ni. The diffusionwelding processwasperformed at 1250 °C for 1 h and thefinal heat treat-

ment was carried out at 1150 °C for 24 h.

Concentration in at.% Phase transition Co Cr Fe Mn Ni

Base alloy 20.5 20.7 20.2 18.5 20.1

CrMnFeCoNi + Co fcc/hcp 66.4 10.2 8.1 9.8 5.5

CrMnFeCoNi + Cr fcc/IPa 15.2 34.3 13.8 14.7 22.0

CrMnFeCoNi + Fe fcc/bcc 8.3 10.0 65.0 8.8 7.9

a Unknown intermetallic phase, further investigations required.
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from the composition of the base alloy, theMo content can be increased

in the fcc structure up to maximum solubility of 16 at.%. A continuous

increase in Mo results in a decrease in Co and Cr concentrations,

whereas uphill-diffusion of Ni towards the phase boundary to approxi-

mately 37 at.% can be observed. The phase transition is characterised by

abrupt changes in all element concentrations. The intermetallic phase

shows a constant composition in a width of approximately 36 μm. In

contrast to the diffusion couple with Cr, the formed intermetallic

phase cannot be indexed as bcc, fcc or sigma phase.

In general, the investigated alloys show for all constituent elements

(and Fe as a foreign element in case of CoNiCrMo) large concentration

intervals, in which the fcc phase of the alloy remains stable, or metasta-

ble as discussed below. The results show a very insensitive respond of

the alloys to fluctuations in concentrations. In cases where an interme-

tallic phase is formed within the interdiffusion zone, the maximum

amount of alloying element, which can be dissolved in the matrix of

the alloy is substantially lower.

To illustrate the formation of secondary phases, BSE (backscattered

electron) images with superimposed chemical distribution of the diffu-

sion couples CrMnFeCoNi with Cr and Fe are shown in Fig. 2 b.) and c.)

In case of Cr as a diffusion partner element, a grain orientation contrast

shift is found at the abrupt change in composition between the fcc struc-

ture of the alloy and the intermetallic phase (Fig. 2 b.)). In contrast to

this, a secondary phase can also be formed in smooth chemical concen-

tration gradients. The BSE image clearly shows the formation of mar-

tensite in the range of higher alloying element concentrations in the

bcc solid solution, which exhibits in a width of about 25 μm a different

microstructure (Fig. 2 c.)). A change in material contrast is not observ-

able. The position of the phase transition of the fcc structure measured

by EBSD corresponds to the phase boundary with the secondary

phase, which is visible in the BSE contrast.

There are several scenarios in a single diffusion couple experiments

with regard to phase stability, including entire single phase, phase transi-

tion between solid solutions or the formation of intermetallic phases

(Fig. 2). To visualize the sensitivity to compositional changes with regard

to phase stability, the results of multiple diffusion couples can be com-

bined in a spider web like diagram. Fig. 4 shows the dependence of the

crystal structure on the chemical composition of the investigated alloys.

Each branch represents a single diffusion couple experiment and the cor-

responding axis displays the composition of the respective diffusion part-

ner element. The grey area indicates the initial content of the respective

diffusion partner element in the base alloy. By the diffusive exchange

with the pure partner element at annealing temperature, the concentra-

tion of this element increases, while all other elements decrease in their

concentrations (Fig. 3), which is not shown here. Starting from the

equiatomic composition of the Cantor alloy (Fig. 4 b.)), the Fe concentra-

tion can be increased up to 65 at.% with alloy remaining in the fcc struc-

ture (green area). A higher Fe concentration results in a phase transition

from the fcc structure of the alloy to the bcc structure of Fe. In case of a

Cr increase (Fig. 4 b.)), the phase of the base alloy remains stable up to

34 at.%. At this point there is a jump in the Cr concentration to 54 at.%,

which indicates a two-phase region (green/blue shaded region). The

EBSD analysis shows a bcc structure from 55 at.% Cr up to 100 at.%, yet,

the shape of the profile with a nearly constant concentration over a cer-

tain width indicates an intermetallic phase (blue area). This was also

proven by nanoindentation hardness measurements, that are part of an

ongoing study, showing a high hardness level of approximately 11 GPa

within the flat concentration interval. Considering the limitations of

EBSD, further structural investigations are necessary, as the method is

not appropriate to determine the crystal structure of an unknown inter-

metallic phase. The phase transition from the intermetallic phase to

pure Cr is also characterised by a jump in concentrations, thus, exhibits

Fig. 3. EDX line profiles for the diffusion couples of CoNiCrMo and CrMnFeCoNiwith Cr, Mn, Fe, Co, Ni andMo. Based on the phase analysis, which is represented by a coloured scale on top

of each diagram, the diffusion couples are categorised into the three cases single phase (a.) – c.)), phase transition (d.) – g.)) and formation of intermetallic phases (h.) – j.)). The initial

interface is denoted by a dashed line. The diffusion welding process was performed at 1250 °C for 1 h and the final heat treatment was carried out at 1150 °C for 24 h for all samples

except CrMnFeCoNi + Mn (c.)), which was diffusion welded and heat treated at 1000 °C for 1 h and 24 h, respectively.

Fig. 4.Phase stability diagramof a.) CoNiCrMo and b.) CrMnFeCoNi alloy heat treated at 1150 °C (Cr,Mo, Fe, Co, Ni) or 1000 °C (Mn) and quenched to room temperature. The corresponding

axis shows the element concentration of the respective diffusion partner element. The diffusionwelding processwas performed at 1250 °C for 1 h and thefinal heat treatmentwas carried

out at 1150 °C for 24 h for all samples except CrMnFeCoNi + Mn, which was diffusion welded and heat treated at 1000 °C for 1 h and 24 h, respectively.
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a two-phase region that extends up to 99 at.% Cr beyond which the bcc

structure of Cr becomes stable.

4. Discussion

4.1. Methodological aspects

Phase formation rules and phase stability are key aspects in the field

of research on high-entropy alloys, yet, the terminology can bemislead-

ing as phase stability and thermodynamic equilibrium are often not

equivalent. Even though numerous high-entropy alloys with a single

phase solid solution at ambient temperature have been generated and

investigated, it is still unclearwhether any of them is actually in thermo-

dynamic equilibriumor all beingmetastable. One example is the precip-

itation behaviour of the Cantor alloy, which is still the most common

example for a single phase high-entropy alloy, despite being onlymeta-

stable below 800 °C. [4,8–11] This aspect also affects the apparent phase

stability ranges observed along the uniaxial concentration gradients in

the diffusion couples, as presented in this work.

In principal, the experimental procedure allows different cooling

conditions, such as freezing the condition at the annealing temperature

via quenching or slow cooling to approach the thermodynamic equilib-

rium of the system. Low cooling rates or additional dwell times at lower

temperatures would be the obvious choice for studies on thermody-

namic equilibria and decomposition tendencies of high-entropy alloys.

In this study, the specimen was quenched and phase stability is consid-

ered as states that can be kept stable at ambient temperature despite

being potentiallymetastable. This approachwould be a preferred choice

for investigations of properties in single phase solid solutions over a

wide compositional range such as solid solution hardening.

It is also possible to separate between phase transitions that already

occurred during interdiffusion annealing and those that occurred upon

cooling. During annealing, the system is in thermodynamic equilibrium

with respect to local chemistry and there are no changes to local chem-

istry upon water quenching. Consequently, phase transitions that show

discontinuities and accumulations in the concentration profile were al-

ready present during annealing and the discontinuities correspond to a

two-phase region, where intermediate concentrations do not exist on a

local scale (e.g. CoNiCrMo + Mo, CoNiCrMo + Cr and CrMnFeCoNi +

Cr). The accumulation in Ni concentration prior to the phase transition

can be explained by a narrow concentration interval within the inter-

metallic phases. Phase transitions with a smooth concentration profile

on the other hand must have formed during cooling. One example for

a smooth concentration gradient is the CrMnFeCoNi+ Fe diffusion cou-

ple. This diffusion couple exhibits an fcc structure over the entire con-

centration range at an annealing temperature of 1150 °C. Upon water

quenching, Fe transforms to bcc structure for Fe concentrations above

65 at.%. This leads to the observation of a phase boundary at room tem-

perature across a smooth diffusion gradient. Such a phase transition vi-

olates Gibbs phase rule and cannot exist in thermodynamic equilibrium

at annealing temperature, but must have formed during water

quenching. Based on this information, the phase stability diagram at an-

nealing temperature is presented in Fig. 5 and discussed below.

While diffusion couples show a huge potential for providing a com-

prehensive view on phase stability ranges and phase transitions with

limited experimental effort, there are also limitations to the method

that have to be considered. An increase of the alloying or foreign ele-

ment that is used in the diffusion couple not only results in a decrease

of the other constituent elements but also changes their concentration

ratios due to the different diffusivities of the elements involved. These

deviations can be negligibly small such as in the CrMnFeCoNi + Mn

case, where the diffusion couple resembles a quasi-binary phase dia-

gram within the limitations discussed above (Fig. 3 c.)). However, the

trajectory through the multi-dimensional phase diagram of high-

entropy alloys can also be more complex and far from linear in case of

uphill diffusion (e.g. CrMnFeCoNi+Ni) or the occurrence of intermetal-

lic phases during diffusion annealing (Fig. 3 b.)).

Thus, the diffusion couple technique facilitates to analyse a wide

range of concentrations, but a direct control of the composition is not

feasible. The technique therefore is a good approach to screen the prop-

erty range of medium- and high-entropy alloys over a wide composi-

tional range, but it cannot replace the selective production of

individual alloy compositions.

Furthermore, the concentration profiles aswell as the phase stability

ranges can be used for a comparison with existing results from Calphad

simulations. Bracq et al. [29] have calculated the stability ranges in the

Cantor alloy using the Calphad method and the TCHEA1 database by

varying the concentration of each element in the Cantor system, while

Fig. 5. Phase stability diagram of a.) CoNiCrMo and b.) CrMnFeCoNj alloy at annealing temperature, based on the shape of the concentration profiles. The diffusion couples with Cr, Mo, Fe,

Co and Ni were heat treated at 1150 °C, the diffusion couple CrMnFeCoNi + Mn was heat treated at 1000 °C.
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keeping all other elements in equimolar proportion. In case of an addi-

tion of Co, Fe and Ni the simulations show a completemiscibility (single

phase fcc) between the pure element and the CrMnFeCoNi alloy at an

annealing temperature of 1150 °C. This is confirmed by the present con-

centration profiles (Fig. 3), which exhibit no discontinuities for those

diffusion couples, thus, indicating an entire single phase range at the an-

nealing temperature (Fig. 5) as has been discussed above. The solubility

limit of Cr in the fcc structure of the Cantor alloy at 1150 °C was deter-

mined by Calphad to approximately 30 at.%. The present work shows

a maximum solubility of about 34 at.%. The small deviation could be at-

tributed to the fact that not all elements change in the same ratio and an

uphill diffusion of Ni occurs at the interface. Furthermore, the simula-

tions show a two-phase region (fcc+bcc) in a Cr concentration interval

from approximately 30 to 55 at.%. This corresponds well with the con-

centration interval of the discontinuity in the concentration profile

(Fig. 3 j.)) from approximately 34 to 53 at.% Cr, towhich a two-phase re-

gion is assigned (Fig. 5 b.))

According to Bracq et al. [29], Mn destabilizes the fcc solid solution,

however, the present results show a single fcc phase over the complete

concentration interval. This behaviour cannot be explained at the mo-

ment and requires further investigations.

4.2. Application to phase stability

The well-defined concentration gradient within the interdiffusion

zone of diffusion couples can be used to investigate fundamental scien-

tific aspects such as the phase stability of high-entropy alloys over a

wide concentration interval with limited experimental effort. By

superimposing the chemical concentration gradients with phase distri-

bution on a local scale, an insight into the phase stabilising factors can be

obtained. One benefit of this method is that not only individual alloy

compositions are considered, but also concentration intervals. Two pa-

rameters to describe the phase stability of high-entropy alloys are the

atomic size mismatch parameter δ and the valence electron concentra-

tion (VEC). [13,14] The continuous measurement of the chemical con-

centration facilitates the determination of a composition-dependent

atomic size mismatch and valence electron concentration distribution

within the interdiffusion zone. In thisway, the influence of these param-

eters on phase stability can be mapped.

4.3. Phase stability criteria: atomic size mismatch

The effect of the atomic sizemismatch on the phase formation is not

subjected to strict limits, it should be considered as a reference. The

atomic size mismatch parameter δ can be determined according to

Eq. 1 as a function of the chemical composition [13]:

δ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑
N
i¼1ci 1−ri=rð Þ2

q

ð1Þ

whereN is the total number of elements, ci is the concentration in at.% of

the ith element,r ¼ ð∑
N
i¼1ciriÞrepresents the average atomic radius and

ri is the atomic radius, which is obtained from literature [30]. The chem-

ical compositions respectively the δ-intervals within the intermetallic

phases (see Tables 3 and 4) can be used to complement the results of

Zhang et al. [13]. The diffusion couples formed on the basis of the

CoNiCrMo alloy are located in a δ-range in which both single phase

solid solutions and ordered or intermetallic phases occur. Thus, the re-

sults of the CoNiCrMo alloy confirm the dependency of the crystal struc-

ture on the atomic size mismatch, which is shown in literature. Due to

the very similar atomic radii of the constituent elements of the Cantor

alloy, fluctuations in element concentrations do not affect the atomic

size mismatch parameter.

4.4. Phase stability criteria: valence electron concentration

Another application of the diffusion couples that is related to phase

stability is the interpretation of the results with regard to the valence

electron concentration (VEC). Since the VEC directly affects the phase

stability, Guo et al. [14] presented a statistical analysis (Fig. 6) to de-

scribe the phase formation of cubic solid solutions as a function of the

valence electron concentration and adapted specific alloy compositions

and calculated the valence electron concentrations. Since each composi-

tion must be produced individually, they vary in processing and are as-

sociated with much experimental effort. According to the observed

crystal structures, they defined two threshold values for the formation

of fcc and bcc solid solutions.

Based on the chemical gradients at phase transitions, valence elec-

tron concentration intervals can be calculated for the different diffusion

couples. The CoNiCrMo and the CrMnFeCoNi base alloys show valence

electron concentrations of 8.5 and 8, respectively. In case of the

CoNiCrMo alloy, an increase in the concentrations of the bcc elements

Cr, Mo and Fe results in a decrease of the VEC. The phase of the base

alloy (green area) remains stable up to valence electron concentrations

of 8.0 (+Cr), 8.3 (+Mo) and 8.2 (+Fe). Thus, the phase transition of the

fcc medium-entropy alloy takes place at or before the mentioned

threshold value of 8.0. Since the diffusion couples with Cr and Mo

show the formation of intermetallic phases, a VEC interval can also be

obtained for the compositions within these phases (blue area). No VEC

is assigned to the concentration intervals within a discontinuity in the

profile. The VEC at phase transitions of the CrMnFeCoNi alloy may pro-

vide information on the applicability of themodel to five-component al-

loys. The concentrationswithin the fcc structure of the alloy show a VEC

interval from 8.0 of the base alloy to 7.75 at phase transitionwhen using

Cr as diffusion partner. Therefore, the measured phase transition takes

place in a VEC interval, in which a transition would be expected accord-

ing to the model. In the same way, VEC intervals can be assigned to the

intermetallic phase or to the phase of the diffusion partner element

(grey area).

However, there are also limitations to the applicability of this model.

The diffusion couple CrMnFeCoNi + Cr shows a transition from an

Table 3

Stability range of the intermetallic phases. The diffusion welding process was performed at 1250 °C for 1 h and the final heat treatment was carried out at 1150 °C for 24 h.

