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ARTICLE INFO ABSTRACT

Tracer diffusion of *Ti, *Sc and 8°Zr in the hexagonal close-packed (HCP) HfScTiZr multicomponent alloy is
investigated using the radiotracer technique. The microstructure stability is thoroughly examined by conducting
prolonged heat treatments between 873 K and 1373 K to mimic the diffusion conditions. Electron microscopy
analysis reveals that the alloy contains a mixture of two HCP phases with similar lattice constants, among which
the major phase is enriched in Sc, whereas the minor phase is strongly enriched in Ti. The thermal stability is
assessed by ab initio-informed calculations which support the existence of the two HCP phases. The Sc diffusion
coefficients differ markedly between the HCP phases, while only marginal influence is found for the diffusion of
Zr and Ti. The Arrhenius parameters are determined, i.e., the activation energy and the pre-factor. The diffusion
properties are analyzed in correlation with the microstructure stability and the ab initio-informed thermodynamic
results. The DFT-calculated mean squared atomic displacements, which represent the lattice distortions, are
found to provide an appropriate parameter for predicting the diffusion trends of the individual elements. The
phase analysis is further compared with existing CALPHAD-type predictions, and the discrepancies between the
theoretical assessments and experimental observations are examined and discussed.
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1. Introduction [6]. HEAs were reported to exhibit several beneficial properties such as

high fatigue resistance [7], excellent thermal stability [8-10], resistance

The material design concept based on multi-principal-element alloys
has opened a wide range of opportunities for fundamental research and
technological applications [1]. These chemically complex single-phase
materials are known as high-entropy alloys (HEAs) [2,3]. Many of
these alloys form simple solid solutions at elevated temperatures, mainly
featuring the face-centered cubic (FCC) or body-centered cubic (BCC)
lattices. With a careful selection of constituent elements and alloy
compositions, eutectic mixtures [4] or ordered compounds [5] of
particular relevance to high-temperature applications can be fabricated
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to irradiation [11], excellent oxidation resistance [12], high hardness
[13], wear resistance [14], good corrosion resistance [15], and
high-temperature strength [16]. Since these extraordinary properties
are often achieved or controlled via various diffusion-related phenom-
ena, an exact determination of the corresponding diffusion rates is
paramount for fundamental understanding and for the ability to engi-
neer the properties of high-entropy alloys.

Among the four core effects of HEAs, “sluggish” (retarded) diffusion
was proposed to be the fundamental reason for the excellent phase
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stability and the retention of the mechanical properties at high tem-
peratures [17]. Various studies dedicated to the investigation of diffu-
sion in FCC (CoCrFeNi, CoCrFeMnNi) [18,19], BCC (HfTiZrNbV,
HfTiZrNbTa) [20], or hexagonal close-packed (HCP) [21,22] multi-
component and multi-principal-element alloys have been reported in
recent years. Though most of those studies were devoted to FCC systems,
see e.g., the recent reviews [23-25]. In some cases, these studies were
extended to more complex single-phase alloys crystallizing as a B2 or-
dered structure [26,27], as a ¢ phase [28] or even as phase mixtures
[29]. Eventually, the “sluggish” diffusion concept was demystified and
relativized across various compositions and crystal lattices [23-25].

Nevertheless, research on diffusion in HCP multi-principal-element
alloys remains quite scarce and to the best of our knowledge, is
limited to only two reports [21,22]. This is mainly due to the exotic
nature of the elements used to fabricate HCP HEAs [30,31] and the
practical difficulties involved in the synthesis of these alloys [32]. Most
of these HCP HEAs comprise rare-earth metals like Y, Gd, Tb, Dy, Ho,
and Lu. Recently, a comprehensive investigation into the formation of
HCP phases using ab initio-informed thermodynamic calculations was
conducted for the AI-Hf-Sc-Ti-Zr system with the usage of only one rare
earth element (Sc) [33]. Ab initio calculations of vacancy energetics in
this system revealed an increase of vacancy concentration from regular
binary to HEA systems [34]. These findings were directly validated
through experimental measurements of Ti diffusion within these HCP
HEAs [21].

Among the subsystems of the Al-Hf-Sc-Ti-Zr system, the HfScTiZr
equiatomic alloy was found to exhibit a nearly single-phase HCP crystal
structure [35] with a presence of less than 6 % of a second HCP phase.
This equiatomic HfScTiZr HCP HEA was reported to exhibit a high strain
hardening rate, leading to impressive yield and compressive strengths.
Additionally, it is characterized by a very low electrical conductivity,
making this alloy suitable for designing strain gauges or transducers
[36]. However, a detailed exploration of the phase stability and diffu-
sion behavior is noticeably absent, which is crucial for maintaining the
above-mentioned properties.

In this study, we extensively examined the self-diffusion and thermal
stability properties of the HfScTiZr HCP alloy. The self-diffusivities of Ti,
Sc, and Zr are systematically measured using the radiotracer diffusion
technique and the **Ti, *6Sc, and ®Zr radioisotopes. The elemental
diffusivities are discussed in connection with the microstructure stabil-
ity and corresponding physical properties of the alloying elements.
These data are compared with the existing literature on related HCP
HEAs and are analyzed in the context of the originally proposed [2]
“sluggish diffusion concept” for high-entropy alloys. The experimental
results of the thermal stability are evaluated using the calculation of
phase diagrams (CALPHAD) method and density—functional-theory
(DFT)-based Gibbs energy calculations.

