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Abstract. High entropy alloys (HEAs) are multicomponent alloys in equiatomic or nearly 

equiatomic composition. Anticipated sluggish atomic diffusion is reported to be one of the 

core effects in HEAs which is presumably responsible for their many unique properties. For 

the first time, in the present study, tracer (Ni) diffusion in CoCrFeNi and CoCrFeMnNi alloys 

is measured by the radiotracer technique in the temperature range of 1073 – 1373 K using the 
63Ni isotope. Chemically homogeneous alloys of equiatomic composition were prepared by a 

vacuum arc melting route. The microstructure and phase stability of the alloys in the given 

temperature range is confirmed by differential thermal analysis and X-ray diffraction.  

Ni diffusion in both CoCrFeNi and CoCrFeMnNi alloys is found to follow Arrhenius 

behaviour. When plotted against the homologous temperature, a tendency to a successive 

slow down of the tracer diffusion rate with an increased number of components in equiatomic 

alloys is unambiguously established. Both the entropy term as well as the energy barriers is 

revealed to contribute to this trend. The current results indicate that diffusion in HEAs cannot 

a priori be considered as sluggish. 
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1. Introduction 

High entropy alloys (HEAs) are multicomponent alloys, developed based on a novel design 

concept of multi-principal elements, containing constituents in equiatomic or nearly 

equiatomic proportions [1]. Yeh et al. [2] stated that such alloys tend to form simple solid 

solutions instead of complex phases or compounds due to their high configurational entropy 

of mixing (∆Smix). However, some recent studies have debated the dominance of 

configurational entropy in determining phase stability in high entropy alloys. Zhang et al. [3] 

have affirmed that a high mixing entropy state does not always have the lowest Gibbs energy 

and complex phases may precipitate out in HEAs on prolonged annealing. Ma and co-

workers have argued that solid solutions present in HEA need not be entropy stabilized [4] 

and  ab-initio calculations for CoCrFeMnNi indicate that vibrational, electronic and magnetic 

entropies are equally important as the configurational one [5].  Schuh et al. [6] have 

demonstrated phase decomposition in severely deformed CoCrFeMnNi alloy at 450 ⁰C, 

which further hints that high ∆Smix does not guarantee the phase stability and often the single 

phase observed in HEAs is a high temperature phase whose transformation is possibly 

kinetically constrained. Pickering and Jones [7] have questioned the deemed significance of 

the proposed core effects (high entropy, severe lattice distortion, cocktail effect and sluggish 

diffusion) in HEAs.  

Slow diffusion kinetics in HEAs is believed to be responsible for their unique features 

like excellent thermal stability, decelerated grain growth and formation of nano-precipitates 

[1]. Praveen et al. [8] have observed an excellent resistance to grain coarsening in 

nanocrystalline CoCrFeNi alloy and have partly attributed to slower atomic transport in 

HEAs. Lee et al. [9] have discussed the role of sluggish diffusion on enhanced creep 

resistance in nanocrystalline CoCrFeMnNi. In recent years, increased number of HEAs have 

been investigated for high temperature mechanical properties [10-11], creep strength [9,12-

14], oxidation resistance [15-17] and coating applications [18]. Thus, understanding their 

diffusion kinetics is very important and of high relevance. Furthermore, reliable diffusion 

data are required as a key input for rigorous phase prediction using, e.g. the CALPHAD 

approach [3]. 

Nevertheless, only three experimental studies have been published so far limiting the 

present knowledge exclusively to interdiffusion data in HEAs. Tsai et al. [19] have 

determined the interdiffusion coefficients using a pseudo-binary approach [20] for a 

composition CoCrFeMn0.5Ni which corresponded to the Kirkendall plane in that experiment. 
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They have proposed that the derived values are approximately equal to the intrinsic and tracer 

diffusivities of the equiatomic CoCrFeMnNi alloy, arguing that the involved thermodynamic 

factor is about unity. The observed lower diffusion rates were attributed to a higher 

normalized activation enthalpy (Q/Tm, where Q is the activation enthalpy and Tm is the 

melting point of the alloy) of diffusion in HEAs as compared to pure metals and the 

corresponding binary and ternary alloys. However the authors emphasized that, in addition to 

the approximation of the thermodynamic factor by just unity, the analysis was performed by 

neglecting the off-diagonal terms in the Onsager matrix [19], too.  