Concentration in at.% Co Cr Fe Mn Mo Ni

CoNiCrMo + Cr 21.0–17.1 53.8–63.9 – – 7.0–3.2 18.2–15.8

CoNiCrMo + Mo 24.7–21.6 15.6–11.9 – – 40.4–46-3 19.3–20.2

CrMnFeCoNi + Cr 12.1–7.7 53.6–71.3 12.1–8.2 10.4–6.5 – 11.8–6.26

Table 4

Atomic size mismatch of base alloy and intermetallic phase.

Diffusion couple Atomic size mismatch

Base alloy Phase transition Intermetallic phase

CoNiCrMo + Cr 2.85 2.47 2.79

CoNiCrMo + Mo 2.85 3.77 5.38

CrMnFeCoNi + Cr 0.92 0.99 0.99
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ordered to a disordered bcc structure, which is not considered in the

VEC model. The model also fails to predict the phase transition from

fcc to bcc that is observed in the CrMnFeCoNi + Fe diffusion couple.

Here, the VEC remains constant (8) over the entire interdiffusion zone

due to the fact that the change in concentrations of Co and Ni (VEC

N 8) is compensated by a change in concentration of Cr and Mn (VEC

b 8). Furthermore, the threshold values mentioned in the work of Guo

et al. [14] can only be considered as an estimate, given that they depend

on the cooling rates [31]. The frequently used fast cooling rates in liter-

ature allow a comparability to the present results, where samples were

also quenched. Yet, this implies that the stability ranges of the VEC

model include metastable ranges, whereas the thermodynamic equilib-

rium at low temperatures may not be a single phase solid solution, as it

has been demonstrated by the decomposition behaviour of the Cantor

alloy. [8–10]

4.5. Further applications

Phase stability is a key aspect in research on high-entropy alloys,

however several other aspects can be addressed using diffusion couples.

One example is solid solution strengthening, which is still not fully un-

derstood for high-entropy alloys [4,5,16]. Here, diffusion couples pro-

vide the possibility to investigate the mechanical properties as a

function of the chemical composition within the interdiffusion zone.

The comparison of chemical composition and hardness distribution

can reveal information about the solid solution strengthening behavior

in chemically complex systems. Another application example could be

related to diffusion properties of high-entropy alloys including the val-

idation of modelling approaches for (inter)diffusion, which is beyond

the scope of the current work.

5. Summary & conclusion

The aim of this work was to investigate the potential and limitations

of a diffusion couple approach for high-entropy alloys aswell as to apply

this approach to address phase stability aspects of such alloys. Diffusion

couples of the CoNiCrMo and CrMnFeCoNi alloys were prepared with

constituent and foreign pure elements as diffusion partner. The uniaxial

concentration gradients and the phase distribution within the interdif-

fusion zone were measured by a combination of EDX and EBSD.

1.) The diffusion couple approach enables investigations on phase sta-

bility over a wide compositional range with limited experimental

effort. Since the samples were quenched, phase stability measure-

ments consider potentially metastable phases, which can be kept

stable at ambient temperatures.

2.) Three scenarios with respect to phase stability can be observed, in-

cluding single phase, phase transition or the formation in interme-

tallic phases. A phase stability diagram is presented to visualize

the solubility limits of individual elements in the investigated fcc

high-entropy and medium-entropy alloys.

3.) Various approaches for predictingphase stability of high-entropy al-

loys have been discussed based on the atomic size mismatch or the

valence electron concentration (VEC). While the atomic size mis-

match describes the formation of intermetallic phases in the

CoNiCrMo alloy, the prediction of the structure is insufficient for

the CrMnFeCoNi alloy. The present results mostly validate the

model of valence electron concentration for predicting stable cubic

solid solutions. Hence, the threshold values defined by Guo et al.

[14] provide an indication for describing the phase stability with

the exception of the fcc to bcc transition with increasing Fe concen-

trations, which is not covered by the VEC model.

Fig. 6.Model of valence electron concentration for prediction of stable cubic phases. In addition to the statistical results of Guo et al. [14] (lower section of thefigure), themeasurements of

this work are also shown for the CoNiCrMo and CrMnFeCoNi alloy systems (upper section of the figure).
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4.) Diffusion couples enable the study of quaternary and quinary in-

termetallic phases within the chemical composition space of

high-entropy alloys. Intermetallic phases, which have already

formed during annealing are represented by discontinuities in

concentrations. The identification and characterization of these

phases is important, as the experimental data on quaternary

and quinary intermetallic phases currently still relatively limited.
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Solid solution hardening in high entropy alloys was studied for the Cantor alloy using diffusion couples 

and nanoindentation. We study a continuous variation of the alloying content and directly correlate 

the nanoindentation hardness to the local composition up to the phase boundary. The composition 

dependent hardness is analysed using the Labusch model and the more recent Varvenne model. The 

Labusch model has been fitted to experimental data and confirms Cr as the most potent strengthening 

element. For comparison of the experimental hardness and the predicted yield strength of the Varvenne 

model, a concentration‑dependent strain‑hardening factor is introduced to account for strain hardening 

during indentation, which leads to a very good agreement between experiment and model. A study of 

the input parameters of the Varvenne model, performed by atomistic computer simulations, shows no 

significant effect of fluctuations in the atomic size misfit volumes or in the local shear modulus to the 

computed yield strength.

Introduction

The role of solid solution hardening (SSH) in chemically com-

plex alloys e.g. high entropy alloys (HEAs) [1] has been subject 

of substantial attention in the past few years [2–6]. However, a 

generalised and validated model for the prediction of solid solu-

tion hardening in HEAs is still needed [2, 7]. The conventional 

Labusch SSH model [8, 9] describes the interaction of obstacles 

and dislocations in dilute solid solution alloys based on a com-

bination of two elastic effects (namely size and modulus misfits). 

In the Labusch model solid solution hardening is described as 

the change in critical shear stress �τLabusch ∝ �c
2/3 required 

for dislocation motion, where �c is the change in concentration 

of the solute. This conventional SSH model requires a clearly 

defined differentiation of solute and solvent species [8, 9]. The 

issue applying the Labusch model to HEAs is that no atomic spe-

cies can be taken as solute or solvent as all elements are present 

in similar fractions in the alloy.

An early approach for modelling SSH in HEAs was pro-

posed by Senkov [4] using the Labusch model. In this case, the 

TiZrNbHfTa body-centered cubic (BCC) alloy was modelled as 

pseudo-binary in terms of atomic size misfit and modulus misfit, 

which resulted in a yield strength difference of 18% between 

model and experiment. This approach, however has not been 

generalized for all HEAs, especially for alloys which cannot be 

split into pseudo-binaries.

A more recent approach for modelling SSH in highly con-

centrated face-centered cubic (FCC) HEAs was proposed by 

Varvenne [10, 11]. The Varvenne model describes a HEA as 

a homogeneous monoatomic matrix with average mechanical 

properties, in which the different constituents of the HEA are 

embedded. These randomly distributed solutes are responsible 

for the observed strengthening. Therefore, a dislocation mov-

ing through a HEA sees this homogeneous background matrix 

and the influence of the different solutes. The strain fields of the 

solutes interact with the dislocation line, exhibiting an interac-

tion force [10–12]. Whereas in the classical SSH models local 

fluctuations in the shear modulus ( �µ ) are assumed to influ-

ence the magnitude of this interaction force [8, 9], the Varvenne 


 F

o
cu

s 
Is

su
e

© The Author(s) 2021 

Article

ADVANCED NANOMECHANICAL TESTING



Article

© The Author(s) 2021 

 
 

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 R

es
ea

rc
h

 
 

V
o

lu
m

e 
3

6
 

 
Is

su
e 

1
2

 
 

Ju
n

e 
 2

0
2

1
 

 
w

w
w

.m
rs

.o
rg

/j
m

r

2559

Article

model only considers an atomic size misfit ( �V  ), neglects these 

fluctuations, and depends on an average shear modulus. Never-

theless, satisfactory agreement between experimental and pre-

dicted strength was obtained in previous studies of Cantor alloy 

subsystems [5, 6, 13].

In this paper, we study diffusion couples of the Cantor 

(CrMnFeCoNi) alloy [14] with its pure constituent elements 

to determine nanoindentation hardness as a function of local 

composition in a continuous manner. This approach allows us 

to study SSH in HEAs having access to a wide range of chemi-

cal compositions up to the solubility limit of each constituent 

element. Concentrations up to the phase boundary can thereby 

be accessed, which would be impossible using samples prepared 

with discrete concentrations (compare Refs. [5, 6]). We use this 

unique data set to correlate hardness and local composition to 

test the two SSH models and isolate the individual strength con-

tributions of the different solutes in the Cantor alloy system.

Results

Nanoindentation hardness measurements

Figure 1a shows the hardness as a function of indentation depth 

h of pure Ni and Cantor (H–h curves of the other diffusion cou-

ples are shown in the Appendix). The indentation size effect 

(ISE) causes a decreasing hardness with increasing indentation 

depth until a depth independent macroscopic H is reached [15]. 

To minimize the contributions from the indentation size effect 

and also to ensure a high lateral resolution, the hardness is aver-

aged over an indentation depth interval from 900 to 1000 nm. 

Indentations to higher depth (2500 nm) on discrete Ni-diluted 

Cantor subsystems (Ni20, Ni60, Ni92) have shown a concen-

tration independent internal length scale (h* ≈ 0.4) and thus a 

comparable ISE in the FCC solid solution of the Cantor alloy 

[16]. Since the ISE is expected to be comparable for all composi-

tions investigated, the averaged hardness from 900 to 1000 nm 

indentation depth can be used to evaluate the SSH. Furthermore, 

indentation strain rate jump tests on the aforementioned dis-

crete Ni-diluted Cantor subsystems revealed a negligible strain 

rate sensitivity in the range of 0.004 (pure Ni) to 0.009 (Can-

tor). Furthermore, all indentation experiments are performed 

at a constant strain rate, no effects on the evaluation of SSH 

are expected due to strain rate sensitivity. The pile-up behavior 

was measured and no significant pile-up could be detected for 

all investigations up the phase boundary. From these results, 

a composition independent pile-up behavior and strain rate 

sensitivity is assumed for these samples, thus, the used Tabor´s 

equation holds true and no effects on the evaluation of solid 

solution hardening is expected.

The effect of SSH in the CrMnFeCoNi alloy can be clearly 

seen in the indentation data in Fig. 1a as the hardness increases 

upon addition of Cr, Mn, Fe, and Co to Ni. The indentation 

modulus E is constant for each indentation but shows a con-

centration dependency, as can be seen for Ni and Cantor. A 

mean indentation modulus of 198.3 ± 7.9 GPa is obtained for 

the Cantor alloy and 221.4 ± 2.4 GPa for Ni, both being in good 

agreement with literature data of single phase materials [17, 18].

Concentration and hardness profiles

The local concentration, crystal structure and hardness were 

measured over the whole interdiffusion zone using a diffusion 

Figure 1:  (a) Typical measurement of nanoindentation hardness H and indentation modulus E as function of indentation depth h for Cantor and Ni. (b) 

Light microscopy image of the indentation field across the interdiffusion zone of the diffusion couple CrMnFeCoNi + Fe.
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couple approach; here only the FCC single-phase region is 

shown. For more details on the microstructure and a detailed 

discussion of the different diffusion profiles and the stabil-

ity ranges of other phases see Ref. [19]. A light microscopy 

image of a representative indentation field across the com-

plete interdiffusion zone between Cantor and Fe is shown 

in Fig. 1b. We can assume that the composition within the 

plastic zone beneath the indenter is nearly uniform, as we lim-

ited the penetration depth to 1000 nm. Due to the large grain 

size of ≈ 100 µm, grain boundary strengthening effects can be 

neglected, as each indent probes only a single grain. Further-

more, we do not observe a gradient in grain size along the 

interdiffusion zone. For the evaluation of SSH, only indents 

with a minimum distance of the plastic zone’s diameter from 

the phase boundary were considered.

Figure 2 shows the hardness as a function of varying con-

centrations (solid lines) of the FCC structure in the interdif-

fusion zone (IDZ) starting from the equiatomic composi-

tion of the Cantor alloy with a hardness level of ≈ 2.2 GPa on 

the right. The coefficient of variation (ratio of the standard 

deviation to the mean value), caused by the nanoindentation 

testing setup, is shaded in gray. The maximum coefficient of 

variation was determined by reference measurements in the 

equiatomic Cantor alloy as well as in the pure elements and is 

assumed as being constant within the concentration gradients 

(max. ± 3%). On the x-axis, the relative position in the IDZ is 

shown, while the concentrations of the constituents are given 

by colored lines. Figure 2a shows the diffusion couple CrM-

nFeCoNi + Ni, with a single FCC phase over the entire com-

positional gradient, thus, the complete hardness profile can 

be used to analyse the effect of SSH starting from a constant 

and equiatomic composition. Up to a Ni concentration of 70 

at.%, the hardness remains almost constant at a hardness level 

of about 2.2 GPa and decreases with further increase in Ni. 

The hardness decreases to the hardness of pure Ni as the Ni 

concentration approaches 1.

If a phase transition takes place within the interdiffusion 

zone (Fig. 2b–d), only the FCC phase region will be considered 

in the further analysis. The concentrations of the respective dif-

fusion partner elements Co or Fe can be increased substantially 

up to ≈ 65 at.% until a phase transition takes place [19], it is 

possible to evaluate SSH up to ≈ 55 at.%. As Co and Fe increase 

in concentration, all other constituent elements show a decreas-

ing concentration. The diffusion couple CrMnFeCoNi + Co 

(Fig. 2c) shows nearly no influence of changing concentrations 

on the hardness level. An increase in Fe (Fig. 2d) results in a 

continuously decreasing hardness. The diffusion couple CrM-

nFeCoNi + Cr shows the formation of an intermetallic phase 

above ≈ 35 at.%. The relatively small increase in Cr prior to the 

formation of an intermetallic phase leads to a hardness increase 

of 0.3 GPa up to 29 at.% Cr.

Due to oxidation and other surface defects in the CrMn-

FeCoNi + Mn diffusion couple (evident from the scattering of 

the nanoindentation data), the evaluation of the hardness is lim-

ited to Mn concentrations below 55 at.%. The hardness increases 

in this concentration interval with increasing Mn content from 

2.2 to 2.5 GPa.

Discussion

The direct correlation between hardness and chemical gradi-

ents allows to draw conclusions about solid solution hardening. 

The measured concentration profiles are used as an input for 

the Labusch model [8, 9] and alternatively the Varvenne model 

[10, 11]. Both applied models will then be validated against the 

experimentally measured hardness. By adding each constituent 

species to the equiatomic composition, the respective influence 

can be investigated over the complete compositional ranges for 

all five diffusion couples, where the FCC structure of the Cantor 

alloy is (meta-)stable.

