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A B S T R A C T

Grain boundary self-diffusion of Co, Cr and Fe and impurity diffusion of Mn are measured in a coarse-grained
equiatomic CoCrFeNi multi-principal alloy. The tracer diffusivities are determined in a wide temperature range
of 643 K to 1273 K, which encompasses both the C- and B-type kinetic regimes of grain boundary diffusion
in polycrystalline materials after Harrison’s classification. At higher temperatures (𝑇 > 800 K), only one short-
circuit (grain boundary) contribution is observed, while the existence of two distinct contributions is elucidated
by thorough analysis of the penetration profiles corresponding to the C-type kinetic regime (643–703 K). The
latter observations are explained in terms of a grain boundary phase decomposition after prolonged annealing
below 700 K. The product of the segregation factor and the grain boundary width is found to be about 0.5 nm
for all constituting elements. The grain boundary diffusion data indicate that Mn does not reveal a strong (if
any) segregation in the equiatomic CoCrFeNi alloy.
1. Introduction

The last decade has seen an exponential increase in the exploration
of high entropy alloys (HEAs). This new class of multi-component
alloys, which combines elements in equiatomic or near equiatomic
proportions, have garnered fundamental curiosity and technological
interest of the scientific community [1,2]. The multi-principal ele-
ment matrix of HEAs, maximizing the configurational entropy, was
believed to be responsible for their exciting features and proper-
ties [2]. For example, a novel quasi-peritectic (CoCrFeNi)Zr HEA shows
ultra-high strength [3], while enhanced strength–ductility synergy is
exhibited by thermo-mechanically processed CoCrFeNi2.1Nb0.2 [4].
The equiatomic BCC HEAs MoNbTaW and MoNbTaVW have shown
exceptional strength retention up to 1900 K [5]. A nanostructured
FeCrNiCoNb0.5 HEA exhibits excellent corrosion resistance due to
formation of an amorphous protective film [6], while good oxidation
resistance is shown by an AlCuFeMn HEA [7]. Twin formation inducing
high strength and ductility is exhibited by the equiatomic CoCrFeMnNi
and CoCrFeNi HEAs [8] . Given the large compositional space available
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with HEAs, a strategic assessment of HEAs and their most impor-
tant features and properties seems required for facilitating accelerated
design approaches (for example, see [9]). Thus, knowledge about
the key factors controlling the structural and functional behaviour,
environmental degradation, thermal stability and physical properties
is essential to realize these multicomponent and multi-principal alloys
for real-world applications.

It is generally recognized that a broad spectrum of properties and
phenomena depends on the atomic transport within the crystalline lat-
tice and/or along grain boundaries (GBs). Coble creep, recrystallization,
grain growth, sintering, diffusion-induced GB migration and various
discontinuous reactions are, e.g., controlled by GB diffusion [10]. In
addition, diffusion measurements provide a highly sensitive tool for
analysing atomic kinetics as well as delicate microstructural changes.
Even the segregation behaviour of solutes in dilute and concentrated
alloys can be probed by dedicated GB diffusion measurements [11–13].
Additionally, the knowledge of GB diffusivities is required, e.g., for the
development of computational models for hot forming processes [14] or
the investigation of creep behaviour in nanocrystalline materials [15].
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For high entropy alloys, four core effects were suggested and the
concept of ‘sluggish’ diffusion as a consequence of the multi-principal
element matrix presents one of these core effects that, according to
the early predictions, distinguish HEA from conventional alloy be-
haviour [16]. However, recent direct measurements of the atomic
ransport rates using a radiotracer method [17–22], interdiffusion [23–
5] and tracer-interdiffusion measurements [26] have revealed that
luggish diffusion in fact is not an inherent property of HEAs. Especially
n non-FCC alloys, significant deviations from the anticipated behaviour
re observed [27], as it was recently reported for BCC refractory Hf-
iZrNbTa and HfTiZrNbV alloys [28] and for the HCP AlHfTiScZr HEA
ystem where an ’anti-sluggish’ behaviour was indeed observed [22].
he experimental observations of the diffusion-controlled processes in
EAs have also suggested a non-sluggish atomic transport in these
ulti-principal alloys [29,30].

Up to now, the majority of diffusion studies on HEAs have been
evoted to volume diffusion [17–20,22,31–33] across different crystal
tructures and different constituent elements, however only a few
tudies of GB diffusion in HEAs exist [34,35]. It is well established
hat grain boundaries offer high-diffusivity paths in metals and al-
oys [10]. A non-sluggish GB self-diffusion behaviour has been revealed
or the constituent elements in CoCrFeMnNi relative to other FCC
aterials [34,35]. The same work demonstrated that GB diffusion can

erve as a unique and non-local tool to probe the existence of phase
ecomposition in HEAs [35]. Two short-circuit contributions (relatively

slow’ and ‘fast’) to the GB self diffusion were observed at temperatures
elow about 700 K, which indicated the existence of two different
ypes of general high-angle GBs in the investigated HEA at these
emperatures. Atom probe tomography (APT) revealed the formation of
i–Mn-rich and Cr-rich nano-precipitates at a fraction of the examined
igh-angle GBs [35]. Transmission electron microscopy [35] discovered
he formation of a dislocation network at such GBs, which was proposed
o be responsible for the ‘fast’ GB diffusion contribution. It should
e emphasized that the relatively ‘slow’ contribution corresponds to
iffusion rates similar to that of random high-angle GBs as they are
resent in well-annealed polycrystalline CoCrFeMnNi at elevated tem-
eratures [35]. These diffusion pathways are conventionally the fastest
hort-circuit paths in well-annealed polycrystalline materials.

In contrast to these experimental results, a certain ‘‘sluggishness’’
f GB diffusion in the equiatomic FeNiCrCoCu high-entropy alloy has
ecently been observed by molecular dynamics studies [36]. The ‘‘slug-
ish’’ diffusion along a special 𝛴5(210)[001] GB was explained by a
‘trapping effect’’ due to the compositional complexity in the HEA and
he confined 2-D diffusion path [36]. However, Fan and Zhang [37]
id not report similar observations for the diffusion along 𝛴9 and 𝛴27
Bs in equiatomic CoCrFeMnNi HEA. Furthermore, GB segregation in
igh-entropy alloys, mainly in equiatomic CoCrFeMnNi, was frequently
ddressed both theoretically [38–40] and experimentally [38,41]. As a
esult, a moderate Cr enrichment and a slight depletion of Mn below
000 K in CoCrFeMnNi have been reported [38,41].

Based on the above, GB diffusion measurements on different multi-
rincipal element alloys is required to provide the required insights
nto the phase stability and decomposition or precipitation occurring
t the internal interfaces of these materials. GB diffusion of Ni was
lready measured in CoCrFeNi [34]. The present work explores GB
elf-diffusion of Co, Cr and Fe in the CoCrFeNi HEA by the radio-
racer analysis utilizing their corresponding 𝛾-isotopes. These analyses
rovide a complete characterization of self diffusion in the multi-
omponent material, which is imperative, e.g., for a reliable treatment
f diffusion-related phenomena with respect to heterogeneous precip-
tation [42]. Furthermore, GB diffusion of Mn as a solute element is
easured for the first time and the corresponding segregation factor is
2

valuated. w
2. Experimental details

2.1. Sample preparation

Solid metal pieces (99.9% purity) of Co, Cr, Fe and Ni were mixed in
equiatomic proportion and melted together in a high-frequency induc-
tion melting furnace to produce CoCrFeNi HEA buttons. To homogenize
the initial dendritic structure, the alloyed buttons were annealed at
1373 K for 50 h. Subsequently, 1 mm thick disc-shaped samples of
10 mm in diameter were cut for the diffusion experiments. The samples
were mechanically polished and pre-annealed at the temperatures of
the diffusion measurements for the intended diffusion annealing times.
This procedure ensures equilibrium segregation (including that of resid-
ual impurities) at GBs and removes mechanical stresses induced into the
samples during cutting, grinding or polishing.