2. Materials and methods
2.1. Alloy preparation and characterization

High-purity (99.99 %) raw materials of Hf, Sc, Ti, and Zr were mixed
in equiatomic composition and melted in an arc melting furnace under a
high-purity Ar atmosphere. The ingot was flipped after each melting and
re-melted. This procedure was repeated at least five times to enable a
uniform mixing of the alloying elements. Subsequently, the ingots were
homogenized at 1423 K for 5 days. To maintain uniformity of the
experimental procedure and to enable a correlation of the phase distri-
bution and the diffusion behavior (conducted at 873-1373 K), the
thermal stability of the observed phases was investigated at the highest
(1373 K) and the lowest temperatures (873 K).

The homogenized samples were cut into cylindrical disks of 1 mm
thickness and 10 mm diameter. The cut discs were pre-annealed at the
intended diffusion annealing temperatures to release the stresses
developed during the sample cutting. These pre-annealed samples were
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then metallographically polished to produce a mirror-like surface finish.
The polished samples were used for the microstructure characterization
and the tracer diffusion measurements.

X-ray diffraction was performed on the homogenized and heat-
treated samples using a Philips PW 1410 Diffractometer using Cu-K,
(1 = 1.54064) radiation and a diffractometer with § — 6 geometry. The
X-ray diffractograms were collected at a scanning rate of 0.02 /sec and a
dwell time of 20 s for each step.

Characterization of the microstructure and the composition analysis
of the homogenized and heat-treated samples were performed using a
scanning electron microscope (SEM, FEI Nova NanoSEM 230) equipped
with electron back-scatter diffraction (EBSD) and energy dispersive
spectroscopy (EDS). The EBSD patterns were captured by focusing the
electron beam onto the sample surface at a 70° tilted angle and a
working distance of 15 mm. The obtained EBSD patterns were analyzed
using the TSL-OIM software.

Transmission electron microscopy (TEM) specimens were prepared
from the polished specimen by focused ion beam (FIB) milling using a
Zeiss Crossbeam 350 system with Ga ions operating at 30 kV and the
final thinning was performed with 5 kV.

TEM and electron diffraction measurements were performed by a FEI
Tecnai F20 TEM at 200 kV. Analytical TEM measurements were per-
formed with a Titan Themis G3 60-300 TEM operated at 300 kV and
equipped with FEI's ChemiSTEM technology. Atomic scale HRSTEM
imaging was performed with the TFS Spectra 300 microscope equipped
with an XFEG probe and image Cs corrector and a super-X EDXS system
operating at 300 kV. The convergence semi-angle for STEM imaging and
EDXS chemical mapping was approximately 25 mrad, while the collec-
tion semi-angles were 80-220 mrad for HAADF imaging. EDXS maps
were collected typically for around 45 min, and background subtraction
was performed.

CALPHAD (calculation of phase diagrams) calculations were per-
formed using the Thermo-Calc software™ along with the TCAL7
database.

2.2. Tracer diffusion measurements

The %7r radioisotope (half-life of 3.3 days) was purchased from
PerkinElmer LAS GmbH (Germany) in the form of an oxalic acid solu-
tion. The original solution was heavily diluted with double distilled
water before being used for the tracer diffusion measurements.

The **Ti radioisotope (half-life of 60 years) was originally produced
by exposing tiny rectangular Sc foils to proton irradiation. The details of
the radio-chemical separation of Ti and Sc are given in Ref. [37]. The
heavily irradiated foils were dissolved in an HCI solution. The **Ti
isotope and the residual Sc were chemically separated using an anion
exchange absorption in a concentrated HCl solution and further
neutralized by dissolving NaOH capsules to obtain a pH-neutral solu-
tion. This solution was further diluted with double distilled water before
being used for the diffusion experiments. A few microliters of the tracer
solution with a specific activity of about 15-20 kBq (39Zr) or 1-3 kBq
(**Ti) was deposited on the sample’s surfaces and dried under a sodium
vapor lamp.

The *0Sc radioisotope was implanted using the high-energy Isotope
mass Separator On-Line facility (ISOLDE) [38,39] at the European Or-
ganization for Nuclear Research (CERN) in Geneva, Switzerland. The
46Sc beam was produced by irradiation of a *®Ta target with a 1.4 GeV
proton beam and simultaneous activation by a high-energy laser beam.
The implanted samples were delivered to the radiotracer laboratory in
Miinster and subjected to diffusion annealing treatments.

The samples with deposited (Ti, Zr) or implanted (Sc) tracers were
each wrapped in a Ta foil and sealed in an evacuated (5 x 10> mbar)
quartz tube filled with high-purity Ar (99.999 %). The sealed quartz
tubes were diffusion-annealed in a tubular furnace. The furnace tem-
perature was measured using a calibrated Ni/NiCr (type K) external
thermo-couple and controlled within + 1 K. The diffusion-annealed
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samples were reduced in diameter by 1 mm to eliminate a possible
lateral or surface diffusion contribution. The samples were sectioned
using a precision parallel sectioning device by mechanical grinding. The
thickness of each section was determined by measuring the weight of the
sample before and after each sectioning step using a micro-balance with
an accuracy of + 0.1 ug.

The relative specific activity of each section was measured by a solid
Nal y-detector equipped with a 16k multi-channel energy discriminator
to count the y-decays of 8°Zr, *Ti and *6Sc. The counting times were
adjusted to attain statistical uncertainty of better than 2 %. Using the
multi-channel energy discriminator allowed for the reliable determina-
tion of the concentration profiles without any influence from back-
ground radiation. The experimental uncertainties of the relative specific
activity in each section on the profiles, resulting from the sectioning,
measuring the weight (depth determination) and from counting the
radioactivity, were estimated to be typically less than 10 %. The pene-
tration profiles were further processed to obtain the diffusion co-
efficients of the individual elements.

