Scripta Materialia 242 (2024) 115917

journal homepage: www.journals.elsevier.com/scripta-materialia

Contents lists available at ScienceDirect

Scripta Materialia

Sc diffusion in HCP high entropy alloys

Check for
updates

Sandipan Sen®*, Xi Zhang ", Lukasz Rogal ¢, Juliana Schell *, Gerhard Wilde *,

Blazej Grabowski ", Sergiy V. Divinski **

* Institute of Materials Physics, University of Miinster, Wilhelm-Klemm-Str. 10, 48149 Miinster, Germany

Y Institute for Materials Science, University of Stuttgart, 70569 Stuttgart, Germany
¢ Institute of Metallurgy and Materials Science, Polish Academy of Sciences, Krakow, Poland
4 European Organization for Nuclear Research (CERN), CH-1211, Geneva, Switzerland

¢ Institute for Materials Science and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-Essen, 45141, Essen, Germany

ARTICLE INFO ABSTRACT

Keywords:

Diffusion
High-entropy alloy
AIScHfTiZr

HCP crystalline lattice

Sc diffusion in hexagonal close packed Al,sHf,5Sc,(Ti,sZr,s and AlsHf,5Sc,,Ti,sZr,5 high-entropy alloys is
measured using the CERN facility for implantation of the “°Sc isotope. The Sc diffusivity is found to be slower
than that of previously measured Ti in both alloys. Ab initio-informed calculations are used to quantify the
interplay of chemical complexity and local atomic strains. The mean-square atomic displacements are shown to
contribute to the observed “anti-sluggish” diffusion behavior in these high-entropy alloys.

The scientific interest in high entropy alloys (HEAs) has been
steadily increasing in the past decades [1,2]. Contrary to the standard
solute-solvent model of alloy formation, HEAs feature an equiatomic
or nearly-equiatomic composition. The majority of the diffusion studies
on HEAs have been focused on cubic systems [3-5], see, e.g., Ref. [6]
for a recent review. There are only a handful of HEAs that have been
reported for hexagonal close packed (HCP) crystal structures [7-9].
Most of these HCP alloys contain lanthanides or actinides, and are
thus expensive to synthesize and replicate. An exception is the study
of Rogal et al. [10] who developed HCP HEAs with the compositions of
Al 5Hf55Sc(TiysZr,5 and AlsHfy5Sc,TiysZrys.

Tracer diffusion of Ti [11] and Zn (as an Al-substitute) [12]
was measured recently in these HEAs revealing an unexpected “anti-
sluggish” diffusion behavior of Ti in clear contradiction to the long-
standing paradigm of “sluggish diffusion” postulated as a core effect for
HEAs [13,14]. The reported anti-sluggish behavior was quantified by a
dramatic increase of the diffusivity with respect to the diffusivities in
the corresponding unary systems. Considering the chemical complex-
ity of HEAs, one may expect a certain diffusion retardation based on a
simple energy barrier reasoning [15]. One may argue that severe lat-
tice distortions influence the vibrational contribution to the diffusion
rates in a way that Ti diffusion in the HCP high-entropy alloys be-
comes faster than in unary HCP metals [11]. The importance of lattice
vibrations (and of the related excess entropy contribution over the con-
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figurational term) for stability and properties of HEAs has been indeed
recognized recently [16,17].

Two types of lattice distortions can generally be considered: (i)
element-averaged lattice distortions (6) estimated from the atomic
radii incompatibility [18], or (ii) element-specific lattice strains rep-
resented by mean-square atomic displacements (MSAD) determined,
e.g., using density-functional-theory (DFT) calculations [11]. Compar-
ing the two compositions of the HCP HEAs, Al;sHf,5Sc(Ti,sZr,5 and
AlsHf,5ScyqTiy5Zry5 denoted as 15A1 and 5Al in this paper, the rela-
tive trends of these two types of lattice distortions are the same for Ti

atoms, i.e., 8155 > 854 and MSAD[L > _MSAD;IAJ [11]. This trend is
also obeyed by the Ti diffusivities, i.e., DT\, > DIl [11].