Very recently, Kulkarni and Chauhan [21] determined the diffusion matrix in 

CoCrFeNi at 1000⁰C from an interdiffusion experiment and have argued that the role of 

diffusional interactions is very important in HEAs. This fact questions the estimates in Ref. 

[19] and calls for direct tracer measurements. Very recently, Dabrowa et al. [22] have 

studied interdiffusion in non-equiatomic AlCoCrFeNi alloys and further reported sluggish 

diffusion in HEAs.  They also highlighted the importance of crystallographic parameters in 

determining the diffusion behaviour in HEAs, rather than simply attributing it to varied 

chemical environments. Beke and Erdélyi [23] have re-analyzed the data presented in [19] 

and indicated the role of the correlation factors towards sluggish diffusion in HEAs.  

We therefore summarize that only interdiffusion has been investigated in HEAs so far 

and presently the fundamental tracer diffusion data are completely missing for HEAs, 

although the term 'sluggish diffusion' is often used in case of HEAs. Furthermore, short-

circuit, especially grain boundary diffusion, which contributes definitely to the enhanced 

creep properties is totally unknown, too.  

We have to emphasize that the tracer diffusion method is superior with respect to the 

interdiffusion one, since it is the most direct way for measuring self-diffusion of an element 

in any alloy of a given composition and it corresponds to the presence of purely entropic 

driving forces [24]. The tracer concentrations are kept very small (typically at a ppm level) 

which allows diffusion investigations in a chemically homogeneous solid. It also ensures that 

diffusion of a tracer atom is not influenced by any other tracer and gives reliable self-

diffusion coefficients of the constituent elements. Complications arising due to the presence 

of concentration gradients or cross-terms (like in interdiffusion [24]) play no role here. 

Accurate concentration profiles are obtained using nuclear counting facilities of a high 

sensitivity [25] and the tracer diffusion coefficients can directly be compared to the results of 

computer simulation in order to validate an anticipated diffusion mechanism.  
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In the present work, we report the first direct and assumption-free experimental results 

on the tracer diffusion of Ni in equiatomic CoCrFeNi and CoCrFeMnNi high entropy alloys. 

The primary objective of the present study is to establish whether an increase in the 

configurational entropy slows down diffusion in HEAs indeed. For example, CoCrFeMnNi 

has a significantly lower melting point (at least by 80 K) than all alloys which were compared 

in Ref. [19]. Therefore, a natural question is raised whether the mixing entropy decelerates 

diffusion at a given absolute temperature irrespective of a presumably increased vacancy 

concentration in the material due to depression of the melting point.  

In order to address the above issue, we have chosen to study Ni tracer diffusivity in 

both CoCrFeNi and CoCrFeMnNi HEAs, which have significantly different melting points 

and ∆Smix, see Table 1. These alloys were shown [26] to possess an FCC structure with the 

lattice parameter being close to that of Ni. The CoCrFeMnNi alloy does not decompose at 

temperatures higher than 1000 K [27] and CoCrFeNi preserves its single phase FCC state 

after annealing at 753 K for two weeks [28]. Therefore, Ni is our first choice to understand 

tracer diffusion in these HEAs at temperatures where a single phase FCC matrix is 

unambiguously preserved, and diffusion of other constituent elements is a subject of our on-

going work.  

