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Abstract. High entropy alloys (HEAs) are multicomponentogl in equiatomic or nearly
equiatomic composition. Anticipated sluggish atomitfusion is reported to be one of the
core effects in HEAs which is presumably respomsibl their many unique properties. For
the first time, in the present study, tracer (Nfjusion in CoCrFeNi and CoCrFeMnNi alloys
is measured by the radiotracer technique in theéeature range of 1073 — 1373 K using the
®Ni isotope. Chemically homogeneous alloys of equiat composition were prepared by a
vacuum arc melting route. The microstructure andsphstability of the alloys in the given
temperature range is confirmed by differential tharanalysis and X-ray diffraction.

Ni diffusion in both CoCrFeNi and CoCrFeMnNi alloisfound to follow Arrhenius
behaviour. When plotted against the homologous é&satpre, a tendency to a successive
slow down of the tracer diffusion rate with an e&sed number of components in equiatomic
alloys is unambiguously established. Both the gytterm as well as the energy barriers is
revealed to contribute to this trend. The curresutts indicate that diffusion in HEAs cannot

a priori be considered as sluggish.
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1. Introduction

High entropy alloys (HEAS) are multicomponent afipgeveloped based on a novel design
concept of multi-principal elements, containing silments in equiatomic or nearly
equiatomic proportions [1]. Yeht al. [2] stated that such alloys tend to form simpladsol
solutions instead of complex phases or compoundstatheir high configurational entropy
of mixing (ASnx). However, some recent studies have debated thmindace of
configurational entropy in determining phase stgbih high entropy alloys. Zhanet al. [3]
have affirmed that a high mixing entropy state doesalways have the lowest Gibbs energy
and complex phases may precipitate out in HEAs miopged annealing. Ma and co-
workers have argued that solid solutions presemilA need not be entropy stabilized [4]
and ab-initio calculations for CoCrFeMnNi indicdtet vibrational, electronic and magnetic
entropies are equally important as the configunaioone [5]. Schuket al. [6] have
demonstrated phase decomposition in severely defbr@oCrFeMnNi alloy at 450C,
which further hints that highS,ix does not guarantee the phase stability and dfesihgle
phase observed in HEAs is a high temperature phdsese transformation is possibly
kinetically constrained. Pickering and Jones [Ajehguestioned the deemed significance of
the proposed core effects (high entropy, sevetiedadlistortion, cocktail effect and sluggish
diffusion) in HEAs.

Slow diffusion kinetics in HEAS is believed to lesponsible for their unique features
like excellent thermal stability, decelerated grgnowth and formation of nano-precipitates
[1]. Praveenet al. [8] have observed an excellent resistance to graarsening in
nanocrystalline CoCrFeNi alloy and have partlyilatted to slower atomic transport in
HEAs. Leeet al. [9] have discussed the role of sluggish diffusmm enhanced creep
resistance in nanocrystalline CoCrFeMnNi. In recgdrs, increased number of HEAs have
been investigated for high temperature mechanicgdesties [10-11], creep strength [9,12-
14], oxidation resistance [15-17] and coating aggiions [18]. Thus, understanding their
diffusion kinetics is very important and of highlexance. Furthermore, reliable diffusion
data are required as a key input for rigorous phmsdiction using, e.g. the CALPHAD
approach [3].

Nevertheless, only three experimental studies lhaes published so far limiting the
present knowledge exclusively tmterdiffusion data in HEAs. Tsaiet al. [19] have
determined the interdiffusion coefficients using paeudo-binary approach [20] for a

composition CoCrFeMysNi which corresponded to the Kirkendall plane iattbxperiment.



They have proposed that the derived values areappately equal to the intrinsic and tracer
diffusivities of the equiatomic CoCrFeMnNi alloygaiing that the involved thermodynamic
factor is about unity. The observed lower diffusicetes were attributed to a higher
normalized activation enthalpyQ(T,, where Q is the activation enthalpy and, is the
melting point of the alloy) of diffusion in HEAs asompared to pure metals and the
corresponding binary and ternary alloys. Howeverdahthors emphasized that, in addition to
the approximation of the thermodynamic factor bst junity, the analysis was performed by
neglecting the off-diagonal terms in the Onsagetrim§L9], too.