15A1 SAl
On the contrary, for the lattice distortions of Sc atoms, an opposite

relation was found to hold, i.e., MSAD% A< MSAD?;] [11]. Obviously,
the lattice-averaged lattice distortion relationship between the two al-
loys remains the same, i.e., 6;57] > 655 Thus, whereas for Ti the trends
for the element-averaged lattice distortions (§) and element specific
MSAD are the same for 5Al and 15Al, for Sc these trends are oppo-
site. In the present study, we measure Sc self-diffusion in these HCP
HEAs and shed further light onto the interplay of lattice distortions and
chemical heterogeneity in relation to diffusion phenomena in HEAs.
The synthesis, sample preparation and heat treatments are identical
to the ones described in our previous publications [19,11,12]. The re-
sults of microstructure, phase and chemical homogeneity investigations
of the alloys via X-ray diffraction (XRD), electron back-scatter diffrac-
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Fig. 1. Penetration profiles for 468c diffusion in 5Al (a) and 15A1 (b) HEAs at 1173 K.

Table 1

Annealing temperatures 7' and times t, and the deter-
mined volume diffusion coefficients D for *°Sc diffusion
in the two quinary HCP HEAs. The estimated uncertain-
ties of the diffusion coefficients do not exceed 20%.

Alloy T (X) 1(10*s)  Dg,, (m?/s) Dy, (m?/s)
973 163.3 1.65x 10718 —
5A1 1173 7.02 1.47x 10715 -
1373 0.36 5.65x 10713 -
1073 43.2 9.54x 10718 2.19x 10716
15A1 1173 7.02 145x 1071 7.67x10715
1373 0.36 5.49x 10714 1.04x 10712

tion (EBSD) and X-ray dispersive spectroscopy measurements were also
reported [19,11]. The grain size in both alloys exceeded 200 pm [19].

Discs of the two alloys, with mirror-like surface finishes, were taken
to the Isotope-Separator-On-Line-DEvice (ISOLDE) at Conseil Européen
pour la Recherche Nucléaire (CERN) where the “°Sc isotope was gener-
ated by bombardment of a Ta target with protons. The generated “0Sc
beam was focused on the sample surfaces creating an implantation pro-
file with depths of a few tens of nanometer.

The implanted samples were transported to the radiotracer lab-
oratory at the Institute of Materials Physics, University of Miinster,
Germany; and subjected to specific diffusion annealing treatments, as
listed in Table 1. The samples were sectioned parallel to the surface
utilizing a high-precision mechanical grinding device. The thickness of
each removed section was obtained by measuring the weight loss of
the samples after each sectioning step using a Sartorius 2002 MP1 mi-
crobalance.

The specific activity of each section was measured by a Nal y-
detector equipped with a 16K multi-channel analyzer. The intensities
of two %Sc y-peaks at 889.3 keV and 1120.6 keV were added together
to increase the signal-to-background ratio.

The penetration profiles were obtained by plotting the relative spe-
cific activity of each section (which is proportional to the “°Sc concen-
tration) vs. the section depth. As an example, the penetration profiles
measured at 1173 K for 5Al and 15Al alloys are shown in Fig. 1(a, b),
respectively. The penetration profiles at the other temperatures for both
alloys are of a similarly high quality.

The penetration profiles for 5Al (Fig. 1(a)) follow the instantaneous
source solution of the diffusion problem,

C(x,t)= (€9)

M < x2 >
——exp| —— ),
\/m 4Dt
where M is the initial amount of implanted tracer, D is the diffusion
coefficient, ¢ is the annealing time and C (x,?) is the concentration of
the tracer at a depth x after time 7. When plotted on an absolute inverse

temperature scale, the diffusivities follow an Arrhenius-type tempera-
ture dependence (Fig. 3(a)).

For the same annealing times and temperatures, the penetration pro-
files for the 15Al alloy consist of two branches both of which can be
separately fitted with Eq. (1) as shown in Fig. 1(b). This is in obvi-
ous contrast to 5A1 which exhibits only one branch fitted according to
Eq. (1) for comparable diffusion depths of 50-70 pm, see Fig. 1(a). Note
that in all cases the penetration profiles were followed until the back-
ground activity was reached, which corresponds to about 0.1 Bq/mg for
the present conditions. Note as well that only one branch was consis-
tently observed for both Ti [11] and Zn [12] diffusion in these alloys
which indicates a negligible diffusion anisotropy for these elements. It
seems that Sc diffusion in 15Al reveals a significant anisotropy, similar
to that of Co [19].