 

2. Experimental details 

Solid pieces (99.99 wt. % purity) of Co, Cr, Fe, Mn and Ni were taken in equiatomic 

proportions and arc melted to form CoCrFeNi and CoCrFeMnNi alloys. The melting was 

carried out in a highly purified Ar atmosphere, preceded by an evacuation to 10-5 mbar 

pressure. Each alloy was re-melted 4-5 times to improve the chemical homogeneity. The 

buttons were further homogenized at 1473 K for 50 h. X-ray diffraction (XRD) (Cu-Kα 

radiation) and scanning electron microscope (SEM) equipped with electron back-scattered 

diffraction (EBSD) and energy dispersive spectroscopy (EDS) were used to determine the 

phase structure, grain size and composition of the alloys. To ascertain the phase stability of 

alloys over the temperature-time domain of diffusion measurements, two separate annealing 

treatments for each alloy were carried out. The disc samples were sealed in quartz tubes with 

purified (5N) Ar atmosphere and annealed in a SiC furnace at 1073 K and 1373 K for 31 days 

and 3 days respectively, followed by water quenching to retain the high temperature phase. 

The melting points of the alloys were determined using Differential Thermal Analysis 

(DTA). The heat flux measurements up to 1873 K were carried out in a Labsys TG-DSC 

under highly purified Ar applying a linear heating rate of 20 K/min.  
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The radioactive isotope 63Ni (68 keV β-decays, half-life of 100 years) was used in the 

form of a highly diluted acidic solution. It was deposited on polished disc-shaped samples of 

8 mm in diameter and 1 mm thickness. Subsequently, diffusion annealing treatments were 

carried out in sealed quartz tubes under purified (5N) Ar atmosphere at the temperatures 1073 

K, 1173 K and 1373 K for different times. After annealing, the diameter of the samples was 

reduced by approximately 1 mm to remove the contaminant effects of surface and lateral 

diffusion. The penetration profiles were determined by the serial sectioning technique using a 

high-precision grinding machine. The intensity of β-radiation of 63Ni decays (which is 

proportional to the 63Ni concentration in a section) was measured using a liquid-scintillation 

counter TRI CARB 2910TR. The counting time was chosen to keep the statistical uncertainty 

of the activity determination below 2%. The initial (few) sections (up to 1 µm in total depth) 

may represent artifacts induced by the calibration procedure of a sample for parallel grinding 

and/or by very fine surface scales and, therefore, are not included in the penetration profiles. 

 

3. Results and discussion 

The phase stability of the material at the temperatures and for the times of the 

intended diffusion annealing treatments is a key factor for a straightforward and reliable 

determination of the diffusion parameters. Note that due to the use of radioactive tracers a 

post-diffusion characterization of the alloys is not feasible.  

Therefore, the as processed (cast and homogenized) alloys were subjected to heat 

treatments at the lowest and highest temperatures and to the longest times of diffusion 

annealing employed in the present study (31 days at 1073 K and 3 days at 1373 K). The XRD 

results are presented in Figs. 1a and b for CoCrFeNi and CoCrFeMnNi, respectively. It is 

clear that both alloys possess a single-phase FCC structure which is retained during the 

annealing treatments. The peak shifts to lower θ-values for both CoCrFeNi and CoCrFeMnNi 

are partially due to calibration problems with measurements on different devices. In addition, 

relative intensity of the (200) peak is found to be higher than for the CoCrFeNi alloy 

annealed at 1073 K, which indicates a texture evolution. However, probable grain boundary 

motion and accompanied grain re-orientation, caused by texture, cannot affect the bulk tracer 

diffusion contribution, since tracer diffusion is isotropic in cubic lattices [24]. 

Orientation imaging microscopy using EBSD analysis was applied and Figure 2 

shows grain orientation maps and chemical maps obtained for as-processed (arc-melted and 

homogenized) CoCrFeNi and CoCrFeMnNi alloys. Grains are almost equiaxed, grain size 
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exceeds 250 µm and dispersed Cr oxides (2 - 5 µm in size) are scarcely present. The EDX 

analysis confirms the homogeneity of the alloys, Fig. 2, and the equiatomic composition of 

CoCrFeNi as well as CoCrFeMnNi alloys, see Table 2.  