2.3. Ab initio calculations

To evaluate the temperature-dependent phase stability of the
HfScTiZr alloy from theory, the Gibbs energy difference between the
two-phase mixture and the single-phase HCP solid solution was
computed by using a density-functional-theory (DFT) based supercell
approach.! The Gibbs energy of each phase was described by the sum of
the 0 K total energy and the contribution from configurational entropy,
which means that contributions from other thermal excitations were
ignored. For the related Al-Hf-Sc-Ti-Zr system, the configurational en-
tropy was shown to be most critical for the phase stability prediction
[33]. Note that the thermal excitations beyond the configurational en-
tropy are still likely to modify the transition temperature as discussed in
Section 4.1. For each phase with the experimental compositions given in
Table 1, the O K total energy was obtained from full DFT ionic re-
laxations of one special quasi-random structure (SQS) of 96 atoms (4 x
4 x 3 expansion of the HCP primitive cell) as complete randomness
without short-range order was assumed.

The configurational entropy was estimated based on the ideal mix-
ing, i.e., ASconr = — kp> 11 Xiln(X;), where X; is the atomic fraction of
the element i in the phase and kg is the Boltzmann constant.

The resulting Gibbs energy difference is expressed as:

AG = fGucp, + (1 —f)Gucp, — Guce (€9)

Table 1

Composition of elements (in at %) in the bright (major) and dark (minor) phases
in the HfScTiZr alloy determined by EDS (labeled “Experiment”) and as pre-
dicted by CALPHAD calculations. The estimated experimental uncertainties are
less than + 0.5 at %.

Element Major phase Minor phase
Experiment CALPHAD Experiment CALPHAD
Hf 26.8 24.56 20.8 26.52
Sc 28.5 41.61 12.8 5.82
Ti 20.2 6.29 45.1 47.74
Zr 24.4 27.54 21.3 19.93

1 All DFT calculations in this work were performed employing the projector
augmented wave (PAW) method [40] within the generalized gradient approx-
imation (GGA) in the Perdew-Burke-Ernzerhof (PBE) parametrization [41], as
implemented in VASP (version 5.4) [42,43]. The technical details, e.g., the
employed PAW potentials, the plane wave cutoff, the number of k-points, and
the convergence criteria, are the same as in Refs. [34,44].
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where the subscripts HCP; and HCP, denote the Sc-rich and Ti-rich
phases with the phase fractions of f and 1 — f, respectively, and HCP
indicates the single-phase HCP solid solution.

To understand the influence of lattice distortions on the measured
diffusivities in the HfScTiZr alloy, the mean squared atomic displace-
ments (MSADs) were evaluated using DFT calculations. The ionic re-
laxations were performed using DFT calculations using a special quasi-
random (SQS) structure built with 96 atoms for each alloy composi-
tion in the fully relaxed (volume and shape of the cell) condition, i.e.,
under the absence of pressure. The MSAD values were obtained using:

1V
MSAD = 3" || =ri = =i, @

where —r; and —r; are the relaxed and ideal atomic coordinates of the
atom i of the respective alloying element, and N is the number of atoms
of the alloying element in the alloy.

3. Results
3.1. Phase stability of the HfScTiZr alloy

The crystal structure of the homogenized HfScTiZr multi-principal
element alloy as characterized by X-ray diffraction is shown in Fig. 1
(a). Crystallographic reflections of a single HCP structure are found in
the X-ray diffractogram. In contrast, the microstructure characterization
by SEM reveals the presence of two distinct phases; see the back scat-
tered electron (BSE) image in Fig. 1(b). The EDS analysis confirms
different compositions of the major and minor phases, the lower panel of
Fig. 1(b). Upon closer examination, the magnified view reveals that the
second phase (minor phase) is distributed as a lamellar network. This
phase is rich in Ti, significantly depleted in Sc, and slightly deficient in
Hf and Zr, Table 1. The volume fraction of the minor phase is estimated
to be about (20 + 5) %.

The EBSD analysis, Fig. 1(c), reveals a large fraction of high-angle
grain boundaries and a random texture. Similar to the XRD results, the
EBSD phase map supports the presence of a single HCP phase. Taken
together, the XRD and SEM+EBSD results thus suggest a mixture of two
HCP phases with similar lattice constants that are difficult to distinguish
with XRD.

A phase fraction plot for the HfScTiZr equiatomic alloy as obtained
by CALPHAD calculations is shown in Fig. 2. The temperature window of
the diffusion annealing experiments is highlighted. Experimentally, two
HCP phases are observed upon annealing within the indicated temper-
ature range. On the contrary, the CALPHAD-type calculations predict a
phase decomposition to two HCP phases only below 1128 K.

Generally, when conducting diffusion measurements, it is crucial to
ensure the stability of the material’s microstructure during diffusion
annealing treatment (otherwise, its evolution during diffusion annealing
has to be carefully evaluated, and proper solutions have to be used [45]).
To replicate the tracer diffusion experiments, phase stability studies
were carried out at temperatures slightly above (at 1373 K) and some-
what below (at 873 K) the temperature range of the diffusion
measurements.