Application of the Labusch model

To apply the Labusch model to highly concentrated multi com-

ponent alloys—including HEAs, we generalize the model intro-

ducing a different strengthening parameter kn for each element n 

leading to the following formulation of the Labusch strengthen-

ing model (Eq. 1). Here it is assumed that �τLabusch contribu-

tions are additive per constituent of the alloy:

Equation 1 is used to fit the modified Labusch model to 

the experimental hardness data. The individual kn param-

eters are found using the change in hardness ( �H ) and the 

change in concentration ( �c ) for the two boundary phases 

(equiatomic Cantor alloy and composition at phase boundary) 

for all five diffusion couples simultaneously and solving the 

resulting system of linear equations. The following strength-

ening parameters in units of GPa/at.%2/3) were obtained: 

kCr = 0.0514, kMn = 0.0058, kFe = −0.0470, kCo = −0.0109,

kNi = −0.0342 . The absolute value and sign of the strengthening 

parameter determine the effect of a changing concentration of 

the specific element on the strength of the equiatomic Cantor 

alloy. Based on these k-values and the measured concentration 

profiles, the concentration dependent hardness is modelled and 

compared to experimental results. The measured and calculated 

hardness values normalised by the hardness of the Cantor alloy 

are shown in Fig. 3. Discrete points denote our measurements, 

while solid lines give the Labusch solution. Please note, that the 

different data series are shifted by a constant offset to improve 

readability. The modified Labusch model is able to accurately 

(1)�τLabusch =

∑

n

kn�c
2/3
n ∝ �H
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describe the measured hardness for Cr, Mn, Co, and Fe. For Ni 

on the other hand, the hardness plateau up to ≈ 70 at.% Ni is not 

captured by this model. It predicts a continuously decreasing 

hardness in the Cantor + Ni sample.

As outlined in “Relating yield stress to hardness” section, the 

conversion between changes in the hardness of a material and 

its yield strength is not straight forward. Fitting Eq. (1) how-

ever, allows us to circumvent these uncertainties as they are 

incorporated in the different kn values. Therefore, the apparent 

deviation of the Ni hardness series from the prediction cannot 

be explained by concentration dependent strain hardening or 

the ISE.

Figure 2:  Concentration profiles for the different Cantor + i diffusion couples measured using EDX. d is the relative position within the IDZ starting from 

the Cantor alloy on the right. The respective diffusion partner is Ni, Cr, Co, Fe, and Mn going from (a) to (e). Only the single-phase FCC region for each 

sample is shown. Due to oxidation effects of Mn (e), the evaluation of the hardness is limited to the Mn concentration interval from 20 to 55 at. %. The 

full concentration profiles can be found in Ref. [19]. The nanoindentation hardness is scaled on the secondary y-axis. For further details regarding the 

error bars (grey), please see the full text.
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Even though, the modified Labusch model is not predictive 

(the strengthening parameters kn cannot be known a priori) it 

provides important insights into the strengthening characteris-

tics of the Cantor system. Note that we have not only used the 

narrow concentration gradient towards the phase boundary of 

the diffusion couple Cantor + Cr but we also solved the linear 

system of equations using all five diffusion couples simulta-

neously. Based on the obtained strengthening parameters, Cr 

(positive kn ) seems to be the most potent strengthening ele-

ment. This observation is consistent with results from Wu et al. 

[3], where Cr was identified as the element with the strongest 

impact on strength, which they attributed to modulus mismatch 

effects. They suggest that the effect is caused by the different 

shear modulus of Cr compared to the other constituents, based 

on the assumption of the elastic constants of the elements in 

their ground state. But it should still be considered, that the 

Cantor alloy shows a well-defined shear modulus distribution 

(Fig. 6), which raise the question how the shear modulus misfit 

needs to be taken into account.

Fe on the other hand shows a contrary effect as it leads to a 

decrease in hardness, which has already been observed by Bracq 

et al. [5] for discrete compositions. This behavior is expressed by 

a negative strengthening parameter.

Application of the Varvenne model

The Labusch model can be used to describe the measured 

hardness data, but given its large number of tunable param-

eters it can hardly be used to predict the concentration 

dependent strength of a HEA. The Varvenne model in its 

simplified elastic form given by Eqs. (2)–(4) (see methodol-

ogy “Varvenne solid solution-hardening model” section), on 

the other hand, remains parameter-free and can therefore be 

used as a predictive tool. However, the Varvenne model can-

not provide the absolute hardness measured by nanoindenta-

tion, as it describes only a concentration dependent critical 

shear stress at zero strain. Therefore, we rescaled the experi-

mental and predicted hardness by the Cantor hardness level: 

�σSSS ∝ H(cn)/HCantor ∝ fCM�τVarvenne and the ratio between 

the composition of the equiatomic Cantor alloy on the one side 

and the local composition at the phase boundary on the other 

side. This ratio ( H(cn)/HCantor ) is considered in Fig. 4. This 

approach is similar to the normalisation chosen in Refs. [5, 6]. 

Additionally, a strain hardening factor f (c) is introduced, which 

includes concentration dependent strain hardening and other 

effects during indentation. The normalization H/HCantor cancels 

out errors in the conversion from H to σy for the Cantor alloy. 

Concentrations far away from equimolarity have different strain 

hardening contributions and this effect can be compensated by 

the strain hardening factor. Initially, a concentration independ-

ent strain hardening was assumed using a constant f parameter 

of 2 (≈ 1.84 found in tensile tests [20]), which leads to the results 

shown in Fig. 4a, where the predicted and measured hardness 

ratios over the concentration of the main element in the diffu-

sion couple are shown. Here the solid lines corresponds to the 

yield strength obtained from the Varvenne model at 300 K. The 

required pure metal material constants were taken from Refs. 

[21, 22], model specific parameters e.g. α and �Vn were taken 

from Ref. [11] and are summarized in Table 2.

The Varvenne model is able to describe the hardness gradi-

ents for the increase in Co and Fe, but it fails to predict the 

hardening behavior for Cr or Mn, or the softening for Ni accu-

rately. In case of the CrMnFeCoNi + Ni couple, the model pre-

dicts a decreasing hardness down to 0 GPa for pure Ni. This 

behavior is caused by the fact that for pure elements, the atomic 

size misfit in Eq. (2) becomes zero and consequently the pre-

dicted critical shear stress is zero. In order to take the indenta-

tion base hardness of Ni (1.5 GPa) into account, we shifted the 

predicted hardness by this constant hardness level: 

H(c) = HNi + fCMτVarvenne . The superposition of the Ni base 

hardness and the Varvenne model is now represented by a 

dashed line in Fig. 4a and good agreement is found. Moreover, 

the Varvenne model is able to capture the plateau in hardness 

upon addition of Ni. Since we are not able to describe all diffu-

sion couples sufficiently well with the model, the question arises 

whether this is due to the basic assumptions of the Varvenne 

model (grey matrix, fixed misfit volumes) or due to the compari-

son between computed yield strength at zero strain and nanoin-

dentation hardness. To address the first issue, we have deter-

mined the standard deviation of the atomic misfit volumes using 

atomistic computer simulations (Appendix C.2.: Misfit volumes) 

and integrated these into Eqs. (2) and (3) according to Ref. [11]. 

Here �V
2
n is replaced by ( �V̄

2
n + σ

2
�Vn

 ), where �V̄n is the mean 

Figure 3:  Measured hardness as function of the concentration of the 

Cantor alloy partner in each diffusion couple (symbols). The fit results 

from the modified Labusch model (Eq. (1)) are given by solid lines. For 

clarity, each sample has been shifted along the ordinate. The coloured 

bars represent the error of the indentation experiments.
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misfit volume and σ denotes its standard deviation. The respec-

tive standard deviations of the solutes are determined to: 
σ
2
�VCr

= 0.0887Å3, σ
2
�VMn

= 0.0900Å3, σ
2
�VFe

= 0.0754Å3, σ
2
�VCo

= 0.0773Å
3
,

σ
2
�VNi

= 0.0673Å
3 . Furthermore, we determined the distribution of 

the local shear modulus (Appendix C.1: Local shear modulus) 

and implemented the standard deviation of the local shear mod-

ulus (6.246 GPa) as additive strengthening contribution into the 

aforementioned equations ( µ̄ is changed to µ̄ + σµ ). Inserting 

both standard deviations ( σ 2
�Vn

 and σµ ) is only physically mean-

ingful, if there is a correlation between the atomic size misfit and 

the local shear modulus in the HEA-matrix. Even though simu-

lations could not show a correlation, it serves as an upper limit 

for yield strength predictions of the Varvenne model. Including 

the standard deviations, a maximum increase in yield strength 

of roughly 13% can be observed for the equiatomic Cantor alloy, 

which is mostly attributed to the variation in shear modulus. 

Nevertheless, the absolute nanoindentation hardness is not 

provided.

Despite the consideration of the standard deviations, some 

hardness trends (Cr and Mn) cannot be described by the model. 

Therefore, a concentration-dependent strain-hardening behav-

ior has now been introduced. Figure 4b shows the fit using a 

concentration dependent f factor for describing the nanoinden-

tation hardness evolution for all diffusion couples. Substantial 

concentration changes are found within the IDZ and as a conse-

quence, parameters such as the stacking fault energy (SFE) will 

change, which in turn affects the local strain hardening behavior 

and thus the parameter f. The concentration dependent param-

eter f was fitted based on the measured hardness to account 

for the strain hardening of changing compositions within the 

interdiffusion zone. Since we do not have access to all required 

experimental data for the direct derivation of the concentration-

dependent f factor for all diffusion couples, in the following we 

will assume a linear dependency. As it can be seen in Fig. 4b, 

a linearly increasing hardening behavior from 2.0 for Cantor 

to 2.3 for Cr rich compositions and to 2.75 for Mn rich com-

positions describes the increasing hardness with increasing Cr 

or Mn concentration well. The introduction of a concentration 

dependent f factor leads to good agreement using the Varvenne 

SSS model and nanoindentation hardness mapping, whereas 

fluctuations in the local shear modulus and atomic size misfit 

volumes show negligible effects on the predicted hardness.

Bracq et al. [5] tested 24 discrete compositions based on 

the Cantor alloy with four elements staying in equiatomic ratio, 

while the respective fifth element is varied in concentration 

within the FCC phase space. Using discrete compositions gives 

better statistics for the mechanical characterisation on each 

sample, but the investigation of the vast compositional range of 

HEAs is strongly limited due to a high experimental effort. The 

diffusion couple approach on the other hand can be considered 

as a high-throughput screening method investigating broad 

concentration ranges up to the phase boundary. A quantitative 

comparison of the nanoindentation hardness values seems to 

be not appropriate, as the evaluation of hardness took place at 

different indentation depth. Furthermore, the equiatomic ratio 

of the other elements can not be kept while adding the respec-

tive fifth element during interdiffusion heat treatment. However, 

a qualitative comparison shows similarities for the addition of 

Co, Fe, Ni and differences for Cr, Mn. While Bracq et al. [5] 

could not notice any effect of Mn or Cr increase on hardness, 

Figure 4:  Predicted (solid lines) and measured hardness (symbols) normalized by HCantor as function of the concentration of the Cantor alloy partner in 

each diffusion couple. (a) shows the calculated results from the Varvenne model (Eqs. (2)–(4). (b) shows the Varvenne fit results with a concentration 

dependent f factor for Cr, Fe, Mn and Ni. The respective f factors are shown in the inset. For Co and Fe a constant f of 2 is assumed as it describes the 

measured hardness data well. For Cantor + Ni a constant hardness value was introduced to describe the indentation base hardness of pure Ni (dashed 

lines). The coloured bars represent the error of the indentation experiments.
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we observe an increase in hardness especially by adding Cr up 

to the FCC phase boundary. This observation is consistent with 

the results from Wu et al. [3], where Cr was also identified as the 

most potent strengthener element.

Summary and conclusion

The diffusion couple approach enables the investigation of mul-

ticomponent alloys over wide compositional intervals regarding 

phase stability or solid solution strengthening. In this work, the 

superposition of EDX and nanoindentation hardness measure-

ments was used to investigate SSH as a function of the chemical 

composition up to the phase boundary of the FCC phase of the 

Cantor alloy system. It has been shown that nanoindentation 

hardness mapping can be used for fast exploration of SSH of 

various chemical compositions. Moreover, the experimentally 

measured hardness was compared to the hardness predicted by a 

modified Labusch model and the more recent Varvenne model.

1. The Labusch model can be modified and fit to experimen-

tal nanoindentation data. Trends and effects for different 

constituent elements and solute additions (Co, Cr, Fe) are 

described well, but the model fails to describe trends for 

the large compositional range to pure Ni. According to this 

model, Cr seems to be the most potent strengthening ele-

ment due to its highest strengthening parameter.

2. The Varvenne model qualitatively describes the trends 

in most diffusion couples over the whole compositional 

range in the FCC structure. A concentration dependent 

correlation factor was introduced to consider changing 

strain hardening behavior and to fit the Varvenne model 

to experimental nanoindentation results, leading to good 

quantitative agreement.

3. Considerable fluctuations in the local shear modulus as 

well as in the atomic size misfit volumes were calculated 

by atomistic computer simulations, which in turn have no 

significant effect on the yield strength predictions of the 

Varvenne model and could be neglected.

Methodology

Varvenne solid solution‑hardening model

The Varvenne solid solution model specifically designed to 

describe highly concentrated FCC alloys based on the assump-

tion of a homogeneous average background matrix. There are 

various notations for the Varvenne model, which contain dif-

ferent prefactors. The notation we will be using follows Ref. [23] 

and is valid for FCC samples:

Parameters of the model are the mean shear modulus µ̄ and 

Poisson’s ratio ῡ of the alloy, the length of the Burgers vector b, 

the concentration of each constituent cn and the corresponding 

misfit volume �Vn . The temperature T can then be used to cal-

culate the critical shear stress τy at finite temperatures. Further 

parameters and their derivation are explained in Ref. [11]. The 

mean properties of the HEA are commonly obtained from a 

rule-of-mixture, ξ̄ =
∑

n

cnξn , where ξ is the physical property 

of interest [23]. The misfit volumes of the Cantor system are 

taken from Ref. [11]. The flow stress is linked to the predicted 

shear stress (cf. Eq. (4)) by the Taylor factor M (equal to 3.06 for 

(2)�τy0 = 0.01785α−1/3µ̄

(

1 + ν̄

1 − ν̄

)4/3[∑

n cn�V2
n

b6

]2/3

(3)�Eb = 1.5618α1/3µ̄b3
(

1 + ν̄

1 − ν̄

)2/3[∑

n
cn�V

2
n

b6

]1/3

(4)τy = τy0

[

1 −

(

kBT

�Eb
ln

ε̇0

ε̇

)
2

3

]

Figure 5:  Relation between depth and concentration-dependent hardness H (h, c) and the yield strength σy as function of the concentration change �c 

using Tabors eq. Knowledge of the strain hardening σstrain is required to extrapolate from the experimentally measured hardness to the yield strength.
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polycrystalline FCC samples) [11]. The Varvenne model only 

considers a mean shear modulus and the respective atomic size 

misfit volumes �Vn , whereas Labusch describes the strengthen-

ing based on the addition of two elastic contributions: atomic 

size and shear modulus mismatch [8, 9].

Experimental procedure

Diffusion couples were prepared from a homogenized 

 Cr20.7Mn18.5Fe20.2Co20.5Ni20.1 Cantor alloy and its constitu-

ent pure elements. The purity levels of the diffusion partner 

elements (> 99.0%), sample preparation, heat treatment and 

quenching conditions can be found in Ref. [19]. The used heat 

treatment procedure avoids decomposition and retains the FCC 

phase stable of the Cantor alloy at ambient temperatures despite 

being potentially metastable. Cross sections of the diffusion cou-

ples were prepared by a mechano-chemical polishing down to 

colloidal silica to prepare deformation free and smooth surfaces, 

required for chemical, structural and mechanical investigations 

within the interdiffusion zone. The mechanical properties were 

investigated by nanoindentation testing, using a G200 nanoin-

dentation system (KLA) equipped with a diamond Berkovich tip 

(Synton-MDP). The local mechanical properties were measured 

with a continuous stiffness measurement (CSM) [24, 25], with 

an oscillation frequency of 45 Hz and a harmonic displacement 

of 2 nm. An input strain rate ( ̇ε =
ṗ
p ) of 0.05 was chosen. The 

maximum indentation depth was set to 1000 nm and the hard-

ness is averaged over an indentation range of 900–1000 nm. The 

pile-up behavior around the indent was measured via a Laser 

Scanning Microscope (Olympus Lext OLS 4100). A scanning 

electron microscope (TESCAN Mira3) was used to investigate 

the chemical and phase distribution within the interdiffusion 

zone by energy dispersive X-ray spectroscopy (EDX) and elec-

tron backscatter diffraction (EBSD).