For an accurate determination of the melting points, Tm, of the alloys, DTA analyses 

were performed. As indicated in Fig. 3, strong endothermic peaks corresponding to melting 

are observed for both CoCrFeNi and CoCrFeMnNi alloys at 1717 K and 1607 K, 

respectively. These values are used for the definition of the corresponding homologous 

temperatures, T/Tm, of the alloys. Here T is the absolute temperature. No further phase 

transformations are seen in the alloys over the entire temperature range, which in fact 

additionally indicates the stability of a single-phase structure of the alloys during the 

diffusion measurements. Generally, solidus, liquidus or peak temperatures can be used as 

melting points in numerical estimates of homologous temperatures below. It was proven that 

a given choice does not affect the main conclusions of the present paper. 

The annealing conditions in the present study were found to correspond dominantly to 

a thin film geometry, for which the Gaussian solution of the bulk diffusion equation is 

appropriate, 

 







−=

Dt

x
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M
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π
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Here C(x,t) is the concentration at the depth x from the surface after the time t, D is the 

diffusion coefficient, and M is the initial tracer amount. In some cases, especially at lower 

temperatures, the complementary error function solution [24] was found to be more 

appropriate. 

 A probable grain boundary diffusion contribution at these relatively high temperatures 

can be described in the framework of the so-called B-type kinetic regime after Harrison's 

classification [29] using Le Clair's functional form [30],  

 ( )5/6
0 exp),( xACtxC ⋅−= , (2) 

where C0 and A are constants, see also [24,31]. 

The 63Ni concentration profiles measured at 1173 K for CoCrFeNi and CoCrFeMnNi 

are given in Fig. 4 and this profile shape is observed at all other temperatures as well. A 

combination of equations (1) and (2) has been used to fit the experimental data.  

Two basic contributions can obviously be distinguished in Fig. 4. The first, near-

surface branch of the profile corresponds certainly to a bulk tracer diffusion mechanism, and 

the tracer penetration profile is well linear in the coordinates of the logarithm of 
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concentration against the depth squared. The alloy has sufficiently large grain size, d, 

consequently the ratio of grain boundary width to d is very small, which further substantiates 

that only lattice diffusion is dominant in the regions close to the surface [24]. 

 The second branch of the profile in Fig. 4 could correspond to grain boundary 

diffusion as it seems to be linear against the depth to the 6/5 power, in accordance with 

equation (2). The observance of pronounced grain boundary diffusion contribution at 

relatively high temperatures in our studies (especially at 1373 K in the FeCoCrMnNi alloy 

that corresponds to about 0.85Tm for this material) is not commonly observed in pure metals 

[31-32]. This needs a detailed investigation which is the subject of a separate study.  

In the present paper, the diffusion data corresponding to the first branches of the 

concentration profiles are reported and they are presented in Fig. 5 for the two HEAs under 

investigation. The maximum penetration depth increases with increasing temperature and the 

diffusion coefficient, D, is determined as ( )( ) 12ln41
−∂∂−= xCtD , where 2ln xC ∂∂  is the 

slope of the penetration profile in the corresponding coordinates. In a single measurement, 

the estimated uncertainty of the determined tracer diffusion coefficients is below 20%. 

By comparing diffusivities of different materials with the same structure, it was often 

found that the measured diffusion coefficients scale with the corresponding melting points of 

the compounds, Tm, for a detailed discussion see, e.g., Ref. [25]. Therefore, the derived 

diffusion coefficients from the concentration profiles are plotted as a function of inverse 

temperature, T −1, and of inverse homologous temperature, Tm/T, in Figs. 6a and b, 

respectively. A striking fact is that opposite diffusion trends are observed for these two cases. 