The phase analysis of the pre-annealed alloys was performed using
X-ray diffraction (XRD) with Cu-K𝛼 radiation (measured with a step
ize of 0.02◦ and acquisition time of 2 s). Scanning electron microscopy
SEM, FEI Nova Nano-SEM 230) equipped with electron back-scatter
iffraction (EBSD, TSL OIM software) and energy dispersive X-ray
pectroscopy (EDS) was used to examine the microstructure of the
amples.

Three-dimensional elemental distribution analysis with nearly
tomic-scale resolution was performed using a local electrode atom
robe (LEAP) (Cameca, 5000XR, USA). Site-specific APT tips inclusive
f grain boundary regions were prepared using a dual-beam Focused
on beam (FIB) device (Thermofisher scientific, Helios G4 UX) following
he lift out procedure described in previous publications [43,44]. APT
easurements were carried out in the laser pulsing mode with a laser
ulse frequency of 250 kHz and 30 pJ pulse energy while the tips were
aintained at a temperature of 60 K. Data reconstruction and analyses
ere performed using the IVAS 3.8.10 software provided by Cameca

nc.

.2. Radiotracer measurements

The radioactive 𝛾-isotopes of 57Co (122 keV, 271.7 days half-life),
1Cr (320 keV, 27.7 days half-life), 59Fe (1095 keV, 44.6 days half-
ife) and 54Mn (835 keV, 312.5 days half-life) were used for diffusion
easurements. The highly diluted acidic solutions were sequentially

pplied to the polished surfaces of the pre-annealed samples. The total
mount of the applied isotopes was small (several μl) so that the chem-
cal equilibrium of the samples remained unperturbed. Thus, the true
racer diffusion behaviour of the constituent elements was measured
ithout inducing unwanted chemical diffusion and/or co-segregation
ffects.

The samples were sealed in quartz tubes under purified (5N) Ar
tmosphere and annealed. For the annealing treatments, the furnace
emperatures were controlled within ±1 K using Ni/NiCr thermocouples
type K). After annealing, the samples were quenched in water.

The diameters of the samples were subsequently reduced by roughly
mm to avoid any effects of surface/ lateral diffusion. A high-precision

rinding machine was used to measure the penetration profiles by
arallel sectioning of the sample into thin slices with an accuracy of
0.05 μm. The relative activity of each section was measured using a
olid Ge 𝛾-detector equipped with a 16K multi-channel energy discrimi-
ator (energy resolution of about 0.7 keV), which allowed a distinction
f the activities of all four applied tracers simultaneously. Thus, the
enetration profiles for all the tracers could be determined in a single
xperiment at a given temperature. The counting times of the detector

ere adjusted to keep the statistical uncertainties below 2%.
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Fig. 1. XRD patterns of CoCrFeNi in as-processed and pre-annealed states. The recorded
peaks are indexed.

3. Results

3.1. Microstructure analysis

The results of the XRD measurements are shown in Fig. 1. Samples
after homogenization as well as after pre-annealing at several repre-
sentative temperatures (mimicking the diffusion annealing treatments)
were examined. The peaks observed in all XRD patterns correspond to
a single-phase fcc structure with an average lattice parameter of about
0.3555±0.0002 nm. The result agrees well with literature data [45–47].
The absence of allowed peaks in the XRD pattern is due to the large
grain size of the material, which allows the X-ray illumination of only
a few grains (∼ 200 μm). Note that different samples were examined,
which explains the presence or absence of different XRD peaks, in
addition to the main (111) peak, depending on the respective grain
orientations. From these results it can be inferred that no additional
phase originated during the annealing treatments, at least at the level
of XRD sensitivity.

A representative EBSD map obtained on a sample annealed at 673 K
for 168 h is shown in Fig. S1 (Supplementary Material). A coarse-
grained microstructure is clearly visible and the average grain size is
in excess of 200 μm. This guarantees that the kinetic regimes of GB
diffusion can correctly be identified (as discussed in the next section).
It should be noted that the statistical reliability of the performed EBSD
measurements for the grain size determination is not critical, as the
actual value of the grain size does not affect the final results of the GB
diffusion measurements. The corresponding strain maps in terms of the
kernel average misorientation distribution, Fig. S2 in Supplementary
material, substantiating the absence of significant accumulated stresses
in the bulk of the sample.

The stability of the FCC phase at higher temperatures with respect
to the elemental distribution has already been reported [48]. The FCC
solid solution is thermodynamically unstable at lower temperatures,
however it is kinetically stabilized at these temperatures [48]. De-
composition has been observed, e.g., at 773 K in CoCrFeMnNi only
after prolonged annealing for 500 days [49]. Since the C-type kinetic
measurements are intended at low temperatures, the stability of the
FCC solid solution during diffusion annealing treatments has been in-
vestigated. Energy dispersive X-ray spectroscopy (EDS) analyses of the
CoCrFeNi samples were conducted after annealing at 673 and 773 K,
as shown in Fig. 2. As can be seen from the EDS elemental maps, no
GB segregation can be observed after annealing at both temperatures
at the resolution of the EDS measurements.
3

Since no precipitation or segregation could be discerned at the
micrometre scale, even by a detailed SEM examination, nano-scale
elemental investigation was carried out using APT measurements with a
particular focus on potential phase transformations at grain boundaries.
Fig. 3 presents the three-dimensional distribution of the constituent ele-
ments (Fe, Ni, Co and Cr) at the selected high-angle GB after annealing
at 673 K for 168 h. All the elements are found to be homogeneously and
randomly distributed within the analysed volume. A 1D concentration
profile obtained along the 10 nm cylindrical region of interest further
confirms a uniform distribution of the elements without any apparent
compositional modulations. The SEM image (as inset) highlights the GB
region from which the APT tips were prepared at specific locations on
the boundary (highlighted by a rectangle) indicating that there is no
preferential segregation at the grain boundary.

3.2. Radiotracer measurements

The penetration profiles of GB diffusion are analysed according to
the relevant kinetic regimes as classified by Harrison for polycrystalline
materials [50], out of which the B- and C-type regimes are relevant for
the present experimental conditions.

3.2.1. B-type kinetic regime
The Le Claire parameter 𝛼,

𝛼 = 𝑠𝛿
2
√

𝐷v𝑡
, (1)

is used to demarcate the B- and C-type kinetic regimes [51]. Here, 𝑡 is
the time of diffusion annealing, 𝐷v is the volume diffusion coefficient,
𝑠 is the segregation factor (generally unknown), and 𝛿 is the GB width.
The B-type regime is valid if 𝛼 < 0.1 and a further parameter 𝛬,

𝛬 = 𝑑
√

𝐷v𝑡
, (2)

is larger than about 3 [52] (𝑑 is the grain size). The two parameters
confirm that the volume diffusion length is larger than the effective GB
width, 𝑠 ⋅ 𝛿, but is smaller than the grain size, 𝑑. Hence, there is no
overlap of fluxes in the crystalline bulk originating from different GBs.
The solute segregation factor, 𝑠, is generally expressed as

𝑠 =
𝑐gb
𝑐0v

, (3)

where 𝑐gb and 𝑐0v are the solute concentrations at a GB and in the
bulk lattice, respectively. Since the tracer concentration is typically
very small in a radiotracer experiment, it is reasonable to assume
that the chemical element concentrations at a GB and in the bulk
of the alloy determine the equilibrium segregation factor [12]. At
elevated temperatures (> 1000 K), the CoCrFeNi HEA exhibits a uniform
composition without any solute enrichment [35]. Thus, for the initial
estimates of the diffusion annealing times at the different temperatures,
the value of 𝑠 can safely be taken as unity. For many FCC metals and
alloys, it was shown that the diffusional GB width 𝛿 = 0.5 nm is a
reliable estimate [53] and this value holds true for the CoCrFeNi HEA
as well, see below.