Relating yield stress to hardness

With SSS models, the contribution of individual alloying ele-

ments onto the yield stress are determined, whereas these 

models do not quantify possible changes in the defect stor-

age, annihilation and thus work hardening behaviour of the 

alloys. The experimentally determined hardness H however 

comprises different factors besides solid solution strength-

ening, for example work hardening in presence of the 

indentation strain gradient needs to be considered. Hence, 

the difference in hardness between an alloy and the pure 

matrix element (referred to as unalloyed) is used to quan-

tify solid solution strengthening using nanoindentation: 

�σSSH ∝ �HSSH = Halloy − Hunalloyed [26]. Figure  5 sche-

matically depicts an approach to relate the depth h and con-

centration dependent indentation hardness H (h) to the con-

centration dependent yield strength σy(xi) . The hardness can 

be related to the flow stress σ at representative strain using 

Tabor’s equation [27]: H ≈ Cσ

(

εrep

)

 , where C represents the 

constraint factor C = 3 [28] and εrep is the representative strain. 

The dependency of the constraint factor on the elastic/plastic 

work ratio according to Leitner et al. [29] was used and a 

fully plastic behavior was observed for all compositions up 

to the phase boundary and we do not expect any influence 

for the further model analysis. For the used Berkovich tip, a 

representative strain of εrep ≈ 8% [28] is found. Tabor’s eq. 

only holds true if other contributions to the experimental 

hardness, like strain hardening, indentation size effect (ISE), 

pile-up behavior and strain rate sensitivity, are independent 

of concentration [26, 30]. For the tested material systems 

pile-up and rate sensitivity can be neglected, and the ISE is 

considered to be comparable for all compositions (as shown 

for Cantor and pure Ni in Fig. 1). However, knowledge of the 

strain hardening behavior σ = σ0ε
n where the work harden-

ing exponent n depends on the composition is essential for a 

correlation between flow stress at representative strain and 

the yield strength σy at zero strain. In particular, the stack-

ing fault energy (SFE) will change with composition and thus 

affect the local strain-hardening behavior ( +�σ , see Fig. 5) 

[31, 32]. Finally, the yield strength can be related to a hardness 

value and thus nanoindentation hardness mapping as function 

of the concentration c allows us to investigate solid solution 

strengthening in a continuous manner. Bracq et al. [5] also 

compared the indentation hardness of various FCC HEAs 

based on the Cantor alloy with a calculated yield strength 

using Tabor´s eq. and assumed a 20% uncertainty.
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Appendix A: List of symbols

See Table 1.

Appendix B: Material parameter

See Table 2.

TABLe 1:  List of symbols.

τcrit Critical shear stress

kn Strengthening parameter of element n

cn Concentration of each constituent

α Line tension parameter

µ̄ Mean shear modulus

ν̄ Mean Poisson´s ration

b Burgers vector

�Vn Misfit volume of element n

T Temperature

�Eb Energy barrier

ε̇0 Experimental strain rate

τy0 Zero temperature critical shear stress

τy Critical shear stress

C Constraint factor

σy Yield strength

Ṗ Loading rate

P Load

a Lattice constant

TABLe 2:  Material parameters 
used as input for the yield 
strength calculations based on 
the Varvenne model [11, 21, 22].

Element a/pm µ/GPa ν E/GPa b/pm
�VnÅ

3

Cr 288.46 115.3 0.21 279 249.81 12.27

Mn 386.24 79.5 0.24 191 273.11 12.60

Fe 364.68 81.6 0.29 208 257.87 12.09

Co 354.45 82 0.32 211 250.63 11.12

Ni 352.38 76 0.31 199 249.17 10.94
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Appendix C: Atomistic computer simulations

C.1: Local shear modulus

The Varvenne model is based on the assumption of an aver-

age background matrix, into which solutes are embedded [10, 

11]. This average matrix has an average shear modulus µ̄ , which 

is taken as homogeneous over the whole sample. The interac-

tion of the dislocation with the local chemical fluctuations of 

the HEA are included by means of the volume misfit term �V  , 

which accounts for the size difference of the elements. Atomistic 

computer simulations are used to investigate whether the HEA 

matrix can be seen as an average matrix with a homogeneous 

shear modulus or if there are strong local fluctuations which 

need to be treated individually (Fig. 6).

To answer this question, we calculate the local stiffness ten-

sor for each atom in a Cantor alloy sample using the computa-

tional approach presented in Ref. [33]. Calculations were per-

formed using LAMMPS [34] and the equimolar CrMnFeCoNi 

HEA was described by the 2-nearest neighbor modified embed-

ded atom method (MEAM) interatomic potential [35] para-

metrized by Choi et al. [36]. The single crystalline FCC sample 

was prepared using ATOMSK [37] and contained 5 ×  105 lattice 

sites occupied by randomly distributed Cr, Mn, Fe, Co, and Ni 

atoms. We determined the macroscopic elastic constants from 

finite deformations of the simulation cell using Hooke’s law. Post 

processing and visualization were performed in OVITO [38].

From this data the Voigt–Reuss–Hill (VRH) [39] averaged 

local shear modulus can be obtained for each atom. Fig. 6 shows 

a histogram of the local shear modulus ( µVRH, local ) compared to 

Figure 6:  Distribution of the local VRH shear modulus ( µVRH,local ) in the equimolar Cantor alloy. For comparison the VRH shear modulus for the same 

alloy determined from Hooke’s law is given ( µVRH,global ). The inset shows a snapshot of the sample with atoms color-coded based on their local shear 

modulus.

Figure 7:  Distribution of the static atomic volume  Vi for each atomic 

species in the CrMnFeCoNi HEA determined by polydisperse Voronoi 

tessellation at 0 K. The average atomic volume V̄  is indicated as well.
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the VRH shear moduli obtained from Hooke’s law for the whole 

simulation cell ( µVRH,global ). The inset shows a snapshot of the 

simulated sample with the atoms color-coded based on their 

local shear modulus.

The mean of the local shear modulus distribution is located 

at 52 GPa which is lower than the one reported by Wu et al. [3] 

80 GPa. Nevertheless, the atomic shear modulus shows a broad 

distribution with a full width a standard deviation of 6.25 GPa 

and a full width at half maximum of 14 GPa. The inset shows no 

significant clustering of low (high) shear modulus atoms form-

ing subvolumes of locally decreased (increased) stiffness. Given 

that the strain field of the dislocation is farther reaching than 

multiple interatomic distances [40] and with the activation vol-

ume for dislocation glide in the Cantor alloy being about 70–360 

 b3 [41], it remains unclear whether these short ranged fluctua-

tions of the shear modulus need to be included in a SSH model.

C.2.: Misfit volumes

The misfit volume is a key quantity strongly influencing the 

yield strength predicted by the Varvenne model. It can be 

obtained from experiments on binary subsystems of the HEA 

[11], the rule-of-mixtures [23], or from atomistic computer 

simulations of the full HEA [12]. In the following, we deter-

mine the misfit volume of the different constituents in the 

Cantor alloy using atomistic computer simulations based on 

the approach developed by Yin and Curtin [12].

Similar to the local shear modulus, the local atomic 

volume in a HEA is not a single number, but varies locally 

depending on the chemical environment. We use poly-dis-

perse Voronoi tessellation as implemented in OVITO [38] to 

determine the volume associated to each atomic species in the 

HEA. We used the sample prepared in sec. Appendix C.1 as it 

contained a sufficiently large number of atoms to achieve rep-

resentative results. The elemental Goldschmidt radii are used 

as input for the tessellation and the resulting atomic volume 

distribution Vi is shown in Fig. 7. Additionally, the average 

atomic volume V̄CrMnFeCoNi is indicated. The five constitu-

ent elements show differences between their element specific 

Voronoi volume and the average atomic volume of the matrix 

V̄  in the range of 0.14–0.56 Å3. The Voronoi volumes confirm 

that the atomic volume in the HEA is not a single number, 

but follows a normal distribution with standard deviations 

in the range of 0.0674 Å3 for Ni to 0.0909 Å3 for Mn. If the 

atomic volumes in a HEA show a finite width distribution, the 

corresponding misfit volumes need to have a similar distribu-

tion. While the finite width of the misfit volume distribution 

is included as σ�Vn
 in the original equations of the Varvenne 

SSH model (see Ref. [11] Eqs. 15 and 16) this value is usually 

set to 0 ({e.g. Refs. [11, 12, 23]).

Appendix D: Nanoindentation hardness data

See Fig. 8.

Figure 8:  Nanoindentation hardness as a function of indentation depth for the equiatomic composition (named as Cantor) and the composition at 

phase boundary for the respective diffusion partner element (named as phase boundary). Please note here, only indents with a minimum distance of 

the plastic zone’s diameter from the phase boundary were considered. For clarity, not all data points are displayed and each sample has been shifted 

along the ordinate.
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a b s t r a c t 

Effects of solutes on saturation grain size and mechanical properties are investigated for the Cantor alloy 

and Ni-enriched variations ((CrMnFeCo) x Ni 1-x ) with x = 0.8, 0.4, 0.08 and 0. Indentation on coarse-grained 

and severely deformed states shows increasing hardness with increasing alloying content due to higher 

solid solution strengthening and Hall-Petch contributions. Nanoindentation strain rate jump tests reveal 

similar rate sensitivities of the deformed states without pronounced transient regimes. All compositions 

exhibit a history dependent softening indicating an unstable microstructure. The saturation grain size 

d s after HPT deformation inversely correlates with the solid solution strengthening contribution, i.e. the 

higher �τ the lower d s . 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

Single-phase high entropy alloys (HEAs), such as the five com- 

ponent equiatomic CrMnFeCoNi Cantor alloy [1] have attracted a 

wide research interest in recent years. The concept of HEAs opens 

up a high number of possible alloys, with compositions placed in 

the centre of the multicomponent phase diagram. Given the large 

number of possible alloy systems, only a few alloys form a single- 

phase solid solution [2-4] and the Cantor alloy is one of them. 

However, it is still unclear how the properties change, starting 

from diluted solid solutions to a HEA [5] . Therefore, Laurent-Brocq 

et al. [5, 6] have studied diluted subsystems of the Cantor alloy 

along various isopleths and discovered a breakpoint of the lattice 

parameter and hardness evolution for Ni-enriched alloys at 40 at.% 

solute concentration, where a transition between diluted systems 

and high entropy alloy takes place. 

The Ni-diluted Cantor systems are therefore nicely suited to 

study the influence of solid solution strengthening effects on the 

grain refinement during severe plastic deformation and the re- 

sulting properties of the ultrafine-grained (UFG) or nanocrystalline 

(NC) HEA. We use diluted subsystems of the Cantor alloy – starting 

from pure Ni to the five-component Cantor alloy - to understand 

the transition from conventional alloys to HEAs in terms of solid 

solution strengthening effects and mechanical properties (i.e. effect 

of grain boundaries, stain rate sensitivity). 

∗ Corresponding author. 

E-mail address: t.keil@phm.tu-darmstadt.de (T. Keil). 

One common method to achieve high defect densities in the 

microstructure and to reduce the grain size to the UFG or NC 

regime is high pressure torsion (HPT) [7] , which has already been 

applied to the Cantor system [8, 9] . Even though severe plastic de- 

formation processes have been used for many years, the principle 

mechanisms of grain refinement and saturation grain size d s (min- 

imum achievable grain size at large strain) are still under debate. 

The stacking fault energy (SFE) affects the dislocation cell forma- 

tion and refinement rate, but its influence on the saturation grain 

size d s is not evident. [10-12] A comparison of pure metals (Ni, 

Cu, Ag) with strongly different SFEs reveals no difference in d s af- 

ter HPT deformation at given homologous temperature [10] . Recent 

studies on the influence of SFE and solid solution strengthening 

(SSS) on d s suggest that it is mainly controlled by the SSS contri- 

bution in the alloy system rather than the SFE [11, 12] . Edalati et al. 

[11] found an empirical correlation between SSS contribution de- 

termined by the Labusch model and the minimum achievable grain 

size for different binary alloys, which can be explained by stronger 

localized stress fields hindering necessary dislocation motion and 

thus dislocation recovery, grain boundary migration or recrystal- 

lization. The resulting dislocation accumulation due to a lower mo- 

bility of edge dislocations causes smaller steady-state grain sizes in 

face-centered cubic (FCC) alloys. This knowledge about defect stor- 

age vs. recovery and deformation behavior can now be transferred 

to chemically complex systems to shed light on SSS processes in 

HEAs, which have not yet been fully understood. A correlation of 

the saturation grain size and predicted solid SSS contributions from 

https://doi.org/10.1016/j.scriptamat.2020.09.046 

1359-6462/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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different strengthening models can be used to investigate these ef- 

fects in HEAs. 

In this work, the influence of solute strengthening on saturation 

grain size d s , hardness and rate sensitivity is investigated for three 

selected alloys with the nominal compositions Cr 2 Mn 2 Fe 2 Co 2 Ni 92 
(further referred to as Ni92), Cr 10 Mn 10 Fe 10 Co 10 Ni 60 (Ni60), the 

equiatomic Cr 20 Mn 20 Fe 20 Co 20 Ni 20 (Ni20) Cantor alloy as well as 

for pure Ni (Ni100) as a reference material with minor solute 

strengthening effects. The Ni reference sample has a purity of 

99.6%. After homogenization, Ni92, Ni60 and Ni20 exhibit com- 

positions of Cr 2.5 Mn 2.4 Fe 2.6 Co 2.9 Ni 89.6 , Cr 10.5 Mn 9.9 Fe 10.3 Co 10.6 Ni 58.7 
and Cr 20.6 Mn 19.3 Fe 19.9 Co 20.1 Ni 20.1 . The purity levels of the used el- 

ements are at least 99.9% and the production routes are described 

elsewhere [13, 14] . 

Due to the chemical complexity and the absence of a main ma- 

trix element in high entropy systems, the Varvenne model [15, 16] , 

which is specifically designed for FCC HEAs, is used to calculate 

the shear stress �τVarvenne induced by solid solution strengthen- 

ing. The calculated SSS contribution can also be linked to the pre- 

dicted yield strength from Varvenne et al. [15] using the Taylor 

factor of 3.06 for FCC polycrystals. The required material parame- 

ters are obtained from Refs. [17, 18] using the rule-of-mixtures, the 

atomic size misfit volumes are taken from Ref. [15] , respectively. 

Here, the calculated shear stress due to SSS differ strongly from 

0 MPa for pure Ni up to 41.4 MPa for the Cantor alloy. 

Discs with an initial height of 2 mm were deformed to 10 rev- 

olutions at a rate of 1.0 rpm with an applied contact pressure of 

5.0 GPa using active water-cooling. Subsequently, the HPT samples 

were annealed at 900 °C for 1h to achieve a coarse-grained state 

(CG) of the alloys. Flat sections of the HPT discs were prepared by 

grounding and polishing down to colloidal silica, hence the loading 

direction of the nanoindentation system and the viewing direction 

for microstructural analysis is parallel to the loading direction of 

the HPT process. Nanoindentation testing was then performed on 

the CG and the deformed HPT states using a G200 nanoindenta- 

tion system (KLA) with a diamond Berkovich tip (Synton-MDP) on 

the outer radius of the samples, 1 mm away from the edge of the 

sample. The indentation modulus and hardness were measured us- 

ing a continuous stiffness measurement method (CSM) at an in- 

put strain rate of 0.05 s −1 and the rate sensitivity of the different 

states was investigated by strain rate jump tests (SRJ), where ev- 

ery 500 nm indentation depth the applied strain rate was varied 

between 0.05 s −1 , 0.005 s −1 and 0.001 s −1 . The saturation grain 

size d s was analyzed using a high-resolution scanning electron 

microscope (TESCAN Mira3) in backscattered electron (BSE) con- 

trast imaging mode using a line intercept method. The microstruc- 

tural characterization was carried out at a distance of 1 mm 

from the outer edge of the samples to ensure a homogeneous 

deformation. 