CoCrFeNi reveals a lower diffusivity than CoCrFeMnNi at all absolute temperatures, while it 

exhibits higher diffusion rates when diffusion is compared using the homologous 

temperature. The basic premise of sluggish diffusion in HEAs comes from the fact that an 

increased number of components hinder the atomic movement due to varied chemical 

environments. The tendency reflected in Figs. 6a and b questions, however, the extent to 

which the configurational entropy slows down tracer diffusion. The ∆Smix for the 5-

component alloy is higher (1.61R) than for the 4-component alloy (1.38R), yet Ni tracer 

diffusion is slower in the 4-component alloy at a given absolute temperature. Thus, two 

salient features can be highlighted:  

a) If the inverse of homologous temperature, Tm/T, is used for comparison, there is a 

clear trend of diffusion retardation with an increased number of components in an alloy, i.e. 

with increased configurational entropy, cf. Fig. 6b.  
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b) If the diffusion rates are compared at a given absolute temperature T, an increased 

number of the components in an alloy can result even in diffusion enhancement providing a 

depression of the melting point due to component addition.  

Thus, the role of a configurational entropy term in diffusion is not straightforward. To 

further probe the influence of the enhanced mixing entropy on diffusion, a comparison with 

the literature data on diffusion in various FCC systems is given, Fig. 7. Figure 7a documents 

the temperature dependence of Ni tracer diffusion in various FCC systems, while it is re-

plotted against the inverse of homologous temperature in Fig. 7b. The original diffusion data 

are shown only for the temperature ranges reported in the corresponding papers. Figure 7a 

suggests that Ni diffusion is not the slowest in CoCrFeMnNi even though it is characterized 

by the highest ∆Smix value (Table 1). In addition, Fig. 7a also indicates that the tracer 

diffusivity of Ni in pure Ni is almost similar to binary Fe-Ni alloy, although the increase in 

configurational entropy is largest when we go from pure metal to binary alloy (Table 1). 

Perhaps, the reason why such observation has not been highlighted in literature until now is 

that up to 3 components, alloys are not classified as HEAs. However, let us analyze the figure 

more carefully and compare the four systems, i.e., pure Ni, binary Fe-45.3Ni, ternary Fe-

15Cr-20Ni and quaternary CoCrFeNi (studied in this work). All these four FCC systems have 

very similar melting points (Table 1) and out of them, CoCrFeNi has the slowest Ni diffusion 

and the highest entropy of mixing. This fact reveals that an increase of the configurational 

entropy may decelerate the diffusion rate, but it is not, as discussed above, the sole reason of 

'sluggish' diffusion in the high entropy alloys. Figure 7b ascertains that, when compared 

against the inverse homologous temperature, the decelerated diffusion kinetics does correlate 

with an increasing number of components in the alloys. Ni diffusion in CoCrFeMnNi at any 

homologous temperature is slower than in pure Ni by about two orders of magnitude.  

The temperature dependence of the diffusivities is found to follow an Arrhenius 

behavior, 

 






−=
RT

Q
DD exp0  (3) 

where D0 is the pre-exponential factor, Q is the activation energy, and RT has its usual 

meaning. These parameters (i.e., D0 and Q) for Ni diffusion in equiatomic HEAs and other 

FCC matrices are given in Table 3. It is evident from equation (3) that the decreased diffusion 

rates can be caused by both, lower D0 or higher Q values. The pre-factor D0 is usually 

expressed as ( )RSgfaD ∆= exp0
2

0 ν  [24], where g is a geometric factor, f is the correlation 
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factor, a is the lattice parameter, ν0
 is the attempt frequency, and ∆S is the diffusion entropy. 

Accepting an average lattice parameter of 0.355 nm, constant geometric and correlation 

factors (1 and 0.787, respectively) for the FCC lattice and taking ν0 as the Debye frequency 

(1013s-1), ∆S has been calculated for these FCC systems and shown in Fig. 8. Obviously, 

CoCrFeNi reveals the lowest ∆S value that is reflected in decreased diffusion kinetics in this 

alloy. The diffusion entropy is the change of the entropy of lattice vibrations originating from 

a constrained movement of the diffusing atom through a saddle point configuration [33-34]. 