The homogenized samples were additionally heat treated for 6 days
at 1373 K and 11 days at 873 K. The HCP phases described earlier
remain extremely stable even after prolonged heat treatments. Fig. 3(a)
presents the X-ray diffractograms substantiating the presence of an HCP
phase in the samples. While standard X-ray diffractograms do not
resolve the presence of a second HCP phase, a meticulous analysis of the
XRD patterns through a slow scan (presented as an inset in Fig. 3(a))
does indeed unveil the existence of two HCP phases. The microstructures
of the samples subjected to the heat treatments at 1373 K and at 873 K
are depicted in Fig. 3(b1) and (b2), respectively. The phase distribution
is similar to the homogenized samples without any observable changes.
Notably, the minor phase exhibits exceptional stability and is distributed
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Fig. 1. Microstructure characterization of the HfScTiZr alloy in the homogenized condition: (a) XRD pattern with indexed HCP reflections; (b) Back scattered
electron (BSE) image and corresponding elemental maps revealing the presence of two distinct phases; (c) Electron back scattered electron diffraction (EBSD)
orientation map revealing predominantly high-angle grain boundaries and a nearly random texture, see (0001) pole figure, right panel. In (c), the presence of the two
distinct HCP phases is not resolved by the EBSD mapping during the indexing of the Kikuchi patterns.
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Fig. 2. Phase fraction plot for the HfScTiZr alloy as predicted by CALPHAD
calculations. The shaded area indicates the temperature interval of the present
measurements, which reveal a mixture of two HCP phases under the present
experimental conditions.

as a lamellar network.
Fig. 3(c) presents a TEM bright field image of the heat-treated
HfScTiZr alloy. The crystallographic characteristics of both major and

minor phases are revealed through the TEM diffraction patterns, spe-
cifically that both phases have the HCP crystal structure. The deter-
mined lattice parameters, Table 2, are nearly identical, within + 0.014,
corroborating the previous findings from XRD and EBSD analyses.

The elemental maps obtained by scanning transmission electron
microscopy (STEM), as shown in Fig. 4, further confirm that the minor
phase is enriched in Ti and significantly depleted in Sc. These elemental
maps also indicate a slight depletion of Hf and Zr in the minor phase.

3.2. Tracer diffusion measurements

The self-diffusion rates of the 3°Zr, **Ti, and *5Sc radioisotopes in the
HfScTiZr alloy were determined in the temperature range of 973 K to
1373 K. The experimental conditions used in the present experiments
correspond to the thin film solution of the diffusion problem,

M X
C(x,t) = mexp(fétD t)' 3

Here, C(x, t) is the concentration (relative specific activity) of the tracer
elements viz., %°Zr, **Ti, and *®Sc at the corresponding diffusion depth x
from the surface of the sample, t is the diffusion annealing time, Dy is the
volume diffusion coefficient, and M is the initial amount of the tracer
solution.

In the present case of diffusion in a polycrystalline material, grain
boundary (GB) diffusion affects the penetration profiles. The so-called B-
type kinetic regime of GB diffusion after Harrison’s classification [46]
has to be considered. By incorporating the Le Claire analysis [47] of the
exact Suzuoka solution [48] for the GB diffusion problem, it is possible
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Fig. 3. Phase and microstructural characterization of the HfScTiZr HEA heat treated at 1373 K and 873 K: (a) XRD patterns; (b1) and (b2) EBSD results showing a
random orientation of the grains in the microstructure; (c) TEM bright-field micrograph of the HfScTiZr alloy heat treated at 1373 K for 6 days, resolving the presence
of two distinct and stable HCP phases. A slow-scan XRD analysis resolves the existence of the two HCP phases; see insert in (a).

Table 2
Lattice constants of the major and minor phases observed in the HfScTiZr
alloy.

Phase a(A) c(A)
Major 3.198 5.042
Minor 3.184 5.021

to fit the penetration profiles as a combination of bulk and GB diffusion
contributions,

C(x, 1) = + Cghexp( — Ax®). 4)

M x?
2 exp ———
VD P\ T 4Dy
In the above equation, the second term represents the GB diffusion
contribution, and Cgb and A are constants. The parameter Cgb is inversely

(a)| HAADEF Hf Sc

2l

proportional to the grain size d, i.e. Cgbo%. The parameter A determines
the value of the so-called triple product, P, P = s6Dgp, [45]. Here, s is the
segregation factor, and § is the diffusional grain boundary width.

The penetration profiles measured for the diffusion of the 8°Zr, 4*Ti
and %S¢ radioisotopes are shown in Fig. 5(a), (b), and (c), respectively.
Two distinct bulk and GB diffusion contributions are evident in almost
all the profiles. The approximation of only two significant contributions
corresponds exactly to the case of 8Zr diffusion at the highest temper-
atures of 1373 K and 1273 K, Fig. 5(a). However, in the case of 465
diffusion, two distinct volume diffusion branches (in addition to a
contribution of the GB diffusion at large depths) are found in Fig. 5(c). In
the case of diffusion of **Ti and 8°Zr, two volume diffusion contributions
become prominent at lower temperatures, Fig. 5(a) and (b). The pres-
ence of two volume diffusion contributions can be attributed to the
existence of two interconnected HCP phases due to the lamellar struc-
ture, as shown in Fig. 1, which provides parallel diffusion paths.

Fig. 4. HAADF-STEM images and the corresponding elemental maps of the HfScTiZr alloy heat treated for (a) 6 days at 1373 K and (b) 11 days at 873 K showing the

elemental distribution in the major (Sc-rich) and minor (Ti-rich) phases.
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diffusion (at large depths).

Such profiles can be approximated using a sum of two Gaussian so-
lutions and the Le Claire solution [47]. Note that the second volume
diffusion contribution for diffusion of Zr and Ti can be clearly distin-
guished only at lower temperatures, and the number of data points is
insufficient for a reliable estimation of the Arrhenius parameters. The
direct implantation of the *Sc tracer probably helps to separate the two
contributions of the volume diffusion reliably from the penetration
profiles. The determined diffusion coefficients are listed in Table 3.