Fig. 1 a) shows the hardness as a function of the indentation 

depth for the CG states. Here, the hardness decreases with higher 

indentation depth, which is caused by the indentation size effect 

(ISE) and can be described well by the Nix-Gao model [19] (dashed 

lines). According to the Nix-Gao model, the macroscopic hardness 

H 0 can be extracted from nanoindentation data: H 0, Ni20 = 1.91 ±
0.11, H 0, Ni60 = 1.88 ± 0.11, H 0, Ni92 = 1.41 ± 0.16, H 0, Ni100 = 1.08 

± 0.10. The macroscopic hardness is only slightly smaller com- 

pared to the averaged hardness in the indentation depth interval 

from 20 0 0 – 220 0 nm (see Tab. 1 ), thus the hardness has already 

reached a depth independent plateau. In order to minimize the in- 

fluence of the ISE, the hardness and indentation modulus are aver- 

aged over an indentation depth interval from 20 0 0 – 220 0 nm for 

further analysis. Furthermore, the internal length scale h ∗ is deter- 

mined, which describes the dislocation storage capability (sensitiv- 

ity to strain gradients) of a material [20] . An increasing alloying 

element content starting from pure Ni to Ni92 decreases h ∗ sub- 

stantial, a further addition shows only a minor effect on h ∗ from 

Ni92 to the equiatomic Cantor alloy ( Fig. 1 b)). 

Nanoindentation of the CG states shows an increasing hard- 

ness with increasing alloying content due to stronger SSS and Hall- 

Petch contributions starting from pure Ni up to the equiatomic 

Cantor alloy (Ni20) ( Fig. 1 c)). This superposition is due to the 

fact that the microstructure is different for the four composi- 

tions, which result in deviations of the Hall-Petch contributions 

(Ni100: 22.3 ± 15.5 µm, Ni92: 11.4 ± 6.3 µm, Ni60: 13.5 ± 7.9 

and Ni20: 8.3 ± 4.2 µm). Therefore, the hardness increase from 

Ni100 to Ni20 is caused by an increase of SSS and Hall-Petch con- 

tributions, hence, the SSS contribution cannot be derived from the 

hardness data. Due to the annealing of the CG states, we expect no 

differences in the dislocation densities and nearly dislocation-free 

microstructures for the different compositions as it was shown in 

Ref. [21] for the Cantor alloy. The present nanoindentation results 

of the CG states are in good agreement with Laurent-Brocq et al. 

[5, 6] in terms of hardness and modulus, considering a different 

grain size and indentation depth. The saturated HPT states show 

the trend of an increasing hardness with increasing alloying con- 

tent with its maximum for Ni60, for which the SSS contribution 

is in the range of Ni20 at approximately 40 MPa. Although Ni20 

shows a slightly higher SSS contribution and smaller grain size, 

Ni60 has the highest hardness. In literature, higher dislocation den- 

sities after HPT deformation are found for the Cantor alloy (Ni20 

in the order of 10 16 m −2 [22] ), in comparison to pure Ni (Ni100 

10 15 m −2 [23] ). The higher dislocation density for Ni20 could also 

contribute to the increase in hardness from Ni100 to Ni20. Further- 

more, the HPT states show significantly higher hardness ( ≈ 6 GPa) 

compared to the CG states ( ≈ 2 GPa). The indentation modulus is 

similar for both microstructural states and thus unaffected by the 

grain size ( Tab. 1 ). 

The strain rate sensitivity, i.e. thermally activated deformation 

processes of the different alloy systems in the HPT states are in- 

vestigated using nanoindentation strain rate jump tests ( Fig. 2 ). 

Whereas in the CG states the hardness decreases with increasing 

indentation depth (caused by indentation size effect – ISE), the 

HPT specimens show a nearly depth independent hardness at in- 

dentation depths greater than 500 nm ( Fig. 2 ) at a strain rate of 

0.05 s −1 . The strain rate sensitivity is determined using the strain 

rate jumps at 1500 nm indentation depth from 0.05 s −1 to 0.001 

s −1 (inset in Fig. 2 ). Higher strain rates cause higher hardness val- 

ues for both, the diluted solutions (Ni92, Ni100) as well as the 

chemically complex alloys (Ni20, Ni60). Additionally, the rate sen- 

sitivity in the HPT states (m ≈ 0.01) is similar for all compositions. 

The corresponding activation volumes V ( V = C ∗
√ 
3 k B ∗ T /mH) , 

with C: constraint factor of 3, k B : Boltzmann constant and T: room 

temperature of 25 °C, are in the same range of 19 – 23 V ∗b 3 for the 

different com positions and confirm the results from Maier-Kiener 

et al. on NC-Ni (14 V ∗b 3 ) [24] and NC Cantor (16 V ∗b 3 ) [25] . The in- 

dentation modulus is not affected by changes in the strain rate, but 

show stronger scattering in intervals with lower strain rate due to 

the higher number of data points ( Appendix A1 ), which was previ- 

ously observed in literature [25] . 

In FCC materials, the strain rate sensitivity is more pronounced 

for decreasing grain sizes, as thermally activated dislocation –

grain boundary interactions become more dominant due to the 

higher number of grain boundaries. [26, 27] . After HPT, the differ- 

ent compositions show similar strain rate sensitivities in the range 

of 0.01. This implies that the strain rate sensitivity is composition- 

ally independent and is also not affected by grain size differences 

in the NC or UFG regime, as the different com positions show grain 

sizes in an interval from approx. 50 nm (Ni20) to 150 nm (Ni100). 

The present SRJ tests reveal an unstable microstructure of the 

different alloy systems, as the hardness shows a history dependent 

behavior [26, 27] . The hardness plateaus at a strain rate of 0.05 s −1 , 
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Fig. 1. a) nanoindentation testing of the annealed CG samples (1h at 900 °C) at constant strain rate of 0.05 s −1 ,the dashed lines represent the hardness calculated by the 

Nix-Gao model, b) Nix-Gao analysis of the CG sample data and c) indentation hardness as a function of composition for the CG and HPT states. Nanoindentation testing data 

of the HPT samples are shown in Appendix A2 . 

Table 1 

Hardness H, indentation modulus E, strain rate sensitivity m, activation volume V, solid solution strengthening contribution �τ according to the Labusch and the Varvenne 

model and saturation grain size d s of the different alloy compositions. 

Alloy composition /at.% H /GPa E /GPa SRJ �τ Varvenne /MPa �τ Labusch /MPa d s /nm 

CG HPT CG HPT m V ∗b 3 

Ni100 1.19 ± 0.1 5.62 ± 0.2 214.2 ± 8.3 235.9 ± 3.0 0.012 ± 0.001 21 0 0 142 ± 57 

Ni92 1,51 ± 0.1 5.88 ± 0.1 216.4 ± 13.1 233.9 ± 2.5 0.011 ± 0,0014 22 11.03 11.10 110 ± 45 

Ni60 1.98 ± 0.1 6.52 ± 0.1 193.1 ± 8.2 206.5 ± 3.9 0.009 ± 0,0008 23 40.45 33.13 62 ± 23 

Ni20 2.01 ± 0.1 6.31 ± 0.1 190.7 ± 8.3 192.5 ± 3.0 0.011 ± 0.0013 19 41.36 53.87 55 ± 17 

Fig. 2. Nanoindentation strain rate jump tests on Ni-X alloys deformed by HPT. 

which are interrupted by a strain rate segment of 0.001 s −1 show 

a history dependent softening of approx. 1.3 – 2.0 %. This soft- 

ening is discussed on being linked to grain coarsening processes 

[12] . 

Differences in the transient behavior can be observed for the in- 

vestigated compositions in the enlarged section of Fig. 2 at a strain 

rate change from 0.05 s −1 to 0.001 s −1 . The hardness changes 

abruptly for all compositions, with a continuous softening for 

Ni100, whereas Ni20 and Ni60 show after the strain rate jump a 

short period of strain hardening. This phenomenon has been ob- 

served before for the nanocrystalline Cantor alloy [25] , and also the 

more diluted Ni60 composition shows the same effect. This yield 

point effect is limited to the more concentrated Ni20 and Ni60 

HEA-type alloys and is almost not observable for Ni92. Moreover, 

only Ni20 with the lowest grain size of 55 ± 17 nm shows serra- 

tions in the hardness in the strain rate segment of 0.001 s −1 , which 

is commonly related to dynamic dislocation pinning and break- 

away during plastic deformation [21] . For nanomechanical testing, 

the activation volume represents the number of atoms, which are 

involved in the thermally activated deformation [28] . In NC materi- 

als with low activation volumes, the deformation mechanisms are 

related to thermally activated diffusion processes at grain bound- 

aries [24] , which can be associated to the observed serration be- 

havior at low strain rates. 

The saturation grain sizes determined by BSE ( Fig. 3 ) are in 

good agreement to grain size reference values from literature for 

Ni20 (50 nm [8] ) and Ni100 (170 nm [23] ). The evaluation of the 

minimal achievable grain size (see Tab. 1 ) reveals that an increas- 

ing alloying content and thus a stronger SSS contribution leads to 

smaller saturation grain sizes from 142 ± 57 nm (Ni 100 ) to 55 ±
17 nm (Ni 20 ). We do not expect any significant influence by the 

presence of impurities in the ingredient elements on the saturation 

grain size, as changes in the purity level of Ni between 99.5% and 

99.967% result only in slight changes of the microstructure [29] . 
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Fig. 3. BSE images of the different alloy systems after HPT deformation: a) Ni20, b) Ni60, c) Ni92 and d) Ni100. 

The SSS contribution τ Labusch is calculated using the equations 

proposed by Edalati [11] and for the τVarvenne calculation the no- 

tation from Ref. [30] is used. Fig. 4 shows the correlation between 

the SSS contribution (Labusch, Varvenne SSS models) and the nor- 

malized saturation grain size (d s /b), with b as the Burgers-vector. 

The correlation found by Edalati et al. [11] for binary solu- 

tions breaks down for the highly concentrated solid solutions (see 

Fig. 4 ). Despite a higher SSS contribution of Ni 20 compared to 

Ni60 (Labusch), both alloys exhibit nearly the same grain size. 

For conventional alloys, the correlation between saturation 

grain size and SSS contribution can be attributed to stronger 

localized stress fields and hindered dislocation motion, disloca- 

tion recovery and grain boundary migration or recrystallization. 

Thus, smaller steady-state grain sizes can be achieved [11] . The 

same processes seem to influence the saturation grain size in FCC 

medium and high entropy alloys, as the same dependency of sat- 

uration grain size on SSS contribution is obtained using the Var- 

venne SSS model (all data points lie on a single line in a semi-log 

scale (see Fig. 4 )). The Varvenne model predicts the same SSS con- 

tribution for Ni20 and Ni60, which is in good agreement with the 

experimentally observed saturation grain size and hardness that 

are in the same range for both alloys (see Tab. 1 ). This is also 

confirmed by literature, showing a breakpoint in lattice parame- 

ter evolution at 60 at.% Ni, which leads to similar lattice constants 

for Ni20 and Ni60 [5] . 

Extrapolating ds using the Labusch model and the saturation 

grain sizes of Ni, Ni92, Ni60, would lead to a saturation grain size 

of Cantor of approx. 37 nm. This is still within the experimental 

scatter bar, however the Varvenne model seems to give a better 

description. 

While we do see a correlation with SSS, we still don ́t know 

what the exact mechanism is. However, segregation phenomena 

(phase decomposition, inhomogeneities or clusters of solutes) due 

to HPT deformation appear to be unlikely to play a role given that 

they do not exist in the extreme cases (Ni20 [8] and Ni100) and 

presumably also not within the entire concentration range even 

though this remains to be proven experimentally. 

Fig. 4. Normalized grain size ds/b as a function of the solid solution strengthen- 

ing contribution �τ , determined by the Labusch model and Varvenne model. The 

dashed lines fit only the Ni-X values, while the dotted line represents the extrapo- 

lation of Ni20 and Ni60. 
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In summary, the Cantor alloy and Ni-diluted subsystems were 

investigated with respect to saturation grain size, hardness and 

strain rate sensitivity to elucidate the evolution of these proper- 

ties with composition from a pure element over a diluted solid 

solution up to the equiatomic HEA. For several mechanical prop- 

erties like ISE and strain rate sensitivity no differences between 

HEA and diluted solid solutions were observed. All compositions 

exhibit a history dependent hardness in the SRJ tests, with Ni20 

and Ni60 additionally showing yielding phenomena after the strain 

rate change to 0.001 s −1 . The saturation grain size follows the em- 

pirical law proposed for binary solid solutions. Compositions with 

higher alloying content show higher SSS contributions according 

to the Labusch and Varvenne strengthening models and simultane- 

ously smaller achievable saturation grain sizes by HPT deformation, 

thus, indicating a correlation between d s and �τ . 
It is not mandatory to reach the equiatomic composition for 

an optimum of the mechanical properties. Ni60 exhibits approx- 

imately the same SSS contribution, same low saturation grain 

size and thus the same hardness compared to the equiatomic 

alloy (Ni20). Therefore, chemically complex systems beside the 

equiatomic composition and the transition from diluted systems to 

HEAs should be further investigated with respect to effects of so- 

lutes on dislocation dynamics. 
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Appendix 

Appendix. 

Appendix A1. Indentation modulus as a function of indentation depth for different 

strain rates of the deformed Ni-X HPT samples. 

Appendix A2. Hardness as a function of indentation depth for the HPT samples at 

constant strain rate (0.05 s −1 ); the dashed lines represent the hardness calculated 

by the Nix-Gao model. 
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a b s t r a c t 

The equiatomic Cantor alloy and Ni-enriched derivates of it ((CrMnFeCo) x Ni 1-x with x = 0.8, 0.4, 0.08 and 

0) were deformed by high pressure torsion to the saturation regime and subsequently annealed in a wide 

temperature range. The microstructural stability of the alloys was investigated in terms of grain growth 

and decomposition tendencies with an emphasis on Ni92 and Ni60 that are marking a transition from 

dilute solid solutions to HEA alloys. Ni92 and Ni100 show a larger grain size after HPT than the HEA type 

alloys Ni20 and Ni60, yet, they do exhibit a lower resistance to grain growth. Both HEA type alloys exhibit 

decomposition tendencies in the form of secondary phases (Ni20) or nanosized Cr-rich precipitates and 

Mn segregations to grain boundaries (Ni60), that reduce the grain boundary mobility. A comparison of 

the activation energies for grain growth and diffusion coefficients of the alloys shows a good qualitative 

agreement. The differences in microstructural stability are also reflected by the mechanical properties. All 

alloys show a small amount of hardening after annealing, followed by a softening for higher temperatures 

in case of dilute solid solutions. In contrast, the hardness of the HEA type alloys remains constant up 

to 450 °C (Ni60) or even increases up to 500 °C (Ni20) followed by a softening at higher annealing 

temperatures. The second phase formation with limited volume fractions has no effect on the modulus. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

1. Introduction 

The equiatomic CrMnFeCoNi Cantor system [1] is one of the 

most investigated high entropy alloys (HEAs) and is widely con- 

sidered to crystallize in a single face-centered cubic (FCC) phase. 