The B-type regime is typically characterized by two distinct branches
in the penetration profiles, which allows the separation of bulk (near
surface) and GB diffusion (tail) contributions [10]. In order to analyse
the penetration profiles, numerical approximations of the exact solution
of the Fisher model [54] provided by Le Claire [55] are typically used,
as detailed by Kaur et al. [10].

Fig. 4 exemplifies the profiles measured at 1173 K and 1273 K in
the B-type regime for Co, Cr, Fe and Mn tracers. It should be noted that
Co, Cr and Fe represent self-diffusion cases (and correspondingly 𝑠 ≈ 1),
while Mn diffusion is considered as impurity diffusion and 𝑠Mn ≠ 1.

The near-surface branches of the profiles follow the Gaussian so-
lution for the instantaneous source initial conditions [10] and the
deeper branches of the diffusion profiles originate from grain boundary



Acta Materialia 264 (2024) 119588S. Sen et al.
Fig. 2. The elemental EDS maps of the areas shown in back-scattered electron (BSE) images for samples of CoCrFeNi annealed for 5 days at (a) 673 K and (b) 773 K.
Fig. 3. 3D elemental distribution map of Co, Cr, Fe and Ni along with the 1D
concentration profile obtained along a 10 nm diameter cylindrical region of interest
with 0.5 nm bin width. The inset SEM image highlights the grain boundary location
(rectangle) from which the site-specific APT tips were prepared for the analysis.

diffusion and follow approximately the ln 𝐶̄ ∼ 𝑥1.2 dependency [55].
Here 𝐶̄ is the tracer concentration averaged over a sectioned layer at
the depth 𝑥. Thus, following expression is used to approximate the
diffusion profiles,

𝐶̄ = 𝐴 exp
(

−𝐵 𝑥2
)

+ 𝐴 exp
(

−𝐵 𝑥1.2
)

(4)
4

v v gb gb
where 𝐴v, 𝐵v, 𝐴gb, and 𝐵gb are the corresponding fit parameters.
According to Le Claire’s analysis of Suzuoka’s [56] exact solution of
GB diffusion from an instantaneous source, it is the triple product 𝑃 ,

𝑃 = 𝑠𝛿𝐷gb = 1.322
√

𝐷v
𝑡

(

− 𝜕 ln 𝐶̄
𝜕𝑥6∕5

)−5∕3
(5)

which can be obtained from the corresponding slope of the GB diffusion-
related branch of the penetration profile plotted in the coordinates
of ln 𝐶̄ vs. 𝑥1.2. Equation Eq. (5) can be used if the second Le Claire
parameter 𝛽 [55],

𝛽 = 𝑃
2𝐷v

√

𝐷v𝑡
(6)

is large enough, i.e. 𝛽 > 104 [10]. Somewhat modified expressions have
to be used instead of Eq. (5) at smaller values of 𝛽 [10]. Bulk diffu-
sion coefficients, 𝐷v, are required to determine the triple product 𝑃
according to Eq. (5). In the present work, the bulk diffusion coefficients
measured in dedicated experiments on CoCrFeNi single crystals [57]
are used. The experimental parameters and the determined triple prod-
ucts are listed in Table 1. Since the present experiments were focused
on GB diffusion measurements, the accuracy of the derived volume
diffusion data is considered to be relatively low and they are not
reported here. Still, these data agree generally well with the literature.

For the profiles with 𝛽 < 10, the exact Suzuoka solution [56] was
applied and the triple products were determined, with the corrections
being less than 15% in the present case. If 𝛽 > 10, the approximate Le
Claire solutions provide sufficiently accurate results with respect to the
experimental uncertainties. The latter do not exceed 10% in the present
work.

3.2.2. C-type kinetic regime
The C-type kinetic regime holds when 𝛼 > 1 [51], which corre-

sponds typically to lower temperatures and/or shorter annealing times.
The high value of 𝛼 suggests that the bulk diffusion depths are much
smaller than the effective grain boundary width 𝑠 ⋅ 𝛿 and bulk diffusion
is effectively frozen in this regime. Thus, the GB diffusion coefficient,
𝐷gb, can directly be determined using the Gaussian solution function
for the instantaneous diffusion source problem [51],

𝐷gb =
1
4𝑡

(

− 𝜕 ln 𝐶̄
𝜕𝑥2

)−1
(7)

The penetration profiles for Co, Cr, Fe and Mn tracers measured at
643, 673 and 703 K are shown in Fig. 5a–d, respectively.

Similar to the previously observed trends for GB diffusion in the
C-type kinetic regime for five-component CoCrFeMnNi HEA [35], all
the profiles for CoCrFeNi reveal two distinct short-circuit contributions
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Fig. 4. Penetration profiles determined in the B-type kinetic regime at 1173 K and 1273 K for Co (a), Cr (b), Fe (c) and Mn (d). The profiles measured at 1173 K have been
re-scaled for all tracers multiplying the depths to the 6∕5th power by a factor of 4 and the relative specific activities by a factor of 0.001 for better visualization.
Table 1
Parameters of B-type kinetics measurements in CoCrFeNi for Co, Cr, Fe and Mn tracers. Note that the values of the parameter 𝛼 for all elements
are calculated assuming the corresponding segregation factors as equal to unity, 𝑠 = 1.
𝑇 𝑡 Tracer

√

𝐷v𝑡 𝑃 𝛼 𝛽 𝛬
(K) (104 s) (μm) (m3/s)

973 25.92

Co 0.08 6.21+3.5−2 × 10−23 3.17 × 10−3 16 364 2534
Cr 0.12 6.52+1−0.6 × 10−23 2.14 × 10−3 5280 1710
Fe 0.11 8.17+4.1−2 × 10−23 2.20 × 10−3 7190 1758
Mn 0.11 2.5+1.1−1.3 × 10−22 2.21 × 10−3 22 331 1766

1073 25.92

Co 0.39 6.36+2−3.2 × 10−22 6.44 × 10−4 1407 515
Cr 0.66 3.49+1.8−1.4 × 10−22 3.81 × 10−4 161 305
Fe 0.60 4.09+1.3−1.3 × 10−22 4.18 × 10−4 247 334
Mn 0.65 5.07+1.5−2.3 × 10−21 3.86 × 10−4 2426 309

1173 8.64

Co 0.84 4.93+2−1.5 × 10−21 2.97 × 10−4 358 238
Cr 1.58 4.92+1−0.9 × 10−21 1.58 × 10−4 54 127
Fe 1.37 4.67+0.5−1.5 × 10−21 1.82 × 10−4 78 146
Mn 1.59 2.12+0.5−1.5 × 10−20 1.58 × 10−4 229 126

1273 25.92

Co 4.44 1.69+0.3−0.35 × 10−20 5.64 × 10−5 25 45
Cr 9.14 3.42+0.37−0.39 × 10−20 2.74 × 10−5 6 22
Fe 7.58 2.48+0.3−0.21 × 10−20 3.30 × 10−5 1 26
Mn 9.29 1.02+0.1−0.6 × 10−19 2.69 × 10−5 16 22
5
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Fig. 5. Penetration profiles determined in the C-type kinetic regime at 643, 673 and 703 K for Co (a), Cr (b) and Fe (c). For better visibility, the profiles measured at 643 K have
been re-scaled for all tracers by multiplying the 𝑥2 values by a factor of 4 and the relative specific activities by a factor of 10−3 and for the profiles measured at 673 K only the
relative specific activities were re-scaled by multiplying by a factor of 10−6. Consistently, two types of short-circuit contributions can be distinguished for the penetration profiles
under C-type conditions, which are termed as ‘slow’ and ‘fast’ GB.
for depths larger than 5 μm. The mechanical sectioning procedure used
may induce some artefacts for very near-surface sections at depths be-
low few micrometres and these points are not included in the analysis.
The appearance of the two contributions hints towards the existence of
two distinct types of high-angle GBs being present in the alloys and
featuring different GB diffusion rates. Table 2 substantiates that the
measurements were definitely carried out in the C-type kinetic regime,
𝛼 > 1, and therefore, a sum of two Gaussian-type solutions was used to
fit the profiles,

𝐶̄ = 𝐴gb1 exp
(

− 𝑥2

4𝐷gb1𝑡

)

+ 𝐴gb2

(

− 𝑥2

4𝐷gb2𝑡

)

(8)

providing two diffusion coefficients for each profile and tracer, 𝐷gb1
and 𝐷gb2.