Very recently, Kulkarni and Chauhan [21] determineied diffusion matrix in
CoCrFeNi at 1008 from an interdiffusion experiment and have argtieat the role of
diffusional interactions is very important in HEABhis fact questions the estimates in Ref.
[19] and calls for directracer measurements. Very recently, Dabroeiaal [22] have
studied interdiffusion in non-equiatomic AlICoCrFehlioys and further reported sluggish
diffusion in HEAs. They also highlighted the imforce of crystallographic parameters in
determining the diffusion behaviour in HEAs, ratitban simply attributing it to varied
chemical environments. Beke and Erdélyi [23] has«amalyzed the data presented in [19]
and indicated the role of the correlation factomsdrds sluggish diffusion in HEAs.

We therefore summarize that only interdiffusion baen investigated in HEAS so far
and presently the fundamental tracer diffusion date completely missing for HEAs,
although the term 'sluggish diffusion’ is often dise case of HEAs. Furthermore, short-
circuit, especially grain boundary diffusion, whiclontributes definitely to the enhanced
creep properties is totally unknown, too.

We have to emphasize that the tracer diffusion oteth superior with respect to the
interdiffusion one, since it is the most direct wiay measuring self-diffusion of an element
in any alloy of a given composition and it corresg® to the presence of purely entropic
driving forces [24]. The tracer concentrations ket very small (typically at a ppm level)
which allows diffusion investigations in a chemlgdilomogeneous solid. It also ensures that
diffusion of a tracer atom is not influenced by amtyer tracer and gives reliable self-
diffusion coefficients of the constituent elemer@®mplications arising due to the presence
of concentration gradients or cross-terms (likeinterdiffusion [24]) play no role here.
Accurate concentration profiles are obtained usmoglear counting facilities of a high
sensitivity [25] and the tracer diffusion coeffiote can directly be compared to the results of

computer simulation in order to validate an anatgal diffusion mechanism.



In the present work, we report the first direct asdumption-free experimental results
on the tracer diffusion of Ni in equiatomic CoCrikeMd CoCrFeMnNi high entropy alloys.
The primary objective of the present study is ttalelssh whether an increase in the
configurational entropy slows down diffusion in HEAndeed. For example, CoCrFeMnNi
has a significantly lower melting point (at leagt80 K) than all alloys which were compared
in Ref.[19]. Therefore, a natural question is raised wéethe mixing entropy decelerates
diffusion at a given absolute temperature irrespecdf a presumably increased vacancy
concentration in the material due to depressiagh®imnelting point.

In order to address the above issue, we have chosstidy Ni tracer diffusivity in
both CoCrFeNi and CoCrFeMnNi HEAs, which have digantly different melting points
andAS,ix, see Table 1. These alloys were shown [26] togsssan FCC structure with the
lattice parameter being close to that of Ni. TheC@&@MnNi alloy does not decompose at
temperatures higher than 1000 K [27] and CoCrFeaisgrves its single phase FCC state
after annealing at 753 K for two weeks [28]. Theref Ni is our first choice to understand
tracer diffusion in these HEAs at temperatures whar single phase FCC matrix is
unambiguously preserved, and diffusion of otherstiturent elements is a subject of our on-

going work.

2. Experimental details

Solid pieces (99.99 wt. % purity) of Co, Cr, Fe, Bimd Ni were taken in equiatomic
proportions and arc melted to form CoCrFeNi and &@®™nNi alloys. The melting was
carried out in a highly purified Ar atmosphere, qaeed by an evacuation to 1@nbar
pressure. Each alloy was re-melted 4-5 times toron® the chemical homogeneity. The
buttons were further homogenized at 1473 K for 5Xtray diffraction (XRD) (Cu-K
radiation) and scanning electron microscope (SEM)imoed with electron back-scattered
diffraction (EBSD) and energy dispersive spectrpgc(EDS) were used to determine the
phase structure, grain size and composition ofattug/s. To ascertain the phase stability of
alloys over the temperature-time domain of diffasmaeasurements, two separate annealing
treatments for each alloy were carried out. The danples were sealed in quartz tubes with
purified (5N) Ar atmosphere and annealed in a Si@dce at 1073 K and 1373 K for 31 days
and 3 days respectively, followed by water quenghoretain the high temperature phase.
The melting points of the alloys were determinedhgisDifferential Thermal Analysis
(DTA). The heat flux measurements up to 1873 K waagied out in a Labsys TG-DSC
under highly purified Ar applying a linear heatirage of 20 K/min.