Many HEAs have been produced with a single-phase structure, 

yet, it is still unclear whether one of them is in thermodynamic 

equilibrium at ambient temperature or only metastable. In this 

context, recent reports revealed the precipitate formation for the 

equiatomic CrMnFeCoNi Cantor alloy below 700 °C [2–4] . This pre- 

cipitate formation can be shifted to shorter annealing times by in- 

troducing high thermodynamic driving forces and grain boundaries 

acting as fast diffusion pathways [3–5] . Li and co-workers [6] re- 

ported that high angle grain boundaries play a decisive role for 

segregation phenomena in the Cantor alloy, which act as precur- 

sor states for phase nucleation at grain boundaries. In this con- 

text, grain boundary wetting by a second solid phase has been ob- 

served in various primarily homogeneous HEAs after annealing at 

intermediate temperatures [7] . This phenomenon can be used to 

alter the properties of HEAs, as the nature of the grain boundaries 

∗ Corresponding author. 

E-mail address: t.keil@phm.tu-darmstadt.de (T. Keil). 

strongly affect the properties of the material (e.g. the grain growth 

kinetics), especially for nanocrystalline (NC) materials [8] . It is well 

known that the grain boundary motion in metals is strongly influ- 

enced by impurities [9–14] . On the one hand, small additions of 

certain elements can substantially accelerate the grain boundary 

mobility by forming a liquid-like solute layer at the grain bound- 

aries [9–11] . On the other hand, grain boundary motion can signifi- 

cantly be lowered in the vicinity of solutes by reducing the driving 

force for grain growth [14] . 

The high degree of deformation introduced by severe plastic de- 

formation (SPD) methods like high pressure torsion (HPT) results 

in a reduction in grain size to the ultrafine-grained (UFG) or NC 

regime, which makes grain boundary interactions more decisive for 

the resulting properties of the material. HPT experiments on the 

Cantor alloy have shown that relatively small equivalent strains of 

ε eq ≈ 44 (2 rotations) are required to obtain the minimal achiev- 

able grain size or the saturation grain size of approx. 40 nm [15] . 

The resulting grain refinement leads to a significant increase in 

strength, yet, it is also accompanied by a loss of ductility in many 

materials including the Cantor system [ 3 , 16 , 17 ]. This behavior is re- 

lated to the change in the dominant deformation mechanism, with 

gain boundary mediated mechanisms being decisive in NC and UFG 

FCC materials [17–19] . Here, the adjustment of strength and ductil- 

https://doi.org/10.1016/j.actamat.2022.117689 
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ity by a subsequent annealing step after deformation can be prob- 

lematic as segregation and precipitation formation at intermedi- 

ate annealing temperatures is expected for many HEAs including 

the Cantor alloy, see for instance Refs. [ 2–4 , 20–24 ]. However, so- 

lute segregations to grain boundaries are also considered to inhibit 

grain boundary migration during annealing, resulting in a stabiliza- 

tion of the microstructure [25] , which is getting more prominent 

for samples showing high grain boundary densities (NC and UFG 

materials). 

Driven by the concept of entropy maximization, there has been 

an emphasis on using equiatomic compositions in the HEA litera- 

ture. However, at least for the CrMnFeCoNi system, the equiatomic 

Cantor alloy does not stand out in terms of its properties when 

compared to some other compositions or even subsets [26–28] . 

Investigations on various diluted subsystems of the Cantor alloy 

show a transition in behavior from that of dilute solid solutions 

to high entropy alloys, where a breakpoint of lattice parameter 

evolution, hardness and saturation grain size evolution is found 

for Ni-enriched alloys at 40 at.% solute concentration [ 26 , 27 , 29–

31 ]. Additionally, by using discrete Ni-diluted Cantor subsystems, 

Laurent-Brocq et al. [ 27 , 30 ] showed that it is not necessary to 

reach an equiatomic concentration to obtain maximum strength. 

The (CrMnFeCo) 40 Ni 60 alloy shows the same solid solution harden- 

ing (SSH) contribution according to the Varvenne model [ 32 , 33 ], 

the same mechanical properties for grain sizes in the microme- 

ter regime as well as the same saturation grain size and higher 

hardness in the HPT state compared to the equiatomic Cantor al- 

loy (Ni20) [29] . 

Chemically complex compositions far away from the equiatomic 

one may not only offer superior mechanical properties, they could 

also be thermodynamically more stable, showing either no decom- 

position tendencies or at least broader windows for thermal treat- 

ments. This would open up the chance to more easily tune fa- 

vored properties such as strength or ductility via plastic deforma- 

tion with subsequent annealing. Whether this adjustment of spe- 

cific mechanical properties is possible for chemically complex but 

non-equiatomic alloys is investigated in this work using Ni-diluted 

subsystems of the CrMnFeCoNi Cantor alloy. Starting from pure Ni 

over diluted solid solutions up to the equiatomic HEA, the transi- 

tion behavior in terms of thermal stability and mechanical proper- 

ties is investigated. The alloys are processed by HTP to reach the 

minimal achievable grain size (saturation grain size d s ) and sub- 

sequently annealed isochronally (1h) at temperatures between 300 

and 900 °C. To analyze structural instabilities, the different states 

are mechanically and structurally characterized by nanoindenta- 

tion, scanning and transmission electron microscopy (SEM & TEM). 

2. Experimental procedure 

The thermal stability and grain coarsening processes 

are investigated for pure Ni (99.6% purity level), for ho- 

mogenized Ni-diluted subsystems of the Cantor alloy with 

the compositions Cr 2.5 Mn 2.4 Fe 2.6 Co 2.9 Ni 89.6 (nominal Ni92), 

Cr 10.5 Mn 9.9 Fe 10.3 Co 10.6 Ni 58.7 (Ni60) as well as for the equiatomic 

Cr 20.6 Mn 19.3 Fe 19.9 Co 20.1 Ni 20.1 Cantor alloy (Ni20). The elemental 

precursors show purity levels of at least 99.9%. The production 

routes are described in Refs. [ 34 , 35 ]. 

Samples with a height of 2 mm were deformed by HPT to 10 

revolutions at 1.0 rpm using 5.0 GPa contact pressure and active 

water-cooling of the anvils. The deformed samples were used for 

isochronal annealing at various temperatures from 300 to 900 °C 

for 1h in inert Ar- atmosphere. Additionally, 10 and 100 h heat 

treatments at 600 °C were performed for the Ni60 alloy. For sub- 

sequent characterization, flat sections of the HPT discs were pre- 

pared by grinding and polishing with SiC paper, diamond sus- 

pension and finally with colloidal silica. The mechanical and mi- 

crostructural analyses were performed on the outer radius of the 

samples parallel to the rotational axis of the HPT process. The mi- 

crostructures after annealing were analyzed via backscattered elec- 

tron (BSE) contrast imaging and electron backscatter diffraction 

(EBSD) either in conventional or transmission mode (Transmission 

Kikuchi Diffraction – TKD [36] ) in a high-resolution scanning elec- 

tron microscope (SEM - TESCAN Mira3). The grain size was mea- 

sured via BSE images using a line intercept method. The crystal- 

lographic texture was analyzed via EBSD measurements for the 

Ni60 and Ni100 samples in the as-deformed state as well as af- 

ter annealing at 700 °C. The Ni60 and Ni92 samples were used 

for further analysis in a transmission electron microscope (TEM 

- Thermo Fisher Scientific FEI Themis 300 G3). The microscope 

was equipped with a high brightness field emission gun (X-FEG), 

a quadrupole EDX (energy dispersive x-ray spectroscopy) system 

and a high angle annular dark field detector (HAADF - Fischione 

Model 30 0 0). The TEM samples were prepared using the focused 

ion beam method (FIB - ZEISS Crossbeam 340) to cut lamellae out 

of the sample disks. To obtain a better spatial resolution of the 

elements and elemental distribution in the vicinity of Cr-rich pre- 

cipitates and high angle grain boundaries (HAGBs), electron energy 

loss spectroscopy (EELS - Gatan Quantum 965 ER imaging filter 

(GIF)) was applied at 300 kV and the selected area for EELS spec- 

tra was examined for the presence of Co, Cr, Fe, Mn and Ni L-edges 

as well as the thickness homogeneity. The structure of the Cr-rich 

precipitates in the grain matrix was studied by means of nano- 

beam diffraction (NBD) in the scanning transmission electron mi- 

croscopy (STEM) mode with a probe size of 1 nm and a step size 

of 5 nm in x- and y-directions. The diffraction mapping was car- 

ried out by acquiring a full set of nano-beam diffraction patterns 

(NBDPs) at every position during STEM imaging from which arbi- 

trary virtual dark-field images and phase maps were reconstructed. 

The data processing was done using a custom code written in Dig- 

ital Micrograph [ 37 , 38 ]. 

Nanoindentation testing was conducted using a G200 nanoin- 

dentation system (KLA) equipped with a diamond Berkovich tip 

(Synton-MDP). The hardness and indentation modulus were mea- 

sured using a continuous stiffness measurement method (CSM) 

[ 39 , 40 ] with an input strain rate of 0.05 over an indentation 

depth interval from 20 0 0 to 220 0 nm. The strain rate sensitivity 

was investigated by means of indentation strain rate jump tests 

(SRJ), where the applied strain rate was varied between 0.05 s −1 , 

0.0 05 s −1 and 0.0 01 s −1 every 50 0 nm of indentation depth. The 

strain rate jumps from 0.05 s −1 to 0.001 s −1 at an indentation 

depth of 1500 nm were used to evaluate the strain rate sensitiv- 

ity and the activation volume according to Ref. [41] . A laser scan- 

ning microscope (Olympus Lext OLS 4100) was used to measure 

the pile-up formation around the indents. For samples showing 

pile-up behavior, the contact depth and thus the contact area was 

corrected according to the method proposed by Kese et al. [42] . 

3. Results and discussion 

3.1. Thermal stability and precipitation formation 

The grain growth behavior is evaluated as a function of chem- 

ical composition and annealing temperature from pure Ni up to 

the equiatomic Cantor alloy. BSE images of the different alloys are 

exemplarily shown for the as-deformed state and after anneal- 

ing at 500 °C, revealing the different grain growth kinetics ( Fig. 1 ). 

Starting from pure Ni, a higher alloying content generally results 

in a smaller saturation grain size after severe plastic deforma- 

tion. However, Ni60 shows a similar grain size compared to that 

of the Ni20 alloy, despite a substantially lower alloying content, 

whereas Ni92 and Ni100 are much coarser. A correlation between 

saturation grain size and SSH contribution was first reported by 
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Fig. 1. BSE images of the HPT states (a)–(d) and the 500 °C annealed states (e)–(h)) of the Ni-X samples. 

Edalati et al. [43] for binaries and was later adapted by Keil et al. 

[29] for the Ni-X series using the Varvenne SSH model for FCC 

HEAs [ 32 , 33 ]. It has been found that both Ni20 and Ni60 show 

similar SSH contributions and similar saturation grain size. The sat- 

uration grain size can be found in Table 1 for all compositions. 

Annealing of the severely deformed microstructures results in 

an increasing grain size for all compositions. ( Fig. 2 a) shows 

the grain size of the different alloys in the as deformed condi- 

tion and after isochronal annealing at various temperatures. The 

Ni20 and Ni60 alloys are more stable against grain coarsening than 

Ni92 and Ni100, as the HEA-like alloys show no grain coarsening 

at intermediate temperatures (up to 500 °C), whereas the dilute 

solid solutions (Ni92, Ni100) exhibit a more pronounced coarsen- 

ing (see Table 1 ). This indicates that there is no correlation be- 

tween the stored energy (defect density) and the growth kinetics 

in the present systems, as the defect density is much higher for the 

HEA-type solid solutions. Isochronal annealing at 800 and 900 °C 

leads to recrystallization and single-phase microstructures in the 

micrometer range for all compositions. After annealing at 800 °C, 

the trend of a decreasing grain size can be observed with increas- 

ing alloying content i.e., the equiatomic Cantor alloy shows the 

smallest grain size. At 900 °C, in turn, Ni20, Ni60 and Ni92 show 
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Table 1 

Grain size of the different alloy compositions after deformation and isochronal annealing for 1 h. 

Alloy designation Grain size 

HPT/nm 300 °C/nm 450 °C/nm 500 °C/nm 600 °C/nm 700 °C/nm 800 °C/µm 900 °C/µm 

Ni100 142 ± 57 149 ± 56 160 ± 58 233 ± 88 568 ± 181 2139 ± 803 11.4 ± 7.9 22.3 ± 15.5 

Ni92 110 ± 45 121 ± 38 140 ± 51 235 ± 129 711 ± 342 2882 ± 1380 9.7 ± 3.7 11.4 ± 6.3 

Ni60 62 ± 23 67 ± 22 67 ± 19 85 ± 30 277 ± 146 1048 ± 492 5.5 ± 2.5 13.5 ± 7.9 

Ni20 55 ± 17 59 ± 19 63 ± 15 69 ± 21 183 ± 71 439 ± 164 1.6 ± 0.7 8.3 ± 4.2 

Fig. 2. (a) Grain size as a function of annealing temperature (1h) and (b) Arrhenius plot of ln(D n -D 0 
n ) vs. 10 0 0/T to estimate the activation energy for grain growth Q of the 

Ni-X samples. For better readability, the error bars are only shown in (a). 

similar grain sizes, with only pure Ni having a significantly larger 

grain size. Thus, in this temperature range, a small addition of al- 

loying elements to a Ni matrix seems to have the same effect in 

terms of impeding grain growth as an equiatomic composition. 

The grain growth kinetics can be deduced by analyzing the 

grain size after annealing and calculating the activation energy for 

grain growth Q using Eq. (1 ) [ 25 , 44 , 45 ]: 

ln 

(

D n − D n 0 

t 

)

∝ 

(

−
Q 

R 

)

∗
1 

T 
(1) 

with D being the grain size, D 0 the initial grain size, n the grain 

growth exponent, R the gas constant and T the temperature. In 

theory, the grain growth exponent n should approach a value of 2 

for pure metals [ 14 , 45 , 46 ] at temperatures near the melting point. 

At intermediate annealing temperatures, the grain boundary mo- 

bility is often lowered due to solute drag effects, which results in 

values well above 2 [ 14 , 45 , 46 ]. According to literature values for 

the equiatomic Cantor alloy [ 25 , 44 , 47 ] and commercial Ni [ 4 8 , 4 9 ], 

the grain growth exponent was set to 3 for all four compositions 

in this study. Furthermore, an isothermal annealing series of Ni60 

at 600 °C reveals an approx. n value of 2.9. 

( Fig. 2 b) indicates two temperature regimes with significantly 

different activation energies dominated by different mechanisms. 

In the low temperature regime, the very low activation energy 

probably corresponds to stress relaxation processes associated with 

a rearrangement of unstable grain boundary configurations with- 

out significant grain growth. [50–52] . As indicated in literature, se- 

vere plastic deformation can lead to modifications of the atomic 

structure of internal interfaces due to the interaction of lattice 

dislocations with grain boundaries [53] . Such grain boundaries 

that are in a deformation-affected state have been shown to have 

higher diffusivities along the grain boundary and are also charac- 

terized by pronounced strain fields in their vicinity. Compared to 

random high angle grain boundaries in a relaxed state, the width 

of those strain fields is higher by a factor of approx. 3 [54] . It has 

also been shown that only a fraction of the grain boundaries is 

transformed into such a deformation-affected state. Moreover, ded- 

icated analyses of the volume- and grain boundary diffusion and 

the thermal stability of the deformation-affected state have indi- 

cated that the state of such grain boundaries after severe plas- 

tic deformation can be described as a composite structure. These 

structures exhibit different properties along the boundary plane, 

with locked regions of high stability against displacement of the 

interface, explaining also the remarkable stability of such grain 

boundary configurations [55] . 