The low value of ∆S in CoCrFeNi can arise due to the presence of localized order. However, 

an exact determination of the diffusion entropy would require first principle calculations. The 

present experimental study thus appeals for a detailed consideration of the short range order 

in CoCrFeNi that may significantly deviate from a random solution. Note that a further hint 

towards a (low-temperature) short range ordering of Cr atoms in the FeCoCrNi alloy was 

indicated [35].  

 Figure 8 shows the normalized activation enthalpies, Q* (=Q/RTm), for different FCC 

systems, too, and it is evident that CoCrFeMnNi exhibits the highest Q* value. This behavior 

can be rationalized by considering relative thermodynamic interaction of Ni with other 

constituent elements. Table 4 lists the mixing enthalpies of binary pairs constituting the 

equiatomic HEAs under investigation [36]. We calculate the average enthalpy of mixing of 

Ni with all other individual components (∆HNi
avg) in both 4 and 5 component alloys. ∆HNi

avg 

is −3.0 kJ/mol and −4.25 kJ/mol for CoCrFeNi and CoCrFeMnNi, respectively, which results 

from the fact that Ni-Mn has the strongest interaction among the different binaries (Table 4). 

Note that only pair interactions were included. Thus addition of Mn causes an increase of the 

∆HNi
avg value and this fact correlates with an increase of the enthalpy of Ni tracer diffusion.  

Mn, however, when alloyed to CoCrFeNi, may induce an opposite effect, too. Mn has 

a lower melting point than the other constituents and the melting temperature of the five-

component alloy is lower than that of the quaternary one. (Note that a 'Vegard's law' of 

melting points was indeed shown to work reasonably well for binary intermetallics [37], 

although these reasonings are used here only in a qualitative way.) This implies that at any 

given absolute temperature, the equilibrium vacancy concentration is higher in CoCrFeMnNi, 

which will tend to increase the rate of substitutional diffusion. The interplay of entropic and 

energetic effects can be seen in normalized Arrhenius plots for CoCrFeNi and CoCrFeMnNi, 

Fig. 6b. A cross-over homologous temperature, T*/Tm, is observed, when the Arrhenius plot 

for quinary alloy is extrapolated to lower homologous temperatures, below which Ni diffuses 
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in the five-component alloy with a lower rate than in the quaternary HEA due to an increased 

activation enthalpy. The increased activation energy of Ni diffusion in CoCrFeMnNi 

correlates with the more negative ∆HNi
avg value after Mn addition. At higher temperatures, 

above T*/Tm, Ni diffusion is faster in CoCrFeMnNi with respect to that in CoCrFeNi due a 

significantly larger entropy factor.  

We further conclude that the values derived from the interdiffusion experiments in 

[19] provide generally a reasonably fair estimate of tracer diffusion coefficient of Ni in the 

CoCrFeMnNi HEA within a factor of two. However, only after measurements of the 

diffusivities of other constituent elements the crucial assumption about the elimination of the 

off-diagonal terms in the Onsager matrix in Ref. [19] can be verified.  

Diffusion in non-equiatomic Al-Co-Cr-Fe-Ni has been investigated by Dabrowa et al. 

[22]. A simple estimate shows that the configurational entropy of mixing for the alloys 

considered in [22] is approximately 1.5R, which is not significantly different from ∆Smix of 

equiatomic CoCrFeMnNi (Table 1). However, the activation enthalpy of Ni diffusion in non-

equiatomic Al-Co-Cr-Fe-Ni was found [22] to be 227.1 kJ/mol, which is significantly lower 

than that for CoCrFeMnNi (303.9 kJ/mol as shown in Table 3). This fact further strengthens 

our claim that a high configurational entropy is not alone responsible for the increased 

activation barriers and consequently for the slower diffusion rates. The thermodynamic and 

topological properties of the elements added will certainly play a role in determining the 

extent and underlying mechanism of the diffusion process. We, therefore, accentuate that 

both energy barriers and frequency factors do contribute to the decreased diffusion rates in 

HEAs. For a proper accounting of all correlation effects, which may appear due to a variation 

of the local jump frequencies, the measurements of tracer diffusion coefficients of all 

constituents are required. 