4



The radioactive isotop&Ni (68 keV B-decays, half-life of 100 years) was used in the
form of a highly diluted acidic solution. It waspesited on polished disc-shaped samples of
8 mm in diameter and 1 mm thickness. Subsequedifigysion annealing treatments were
carried out in sealed quartz tubes under purifedd) (Ar atmosphere at the temperatures 1073
K, 1173 K and 1373 K for different times. After aaling, the diameter of the samples was
reduced by approximately 1 mm to remove the comtanti effects of surface and lateral
diffusion. The penetration profiles were determibgdhe serial sectioning technique using a
high-precision grinding machine. The intensity pfadiation of ®*Ni decays (which is
proportional to thé*Ni concentration in a section) was measured usihgugd-scintillation
counter TRI CARB 2910TR. The counting time was emot keep the statistical uncertainty
of the activity determination below 2%. The init{&w) sections (up to 1 um in total depth)
may represent artifacts induced by the calibrapimcedure of a sample for parallel grinding
and/or by very fine surface scales and, theremenot included in the penetration profiles.

3. Resultsand discussion

The phase stability of the material at the tempeest and for the times of the
intended diffusion annealing treatments is a kegtoiafor a straightforward and reliable
determination of the diffusion parameters. Notd thae to the use of radioactive tracers a
post-diffusion characterization of the alloys i¢ feasible.

Therefore, the as processed (cast and homogenatlegs were subjected to heat
treatments at the lowest and highest temperatundst@ the longest times of diffusion
annealing employed in the present study (31 dag®43 K and 3 days at 1373 K). The XRD
results are presented in Figs. 1la and b for CoGraeN CoCrFeMnNi, respectively. It is
clear that both alloys possess a single-phase R€Ctwe which is retained during the
annealing treatments. The peak shifts to lodvealues for both CoCrFeNi and CoCrFeMnNi
are partially due to calibration problems with measnents on different devices. In addition,
relative intensity of the (200) peak is found to ligher than for the CoCrFeNi alloy
annealed at 1073 K, which indicates a texture @warsiluHowever, probable grain boundary
motion and accompanied grain re-orientation, cabsexture, cannot affect the bulk tracer
diffusion contribution, since tracer diffusion gotropic in cubic lattices [24].

Orientation imaging microscopy using EBSD analysigs applied and Figure 2
shows grain orientation maps and chemical mapsrauatdor as-processed (arc-melted and

homogenized) CoCrFeNi and CoCrFeMnNi alloys. Grans almost equiaxed, grain size



exceeds 25um and dispersed Cr oxides (2 b in size) are scarcely present. The EDX
analysis confirms the homogeneity of the alloyg. B, and the equiatomic composition of
CoCrFeNi as well as CoCrFeMnNi alloys, see Table 2.

For an accurate determination of the melting poifits of the alloys, DTA analyses
were performed. As indicated in Fig. 3, strong éhdonmic peaks corresponding to melting
are observed for both CoCrFeNi and CoCrFeMnNi allat 1717 K and 1607 K,
respectively. These values are used for the difimiof the corresponding homologous
temperaturesT/Ty,, of the alloys. Herel is the absolute temperature. No further phase
transformations are seen in the alloys over théreetémperature range, which in fact
additionally indicates the stability of a singlegse structure of the alloys during the
diffusion measurements. Generally, solidus, ligeidu peak temperatures can be used as
melting points in numerical estimates of homologtamperatures below. It was proven that
a given choice does not affect the main conclusadrise present paper.

The annealing conditions in the present study vi@rad to correspond dominantly to

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

C(x,t) :%exy{— j (2)

Here C(x,t) is the concentration at the depthfrom the surface after the timeD is the

appropriate,

N
4Dt

diffusion coefficient, andM is the initial tracer amount. In some cases, aafpga@t lower
temperatures, the complementary error function tewlu[24] was found to be more
appropriate.

A probable grain boundary diffusion contributiartfzese relatively high temperatures
can be described in the framework of the so-caBeype kinetic regime after Harrison's
classification [29] using Le Clair's functional fio30],

C(xt) =C, expf- A, 2)
whereCyandA are constants, see also [24,31].