The two branches in 15Al are formally termed as relatively “slow”
(the steeper, near-surface) and “fast” (the deeper, shallower one)
branches, just to reflect their relative diffusion rates. In view of the
HCP structure, an anisotropy of diffusion can be expected [20] with dif-
ferent depths of tracer penetration in grains oriented differently in a
polycrystalline material. The present alloys are the same as in our pre-
vious work on Co diffusion [19] where coarse-grained microstructure
with two main texture components with an inclination, ®, of about 22°
and 74° of the ¢ axis with respect to the sample surface [19] was de-
tected. Thus, the principal diffusivities along (D)) and perpendicular
(D) to the ¢ axis can be determined using

@

from the measured diffusivities D;, i.e., D, and Ds,, in 15Al. For a
detailed explanation of the specific two-step shape of the concentration
profiles the reader is referred to our previous paper [19]. The measured
diffusivities and the estimated principal diffusion coefficients are plot-
ted as functions of the inverse temperature in Fig. 2(a). Firstly, similar
to the 5Al system, the self-diffusion coefficients follow Arrhenius-type
temperature dependencies. Secondly, the measured diffusion coeffi-
cients (Dy,,, and Dy,) are found to only marginally deviate from the
principal diffusivities, i.e., D and D, . However, since from the exper-
iments on a polycrystalline material it is not possible to unambiguously
quantify the measured diffusivities in terms of the principal ones (for-
mally, two solutions of Eq. (2) corresponding to opposite anisotropy
ratios are possible), in Fig. 2(a), the diffusion coefficients along the
principal directions are named as D; and D,.

To support the experimental result on the diffusion anisotropy from
theory, we performed ab-initio-informed kinetic Monte Carlo (kMC)
simulations to extract the Sc self-diffusivities in the 15Al alloy. The
well-known Einstein relation was applied with an adjustment concern-
ing realistic vacancy concentrations,

D; =D, cos?@; + D, sin’ @,
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Fig. 2. (a) Arrhenius-type dependence of the Sc diffusivity in the 15A1 HEA with the experimentally determined D
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of Sc in 15Al (without accounting for entropies of vacancy formation and migration).

eq 2
o 2o ) 3)
o eim - 2dr

where (Ri /”} is the mean squared displacement of the diffusing atom
projected on the corresponding direction, d is the dimension which is
2 for basal-plane diffusion and 1 for diffusion along the ¢ axis, ¢ is the
time, and c;q and c‘;,im refer to the equilibrium vacancy concentration
and the vacancy concentration in the simulation box, respectively. The
pre-factor, cf,q / c;}m, serves to rescale the directly-generated diffusivities
to the real diffusivities by assuming that diffusivities are in proportion
to the vacancy concentration. The equilibrium vacancy concentrations
for the 15Al alloy as reported in Ref. [21] were used. Other technical
details related to the kMC simulations are the same as that in Ref. [12].

It is known that self-diffusion in a-Zr [22], «-Ti [23] and a-Hf [24]
is faster within the basal plane, i.e., perpendicular to the ¢ axis, with
the D /D, ratio being 0.6, 0.5 and 0.65 respectively. This behavior is
opposite to that for some other HCP elements, e.g., Cd (D) /D, =3.53
[25]) and Zn (D) /D, =3.57 [26]).

One may expect that the anisotropy of self-diffusion in the present
HCP HEAs is qualitatively similar to that in a-Zr/a-Ti/a-Hf. Indeed,
our DFT-informed calculations predict a faster Sc diffusivity within the
basal plane with respect to that along the ¢ axis in the 15Al alloy,
Fig. 2(b). It has to be noted that these diffusivities were calculated with-
out consideration of the vibrational entropy for both vacancy formation
and migration. This explains largely the differences in the absolute val-
ues of the diffusion coefficients from experiment, Fig. 2(a), and from
theoretical prediction, Fig. 2(b). Note that a reasonable assumption of
Skyg for the vibrational entropy brings the predicted diffusivities to the
same order of magnitude as the experimentally measured values.