A short note is due here. Three types of short circuits may potentially
contribute to diffusion, i.e., high-angle GBs in both HCP phases and the
phase boundaries. In view of the specific microstructure, Fig. 1(b), the
high-angle GBs form only short segments and cannot provide diffusional
transport over hundreds of micrometers, as observed for the penetration
profiles shown in Fig. 5. The phase boundaries correspond predomi-
nantly to low-angle interfaces with almost negligible misfit between the
two lattices. One may safely argue that the corresponding diffusivities of
the phase boundaries are low and cannot be resolved in the present
experimental conditions. We thus conclude that the GB contribution to
the diffusion profiles is due to high-angle GBs in the major HCP phase,
which likely determine the deep tracer penetration as in Fig. 5. Still, the
GB diffusion contribution in Eq. (4), with additionally accounting for a
second volume diffusion contribution, if required, is estimated to
describe the volume diffusion data correctly. It is important to note that
the current experimental conditions were not specifically designed or
optimized for conducting GB diffusion measurements. Thus, the corre-
sponding data concerning GB diffusion were not evaluated.

Table 3

Temperature T, time t of the tracer diffusion experiments, and the determined
diffusion coefficients of Ti, Zr, and Sc in HfScTiZr. Two diffusion coefficients,
Dgjow and Dy, if resolved, are reported for each tracer. The typical experimental
uncertainties of the determined tracer diffusion coefficients do not exceed 20 %.

4. Discussion
4.1. Phase stability of the HfScTiZr alloy and Theoretical predictions

A high compositional and microstructural stability of the major and
minor HCP phases is affirmed by comparison of the homogenized and
heat-treated samples, Figs. 1 and 3. The line scans obtained from the
HAADF-STEM EDS analysis are shown in Fig. S3 in Supplementary
Material, and the composition variations along and across the Ti-rich
phase are compared. The chemical compositions are relatively con-
stant within each phase, and no local/atomic level segregation is
observed at the phase boundaries.

The DFT-based chemical potential calculations by Zhang et al. [34]
revealed that the Sc and Ti chemical potentials for the HfScTiZr equia-
tomic composition (assuming a single-phase HCP structure) are higher
than those in binary HfZr or ternary HfTiZr alloys. We conclude that
adding Sc and Ti increases the Gibbs free energy of the system, which
might potentially promote phase separation. Additionally, the misci-
bility gap in the binary Ti-Sc system [49] further promotes such phase
separation. Examining the elemental impact on observed phase sepa-
ration can be better comprehended through a thorough investigation
employing phase field simulations [50].

Accounting for the calculated 0 K mixing energy and the ideal
configurational entropy, the free energy difference between the equia-
tomic HCP solid solution and a two-phase mixture of Sc- and Ti-rich HCP
phases was determined, Fig. 6. The experimentally determined phase
fractions f and compositions of the two HCP phases were used as input
for the DFT calculations, see Eq. (1). In view of the given limits of the
accuracy of experimental data with respect to both chemical composi-
tion and phase fractions, the calculations were performed for two data
sets of different compositions to provide a sensitivity check of the cur-
rent predictions. Moreover, minor composition adjustments were
necessary to align with the total number of atoms per supercell. Please
refer to Table S-I in the Supplementary Material for details.

Fig. 6 substantiates that even slight modifications of the composition
within 2-3 at % result in a significant variation of the decomposition
temperature. The free energy difference suggests that the two-phase
mixture is stable below 571 K (set-1) or below 1191 K (set-2). The
discrepancy with the experimental results (two co-existing HCP phases

below 1373 K) can mainly be attributed to the fact that the DFT-
informed calculations were performed without accounting for thermal
excitations (vibrational and electronic as well as their coupling effect)
and/or potential short-range order which may have an impact on both

mixing enthalpy and configurational entropy. Preliminary atomic reso-

T  «10's) D, D, DX D, D%, D%,
(107'° m?/s)

1373 0.36 251 - - - 332 -
1323 0.36 105 - - - - -
1273 0.36 47.3 - 90 1.98 73.6 -
1173 8.64 7.45 - - - 6.01 2.89
1173 7.20 - - 5.97 0.263 - -
1103 43.02 2.30 0.433 - - - -
1073 69.12 - - 0.144 0.00973 - -
1023 17.28 0.367 0.0517 - - - -
1023 69.21 - - - - 0.259 0.0358
973 163.26 - - 0.0172 0.001 - -

lution images using high-resolution STEM indicate local ordering in the
Ti-rich minor phase. To fully incorporate these missing contributions,
advanced simulation techniques, such as full finite-temperature free
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Fig. 6. Free energy difference between a single HCP solid solution and the two-
phase mixture of Sc-rich and Ti-rich HCP phases in HfScTiZr calculated by DFT.
The set #1 and set #2 are specified in the Supplementary Material.

energy calculations [51], are generally required. The short-range order
effects can be via, e.g., the ab initio-based cluster expansion technique
[25,52,53] in conjunction with the Monte Carlo method. These simu-
lations are, however, computationally very demanding and beyond the
scope of the present work.