The ®Ni concentration profiles measured at 1173 K foC&eNi and CoCrFeMnNi
are given in Fig. 4 and this profile shape is obsérat all other temperatures as well. A
combination of equations (1) and (2) has been tsétthe experimental data.

Two basic contributions can obviously be distingeis$ in Fig. 4. The first, near-
surface branch of the profile corresponds certamlg bulk tracer diffusion mechanism, and

the tracer penetration profile is well linear inettcoordinates of the logarithm of



concentration against the depth squared. The dily sufficiently large grain size,
consequently the ratio of grain boundary widtldtis very small, which further substantiates
that only lattice diffusion is dominant in the regs close to the surface [24].

The second branch of the profile in Fig. 4 coutwtrespond to grain boundary
diffusion as it seems to be linear against the ldéptthe 6/5 power, in accordance with
equation (2). The observance of pronounced grainndary diffusion contribution at
relatively high temperatures in our studies (esgcat 1373 K in the FeCoCrMnNi alloy
that corresponds to about 0Igbfor this material) is not commonly observed ingunetals
[31-32]. This needs a detailed investigation whgcthe subject of a separate study.

In the present paper, the diffusion data correspgntb the first branches of the
concentration profiles are reported and they aesgrted in Fig. 5 for the two HEAs under
investigation. The maximum penetration depth ineesawith increasing temperature and the

diffusion coefficient,D, is determined a8 = ~(1/4t)9InC/x?) ", wheredInC/ax* is the

slope of the penetration profile in the correspagdtoordinates. In a single measurement,
the estimated uncertainty of the determined trdd&rsion coefficients is below 20%.

By comparing diffusivities of different materialstivthe same structure, it was often
found that the measured diffusion coefficients sagith the corresponding melting points of
the compoundsT,, for a detailed discussion see, e.g., Ref. [2%ler&fore, the derived
diffusion coefficients from the concentration pleé are plotted as a function of inverse
temperature, T %, and of inverse homologous temperatufe/T, in Figs. 6a and b,
respectively. A striking fact is that opposite dgfon trends are observed for these two cases.
CoCrFeNi reveals a lower diffusivity than CoCrFeMratl all absolute temperatures, while it
exhibits higher diffusion rates when diffusion iongpared using the homologous
temperature. The basic premise of sluggish diffusitoHEAs comes from the fact that an
increased number of components hinder the atomigement due to varied chemical
environments. The tendency reflected in Figs. 6& larquestions, however, the extent to
which the configurational entropy slows down traakffusion. The ASyix for the 5-
component alloy is higher (1.BRL than for the 4-component alloy (1R38 yet Ni tracer
diffusion is slower in the 4-component alloy at i@eg absolute temperature. Thus, two
salient features can be highlighted:

a) If the inverse of homologous temperaturg/T, is used for comparison, there is a
clear trend of diffusion retardation with an incged number of components in an alloy, i.e.

with increased configurational entropy, cf. Fig. 6b



b) If the diffusion rates are compared at a giviesokute temperaturg, an increased
number of the components in an alloy can resulhenediffusion enhancement providing a
depression of the melting point due to componeditiach.

Thus, the role of a configurational entropy terndiffusion is not straightforward. To
further probe the influence of the enhanced mix@ntropy on diffusion, a comparison with
the literature data on diffusion in various FCCtewgss is given, Fig. 7. Figure 7a documents
the temperature dependence of Ni tracer diffusiowarious FCC systems, while it is re-
plotted against the inverse of homologous tempezatuFig. 7b. The original diffusion data
are shown only for the temperature ranges reparndte corresponding papers. Figure 7a
suggests that Ni diffusion is not the slowest irC&F&eMnNi even though it is characterized
by the highesiAS,ix value (Table 1). In addition, Fig. 7a also indesatthat the tracer
diffusivity of Ni in pure Ni is almost similar toibary Fe-Ni alloy, although the increase in
configurational entropy is largest when we go frpore metal to binary alloy (Table 1).
Perhaps, the reason why such observation has eatHighlighted in literature until now is
that up to 3 components, alloys are not classdetiEAs. However, let us analyze the figure
more carefully and compare the four systems, pete Ni, binary Fe-45.3Ni, ternary Fe-
15Cr-20Ni and quaternary CoCrFeNi (studied in thisk). All these four FCC systems have
very similar melting points (Table 1) and out o, CoCrFeNi has the slowest Ni diffusion
and the highest entropy of mixing. This fact regedlat an increase of the configurational
entropy may decelerate the diffusion rate, but iot, as discussed above, the sole reason of
'sluggish’ diffusion in the high entropy alloys.gkie 7b ascertains that, when compared
against the inverse homologous temperature, theletated diffusion kinetics does correlate
with an increasing number of components in theyall®i diffusion in CoCrFeMnNi at any
homologous temperature is slower than in pure Nalbgut two orders of magnitude.