In the high temperature regime, the activation energies for 

grain growth are similar to that of volume diffusion for the four 

different com positions [56] , indicating that diffusion processes are 

responsible for grain growth. Huang et al. [45] showed a corre- 

lation between diffusion coefficient D and the activation energy 

for grain growth resulting in decreasing Q values with increasing 

D for various ternary, quaternary and quinary alloys. From tracer 

diffusion experiments [56] the diffusion rates are known for the 

investigated alloys and can be ordered as Ni92 > Ni100 > Ni60 

> Ni20. The qualitative comparison shows a good agreement be- 

tween the diffusion coefficients [56] and the calculated activation 

energy for grain growth ( Fig. 2 b), indicating a correlation between 

D and Q for both, dilute solid solutions and HEAs. Furthermore, 

( Fig. 2 b) indicates a higher thermal stability for the more com- 

plex Ni20 and Ni60 alloys, as the high temperature regime with 

significant grain growth is shifted to higher temperatures (paral- 

lel shift of the linear fit). For Ni20 and Ni60, we observe a sub- 

stantial change in grain growth kinetics between 500 and 600 °C 

(see Fig. 2 ). In this temperature regime, the formation of second 

phases or solute segregations to grain boundaries takes place. This 

effect could be related to the change in grain growth kinetics, as 

additions of solute may accelerate the grain boundary mobility by 

forming a liquid-like solute layer at grain boundaries [9–11] . How- 

ever, Ni92 and Ni100 show the same trend in grain growth kinetics 

(only shifted to lower temperatures), both being single phase with- 

out any observable solute segregations to grain boundaries (see 

Appendix A2 for Ni92). Against this backdrop, it seems unlikely 
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Fig. 3. Advanced microscopy results of the Ni20 and Ni60 alloys after HPT deformation and annealing. (a)–(b) BSE images of the Ni20 and Ni60 alloys after annealing 

at 700 °C (1h) showing precipitation formation (circles) for Ni20 and a supposedly single FCC phase for Ni60. (c) STEM HAADF micrograph with the Cr elemental map 

overlapping showing Cr-rich precipitates (red) for the Ni60 alloy annealed at 600 °C for 1 h. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

that the enhancement of the grain boundary mobility is primar- 

ily attributed to grain boundary wetting phenomena, even though, 

we cannot exclude such effects on the grain growth kinetics in 

case of Ni20 and Ni60. An accelerated grain growth due to grain 

boundary wetting may be overcompensated by strong pinning ef- 

fects from second phase particles or solutes, as the enhancement 

of the grain boundary mobility by grain boundary wetting seems 

to be less pronounced in the presence of further impurities [57] . 

The resistance to grain growth in alloys is typically related to 

the elemental distribution, e.g. the presence or absence of segre- 

gations (solute drag) or second phase particles (Zener drag). Ac- 

cording to literature, the Cantor alloy shows a homogeneous ele- 

ment distribution with no segregation or secondary phases after 

HPT deformation [3] , which we also confirmed by TEM analysis for 

the Ni60 alloy ( Appendix A1 ). As it is well known that the Can- 

tor alloy exhibits decomposition tendencies [2–4] , we focus in the 

present work on the more dilute Ni60 and Ni92 alloys to comple- 

ment existing data and to investigate a possible transition from a 

HEA to a dilute solid solution in terms of decomposition. 

Diffusion measurements on high-entropy alloys as well as on 

compositionally complex alloys and their variants, specifically in 

the Cantor alloy family, have shown that diffusion cannot be de- 

scribed as sluggish, as suggested in literature [ 58 , 59 ]. Concerning 

the specific alloys that have been investigated in this work, ra- 

diotracer diffusion measurements of the tracer self-diffusion of all 

constituents have shown that considerable differences in the spe- 

cific diffusivities of the constituents exist, with Mn and Cr be- 

ing the fastest diffusors [35] . The variations in diffusivity have 

been explained by local heterogeneities of the atomic configura- 

tions around a vacancy that cause element-specific correlation ef- 

fects [35] .The BSE image in ( Fig. 3 b) shows a supposedly single 

face-centered cubic (FCC) phase for Ni60 after annealing at 700 °C. 

Using TEM ( Fig. 3 c), a different picture emerges with Cr-rich pre- 

cipitates in the nanometer regime at grain boundaries as well as 

inside the grains in the HPT processed Ni60 sample annealed for 

1 h at 600 °C. The observed Cr-rich second phase shows an FCC 

crystal structure with an average diameter of approx. 40 nm. A 

NiMn-rich phase, which is reported for the equiatomic Cantor alloy 

[2] , is not detected for the Ni60 alloy, neither in the as-deformed 

nor in the annealed states. Ni92 on the other hand, shows a single- 

phase structure in the as-deformed state as well as after annealing 

( Appendix A3 ). Consequently, the TEM analysis also confirms the 

classification of the investigated alloys into HEA-type alloys (Ni20 

and Ni60) and dilute solid solutions (Ni92 and Ni100) based on the 

thermodynamic instability. To relate the experimental results for 

the Ni60 alloy composition with theoretical predictions on phase 

stability, CALPHAD simulations were performed using the TCHEA-3 

database ( Appendix A4 ). A single FCC crystal structure is expected 

down to 430 °C, whereas at lower temperatures a coexistence of 

two FCC structures is predicted. This finding is consistent with the 

experimental results, although the temperature range appears to 

be shifted to lower temperatures in the calculations. However, this 

does not necessarily prove that the predicted transition tempera- 

ture is nominally wrong. The simulations neglect the role of de- 

fects such as grain boundaries or triple junctions and may there- 

fore deviate from the experimental reality, especially for severely 

deformed conditions. It has been shown that those conditions can 

promote the formation of phases despite nominally positive for- 

mation enthalpies [ 60 , 61 ]. In addition, a BCC B2 phase is predicted 

with minor phase fraction beside the FCC structures at tempera- 

tures below approx. 370 °C, that has not been observed experimen- 

tally. The absence of BCC precipitates could be related to the an- 

nealing time of 1h being too short to facilitate diffusion-driven for- 

mation of second phases at 300 °C, as a decomposition of single- 

phase metastable HEAs is kinetically suppressed in this regime 

[62] . 

To shed some more light on the decomposition behavior, we 

performed additional heat treatments on the HPT processed Ni60 

alloy at 500 °C and 600 °C for 10 h and 100h, respectively. Increas- 

ing the annealing time by a factor of 10 leads to an approximate 

doubling of the grain size at 500 °C (85 ± 30 nm for 1h, 150 ±
52 nm for 10 h and 345 ± 145 nm for 100 h) as well as at 600 °C 

(277 ± 146 nm for 1 h, 654 ± 300 nm for 10 h and 1114 ± 488 for 

100 h). The overlay of STEM HAADF micrograph and Cr elemental 

map ( Fig. 4 ) shows Cr-rich precipitates in the Ni60 samples sub- 

jected to HPT processing and subsequent annealing at 500 °C for 10 

and 100 h as well as 600 °C for 10 and 100 h, respectively. The for- 

mation of the Cr-rich phase triggered by the heat treatment starts 

in the temperature range of approx. 450 to 500 °C ( Appendixs A5 

and A6 ). If the system is given more time at this temperature, the 

number of precipitates increases but does not yet reach a satura- 

tion state after 100 h. A different picture emerges after annealing 

at 600 °C, where the volume fraction of the Cr-rich phase already 

saturates after just 1 h (approx. 0.8 vol.%). A further increase in 

annealing time to 10 or 100 h shows the evolution of Mn enrich- 

ment at HAGBs into precipitates can be observed after 100 h of 

annealing using EELS ( Fig. 5 b). According to the STEM EDS maps 

heat treatment at a temperature of 450 °C does not lead to the for- 

mation of Cr-rich precipitates, but a slight enrichment of Mn at 

HAGBs is observed which transforms into Mn rich precipitates af- 

ter 100 h of annealing at 600 °C ( Appendix A6 ). The Mn segregation 

to the HAGBs is independent from that of Cr as also apparent from 
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Fig. 4. The STEM HAADF micrograph and the Cr elemental map overlays showing the Cr-rich precipitates (red) of the Ni60 alloy annealed at 500 and 600 °C for 10 and 100 h. 

Included is the approx. volume fraction of the precipitates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 

Fig. 5. (a) EELS high loss relative composition maps of the HPT deformed Ni60 annealed for 1 h at 600 °C and the corresponding L-edge relative composition line scan profile 

of the corresponding elements. (b) EELS high loss L edge elemental maps and relative composition line scan profiles of the HPT processed Ni60 annealed at 600 °C for 100 h. 

The line scan over Cr-rich precipitates inside the grain (white arrow - left) and the line scan over Mn enrichments at high angle grain boundary (black arrow - right) show 

that an increased annealing time results in no further change in the Cr-rich precipitates but rather triggers a Mn segregation to grain boundaries. 
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the line scans in Fig. A5 which associate the enrichment of one 

element to the depletion of all other elements. This segregation 

to HAGBs provides a dragging force for grain boundary migration, 

thus adding a stabilizing factor to the system. This can eventually 

also lead to a phase separation at grain boundaries given the right 

conditions in terms of annealing time and temperature. 

Assessing the thermal stability against grain coarsening is com- 

plicated Ni20 and Ni60, both of which start to decompose in the 

intermediate temperature interval, where we expect the onset of 

coarsening. It should be noted that Ni20 and Ni60 show a compa- 

rable coarsening behavior, but Ni20 decomposes to a much higher 

degree (approx. 10 Vol.% for Ni20 [3] compared to < 1 vol.% for 

Ni60). The reduced number of second phases in the Ni60 alloy and 

the comparable grain coarsening rate may indicate that the mi- 

crostructure of Ni60 alloy is thermodynamically more stable com- 

pared to the equiatomic HEA (Ni20). Here, the chemically more 

complex Ni20 and Ni60 alloys are thermally more stable in terms 

of grain coarsening than Ni92 and Ni100. Both HEA-type alloys just 

start to decompose but do not coarsen significantly at intermediate 

temperatures (up to 500 °C), whereas the more dilute solid solu- 

tions (Ni92, Ni100) coarsen significantly (doubling of the grain size, 

see Table 1 ). As an intrinsically reduced grain boundary mobility 

caused by lattice distortions or local chemical fluctuations does not 

seem to be present in HEAs [63] , the observed coarsening behavior 

could be attributed to the reduction of the grain boundary mobility 

due to a kinetic stabilization by pinning effects of solute species or 

the presence of second phases, both of which can strongly inhibit 

grain boundary motion [63–67] . 

3.2. Mechanical properties 

3.2.1. Hardness and indentation modulus 

The effect of annealing on the microstructure and thus on the 

mechanical properties is further investigated using nanoindenta- 

tion. As the knowledge of the true contact area is crucial for cor- 

rect indentation data, and material pile-up is expected for samples 

with low hardening capability [68] , the residual impressions are 

measured via confocal laser scanning microscopy to avoid overes- 

timations of hardness and modulus using the Oliver-Pharr method. 

The measured pile-up heights are shown as a function of an- 

nealing temperature in Fig. 6 . Interestingly, all compositions show 

a peak in pile-up heights at intermediate temperatures. Accord- 

ing to Bolshakov and Pharr [68] , the modulus-to-hardness ratio 

as well as the work hardening capability are crucial for the for- 

mation of material pile-up during indentation. However, for ma- 

Fig. 6. Maximum pile-up heights of the deformed Ni-X samples after isochronal 

annealing (1 h). 

terials showing a moderate amount of work hardening, pile-up 

is not a significant factor and the indentation data analysis ac- 

cording to Oliver-Pharr [40] provides proper values [68] . The ef- 

fect of annealing on the pile-up behavior is exemplary shown for 

Ni100 in Fig. 7 . The severely work-hardened as-deformed sam- 

ples show pronounced pile-up formation ( Fig. 7 a), as the plastic 

zone is confined and the material also deforms to the free surface 

[69] . In contrast, samples in a recrystallized state are able to work 

harden further during indentation, which inhibits pile-up forma- 

tion [68] ( Fig. 7 c). The peak in pile-up height at intermediate tem- 

peratures ( Fig. 6 ) may be related to the change in work hardening 

behavior, as the modulus-to-hardness (also h f /h max ) ratio changes 

only marginally to higher values with increasing annealing temper- 

ature up to 600 °C. During annealing at intermediate temperatures, 

the number of mobile dislocations will be reduced, while keep- 

ing the grain size in the range of the UFG regime, resulting in a 

hardening of the bulk sample (hardening by annealing) [ 70 , 71 ]. In 

consequence, the plastic strain that has to be sustained by the ma- 

terial during indentation results in the introduction of free disloca- 

tions and dislocation sources in the material around the indenter 

tip, which facilitates further plastic deformation (softening by de- 

formation) [ 70 , 71 ]. The high mechanical resistance from the bulk 

material surrounding the softer plastic zone could force the de- 

formation towards the free surface and further enhances pile-up 

formation. 

The correction method proposed by Kese et al. [42] is used 

to account for pile-up and to evaluate the mechanical properties 

( Fig. 8 ). For further information regarding the pile-up correction 

procedure, please see Appendix B . Since the specimens that show 

increased pile-up also have a slightly reduced modulus, it can be 

assumed that the contact area is marginally overestimated. This 

could be attributed to the fact that not all of the piled-up mate- 

rial is in contact with the indenter tip and thus the contact area is 

overestimated by the methods described in Appendix B . 

After HPT deformation, Ni20 and Ni60 show a comparable hard- 

ness level of approx. 4.9 GPa, which is in good agreement with 

the similar saturation grain size of both alloys as well as similar 

SSH contributions of approx. 40 MPa calculated using the Varvenne 

model [ 32 , 33 ]. In terms of strength, it seems that it is not manda- 

tory to aim for an equiatomic composition or entropy maximiza- 

tion to achieve the highest hardness within a material system. The 

more dilute Ni92 and Ni100 exhibit a lower hardness, which is re- 

lated to the lower SSH and Hall-Petch contributions [ 44 , 72 ]. After 

annealing at 300 °C, hardening can be observed for most of the in- 

vestigated alloy compositions. This slight increase in hardness can 

be related to the elimination of free dislocations and dislocation 

sources without significant grain growth or recrystallization (hard- 

ening by annealing) [ 70 , 71 ]. For Ni20, the hardness even further 

increases with annealing temperature to a peak value of 5.38 GPa 

at 500 °C, which could be caused by the presence of secondary 

phases, see ( Fig. 3 a) and Ref. [3] . The main difference between 

Ni20 and Ni60 can be seen for the samples annealed at 500 °C. 

While Ni60 shows a small drop in hardness, Ni20 reaches its max- 

imum value at this temperature. The formation of NiMn, FeCo and 

Cr-rich precipitates at moderate temperatures is well described in 

literature for the Cantor alloy [ 3 , 4 , 73 ] and is also found here after 

annealing at 700 °C ( Fig. 3 a). Ni60 shows a nearly constant hard- 

ness level of approx. 5 GPa up to 450 °C annealing. This finding is 

in good agreement with the measured grain size, which is almost 

constant up to this temperature, indicating a high microstructural 

stability. Annealing at temperatures above 500 °C then results in a 

continuously decreasing hardness to approx. 2 GPa after 900 °C an- 

nealing for both compositions, Ni20 and Ni60, which can be at- 

tributed to grain coarsening processes [ 44 , 72 ] and the dissolution 

of the precipitates at temperatures above 800 °C. 
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Fig. 7. Laser scanning microscope images of the residual nanoindentation impressions of the Ni100 sample after different annealing treatment: (a) as deformed, (b) 500 °C 

and (c) 800 °C. The white triangle represents the theoretical projected contact area assuming a perfect Berkovich tip. 