Note that the CALPHAD calculations presented in Fig. 2 underesti-
mate the decomposition temperature, too. A careful analysis of the
thermodynamic database used for the CALPHAD calculations indicates
an issue with the Sc-Ti binary phase diagram. Two different phase di-
agrams were available for Sc-Ti in the early 1960 s, one from Beaudry
et al. [54] and another from Savitskii et al. [55]. The phase diagram
from Savitskii et al. [55] was not adopted in the later studies [56,57] due
to elemental purity issues in the experiments considered in [55]. How-
ever, in the TCAL7 database, the phase diagram from [55] is considered
as evident from the calculated Sc-Ti phase diagram using the TCAL7
database (Fig. S1a) in the Supplementary file. The diagram from [56] is
given for comparison (Fig. S1b). Even the assessed Gibbs energy de-
scriptions of the Sc-Ti system from [57] have significant discrepancies
compared to the experiments as indicated by [56]. The prevailing
investigation also highlights a compelling necessity for further
improving the thermodynamic assessment of the Sc-Ti binary and
higher-order systems that contain Sc-Ti.

The impact of thermodynamic quantities on the phase stability is
exemplified by CALPHAD calculations at 873 K. The enthalpy of mixing
for the single phase HCP with the composition equal to that of the
observed overall composition of the alloy is 2532 J/mole. This value is
determined by forcing stability of a single HCP phase by the local
equilibrium calculations in Thermo-Calc. When actual (global) equilib-
rium calculations are performed, two HCP phases appear, and the
enthalpy of mixing decreases to 1115 J/mole. Thus, the phase separa-
tion reduces the enthalpy of mixing at low temperatures. The CALPHAD-
predicted compositions of the HCP phases are compared with the
experimental results in Table 1.

4.2. Tracer diffusivities in the HfScTiZr alloy

The high thermal stability of the two-phase mixture observed after
prolonged heat treatments ensures the reliability of the diffusion mea-
surements in the HfScTiZr alloy.

The Arrhenius dependencies for the estimated volume diffusivities of
Zr, Ti, and Sc are shown in Fig. 7. Both fast (filled symbols) and slow
(open symbols) contributions are reported. The resulting Arrhenius
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Fig. 7. Arrhenius plot for self-diffusion of alloying elements in HfScTiZr. The
closed symbols represent the fast diffusivities, and the open symbols correspond
to the slow diffusivities.

parameters, Q and D, are listed in Table 4.

Fig. 7 suggests that Sc is the slowest diffusing element, while Zr and
Ti reveal similar (and faster) diffusivities. Furthermore, two (volume)
diffusion contributions are seen for all elements, with the largest dif-
ference between the diffusivities observed for the slow diffusing
element, i.e., Sc. While the difference of Sc diffusivities in the two HCP
phases exceeds an order of magnitude, such differences for Ti and Zr
amount to less than an order of magnitude at the lowest temperature,
and they disappear at higher temperatures above 1300 K, Fig. 7.

In view of the specific microstructure, Fig. 1(b), we assume that the
two HCP phases provide the two volume diffusion contributions. The
vacancy formation and migration energies depend on the alloy compo-
sition, especially the chemistry around a vacancy. Previous DFT-based
calculations [34] revealed that the vacancy formation energies in-
crease with an increase in the number of Ti atoms around a vacancy and
decrease with an increase in the number of Sc atoms around a vacancy.
Thus, one may safely assume that Sc diffusion in the Sc-rich (major)
phase is faster than in the Sc-lean (minor) phase. Since the vacancy
concentration decreases with increasing Ti concentration, diffusion of
both Ti and Zr are probably retarded in the Ti-rich (minor) phase. This
reasoning allows us to interpret the “fast” contributions as those corre-
sponding to diffusion in the major, Sc-rich phase, while the “slow” dif-
fusivities are likely to represent the diffusion parameters in the Ti-rich,
minor phase of the HfTiZrSc system.

In the below sections, the estimated diffusivities of Zr, Sc and Ti are
compared within different HCP matrices on both absolute and homol-
ogous temperature scales, Figs. 8, 9 and 10.

4.2.1. Zr diffusion
The data of Zr self- and impurity diffusivities in the relevant pure

Table 4

Activation enthalpies, Q, and pre-exponential factors, Dy, for self-diffusion in
HfScTiZr. Two volume diffusion contributions, denoted as “fast” and “slow”, are
distinguished.

Tracer Q(kJ/mol) Do(m?/s) Remark
Zr 242 + 14 5.2770%; x 107* “fast”
Ti 215+ 5 3‘421(1’482 x 10~5 “fast”
Sc 300 + 33 0.147108 “fast”
Sc 267 + 20 17.615% x 1075 “slow”
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Fig. 8. Arrhenius plots for Zr diffusion in various HCP metals and the present HfScTiZr alloy showing a comparison on (a) the inverse absolute temperature scale and
(b) the inverse homologous temperature scale. The plots show the comparison of the present experimental data with the available literature data on Zr diffusion in
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Eq. (5).
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Fig. 9. Arrhenius plots for Sc diffusion in the HfScTiZr alloy in comparison with pure Sc [62] (blue dashed line) on (a) the inverse absolute temperature scale and (b)
the inverse homologous temperature scale. The closed symbols connected with solid lines represent the fast diffusivities and the open symbols represent the estimated
slow diffusivities in HfScTiZr. The Sc diffusivities in AlsHf55S¢o0TiasZros (short dashed line) and Al;sHf;55¢1¢TizsZras (dotted line) are taken from Ref. [58].

elements are available, and they are compared with the present data on
Zr diffusion in the HfScTiZr alloy in Fig. 8. The Zr diffusion rate is
significantly increased in the multi-principal element matrix (HfScTiZr)
with respect to the Zr diffusivities in the unary HCP metals by two to
three orders of magnitude. This trend holds even when the data is
compared on the homologous temperature scale, especially for pure Ti
and Zr. The Zr diffusion rates in the multi-component alloy are signifi-
cantly larger, by about three orders of magnitude, than the geometric
mean of the Zr diffusivities in the pure elements, Fig. 8(a).