4. Discussion

The microstructure stability during diffusion annealing treatments
has to be carefully evaluated in order to apply correct solutions of the
diffusion equations and, hence, to deduce the reliable diffusivities.1

1 GB motion, e.g., can modify the penetration profiles and its effect, if
present, has to be carefully evaluated [51].
6

The XRD measurements and the EBSD analysis substantiated a single
phase FCC structure which remains stable (at a micrometre scale)
during the diffusion annealing treatments. The absence of bulk strain
fields was also substantiated, see Fig. S2(b) in Supplementary Material.
The temperature of 673 K was particularly considered for the phase
stability, as the literature studies have often shown that the initially
single-phase HEAs are susceptible to phase decomposition at low tem-
peratures after prolonged annealing at moderate temperatures below
773 K [42,49,58]. The phase decomposition is significantly enhanced
by a prior plastic deformation [59], which is thought not relevant for
the present study since the samples were carefully annealed at elevated
temperatures for stress relaxation.

The present GB diffusion measurements were performed on a poly-
crystalline material homogenized first at a relatively high temperature
of 1373 K and annealed subsequently at the temperatures of the in-
tended diffusion experiments. Even a well-equilibrated polycrystal is
characterized by a broad spectrum of different GBs, ranging from low-
angle to high-angle interfaces and a given fraction of special, low-sigma
GBs. However, typical GB diffusion measurements indicate a major
contribution of a single family of high-angle GBs featuring almost
theoretically ideal shape of the penetration profiles [60,61], like the
B-type profiles in the present study.

The reason is the way of the tracer diffusion measurements using
precision parallel sectioning, in which we are averaging the tracer
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Table 2
Parameters of C-type kinetic measurements in CoCrFeNi for Co, Cr, Fe and Mn tracers. Note that the values of the parameter 𝛼 for all elements
are calculated assuming the corresponding segregation factors as equal to unity, 𝑠 = 1.
𝑇 𝑡 Tracer

√

𝐷v𝑡 𝐷gb1 (‘‘slow’’) 𝐷gb2 (‘‘fast’’) 𝛼
(K) (104 s) (nm) (m2/s) (m2/s)

643 86.40

Co 0.02 1.78+1.1−1.5 × 10−18 2.90+2.1−2.3 × 10−17 11.2
Cr 0.02 1.36+1.2−1.3 × 10−18 3.44+2−2.6 × 10−17 15.5
Fe 0.02 1.46+1.3−1.1 × 10−18 2.76+1.5−2.2 × 10−17 11.3
Mn 0.01 1.25+1.5−1.4 × 10−18 2.95+1.9−2.1 × 10−17 17.8

673 60.48

Co 0.06 1.97+1.6−1.3 × 10−17 3.66+2−3 × 10−16 4.2
Cr 0.05 8.37+1.2−1.1 × 10−17 3.92+2.1−3.2 × 10−16 5.3
Fe 0.06 3.18+1.9−2.1 × 10−17 4.93+3.1−3.3 × 10−16 4.1
Mn 0.04 1.71+1.5−1.4 × 10−17 5.26+1.9−2.5 × 10−16 6.1

703 8.64

Co 0.06 5.03+1.1−2.2 × 10−17 4.61+0.8−0.6 × 10−16 3.9
Cr 0.06 4.90+1.3−1.9 × 10−17 1.67+0.9−0.1 × 10−15 4.5
Fe 0.07 6.10+1.3−1.1 × 10−17 1.10+0.6−0.6 × 10−15 3.6
Mn 0.05 6.19+1−1.2 × 10−17 2.17+0.7−0.9 × 10−15 5.1
t
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concentrations created by diffusion along the available GBs. The low-
angle or low-sigma (aka twin) GBs feature typically relatively low
diffusion rates [61] resulting in some tracer accumulation in the near-
surface sections which could hardly be resolved from direct diffusion
along the crystalline bulk. The deepest sections provide clearly resolved
GB diffusion contributions and the corresponding diffusion rates are
reported as GB diffusivities for the polycrystalline material, see Fig. 4.
However, the concentration profiles measured under the C-type kinetics
reveal an ‘‘anomalous’’ shape, Fig. 5, which has to be discussed in
detail.

4.1. Two diffusion contributions in the C-type kinetics: Hints towards phase
transformations at grain boundaries

The penetration profiles measured under the C-type kinetic con-
ditions show two distinct contributions and the origin of these two
contributions has to be understood.

In order to reflect the general complexity of the problem, potential
scenarios are listed below. It must be noted that we limit the discussion
to the C-type kinetics of tracer GB diffusion after Harrison’s classifica-
tion for completely relaxed and recrystallized polycrystal, otherwise the
list would be longer.

1. Parallel and independent contributions of several (in the par-
ticular case, two of them) short-circuit paths as discovered and
analysed, e.g., by Beke et al. [62];

2. A hierarchy of interfaces with a complex geometrical arrange-
ment and strongly different diffusivities as analysed by Divinski
et al. [52,63,64];

3. simultaneous contributions of dislocation and GB diffusion trans-
port as analysed by Klinger and Rabkin [65] or Divinski et al.
[66].

As it was mentioned, although the samples contain a spectrum of
igh-angle/low-angle/ low-sigma grain boundaries, the contributions
f the low-angle and low-sigma GBs are probably not resolved in the
resent experimental conditions, since the diffusion rates along these
nterfaces are significantly lower than those along the random high-
ngle grain boundaries in typical conditions [51,61]. We also rule
ut dynamic recrystallization during the diffusion annealing at low
emperatures since the samples used for these measurements were
lready sufficiently heat-treated at higher temperatures.

Scenarios 2 and 3 imply a high density of slow-diffusion short-
ircuit paths which would require a specific analysis of the diffusion
ates along the fast-diffusion short circuits [52,64,65]. Such hypotheti-
al arrangements can safely be ruled out in the present case in view of
coarse microstructure with a relatively low density of the potential
7

hort circuits. w
Thus, we are inclined to conclude that two families of GBs with
different kinetic properties appear in the alloy under the conditions of
the C-type kinetics (note that at least one of those families is absent
at higher temperatures under the B-type conditions) and they provide
parallel and independent contributions according to Scenario 1.

The two contributions to the penetration profiles are attributed to
diffusion along these two distinct families of grain boundaries revealing
the 𝐷𝑔𝑏1 and 𝐷𝑔𝑏2 diffusivities (determined according to Eq. (8)). In
Fig. 6, the triple products 𝑃 and the GB diffusion coefficients 𝐷gb1 and
𝐷gb2 measured under the B- and C-type kinetic conditions, respectively,
are compared. For an appropriate comparison, the measured diffusion
coefficients are multiplied by the GB diffusion width 𝛿 taken as 0.5 nm.