Fig. 8. (a) Indentation modulus and (b) hardness of the deformed Ni-X series after 

isochronal heat treatment (1 h). 

The hardness of Ni92 and Ni100 on the other hand decreases 

continuously for all temperatures above 300 °C due to pronounced 

grain coarsening. In the coarse-grained state, the hardness corre- 

lates with alloying content i.e., the higher the solute concentration, 

the higher the hardness. 

The indentation modulus increases marginally for all composi- 

tions with increasing annealing temperature and increasing grain 

size, respectively, showing no peak formation at intermediate tem- 

peratures. Although severe plastic deformation significantly in- 

creases the grain boundary density, the elastic properties of UFG 

and NC materials are insensitive to the grain size in the grain 

size range larger than 30 nm [ 74 , 75 ]. Hence, the slightly reduced 

modulus after deformation could either be caused by a crystallo- 

graphic texture, which may be present after shear deformation, or 

by a deviation between assumed and actual contact area. Given the 

elastic anisotropy of the alloys being used [ 76 , 77 ], the slightly re- 

duced modulus after deformation (see Fig. 8 a) could be caused 

by a crystallographic texture, which may be present after shear 

deformation. For Ni20, the texture formation during HPT defor- 

mation is already reported in literature [ 78 , 79 ], showing a weak 

shear texture developed by slip and mechanical twinning. There- 

fore, we investigated the Ni60 and Ni100 samples as one exam- 

ple for a chemically complex and one for a dilute solid solution. 

In the as-deformed state, both, the Ni60 and Ni100 alloy show 

only marginal texture components, which do not change signifi- 

cantly after annealing at 700 °C, indicating that the reduced mod- 

ulus for samples annealed at low temperatures is not caused by 

texture or rather a change thereof . Accordingly, it is assumed that 

the calculated contact area is slightly overestimated for specimens 

showing significant pile-up. In literature [ 3 , 80 ], significant peaks in 

hardness and modulus were found after annealing at 600 °C for the 

Ni20 composition, which were attributed to the formation of sec- 

ondary phases. Similarly, the raw indentation data calculated by 

the Oliver-Pharr method [40] for Ni20 and Ni60 also show a pro- 

nounced peak in hardness and modulus, yet, it is caused by the 

significant amount of material pile-up ( Appendix B1 ). The forma- 

tion of secondary phases with their low volume fractions does not 

lead to a significant increase in indentation modulus of the Can- 

tor alloy. This observation is also supported by TEM analysis of the 

Ni60 samples. For this composition, we also observe a pronounced 

peak in the Oliver-Pharr analysis of the indentation modulus (see 

Appendix B2 ). However, the small volume fraction of second phase 

particles (less than 1 vol.%) can not cause such a change. The re- 

ported modulus and hardness peak for Ni20 is thus caused by 

material pile-up around the indentation, which is not considered 

in the Oliver-Pharr analysis, leading to an underestimation of the 

contact area and corresponding apparent increase in modulus and 

hardness. 

3.2.2. Strain rate sensitivity and activation volume 

The strain rate sensitivity (SRS) for the different microstructural 

states of the alloys and the activation volumes derived from them 

are investigated by means of nanoindentation strain rate jump 

tests according to Ref. [41] . In the NC and UFG regime, the ma- 

terials show a nearly depth independent hardness at indentation 

depths larger than 10 0 0 nm ( Fig. 9 a), whereas the indentation size 

effect is more pronounced for the coarse-grained microstructures. 

In this case, the hardness data was corrected according to the Nix- 

Gao model [81] . The as-deformed states show the trend of an in- 

creasing hardness with increasing solute content with its maxi- 

mum for Ni60 (Ni20 and Ni60 show comparable SSH contributions 

according to the Varvenne SSH model [ 32 , 33 ]) followed by Ni20, 
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Fig. 9. (a) pile-up corrected hardness vs. indentation depth of the as-deformed Ni-X samples, (b) activation volume and strain rate sensitivity as a function of annealing 

temperature and (c) enlarged section from (a) for different annealing temperatures. 

Ni92 and Ni100. By changing the strain rate, a change in hardness 

is found, where higher strain rates cause higher hardness values. 

The different alloys show a distinctively different transient behav- 

ior during strain rate change (see Fig. 9 c). After a strain rate jump 

to a lower strain rate, Ni20 and Ni60 show a period of softening, 

followed by a short strain hardening section. This yield point phe- 

nomenon, which is very distinct for Ni20 and Ni60 is barely ob- 

servable for Ni92 and Ni100 in their as-deformed HPT state. This 

behavior changes slightly with annealing. Whereas Ni20 and Ni60 

show this yield point phenomena to the same extent up to in- 

termediate annealing temperatures, the strain hardening section 

is rather more pronounced for the Ni92 and Ni100 sample after 

300 °C annealing, but vanishes at higher temperatures ( Fig. 9 c). 

The reduction of strain rate in a nanoindentation strain rate 

jump experiment is accompanied by a reduction of stress. As 

shown in stress reduction tests of NC Ni alloys [ 82 , 83 ] two compet- 

ing deformation mechanisms – dislocation-based (storage and an- 

nihilation) and grain boundary mediated deformation – take place, 

depending on the magnitude of the stress drop, the grain size 

and the composition. It was shown for a NC Ni 50 Fe 50 alloy that 

dislocation-based plasticity is suppressed after a stress drop as so- 

lutes diffuse to mobile dislocations and temporarily pin them. As 

a result, dynamic recovery caused by grain boundary processes 

become more prominent, contribute to plastic strain and control 

the strength by reducing the dislocation density [83] . With further 

plastic strain, mobile dislocations need to be generated and the 

material hardens while approaching a steady state of dislocation 

nucleation and annihilation. 

In case of Ni20 and Ni60 the presence of these yield point phe- 

nomena can be related to the high solute content and thus SSH 

contributions in combination with a UFG or NC microstructure. If 

this effect is solely based on solute - dislocation interactions, it 

should also be observable for the coarse-grained microstructures 

after annealing. However, for heat treatments performed above 

600 °C, the yield point effects vanish, hence, this effect is limited 

to NC and UFG microstructures, where grain boundary mediated 

mechanisms are decisive. The Ni92 and Ni100 sample show in the 

as-deformed state the mentioned yield point phenomena after a 

strain rate jump to a lower strain rate to a much lesser extent, but 

it increases slightly after annealing at 300 °C. In this case, the num- 

ber of mobile dislocations in the grain interior was reduced during 

annealing [ 70 , 71 ], resulting in a short strain hardening section af- 

ter the strain rate reduction due to the generation of a sufficient 

number of mobile dislocations for plastic strain. 

( Fig. 9 b) shows the analysis of the strain rate sensitivity m 

and the apparent activation volume V ∗. The strain rate sensitiv- 

ity m ( m = 
d( lnH ) 
d(ln ̇ ε 

) ) decreases with increasing grain size, whereas 

the corresponding activation volumes ( V ∗ = 
C·

√ 
3 ·k B ·T 
m ·H with C: con- 

straint factor of 3, k B : Boltzmann constant, T: ambient temperature 

of 25 °C) behaves inversely for all compositions. Although this is a 

common testing procedure, it should be noted that the microstruc- 

ture in the plastic zone may be unstable during indentation [84] . 

Furthermore, it is not possible to infer if the change in hardness 

with varying strain rate is caused by a change in dislocation den- 

sity, dislocation velocity or a combination of both [ 18 , 85 ]. In NC 

and UFG FCC materials, the increased SRS can be attributed by 

dislocation - grain boundary interactions, which get more promi- 

nent due to the high grain boundary density present after HPT 

[ 17 , 80 , 86 ]. The present study reveals nearly identical activation vol- 

umes of approx. 30 b 3 for all the different compositions after HPT. 

This corresponds to dislocation-glide based plasticity (dislocation 

nucleation or/and dislocation cross-slip), acting in a range from 

several b 3 to 100 b 3 [ 18 , 87–89 ]. Up to an annealing temperature 
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of 600 °C, the activation volumes of all compositions are below this 

limit of 100 b 3 . 

It is worth noting that after annealing Ni20, Ni60 and Ni92 

show relatively small activation volumes compared to Ni100, 

which could indicate that solid solution hardening needs to be 

thermally overcome for plasticity, similar to the Peierls mechanism 

in BCC metals [80] . Ni100 exhibits a much larger activation volume 

in the coarse-grained state, indicating dislocation-dislocation inter- 

actions [88] . 

4. Conclusions 

A series of Ni-diluted solid solutions were severely deformed 

by HPT to a single-phase FCC, ultrafine-grained or nanocrystalline 

state, reaching the saturation state. Subsequent isochronal anneal- 

ing was performed to shed light on the thermal stability of room- 

temperature mechanical properties (hardness, modulus) as well as 

microstructural stability and precipitation behavior, with an em- 

phasis on a transition from dilute solid solutions to HEAs. 

1. In terms of thermal stability, the present work reveals similar 

behavior for Ni20 and Ni60 (HEA-type solid solutions) on the 

one hand and Ni92 and Ni100 (dilute solid solution) on the 

other hand, which indicates a transition from conventional solid 

solutions to HEAs. 

2. While the decomposition tendencies of Ni20 have recently been 

shown in literature, the Cr-rich nanophases (Ø ≈ 40 nm) with 

an FCC structure and Mn segregations to grain boundaries were 

detected in the Ni60 alloy using TEM in this work. The Ni92 

alloy shows a single-phase solid solution, which is consistent 

with the higher thermodynamic stability expected for dilute 

solid solutions. 

3. The investigated alloys exhibit a two stage coarsening behav- 

ior, with almost no grain growth at T < 450 °C and diffusion 

driven grain growth above 500 °C. Reduced grain growth can 

be observed up to 500 °C for the higher concentrated composi- 

tions (Ni20 and Ni60), where Ni92 and Ni100 show significantly 

larger grain sizes. The hindered coarsening behavior of the HEA 

type alloys may be attributed to pinning effects by solutes and 

second phases. The activation energies for grain growth are cal- 

culated and a qualitative comparison reveals a correlation be- 

tween Q and the volume diffusion coefficients D. After anneal- 

ing in the range of the recrystallization temperature at 900 °C, 

all compositions show a single-phase microstructure in the mi- 

crometer range, with Ni100 showing a grain size twice as big 

as the other alloys. 

4. Significant material pile-up takes place during indentation for 

the NC and UFG microstructures, showing peak values in the in- 

termediate annealing temperatures. The increase in pile-up for- 

mation is related to a change in work hardening behavior, i.e., 

to the hardening by annealing phenomenon, facilitating plas- 

tic flow of constrained material towards the free surface in the 

vicinity of the contact (softening by deformation). Pile-up ef- 

fects around the indentation can also lead to misinterpretation 

of hardness and modulus, applying the OP method. Without 

correction, physically meaningless peaks in modulus and hard- 

ness are found, whereas after correction, only slight hardening 

by annealing is observed for all compositions 

5. The nanoindentation hardness trends show a higher thermal 

stability for the HEA-type alloys. Whereas the hardness of Ni92 

and Ni100 already starts to decrease at temperatures above 

300 °C due to grain growth, Ni60 shows a constant hardness 

up to an annealing temperature of 450 °C and Ni20 exhibit a 

hardness peak in the intermediate temperature interval (450 

– 600 °C). The hardness peak after annealing of Ni20 may be 

attributed to the formation of second phases, a modulus peak 

is not observable after contact area correction. The nanoinden- 

tation SRJ tests show a different transient behavior for dilute 

solid solutions and HEA-type alloys and indicate dislocation- 

glide based plasticity acting in the UFG regime. 
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Fig. A1. The STEM HAADF micrograph showing a close-up view of the grain and the corresponding elemental maps of the Ni60 alloy after HPT deformation. 
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Fig. A2. Strain map reconstructed from the nanobeam diffraction series using a custom code written in Digital Micrograph of the Ni60 sample annealed at 600 °C for 1 h 

(line 1) and 100 h (line 2). The Cr-rich precipitates are characterized as a part of the matrix which was reconstructed using a virtual aperture on the resulting FCC diffraction 

patterns. The line profile (white arrow) over the shear strain as well as the rotational strain maps show a strain buildup of 2% and rotation of -0.9 ° respectively behind the 

Cr-rich precipitate. 
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Fig. A3. The STEM HAADF micrograph showing a close-up view of the grain and the corresponding elemental maps of the Ni92 alloy after 600 °C annealing for 1 h. 

Fig. A4. Calculated equilibrium phase fractions for Ni60 (Cr 10 Mn 10 Fe 10 Co 10 Ni 60 ) using the TCHEA3 database. 
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Fig. A5. The STEM HAADF micrograph showing a close-up view of the grains and the corresponding elemental maps of the HPT deformed Ni60 alloy after 1 h of annealing 

at 450 °C. 

Fig. A6. The overlay of STEM BF micrograph, Cr and Mn elemental maps as well as the corresponding line scans showing an enrichment of Mn at HAGBs initiated at 450 °C 

in the Ni60 alloy. The increase of annealing temperature and time does not lead to the increase of Mn enrichment at HAGBs while Cr precipitation progresses further to 

reach a saturated state. 
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Appendix B. Pile-up correction procedure for indentation 

testing 

Depending on the modulus to hardness ratio, sink-in or pile- 

up may occur during plastic deformation, which affects the actual 

contact area and needs to be considered for proper modulus and 

hardness values [90] . The influence of the observed pile-up on the 

contact area and thus the mechanical properties can be seen in 

Fig. B1 , where the uncorrected hardness and modulus values given 

from the Oliver-Pharr method [40] are shown. The hardness and 

modulus values are shifted to much higher values for the sam- 

ples showing pile-up behavior. Due to the peak in pile-up height 

at intermediate temperatures, a peak in modulus is observable 

for the different compositions in the same annealing temperature 

regime. 

A method for determining the true contact area was proposed 

by Kese et al. [42] using a Berkovich tip and approximating the 

pile-up contact perimeter as a semi-ellipse. By knowing the con- 

tact area from the Oliver-Pharr method (A O-P ), the true contact 

area can be determined using Eq. (B.1) : 

A = A O −P + A Pile −up = A O −P + 5 . 915 
∑ 

a i (B.1) 

with h c representing the contact depth and a i the horizontal dis- 

tance between pile-up contact perimeter and the edge of the in- 

dent. The semi-elliptical projected pile-up lobes at the three sides 

of the Berkovich tip are included in the summation. The contact 

area determined using Eq. (B.1) is very similar to the value ob- 

tained by measuring the area of the residual impression optically 

(see Fig. B2 ), therefore the method proposed by Kese et al. [42] is 

used for contact area corrections throughout Section 3.2 . 

Fig. B1. Indentation modulus and hardness of the deformed Ni-X series after isochronal heat treatment (1 h). (a)–(b) values obtained from the Oliver-Pharr method [40] with- 

out pile-up correction (green symbols are taken from Ref. [80] ) and (c), (d) values obtained after pile-up correction according to [42] . (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. B2. Comparison of true contact area, determined according to (a) Oliver-Pharr method (green) [21] , (b) Kese et al. (yellow) [42] and (c) by means of optical measurement 

(blue) using the Ni100 sample after HPT deformation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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