Thus, we may safely assume that the determined values of D; and
D, correspond to D, and D), respectively. Nevertheless, further cal-
culations are required to provide a deeper theoretical understanding
of the experimentally measured diffusion anisotropy, which in 15Al
is found to be stronger than in pure a-phases mentioned above and
Dﬁc /D3¢ ~ 0.1 in 15Al, Fig. 2(a). Such calculations could be a focus of
another study.

Most likely, a second, faster contribution in the 5Al sample would
also be revealed at larger depths and lower activities. However, its reli-
able determination was hindered by the relatively high background of
the used Nal detector. Note that a similar tendency was observed for
Co diffusion in these alloys — at temperatures above 973 K — whereas a
dominant single “slow” branch was detected for 5Al, two such contri-
butions both “slow” and “fast” branches, were seen for 15Al1 [19].

Since only the D, values are available for both alloys, henceforth
we compare these diffusivities only. The measured Dy, values are
plotted against the absolute inverse temperature, -, in Fig. 3(a), and

Table 2

Activation enthalpy, Q, and the
pre-factor, D, determined for Sc
diffusion in the two quinary HCP

HEAs.
Alloy D, (m?/s) Q (kJ/mol)
5A1 10.6135! 352421
15A1  1.83%28 357 +31

against the inverse homologous temperature, 7;,,/T, in Fig. 3(b) [T},
is the melting point]. The Sc diffusivities are compared to those mea-
sured previously for Ti [11]. On either temperature scale, Sc is found to
diffuse slower than Ti in both of the alloys at almost all temperatures.
However, the most important observation is that in the temperature
range of 973 to 1373 K, Sc is faster in 5Al than in 15Al, a tendency
which is opposite to that for Ti diffusion, Fig. 3(a). The estimated Ar-
rhenius parameters for Sc diffusion in both alloys are listed in Table 2.
Note that these values have to be treated with caution, since the mea-
surements were performed only at three distinct temperatures, though
in extended temperature intervals. The uncertainties of the Arrhenius
parameters were determined using Monte-Carlo sampling similarly to
the “bootstrapping” [27] algorithm.

Sc diffusion is found to be consistently slower than that of Ti atoms
in both HCP alloys and the difference between the alloys is larger for Sc
than Ti, Fig. 3. This behavior may be related to the differences in the
chemical compositions of these two alloys. Whereas the Ti amount re-
mains the same, about 25 at.%, the Sc amount drops from 20 at.% to
10 at.% between the 5Al and 15Al alloys. The previous ab initio pre-
dictions of the migration barriers [21] suggest no obvious differences
between the 0 K migration energy distributions for Sc atoms with re-
spect to those for Ti atoms between these two alloys. Though, detailed
kMC investigations, in particular including relevant thermal effects, are
required to estimate the correlation factors for atom diffusion in these
two alloys and this is a task for a separate study.

By mixing multiple elements on the same lattice, both chemical and
lattice distortions become relevant for vacancy migration in terms of
potential energy fluctuations (PEFs). In line with this reasoning, PEFs
were formulated as a combination of chemical and averaged elastic dis-
tortions as described in Ref. [18]. These equations have been included
in the supplementary material for convenience.

Since Al does not crystallize on the HCP lattice, there are no ex-
perimental data for HCP Al and the atomic radius of the Al atom in a
(hypothetical) HCP lattice needs to be calculated. In order to compare
the data from the same source, the atomic radii of all the elements were
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Fig. 3. Temperature dependence of *°Sc diffusion in 5Al and 15Al plotted on the (a) inverse temperature scale and (b) inverse homologous temperature scale. The

dashed lines represent the Ti self-diffusion rates measured by Sen et al. [11].
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determined by DFT calculations. The details of the calculations were
reported in our previous work [11].

Mean-square atomic displacements represent a further parameter
which can be relevant for the understanding of vacancy-mediated dif-
fusion in HEAs, especially by analyzing the element’s diffusion rates
determined by dedicated tracer measurements. DFT calculations were
used for this aim, as it was reported in Ref. [11].