One immediately observes that the triple products 𝑃 measured at
high temperatures and the product 𝑠 ⋅ 𝛿 ⋅ 𝐷gb1 reasonably follow the
same Arrhenius-type temperature dependence over many orders of
magnitude. This behaviour holds systematically for all isotopes, Fig. 6.
Thus one may safely conclude that 𝑠 ⋅ 𝛿 ≈ 0.5 nm for all isotopes for the
interfaces which are characterized by the 𝐷gb1 values. This conclusion is
fully supported by the absence of GB segregation/depletion as revealed
by APT examination, Fig. 3. Therefore, the 𝑃 and 𝐷gb1 values can safely
be interpreted as the characteristic diffusion parameters for general
(random) high-angle GBs.

The family of grain boundaries which are responsible for the 𝐷gb2
contribution provides a room for interpretation. Firstly, Fig. 6 suggests
that hypothetical diffusivities of the ‘‘𝐷gb2-interfaces’’ at high tempera-
ures have to be faster than those of the ‘‘𝐷gb1-interfaces’’, as a simple
xtrapolation to the high temperatures would predict. However, any
‘faster’’ contribution to the B-type penetration profiles can safely be
xcluded, since all profiles were processed till the background was
pproached and only a single contribution was measured (the corre-
ponding 𝑃 values are shown as open circles Fig. 6). Thus, we can
onclude that the interfaces, which are characterized by the diffusion
oefficients 𝐷gb2, are not present at the high temperatures under the
-type kinetic conditions.

Since the radiotracer technique is an integral one, we cannot tag
specific GB (or a GB family) being responsible for the accelerated
ass transport which is characterized by the 𝐷gb2 value. A combination

f a quantitative sectioning analysis and an autoradiography would be
possible method to localize the planar defects being responsible for

he deep tracer penetration, see e.g. the analysis of the interconnected
orosity in a Cu–Pb alloy [67]. However, the radioactive samples
annot subsequently be used for a local microstructure examination.
n the other hand, any atomic-scale investigation e.g. with atom
robe tomography or high-resolution transmission electron microscopy
emains highly local and the success of locating a grain boundary of the
econd family corresponding to the 𝐷gb2 values is unpredictable. A most
traightforward explanation for 𝐷gb2 is to rely on the same phenomenon

hich was discovered, both via diffusion analysis like in the present
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Fig. 6. Arrhenius plots for the diffusion of Co (a), Cr (b), Fe (c) and Mn (d) determined in the B-type (the triple products 𝑃 , open circles, left ordinate) and C-type (the products
of the measured diffusion coefficients 𝐷gb1 , 𝐷gb2 and of the GB width 𝛿 = 0.5 nm, triangles, right ordinate) kinetics regimes.
case and via direct microstructure observations, in the five-component
Cantor alloy [35]. In particular, the 𝐷gb2 contribution was related to
the nucleation of nano-sized precipitates at a fraction of high-angle GBs
already after 14 d annealing at 700 K [35]. Although, the present study
using the atom probe tomography did not localized GB precipitates in
the CoCrFeNi system, there exist numerous indications in favour of such
explanation.

For the four-component CoCrFeNi system, Bracq et al. [48] pre-
dicted the appearance of a BCC (Cr-rich) phase below 900 K, a second
FCC phase (Ni-rich) below 830 K and a second BCC phase (CoFe-rich)
below 700 K (as bulk equilibrium phases) while for the five-component
CoCrFeMnNi, the appearance of a Cr-rich sigma phase (below 900 K),
a NiMn-rich L12 and a CoFe-rich BCC (B2) phase was predicted. Ex-
perimentally, the predicted phase decomposition was indeed observed
for the CoCrFeMnNi alloy after very prolonged annealing by Otto
et al. [49], with second-phase particles grown to the micrometre scale.
The kinetics of decomposition was found to be slow, but at GBs it is
enhanced due to enhanced GB diffusion rates and the occurrence of het-
erogeneous nucleation. Similar to the previous findings for the quinary
CoCrFeMnNi system [35], we attribute the second ‘‘fast’’ contribution
in the C-type kinetics regime in the CoCeFeNi system as corresponding
to the high-angle GBs where the onset of phase decomposition leads to
an increased level of strains/stresses which partially relaxes due to the
formation of networks of secondary dislocations.

Bulk diffusion in the CoCrFeMnNi alloy was found to reveal a
non-Arrhenius character, especially for slow diffusing elements (Co,
Ni) [57], which was discussed in terms of potential short-range order-
ing. Since the existence of a phase decomposition in the CoCrFeMnNi
alloy was directly shown previously [35], it is highly probably that
these two phenomena are related. In the four-component CoCrFeNi, the
8

Arrhenius dependence of bulk diffusion remains linear and continuous
down to 900–1000 K [57]. Still, the present measurements support
a view of GB-related structure transformations below 700 K which
may probably induce composition changes. A strong support for the
occurrence of GB phase transformations is provided by simulations by
Cao et al. for CoCrNi [68] or by Li et al. [69] for BCC HfTiZrTa (see also
the recent paper by Luo and Zhou [39]). We are expecting that features
similar to those observed by Glienke et al. [35] are applicable to the
present CoCrFeNi system, too. Very recently, further hints towards
element segregation/depletion at GBs in the CoCrFeNi were elaborated
by Ma et al. [70].

To corroborate the data in the literature, we performed thermo-
dynamic calculations for the CoCrFeNi–Mn pseudo-binary section of
the CoCrFeMnNi system using the TCHEA6 database and applying the
Thermo-Calc software [71,72] in order to compare the phase decom-
position behaviour of CoCrFeNi and CoCrFeMnNi alloys and assess
the potential phases which are suggested to appear at GBs, Fig. 7. A
vertical dashed line in Fig. 7 indicates the 20% Mn composition, which
corresponds to the equiatomic CoCrFeMnNi HEA. The temperature
ranges of the B-type (973 K – 1273 K) and C-type (643–703K) GB
diffusion measurements are also indicated in Fig. 7. While the FCC
solid solution is stable within the temperature interval of the B-type
kinetics diffusion measurements in CoCrFeNi, the calculations predict
the formation of a Cr-rich 𝜎 phase below 1200 K in CoCrFeMnNi,
Fig. 7. Yet, the GB diffusion measurements provided no indications for a
phase decomposition on the time scale of days under these conditions
according to Glienke et al. [35]. At the lower temperatures of the C-
type kinetics measurements, the thermodynamic calculations do predict
a decomposition. However, a phase separation in the crystalline bulk
was not observed at the micrometre-scale after annealing for 14 days
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Fig. 7. Isopleth section calculated for the CoCrFeNi–Mn system using the TCHEA6
database and applying the ThermoCalc [72] software. The yellow and blue shaded
regions represent the temperature intervals corresponding to the C-type and B-type
kinetic diffusion regimes, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

due to kinetic limitations, in full accordance with observations of Otto
et al. [73].

In CoCrFeMnNi, nano-scale precipitates have been shown to form
after prolonged annealing for 500 days [35,49], while GP zone-like
clusters have been observed only during solid solution phase decompo-
sition of CoCrFeNi [74]. A careful look at the phase diagram in Fig. 7
suggests that the FCC phase in CoCrFeNi is predicted to be stable down
to much lower temperatures (900 K) as compared to CoCrFeMnNi.
Further, it has also been shown that at the same absolute temperatures
the diffusion rates in CoCrFeNi are lower than for CoCrFeMnNi [17,18].
Therefore, both the driving force for phase decomposition as well as
the diffusion rates are lower in CoCrFeNi. These facts correlate with
the observation that the second phase precipitates are not captured by
the present APT analysis at all inspected GBs.

While nano-scale precipitates of Cr-rich 𝜎, NiMn-rich L12 and CoFe-
rich B2 phases were observed in CoCrFeMnNi at some high-angle GBs
after annealing for 14 days at 673 K [35], a smaller fraction of the
Cr-rich 𝜎 phase and a dominating FeCo-rich BCC phase are predicted
for CoCrFeNi at 673 K, Fig. 7.