 

 

 

4. Conclusions 

In the present work, tracer diffusion of an element, Ni, is measured for the first time in 

equiatomic HEAs. Two contributions to atomic transport kinetics are observed in the 

penetration profiles for both quaternary and quinary alloys, and the bulk diffusion 

coefficients are determined. It has been conclusively shown that while the configurational 

entropy may decelerate the diffusion kinetics, it must not be considered to be solely 

responsible for 'sluggish' diffusion in HEAs. 
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 The temperature dependencies of Ni tracer diffusion in both HEAs follow an 

Arrhenius behavior. A low pre-exponential factor, D0, governs mainly the slow diffusion 

rates in CoCrFeNi, while the increased effective activation enthalpy is responsible for slower 

Ni diffusion in CoCrFeMnNi when analyzed as a function of the homologous temperature. A 

cross-over homologous temperature exists when the Arrhenius plots for Ni diffusion in 

CoCrFeNi and CoCrFeMnNi are compared, which arises probably due to two opposite 

effects of Mn addition on diffusion. 

 We conclude that diffusion in HEAs is not inevitably sluggish; in contrast, it can be 

even enhanced if the diffusion rates are compared at a given absolute temperature in the 

CoCrFeNi and CoCrFeMnNi alloys. Tracer diffusion in HEAs becomes relatively sluggish if 

considered at a given homologous temperature. 
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Table 1: Melting points (Tm) and Configurational entropy (∆Smix) of various FCC alloys.  R 

is the universal gas constant. 

Alloy 
Melting Point, 

Tm (K) 

Reference 

for Tm 
∆Smix /R 

Ni 1728 [38] 0 

Fe-45.3Ni 1723 [38] 0.69 

Fe-15Cr-20Ni 1731 [19] 0.89 

CoCrFeNi 1717 Present work 1.39 

FeCoCrMn0.5Ni 1607 [19] 1.59 

CoCrFeMnNi 1607 Present work 1.61 

 

Table 2: Composition of CoCrFeNi and CoCrFeMnNi alloys obtained from Energy 

Dispersive Spectroscopy (EDS) (Total no. of readings taken for each alloy, n = 8). 

Elements CoCrFeNi 

(Atomic %) 

CoCrFeMnNi 

(Atomic %) 

Co 24.5+0.7 19.6+0.6 

Cr 25.9+0.6 20.7+0.5 

Fe 24.7+0.3 20.4+0.6 

Mn -- 19.3+06 

Ni 25.0+0.6 20.0+0.4 

 

Table 3: Activation parameters for Ni diffusion in different FCC systems. R is the   universal 

gas constant; Tm is the melting point in K.  
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Alloy D0 (10-4 

m2/s) 

Q (kJ/mol) Q* = 

Q/RTm 

Ref. 

Ni 2.2 292 19.9 [39] 

Fe-45.3Ni 8.04 303 21.2 [40] 

Fe-15Cr-20Ni 1.50 300 20.8 [41] 

FeCoCrMn0.5Ni 19.7 317 23.8 [19] 

CoCrFeNi 023.0
011.0020.0 +

−  257.8 ± 7.7 18.1 Present work 

CoCrFeMnNi 7.8
6.32.6 +

−  303.9 ± 8.7 22.7 Present work 

  

Table 4: Enthalpy of mixing for binary pairs in the multicomponent alloys [36] 

Binary 

System 

∆Hmix 

(kJ/mol) 

Binary 

System 

∆Hmix 

(kJ/mol) 

Co-Cr -4 Cr-Mn 2 

Co-Fe -1 Cr–Ni -7 

Co-Mn -5 Fe-Mn 0 

Co-Ni 0 Fe-Ni -2 

Cr-Fe -1 Mn-Ni -8 
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List of figures  

 

Fig. 1. X-ray diffractograms of as-processed and annealed CoCrFeNi (a) and CoCrFeMnNi 

(b) alloys. Only diffraction maxima corresponding to the FCC lattice are observed. 