Note that the geometric mean, 52', shown in Fig. 8 has been esti-
mated using the available data for Zr diffusion in pure a-Hf (Dﬁ’f) [58],
a-Ti (D%) [59] and a-Zr (D) [60] as:

L Zr Zr 1Zr 173
D" = (DmDT‘rDz‘,) ; ®

since experimental data on Zr diffusion in pure Sc are not available.

4.2.2. Sc Diffusion

The comparison of Sc diffusivities in the HfScTiZr alloy with the Sc
diffusion rates in AlstgsSCgoTigsZI‘gs and A115Hf255010Ti25ZI‘25 [58] is
presented in Fig. 9. To the best of our knowledge, experimental in-
vestigations on diffusion in pure Sc are absent, probably because of its
high reactivity and highly volatile nature, which releases carcinogenic
fumes. So, the DFT-based predictions of the Sc self-diffusivity [62] are
considered for the comparison.

On the absolute temperature scale, Fig. 9(a), the “fast” diffusivities of
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Fig. 10. Arrhenius plots for Ti diffusion in various HCP systems showing a comparison on (a) the inverse absolute temperature scale and (b) the inverse homologous
temperature scale. The plots show the comparison of the present experimental data with the available literature data on Ti diffusion in pure a-Ti [63] (blue dashed
line), a-Zr [60] (blue dot-dashed line), a-Hf [21] (blue short dashed line), and HCP alloys [21]. The closed symbols connected by solid lines represent the fast
diffusivities and the open symbols represent the estimated slow diffusivities. The thick solid line in (a) represents the estimated geometric mean of the Ti diffusivities

in unaries.

Sc in HfScTiZr, i.e., presumably Sc diffusion coefficients in the Sc-rich
phase, are similar to those in (Sc-enriched) AlsHfss5ScogTigsZras. On
the other hand, the “slow” diffusivities in HfScTiZr, i.e., presumably Sc
diffusion coefficients in the Sc-lean phase, are similar to those in (rela-
tively Sc-lean) Al;sHf55S¢1oTiosZras and do not strongly deviate from
DFT predictions for pure Sc. This comparison suggests that Al probably
has little impact on the diffusion kinetics in the AIHfScTiZr system. This
comparison confirms our interpretation of the “slow” and “fast” diffu-
sivities in the two-phase HfScTiZr system strongly as diffusion in the Sc-
rich and Sc-lean phases, respectively.

4.2.3. Ti Diffusion

In Fig. 10(a) and (b), the Ti diffusivities in the HfScTiZr multicom-
ponent alloy are compared with literature data on Ti diffusion in HCP
a-Hf [21], a-Zr [60] and o-Ti [63] and other HCP alloys [21] on absolute
and homologous temperature scales, respectively. The Ti diffusion rates
are found to increase on the absolute temperature scale with an
increasing number of elements in the alloy. (The geometric mean for Ti
diffusion was determined similarly to Eq. (5).) Ti diffusion in the
four-component HfScTiZr and five-component AIHfScTiZr HEA exceeds
the geometric mean of the Ti diffusivities in the corresponding unaries
by several orders of magnitude. This behavior clearly contradicts the
original hypothesis on “sluggish” diffusion in HEAs [17] and strongly
supports the recently reported “anti-sluggish” behavior observed for
HCP HEAs [21].

On the homologous temperature scale, this behavior is more pecu-
liar. Ti diffusion in binary HfZr is slightly faster as in HfScTiZr, but Ti
diffusivities in unaries are significantly lower, Fig. 10(b). Generally, Ti
diffusion rates in these HCP alloys are found to be similar on the ho-
mologous temperature scale.

4.2.4. General trends in diffusivities

The present results for the four-component HfScTiZr alloy further
confirm the previous findings for the five-component AIHfScTiZr HEAs
[21] on the “anti-sluggish” character of tracer diffusion rates with
respect to the chemical complexity of these HCP HEAs. The diffusion
enhancement is obvious on the absolute temperature scale, but it re-
mains spectacular on the homologous temperature scale as well. Thus, a
moderate decrease of Gibbs free energy by increasing the

configurational entropy is not sufficient to generalize the diffusion
behavior in multi-principal element alloys, as it was reported previously
[23,25]. In fact, the element interactions, lattice distortions, and po-
tential ordering around vacancies need to be accounted for as these
determine the diffusion behavior.

In general, potential energy fluctuations (PEFs) representing the
atomic interactions, including both elastic and chemical contributions in
the lattice, were suggested to influence vacancy-mediated diffusion in
HEAs [64]. In Fig. S2 of the Supplementary Material, Ti and Sc diffusion
coefficients are plotted against the potential energy fluctuations. While a
linear increase of the Ti diffusion rate with increasing value of PEFs is
seen, the Sc diffusivity shows a rather non-monotonous behavior, sug-
gesting that PEF are probably not a suitable parameter to quantify the
diffusion rates in HEAs. Note that the increase of the Ti diffusion co-
efficients with increasing PEFs contradicts the main premise of “slug-
gish” diffusion as a core effect in HEAs.

The “sluggish” diffusion concept in HEAs was postulated considering
the impact of varying energy barriers on vacancy migration due to
fluctuating local environments [2]. Later, the lattice distortions were
considered important in influencing the diffusional properties in
non-FCC lattices [65]. Recently, the element-specific lattice distortions
or mean squared atomic displacements were found to be one of the
decisive parameters [20].