We conclude that these GBs represented short-circuit paths featuring
‘‘slow’’ diffusion rates in the C-type kinetics regime. One may speculate
about a low density of such GBs where a phase transformation occurred,
that hinders a direct observation of a GB phase transformation by a
local analysis. This assumption is corroborated by a careful examination
of the tracer penetration profiles where we propose a new method to
locate hints of grain boundary precipitation using diffusion penetration
profiles.

In Fig. 8, the penetration profiles presently measured in CoCrFeNi
are compared to those measured previously under identical conditions
as for the CoCrFeMnNi alloys [35]. In all our experiments, a special
care was taken to apply similar amounts of the tracer solution to the
diffusion samples. Since the diffusion conditions corresponded to the
C-type kinetics regime of GB diffusion with frozen bulk diffusion, the
factors 𝐴gb𝑖 in Eq. (8) are proportional to the area fractions, 𝑓𝑖, of
the pertinent short-circuit paths and under an approximation of cubic
grains,

𝐴gb𝑖 =
𝑀𝑓𝑖

√

𝜋𝐷gb𝑖𝑡
≈ 2𝑀𝛿

𝑑𝑖
√

𝜋𝐷gb𝑖𝑡
. (9)

Here 𝑀 is the amount of the tracer material deposited per unit area of
the sample surface, 𝛿 is the GB width (in a first approximation we are
9

Table 3
Arrhenius parameters for the B-type kinetics measurements fitted together with the
‘‘slow’’ C-type kinetics contribution for CoCrFeNi. The melting temperature (𝑇𝑚) of
CoCrFeNi as 1717 K was used as reference temperature.

Tracer 𝑃0 𝑄gb 𝑄∗
gb = 𝑄gb∕𝑅𝑇𝑚 Ref.

10−13 m3/s kJ/mol

Co 0.87+0.75−0.40 165 ± 4 11.6 ± 0.3 present work
Cr 0.97+1.69−0.62 166 ± 7 11.6 ± 0.5 present work
Fe 1.39+1.89−0.81 169 ± 6 11.9 ± 0.4 present work
Mn 52.1+62−28 188 ± 5 13.2 ± 0.4 present work
Ni 0.11+0.07−0.19 158 ± 7 11.3 [17]

not distinguishing the widths of GBs representing the ‘‘slow’’ (𝑖 = 1) or
‘‘fast’’ paths (𝑖 = 2)) and 𝑑𝑖 is the average distance between the GBs
within each family, 𝑖 = 1, 2.

Graphically, the pre-factors 𝐴gb𝑖 in Eq. (8) correspond to the 𝑌 -
axis intercepts of the corresponding branches, which are linear in the
coordinates used in Figs. 8(a)–(d). Whereas 𝐴5C

gb1∕𝐴
4C
gb1 ≈ 1 for all

tracers, the ratios 𝐴5C
gb2∕𝐴

4C
gb2 amount to about 100 (in fact, varying

between 50 and 200 for different tracers), Figs. 8(a)–(d). Note that the
different isotopes emit the 𝛾-quanta with different energies; thus the
corresponding decays are counted with different efficiencies and are
affected by different background intensities. This explains the minor
deviations of the 𝐴5C

gb2∕𝐴
4C
gb2 ratios for different isotopes.

A direct comparison of the present and previous [35] data cor-
roborates that the ratios of the determined GB diffusion rates for the
‘‘slow’’ and ‘‘fast’’ branches in 4C and 5C alloys deviate from unity by
a factor of two to three. Therefore, the findings 𝐴5C

gb2∕𝐴
4C
gb2 ∼ 100 and

𝐴5C
gb1∕𝐴

4C
gb1 ≈ 1 together suggest that the fraction of ‘‘fast’’ GBs in the 5C

(CoCrFeMnNi) alloy exceeds that in the 4C (CoCrFeNi) alloy by about
two orders of magnitude and explains an almost negligible chance for
detecting the ‘‘fast’’ GBs in CoCrFeNi with such a highly local technique
as APT.

4.2. Temperature dependence of GB diffusion

The value of the GB width 𝛿 = 0.5 nm [53] was used in the present
analysis. In Fig. 6, the temperature dependencies of the triple products,
𝑃 , (measured in the B-type kinetic regime) and of the products of the
GB diffusion coefficients (measured in the C-type kinetics regime) and
the GB width 𝛿, i.e. 𝛿 ⋅ 𝐷gb1 and 𝛿 ⋅ 𝐷gb2 are plotted together. Typi-
cally, common Arrhenius-type temperature dependencies, solid lines,
are found for the 𝑃 -values and the products 𝛿 ⋅ 𝐷gb1 , while the values
of 𝛿 ⋅𝐷gb2 lie consistently higher for all the four isotopes.

We interpret the contribution that lies on the Arrhenius line as
having originated from diffusion along random high-angle GBs with
equiatomic composition, as they exist at elevated temperatures. These
results also validate the use of 𝑠 ⋅ 𝛿 = 0.5 nm, at least for Co, Cr and Fe
representing self-diffusion, and allows us to extract the corresponding
Arrhenius parameters, namely the pre-exponential factor, 𝑃0, and the
activation enthalpy, 𝑄gb, related by 𝑃 = 𝑃0 exp(−𝑄gb∕𝑅𝑇 ), and the re-
sults are given in Table 3. Thus, Co, Cr, and Fe, at least, do not strongly
segregate at general high-angle GBs (‘‘slow’’ branch) in CoCrFeNi. A
certain enrichment/depletion of these elements may be expected at
the high-angle GBs composing the ‘‘fast’’ diffusion branch and such
evolution of the GB composition might induce phase decomposition at
the interfaces [75].

The GB self-diffusivities (‘‘slow’’) of the individual tracers Co, Cr,
and Fe studied in the present work and Ni GB diffusivities investigated
previously in Ref. [34] are compared on the inverse absolute tempera-
ture scale in Fig. 9. Very similar diffusion coefficients are obtained for
Co, Cr, and Fe, which are higher than the diffusivities of Ni in the same
temperature range as shown in (Fig. 9).
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Fig. 8. Comparison of the C-type kinetics penetration profiles for CoCrFeNi (orange symbols) and CoCrFeMnNi [35] (green symbols) for Co (a), Cr (b), Fe (c), and Mn (d). The
solid lines correspond to the approximations according to Eq. (8). The pre-exponential factors in Eq. (8), 𝐴1 and 𝐴2, correspond to the 𝑌 -axis intercepts for the ‘‘slow’’ and ‘‘fast’’
contributions. The values of 𝐴5𝐶

2 and 𝐴4𝐶
2 are indicated as filled and open black circles, respectively. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
Mn, which is an impurity element in CoCrFeNi, represents a special
case. Generally, one may expect that the corresponding segregation fac-
tor is not unity as it was found for the constituent elements. However, a
detailed APT inspection of general high-angle GBs annealed under con-
ditions which mimic the C-type kinetics diffusion annealing treatments
does not reveal any Mn segregation. This finding agrees with the result
shown in Fig. 6(d) that the values of the triple products, 𝑃Mn, lie on the
same Arrhenius line as the values of the double products 𝛿 ⋅ 𝐷Mn

gb1. We
conclude that the Mn segregation factor for the general high-angle GBs
representing the ‘‘slow’’ paths is about unity in CoCrFeNi.

In Fig. 9, the data for Mn are compared with the diffusivities
measured for other elements and Mn is seen to exhibit higher diffusion
rates as compared to the self-diffusion rates of the constituent elements.