The temperature dependence of the diffusivitiedoisnd to follow an Arrhenius

behavior,
Q
D=D -—— 3
OeX'( RT) 3)

where Dy is the pre-exponential factof) is the activation energy, arlT has its usual
meaning. These parameters (i[@g,and Q) for Ni diffusion in equiatomic HEAs and other
FCC matrices are given in Table 3. It is evideatrfrequation (3) that the decreased diffusion

rates can be caused by both, lovizyr or higherQ values. The pre-factdD, is usually

expressed ab, = gfazl/0 exp(AS/ R) [24], whereg is a geometric factof,is the correlation



factor,a is the lattice parameteryis the attempt frequency, and is the diffusion entropy.
Accepting an average lattice parameter of 0.355 comstant geometric and correlation
factors (1 and 0.787, respectively) for the FC@datand taking, as the Debye frequency
(108s™h), AS has been calculated for these FCC systems andnshoWwig. 8. Obviously,
CoCrFeNi reveals the loweas value that is reflected in decreased diffusioreks in this
alloy. The diffusion entropy is the change of tierepy of lattice vibrations originating from
a constrained movement of the diffusing atom thihoagsaddle point configuration [33-34].
The low value ofASin CoCrFeNi can arise due to the presence of ilma@lorder. However,
an exact determination of the diffusion entropy ldaequire first principle calculations. The
present experimental study thus appeals for alddtaonsideration of the short range order
in CoCrFeNi that may significantly deviate fromandom solution. Note that a further hint
towards a (low-temperature) short range orderingiofatoms in the FeCoCrNi alloy was
indicated [35].

Figure 8 shows the normalized activation enthalfe (=Q/RT,), for different FCC
systems, too, and it is evident that CoCrFeMnNiilsiththe highes€ value. This behavior
can be rationalized by considering relative therymagnic interaction of Ni with other
constituent elements. Table 4 lists the mixing elpiles of binary pairs constituting the
equiatomic HEAs under investigation [36]. We caltalthe average enthalpy of mixing of
Ni with all other individual componentai",,¢) in both 4 and 5 component alloysH" 54
is =3.0 kJ/mol and-4.25 kJ/mol for CoCrFeNi and CoCrFeMnNi, respedyiverhich results
from the fact that Ni-Mn has the strongest intamacamong the different binaries (Table 4).
Note that only pair interactions were included. Jlaaldition of Mn causes an increase of the
AHNia\,g value and this fact correlates with an increasi@fenthalpy of Ni tracer diffusion.

Mn, however, when alloyed to CoCrFeNi, may indusepposite effect, too. Mn has
a lower melting point than the other constituemd &he melting temperature of the five-
component alloy is lower than that of the quatername. (Note that a 'Vegard's law' of
melting points was indeed shown to work reasonaiyl for binary intermetallics [37],
although these reasonings are used here only iraktajive way.) This implies that at any
given absolute temperature, the equilibrium vacammycentration is higher in CoCrFeMnNi,
which will tend to increase the rate of substitnéibdiffusion. The interplay of entropic and
energetic effects can be seen in normalized Artsepiots for CoCrFeNi and CoCrFeMnNi,
Fig. 6b. A cross-over homologous temperatlféT,, is observed, when the Arrhenius plot

for quinary alloy is extrapolated to lower homolagdemperatures, below which Ni diffuses



in the five-component alloy with a lower rate tharthe quaternary HEA due to an increased
activation enthalpy. The increased activation eyeof Ni diffusion in CoCrFeMnNi
correlates with the more negatixm'\”a\,g value after Mn addition. At higher temperatures,
aboveT /Ty, Ni diffusion is faster in CoCrFeMnNi with respect that in CoCrFeNi due a
significantly larger entropy factor.