 

Fig. 2. Unique color mapping of grain orientations and the corresponding elemental maps 

obtained from SEM+EBSD analysis for a) CoCrFeNi b) CoCrFeMnNi. A uniform 

distribution of elements with a scarce presence of Cr oxide is observed. 

 

Fig. 3. Heat flow for the CoCrFeNi and CoCrFeMnNi alloys as measured by DTA with a 

constant heating rate of 20 K/min. The corresponding melting points are indicated. 

 

Fig. 4.  Concentration profiles of 63Ni tracer diffusion measured at 1173 K in the CoCrFeNi 

(a) and CoCrFeMnNi (b) alloys. The solid lines represent fits according to simultaneous bulk 

and grain boundary diffusion, see text. 

 

Fig. 5. The first branches (volume diffusion) of the concentration profiles measured for Ni 

diffusion in CoCrFeNi (a) and CoCrFeMnNi (b) alloys. 

 

Fig. 6. Arrhenius diagrams for Ni diffusion in CoCrFeNi and CoCrFeMnNi alloys plotted 

using inverse absolute temperature (a) and inverse homologous temperature (b). 

 

Fig. 7. Comparison of Ni tracer diffusivity in HEAs (the present work) and other FCC 

matrices: pure Ni [39], Fe-45.3Ni [40], Fe-15Cr-20Ni [41], and FeCoCrNiMn0.5 [19] when 

plotted against the inverse absolute temperature (a) and the inverse homologous temperature 

(b). 

 

Fig. 8. Diffusion entropy (∆S/R) and normalized activation enthalpies (Q*= Q/RTm) for the 

FCC systems analyzed in the present work.  
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Fig. 1. X-ray diffractograms of as-processed and annealed CoCrFeNi (a) and CoCrFeMnNi 

(b) alloys. Only diffraction maxima corresponding to the FCC lattice are observed. 

 

 

Fig. 2. Unique color mapping of grain orientations and the corresponding elemental maps 

obtained from SEM+EBSD analysis for a) CoCrFeNi b) CoCrFeMnNi. A uniform 

distribution of elements with a scarce presence of Cr oxide is observed. 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
     

20 

 

 

 

Fig. 3. Heat flow for the CoCrFeNi and CoCrFeMnNi alloys as measured by DTA with a 

constant heating rate of 20 K/min. The corresponding melting points are indicated. 

 

  

 

Fig. 4.  Concentration profiles of 63Ni tracer diffusion measured at 1173 K in the CoCrFeNi 

(a) and CoCrFeMnNi (b) alloys. The solid lines represent fits according to simultaneous bulk 

and grain boundary diffusion, see text. 
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Fig. 5. The first branches (volume diffusion) of the concentration profiles measured for Ni 

diffusion in CoCrFeNi (a) and CoCrFeMnNi (b) alloys. 

 

 

 

 

 

Fig. 6. Arrhenius diagrams for Ni diffusion in CoCrFeNi and CoCrFeMnNi alloys plotted 

using inverse absolute temperature (a) and inverse homologous temperature (b). 
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Fig. 7. Comparison of Ni tracer diffusivity in HEAs (the present work) and other FCC 

matrices: pure Ni [39], Fe-45.3Ni [40], Fe-15Cr-20Ni [41], and FeCoCrNiMn0.5 [19] when 

plotted against the inverse absolute temperature (a) and the inverse homologous temperature 

(b). 

 

 

 

Fig. 8. Diffusion entropy (∆S/R) and normalized activation enthalpies (Q*= Q/RTm) for the 

FCC systems analyzed in the present work.  
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• First results on tracer (Ni) diffusion in high entropy alloys are presented. 
• Configurational entropy is not the lone reason for decreased diffusion in HEAs. 
• Energy barriers and frequency factors contribute to slow diffusion rates in HEAs. 

 

 

 

 

 

 