4.3. Impact of chemical complexity on GB diffusion in FCC alloys

In this section, the grain boundary diffusivities of Co, Cr and Fe
measured in the CoCrFeNi system are compared with the diffusivities
in other FCC systems, namely the relevant unary, binary, and ternary
alloys and the quinary CoCrFeMnNi HEA in order to elaborate the
impact of chemical complexity on the rates of GB diffusion.

The Arrhenius parameters of diffusion in these FCC systems are
listed in Table 4 along with the temperature ranges in the original
experiments and the bulk diffusivity parameters. The melting temper-
atures (𝑇 ) have been calculated using the TCHEA6 database with the
10

𝑚

Thermocalc software Ref. [72]. It may be noted that we have used
the liquidus temperatures 𝑇𝑚 for all alloys, hence the choice does not
influence the relative trends. All numbers denoted in the nomenclature
of the alloys express the fractions of the elements (in wt.%) in that
particular alloy. It is important to note that in systems that undergo
allotropic transformations, e.g. Co, Fe, Fe-2.9Cr, only the FCC phase
has been considered for the present comparison of the GB diffusion
properties.

Using the parameters for the systems listed in Table 4, the grain
boundary diffusivities are plotted as a function of the inverse abso-
lute (1∕𝑇 ) and inverse homologous (𝑇𝑚∕𝑇 ) temperatures in Fig. 10
individually for the Co, Cr and Fe.

Although we systematically compare the systems with an increasing
chemical complexity from unary to quinary alloys, the discussion on
‘‘sluggish GB diffusion’’, especially for the polycrystalline materials, is a
very complex problem indeed, since GB diffusion is influenced by many
different factors like particular misorientation [88] or inclination [89],
elemental segregation [60], the presence of precipitates [90], GB de-
fects (disconnections, steps and facets) and so on. However, there are
some interesting trends that can be discerned from Fig. 10.

The diffusion ‘‘sluggishness’’ [16] is a loosely defined quantity
which needs to be quantified. A rigorous definition has been proposed
by Daw and Chandross [91] with a comparison of the vacancy diffusion
rates in pure elements and in a given multi-component alloy. This
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Table 4
List of grain boundary diffusivity parameters- 𝑃0, 𝑄gb, bulk diffusivity parameters 𝐷0 and 𝑄v (used for the evaluation of 𝑃0, 𝑄gb), their respective temperature ranges, melting
points and references. All compositions (excluding the equiatomic ones) are in wt.%. The numbers in brackets indicate material’s purity.

Tracer Alloy Temp. range 𝑇𝑚 𝑃0 𝑄gb 𝐷v0 𝑄v Ref.
(K) (K) (m3/s) (kJ/mol) (m2/s) (kJ/mol)

Co
𝛾-Co 973–1273 1786 2 × 10−14 117 – – [76,77]
CoCrFeNi 973–1273 1716 8.70 × 10−14 165 1.7 × 10−5 277 This work
CoCrFeMnNi 973–1273 1591 1.66 × 10−12 181 6 × 10−4 303 [35]

Cr

Ni 1125–1352 1726 1.0 × 10−12 190 8.6 × 10−4 288.6 [78,79]
Fe-2.9Cr 1100–1360 1806 4.51 × 10−14 147 1.9 × 10−5 262 [77,80]
Ni-20Cr 1075–1515 1673 7.60 × 10−14 155 6.0 × 10−5 263 [77,81]
Fe-17Cr-12Ni 849–1323 1731 3.50 × 10−14 152 1.30 × 10−5 264 [77,82]
Fe-18Cr-10Ni 973–1323 1739 4.4 × 10−12 189 1.44 × 10−9 153 [77,83]
CoCrFeNi 973–1273 1716 9.70 × 10−14 166 6.1 × 10−4 299 This work
CoCrFeMnNi 973–1273 1591 1.43 × 10−12 181 7.2 × 10−4 295 [35]

Fe

𝛾-Fe (2N7) 1196–1289 1811 6.79 × 10−13 174 1.85 × 10−6 251 [77,84]
𝛾-Fe (4N) 1191–1287 1811 9.03 × 10−13 180 1.85 × 10−6 251 [77,84]
𝛾-Co 1125–1352 1786 5.6 × 10−15 131 2.8 × 10−8 174.5 [85]
Ni 850–1208 1726 1.3 × 10−12 174 9.5 × 10−4 296.5 [78]
Fe-2.9Cr 1100–1346 1806 9.0 × 10−16 109 5.15 × 10−7 218 [77,80]
Ni-Coa 1196–1255 2.76 × 10−11 221 1.6 × 10−5 247 [86]
Fe-17Cr-12Ni 870–1306 1731 5.30 × 10−13 177 3.70 × 10−5 279 [77,82]
Fe-18Cr-10Ni 1123–1323 1739 2.96 × 10−13 204 4.40 × 10−5 280 [77,83]
Ni-20Cr-15Fe 1018–1073 1682 3.20 × 10−11 234 1.0 × 10−4 272 [77,87]
CoCrFeNi 973–1273 1716 1.39 × 10−13 169 1.5 × 10−4 288 This work
CoCrFeMnNi 973–1273 1591 1.40 × 10−12 182 3.2 × 10−5 264 [35]

a The exact composition of the Ni-Co alloy was not specified in that study.
Fig. 9. Comparison of diffusivities of the individual tracers Co, Cr, Fe and Mn (this
work) and Ni [34] in polycrystalline CoCrFeNi HEA.

definition can be used in atomistic simulation, but it is at least quite
involved to measure the vacancy diffusion coefficients, especially in
pure elements with a metastable crystallographic lattice dictated by the
given alloy. Zhang et al. [28] and Sen et al. [22] have suggested to
compare the geometric mean of the tracer diffusion coefficients of the
given element in all unaries with the corresponding diffusion rate in
the multi-component alloy.

Following the same, experimentally-driven approach, we may com-
pare the accessible triple product values 𝑃 for selected elements in
available unaries with the GB diffusivities in multi-component alloys.
A most valuable comparison can be done for Fe diffusion in FCC metals
and alloys, Fig. 10(c). An increased chemical complexity does not influ-
ence monotonically the GB diffusivities. Whereas a strong retardation
of the Fe GB diffusion rate in the Fe-based ternary alloys is pronounced,
𝑃Fe is higher in CoCrFeNi at the same absolute temperature and in
CoCrFeMnNi it corresponds to the geometric mean of the 𝑃 values
11
measured for available pure elements. On the other hand, the Cr GB
diffusion rates are very similar for all FCC matrices, Fig. 10(b), and a
strong retardation of the Co GB diffusion rate is seen, Fig. 10(a).

Therefore, the experimentally available information does not pro-
vide an unambiguous support towards inevitable ‘‘sluggishness’’ of GB
diffusion in the polycrystalline FCC alloys. This comparison has to be
used with caution since the 𝑃 = 𝑠 ⋅ 𝛿 ⋅ 𝐷gb values are compared and
hypothetically a decrease of the GB diffusion coefficient 𝐷gb can be
‘‘masked’’ by an increase of the corresponding segregation factor 𝑠.
The C-type GB diffusion measurements, which would provide the 𝐷gb
values, are extremely rare and presently the results are available for
few systems only.

On the homologous temperature scale, Figs. 10(d)–(f), the results
are more systematic. Co diffusivities in the unary 𝛾-Co are higher
than in the quinary CoCrFeMnNi and quaternary CoCrFeNi HEAs, the
latter exhibiting similar GB diffusion rates, with Co diffusing slightly
faster in the CoCrFeNi system, Fig. 10(d). With respect to the Cr
tracer, Fig. 10(e), both HEAs (CoCrFeNi and CoCrFeMnNi) have the
lowest diffusivities among all systems with the highest diffusivity being
exhibited by the binary Fe-2.9Cr system. Fe diffuses fastest in the unary
𝛾-Fe, but no straightforward trend in the GB diffusivity can be detected
for the higher order alloys, Fig. 10(e).