We further conclude that the values derived from ititerdiffusion experiments in
[19] provide generally a reasonably fair estimaitéracer diffusion coefficient of Ni in the
CoCrFeMnNi HEA within a factor of two. However, gnlafter measurements of the
diffusivities of other constituent elements theatallassumption about the elimination of the
off-diagonal terms in the Onsager matrix in Ref][@an be verified.

Diffusion in non-equiatomic Al-Co-Cr-Fe-Ni has beiawvestigated by Dabrowa et al.
[22]. A simple estimate shows that the configumaioentropy of mixing for the alloys
considered in [22] is approximately R5which is not significantly different fromSyx of
equiatomic CoCrFeMnNi (Table 1). However, the atimn enthalpy of Ni diffusion in non-
equiatomic Al-Co-Cr-Fe-Ni was found [22] to be 2PkJ/mol, which is significantly lower
than that for CoCrFeMnNi (303.9 kJ/mol as showable 3). This fact further strengthens
our claim that a high configurational entropy ist radone responsible for the increased
activation barriers and consequently for the slodiffusion rates. The thermodynamic and
topological properties of the elements added welitainly play a role in determining the
extent and underlying mechanism of the diffusioncpss. We, therefore, accentuate that
both energy barriers and frequency factors do dmritr to the decreased diffusion rates in
HEASs. For a proper accounting of all correlatiofeets, which may appear due to a variation
of the local jump frequencies, the measurementdrasfer diffusion coefficients of all

constituents are required.

4. Conclusions

In the present work, tracer diffusion of an elemeéMit is measured for the first time in
equiatomic HEAs. Two contributions to atomic tramspkinetics are observed in the
penetration profiles for both quaternary and quinatloys, and the bulk diffusion

coefficients are determined. It has been concligishown that while the configurational

entropy may decelerate the diffusion kinetics, itistnnot be considered to be solely

responsible for 'sluggish’ diffusion in HEAs.
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The temperature dependencies of Ni tracer diffusio both HEAs follow an
Arrhenius behavior. A low pre-exponential fact®s, governs mainly the slow diffusion
rates in CoCrFeNi, while the increased effectiviitvation enthalpy is responsible for slower
Ni diffusion in CoCrFeMnNi when analyzed as a fumctof the homologous temperature. A
cross-over homologous temperature exists when titeeAius plots for Ni diffusion in
CoCrFeNi and CoCrFeMnNi are compared, which arigexbably due to two opposite
effects of Mn addition on diffusion.

We conclude that diffusion in HEAS is not inevitalluggish; in contrast, it can be
even enhanced if the diffusion rates are compateal given absolute temperature in the
CoCrFeNi and CoCrFeMnNi alloys. Tracer diffusionHEAs becomes relatively sluggish if

considered at a given homologous temperature.
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Table 1: Melting points (T,) and Configurational entropy&mnix) of various FCC alloys. R

is the universal gas constant.

Melting Poaint, Reference

Alloy ASnix IR
Tm (K) for Tn,
Ni 1728 [38] 0

Fe-45.3Ni 1723 [38] 0.69

Fe-15Cr-20Ni 1731 [19] 0.89
CoCrFeNi 1717 Present work 1.39

FeCoCrMngsNi 1607 [19] 1.59
CoCrFeMnNi 1607 Present work 1.61

Table 2: Composition of CoCrFeNi and CoCrFeMnNi alloys ob&l from Energy
Dispersive Spectroscopy (EDS) (Total no. of reaslitadsen for each alloy, n = 8).

Elements CoCrFeNi CoCrFeMnNi
(Atomic %) (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 differeRCC systemsRis the universal

gas constantf, is the melting point in K.
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Alloy Do (10* Q(kJ/mol)  Qr= Ref.

m?/s) QRTm
Ni 2.2 202 19.9 [39]
Fe-45.3Ni 8.04 303 21.2 [40]
Fe-15Cr-20Ni 1.50 300 20.8 [41]
FeCoCrMnosNi 19.7 317 23.8 [19]
CoCrFeNi 0020'%%  257.8+7.7 18.1 Present work
CoCrFeMnNi 6237 303.9+8.7 22.7 Present work

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

Binary  AHpix Binary AHmix
System (kJ/mol) System (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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Fig. 8. Diffusion entropy ASR) and normalized activation enthalpi€d £ Q/RT,,) for the

FCC systems analyzed in the present work.
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Highlights

» 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 ratesin HEAS.