Correlations between the calculated PEFs, averaged lattice distor-
tions 6, element-specific MSADs, and the diffusion coefficients are ex-
amined in Fig. 4. It is seen that PEFs and 6 dependencies do not provide
specific global trends. In fact, while D! increases with increasing PEFs
and § values, the Sc diffusion coefficients D¢ decrease, Fig. 4(a) and
(b). On the contrary, the determined tracer diffusion coefficients re-
veal systematic trends when plotted against the MSAD values as seen
in Fig. 4(c), yellow arrow. In fact, the same trend for both Ti and Sc
is clearly seen. It is important to note that the tracer diffusion coef-
ficients and MSAD reveal a correlation, but no direct dependence of
the element diffusion coefficients against MSAD can be suggested. Nev-
ertheless, MSADs seem to be the relevant parameters to quantify the
diffusion behavior in HEAs and they perform at least better as PEFs or
lattice distortions 6.

The importance of MSAD for the diffusion behavior in HEAs can be
illustrated by accounting for the variations of the diffusion jump barri-
ers, E[’:‘I , site energies, Ef, and the diffusion jump lengths, 1*~/. Here
the indices k and / enumerate successive sites and corresponding saddle
point positions of a vacancy during its diffusion walk through the lat-
tice. Tsai et al. [15], had originally related the anticipated retardation

of diffusion in FCC CoCrFeMnNi HEA to the variation of lattice PEFs
caused by local variations of the site energies, E;‘, resulting from a ran-
dom distribution of unlike atoms on the same lattice. This concept is
schematically shown in Fig. 5(a) referring to an artificial mono-atomic
lattice. This model, however, does not account for the element-specific
lattice distortions, which in fact cannot be neglected as the present re-
sults unambiguously demonstrate.

In Fig. 5(b), the effects of element specific lattice distortions (in fact,
MSADs) are shown in combination with a variation of local jump barri-
ers (green curve). An energy profile for a perfect mono-atomic lattice is
drawn for comparison (black line). Due to mixing of unlike atoms on a
common lattice (as is the case of HEAs), energy barriers, site energies,
and the jump lengths vary along the vacancy migration path. Since the
jump probability from a site k to a neighboring site / is defined by the
total free energy barrier, AG} ™ — AG¥, both enthalpic (PEFs) and en-
tropic (vibration frequencies of atoms at different configurations) terms
determine the diffusion rates.

The “sluggish” diffusion concept, based on local variations of the
lattice potential energy landscape [15], was found to be partially ap-
plicable for FCC HEAs [28], but disagrees with the observed diffusion
behavior in BCC [5] or HCP [11] HEAs. The lattice distortions were sug-
gested to play an important role in describing the diffusion behavior of
HEAs [11]. In accord with these predictions, the MSADs reported for
FCC HEAs are significantly lower than those for HCP HEAs [11,29,30]
which would explain why lattice distortions play a greater effect in HCP
HEAs than the FCC HEAs. Along a similar line of discussion, Dong et al.
[31], showed that in BCC refractory HEAs and their subsystems, lattice
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Fig. 5. Schematic of (a) the potential energy landscape for a migrating vacancy with varying site energies E;‘ and (b) the free energy landscape with variation of
all relevant parameters, AGf, AG’;‘I , and A*~!. The changes of the parameters with respect to those for an ideal mono-atomic lattice (black line) are indicated. The
super-scripts (k, I, m, ...) index successive vacancy positions. Scheme (a) is drawn following Ref. [15].

distortions rather than chemical complexity play a larger role in influ-
encing electrical resistivity, as compared to the 3d transition metal FCC
HEAs.

To summarize the present work, diffusion of Sc in the two HCP HEAs
AlsHf,5ScyTiysZrys and AlysHf,5Sc;(TiysZrps has been investigated
and, within the temperature interval of experiments, Dlsg A < Dg;l has
been obtained. This relationship for Sc is opposite to that observed
previously for Ti, D]i, > DI, [11]. The observed behavior has been
explained in terms of element specific lattice distortions. These findings
call for consistent calculations of the free energy barriers of vacancy

migration in HEAs in future studies.
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