The comparative analysis presented here is a qualitative one, since
an accurate quantitative comparison of the GB diffusivities is not
straightforward. To highlight the complexity of a direct comparison for
discussing GB diffusivity, we consider two systems, namely 𝛾-Fe (7N2
and 4N purity) and the Fe-rich ternary systems (Fe-17Cr-12Ni and Fe-
18Cr-10Ni). In the unary 𝛾-Fe, keeping all parameters equal, the GB
diffusivity seems to be slower for the sample with a higher purity. This
is in a clear contradiction to the generally observed phenomenon that
GB diffusivity increases with increasing purity in the unary systems,
as observed for Ni [53,92], 𝛼-Fe [66] and Cu [93,94]. It is not just
the amount of impurity, but also the type of impurity present that can
influence GB diffusion. In the ternary Fe-17Cr-12Ni and Fe-18Cr-10Ni
systems, although the chemical composition of both the alloys is rather
similar, the trends in the GB diffusivities are widely different for Cr and
Fe. Cr diffuses faster in the Fe-18Cr-10Ni alloy as compared to the Fe-
17Cr-12Ni alloy. This trend is however reversed for Fe diffusion. While
an impurity level of less than 50 ppm was reported for the Fe-18Cr-
10Ni [83], the impurity levels in the Fe-17Cr-12Ni system were not

specified but it was mentioned that a presence of impurities could have
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Fig. 10. Comparison of the triple products, 𝑃 , for Co (a, d), Cr (b, e), and Fe (c, f) measured in CoCrFeNi (blue solid line, the present work) with the diffusion data for other
FCC systems. The diffusion rates are compared using the inverse homologous temperature (a–c) or inverse absolute temperature (d–f) scales. The available literature data on GB
diffusion in unary, binary and ternary alloys are shown using dotted, dashed, and dotted–dashed lines, respectively; and the GB diffusivities in CoCrFeMnNi are plotted using red
solid lines. The Arrhenius parameters and references are listed in Table 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
lead to such a large difference in the GB diffusivities as observed for Cr
and Ni in this alloy [82]. Even for the two HEA systems, two distinct
contributions were observed at lower temperatures, owing to phase
decomposition at grain boundaries, which influences GB diffusion in
addition to the impurities like C and S.

4.4. Grain boundary energy

Grain boundary energy is an important parameter for many proper-
ties associated with pure metals as well as alloys. Borisov et al. [95]
proposed a semi-empirical correlation between the grain boundary
energy, 𝛾gb, and the relative enhancement of the GB self-diffusion
coefficient, 𝐷gb, with respect to the volume self-diffusion coefficient,
𝐷v,

𝛾gb =
𝑅𝑇

2𝑎2𝑁𝑎
ln
(𝐷gb

𝐷v

)

(10)

where 𝑅 is the universal gas constant, 𝑁𝑎 is the Avogadro number, 𝑇 is
the absolute temperature. Eq. (10) when combined with the Arrhenius
representations of the diffusion coefficients can be re-written as

𝛾gb =
𝑅𝑇

2𝑎2𝑁𝐴
ln
(𝐷0,gb

𝐷0,v

)

+ 1
2𝑎20𝑁𝐴

(

𝑄v −𝑄gb
)

(11)

where, 𝐷0,gb and 𝐷0,v are the exponential pre-factors of the grain
boundary and bulk diffusivities, respectively. 𝑄gb and 𝑄v are the cor-
responding activation enthalpies, respectively.

The fundamental concept behind this correlation is that the in-
creased atomic mobility along the GBs is caused by a reduction of the
Gibbs free energy of atom-vacancy exchanges at the grain boundary
as compared to that in the bulk by an amount equal to the abso-
lute grain boundary energy. This model was further elaborated by
Guiraldenq [96], Gupta [97] and Pelleg [98] for various FCC pure met-
als and binary dilute alloys. Grain boundary energy values estimated
for pure Ni using the thermal grooving method [99] and Borisov’s
approach [92] showed a close agreement, further corroborating this
methodology of GB energy estimation. The physics of such a correlation
was further developed for FCC [100] and BCC [101] metals and alloys.
12
Fig. 11. GB energy, 𝛾gb, calculated by Eqs. (10) and (11) for the CoCrFeNi alloy
for Co (open circle), Cr (open square) and Fe (open triangle). The solid red line
for the CoCrFeNi alloy is the averaged 𝛾𝑔𝑏 over the diffusivities of Co, Cr and Fe.
These values are compared with unary Ni [92] (green dash-doted line), binary Ni-
20Cr [81] (black dotted line), ternary Fe-18Cr-10Ni [83] (orange dashed line), and
quinary CoCrFeMnNi [35] (blue dashed line). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

In this paper, we utilize Eq. (10) to calculate the GB energy (𝛾gb) for
the CoCrFeNi alloy at the measured temperatures using the data for Co,
Cr and Fe. These GB energies are also compared with GB diffusivities
in unary (5N purity Ni), binary (Ni-20wt%), ternary (Fe-18wt.%Cr-
10wt.%Ni), and quinary CoCrFeMnNi alloys. These comparisons are
compiled in Fig. 11.

It can be observed from Fig. 11, that the 𝛾gb values for all the
three tracers are relatively similar, which indicates that the Borisov
formalism can be used for the CoCrFeNi system. Combining the points
for the individual tracers, an averaged temperature dependence has
also been plotted in Fig. 11 according to the Eq. (12),

𝛾 = (0.54 ± 0.10) + (2.64 ± 0.09) × 10−4 Jm−2 (12)
gb
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It can be seen that only for the 5N-purity unary Ni system, the tem-
perature dependence of the GB energy shows the thermodynamically
expected negative slope owing to the relatively impurity-free GBs in
this system. It was shown previously that in Ni of a lower purity, the
slope becomes positive [53,92], similar to the slopes for the alloys in
Fig. 11. The 𝛾gb of the CoCrFeNi system is quite similar to that of the
uinary CoCeFeMnNi, while the lines for both these alloys lie above the
inary Ni-20wt.%Cr and ternary Fe-18wt.%Cr-10wt.%Ni.

. Conclusions

GB diffusion of the constituting elements in CoCrFeNi is measured in
he B-type (higher temperatures) as well as C-type (lower temperatures)
inetics diffusion regimes. While a diffusion contribution of only one
ype of general high-angle GBs is observed at higher temperatures, two
istinct branches of the diffusion penetration profiles are resolved at
ower temperatures. These two diffusion branches at lower tempera-
ure are distinguished as 𝐷gb1 (relatively ‘‘slow’’) and 𝐷gb2 (relatively

‘‘fast’’).
Assuming the product of the segregation factor and the GB width is

equal to 0.5 nm, i.e. coincides with the GB width, the triple products
determined under the B-type kinetics conditions are found to align
perfectly with the ‘‘slow’’ diffusion coefficients following a common
Arrhenius-type temperature dependence, corroborating the absence of
any strong segregation of the constituting elements at the majority of
GBs in CoCrFeNi. A similar behaviour is observed for Mn, too, which
is an impurity element in CoCrFeNi.

The origin of an additional short-circuit contribution at the lower
temperatures is discussed in terms of induced stresses and accompa-
nying GB-related dislocation networks due to phase decomposition at
certain grain boundaries. The density of such grain boundaries in CoCr-
FeNi is evaluated to be lower then the density of similar GBs in quinary
CoCrFeMnNi, as it followed from a comparison of the corresponding
penetration profiles. This behaviour is explained by the differences in
the thermodynamic driving forces for phase decomposition as well as
the rates of atomic diffusion in these two HEAs.

The applicability of the Borisov formalism for the estimation of the
grain boundary energy, 𝛾gb, from the diffusivity values is examined for
the CoCrFeNi system and reasonable 𝛾gb values are determined.
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