Thus, the DFT-calculated MSADs (element-specific quantities) were
analyzed to quantify the diffusion behavior in the present HCP HEAs.
The determined MSADs with respect to the particular lattice sites in the
major and minor phases of HfScTiZr are shown in Fig. 11(a) and
compared to the literature data on MSADs in other HCP matrices [21].
The MSADs in the HfScTiZr alloy forming a hypothetical single phase are
also given to demonstrate the influence of the observed phase and its
composition. Fig. 11(a) substantiates a huge difference in the calculated
MSAD:s in different phases, indicating the importance and sensitivity of
the chemical composition of the alloy/phase.

The MSAD values in the major (Sc-rich) HfScTiZr phase are very
similar, especially for Ti and Zr. This finding correlates with the simi-
larity of the measured tracer diffusivities of Zr and Ti. Slightly lower
diffusivity of Sc in this phase with respect to the diffusion rates of Ti and
Zr, Fig. 7, correlates with lower values of the MSAD for Sc.

The “fast” diffusion coefficients of Ti and Sc in HfScTiZr at a fixed
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Fig. 11. (a) Mean-squared atomic displacements (MSADs) with respect to the lattice positions in the equilibrium lattice calculated for the Sc-rich and Ti-rich HCP
phases and for a random HCP solid solution in HfScTiZr in comparison to the data for other HCP phases [21]. (b) Tracer diffusion coefficients of Ti (green symbols)
and Sc (red symbols) as measured at a fixed absolute temperature of 1373 K (open symbols) and fixed homologous temperature of 0.75Ty, (filled symbols) plotted
against the corresponding MSADs. The arrow in (b) indicates an anticipated trend.

absolute temperature of 1373 K and at a fixed homologous temperature
0.75T, corresponding presumably to the Sc-rich phase in this alloy, are
plotted against the MSAD values in Fig. 11(b). These diffusion rates are
also compared to the values measured for other HCP matrices at the
same (absolute and homologous) temperatures. Fig. 11(b) indicates a
common trend for the measured tracer diffusion coefficients. In fact, the
diffusion coefficients of Ti and Sc are generally increase with an increase
of MSADs. The Sc diffusion coefficients measured in the Sc-rich HfScTiZr
phase somewhat deviate from the common trend. Note that all other
materials reveal a stable single phase corresponding to an HCP solid
solution.

Hence, the diffusion behavior in the present HCP alloys is predomi-
nantly influenced by the site-specific lattice distortions (MSADs) and the
chemical interactions of the constituent alloying elements. Generally,
the configurational entropy will increase with increasing number of el-
ements, irrespective of their nature. However, the MSADs (lattice dis-
tortions) vary depending on the interactions within the alloying
elements and correlate with the diffusion behavior in the lattice.

To further advance the understanding of the general diffusivity
trends, a more elaborate theoretical analysis of multi-component diffu-
sion is required, utilizing, for example, the rapidly evolving machine-
learning-supported simulation techniques[68]. Among these, a highly
efficient ab initio method, the transition state thermodynamic integra-
tion (TSTI) approach [66], has been very recently developed by making
use of machine-learning interatomic potentials [67]. The TSTI approach
enables the efficient computation of the Gibbs energy at the transition
state with DFT accuracy, addressing the inherent dynamical instability
that hinders the application of standard thermodynamic integration
methods. In combination with the above-mentioned full
finite-temperature free energy calculations [51], the ab ini-
tio-determined absolute values of the diffusion coefficients are in reach
even for chemically complex alloys such as the investigated HfScTiZr
alloy in the present study.

5. Conclusion

The microstructural stability and the self-diffusion behavior of the
HfScTiZr multi-principal-element alloy have been investigated in-depth.
Self-diffusion rates of 44Ti, 46Sc, 897r have been measured using the
radiotracer diffusion technique, and the Arrhenius parameters for the
diffusion have been determined. The major conclusions from the current
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investigation are as follows: .

e The quaternary HfScTiZr alloy exhibits two different HCP phases
with almost similar lattice parameters. The major HCP phase is rich
in Sc with lattice constants a = 3.198A, ¢ = 5.042A and the minor
phase is rich in Ti with lattice constants a = 3.1844, ¢ = 5.021A.
Both phases are found to be extremely stable even after prolonged
heat treatments.

The existing CALPHAD database is insufficient to predict the
HfScTiZr alloy’s phase stability due to the lack of a reliable database
for the binary Sc-Ti system, highlighting the need for further
investigations.

The diffusivities of 44Ti, 468c, 897r follow Arrhenius-type tempera-
ture dependencies.

Two distinct volume diffusion contributions (slow and fast) are
present in the penetration profiles of the radiotracers. The slow
contribution of the *6Sc diffusion can be conveniently extracted at all
temperatures under investigation while the second contribution is
only separable at low temperatures in the penetration profiles of **Ti
and ®7Zr diffusion. The present analysis indicates that the distinct
diffusion contributions result from the Sc-rich major (fast diffusiv-
ities) and Ti-rich minor (slow diffusivities) HCP phases. The vacancy
formation energies reported in the literature [34] further support the
present analysis.

The site/element-specific lattice distortions (MSADs) obtained from
DFT calculations present an appropriate parameter to explain the
diffusion behavior. Both Ti and Sc diffusivities increase with an in-
crease of the MSAD value.

Finally, the anticipated sluggish diffusion with increasing configu-
rational entropy is not observed for the present HCP multicomponent
alloys. Rather, an “anti-sluggish” diffusion behavior is prominent.
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