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High entropy alloys represent a new type of materials with unique combination of physical properties originating
due to occurrence of single phase solid solution of numerous elements. Preparation of high entropy alloys films with
nanosized grains promises increased effective surface and high intergranular diffusion of elements. In the present
work HfNbTaTiZr films were deposited by magnetron sputtering from single phase HfNbTaTiZr target prepared
by spark plasma sintering. Chemical composition of high entropy alloys thin films prepared this way was enriched
in Ti and depleted in Zr and Nb. Very fine microstructure of the film was documented and defect distribution was
found to be non-uniform with depth.
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1. Introduction

High entropy alloys (HEAs) or complex concentrated
alloys or multi-principal element alloys [1] represent
a group of materials with combination of interesting
properties. While most conventional alloys are based on
one principal matrix element with alloying elements in
lower concentration, HEAs are mixtures of at least four
elements in similar atomic ratio. High configurational
entropy of this system causes the formation of single
solid solution phase at high temperatures [2] and large
number of elements promises combination of interesting
phases when annealed [3]. Therefore, new combinations
of physical properties are expected, namely mechanical,
oxidation, and wear resistance or gas absorption. More-
over, HfNbTaTiZr alloy belongs to a group of refractory
materials with a high melting point and high thermal sta-
bility [4] with enhanced ductility and strength [5]. Cast-
ing of this alloy results in dendritic structure and sub-
sequent homogenization annealing produces large grains
and the alloy is susceptible to embrittlement from ab-
sorbed atmosphere impurities [6]. Moreover, HEAs are
widely studied for interaction with hydrogen [7]. For
hydrogen absorption, large surface area together with
small grains microstructure is advantageous for enhanced
absorption/desorption kinetics due to hydrogen diffu-
sion along grain boundaries and increased capacity due
to hydrogen trapping in open volume defects [8]. Se-
ries of thin films were fabricated by magnetron sput-
tering in order to study the small grain structure and
associated defects.

∗corresponding author; e-mail: lukac@ipp.cas.cz

2. Experimental

HEA films were deposited by DC magnetron sput-
tering (10 W, 250 V, 40 mA) in an UHV chamber
(p0 < 10−6 Pa) in Ar working atmosphere of 2 Pa.
A HfNbTaTiZr target with equiatomic composition pre-
pared by spark plasma sintering from gas atomized pow-
der of HfNbTaTiZr alloy [9] was used. Films with thick-
ness of 1100 nm were deposited on fused silica substrates
(10 × 10 × 0.5 mm3) at room temperature. Film thick-
ness was determined by profilometry measurement com-
bined with estimation of the deposition rate of 4 nm/min.
The surface structure was observed by scanning electron
microscopy (SEM) using Quanta 200 (FEI, USA).

The positron annihilation lifetime spectroscopy
(PALS) measurements were performed at the mono-
energetic positron spectroscopy (MePS) beamline [10]
at the ELBE (Electron Linac for beams with high
Brilliance and low Emittance) facility at the Helmholtz-
Zentrum Dresden-Rossendorf. Positron lifetime spectra
were measured using a digital spectrometer with the
time resolution of 250 ps (FWHM of resolution function).

X-ray fluorescence (XRF) was used for measurement
of overall chemical composition of samples by S2 Puma
(Bruker, Germany) and for chemical elements map-
ping with beam of 300 µm diameter on Eagle III
µProbe (Roentgenanalytik Systeme GmbH & Co. KG,
Germany).

3. Results and discussion

Figure 1 shows surface of the HfNbTaTiZr film.
Fine microstructure is composed of cells with size
around 100 nm. Cells are separated by interfaces which
are clearly visible in Fig. 1. Maps of chemical elements
obtained by XRF are shown in Fig. 2. Sputtered thin film
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Fig. 1. Surface micrograph of a thin film sputtered
from HfNbTaTiZr alloy captured in back scattered elec-
trons mode of SEM.

Fig. 2. Maps of chemical elements in the HEA film
determined by XRF. The scanned area is 10 × 10 mm2.

shows no sign of macroscopical chemical heterogeneity.
However, chemical composition of sputtered film differs
from the composition of sputterring target, see Table I.
While the sputtering target prepared by sintering of gas
atomized powder has chemical composition close to the
equiatomic stoichiometry, sputtered film is enriched in
Ti and depleted by Nb and Zr. This chemical alter-
ation in the sputtered film can be explained by different
sputtering yields of used elements and due to different
interaction of each element with argon ions and sput-
tered atoms in the plasma. The target surface was ex-
amined also after magnetron sputtering and was found to
be accordingly depleted in Ti and enriched in Nb and Zr.
This is in accordance with higher sputtering yield of Ti
compared to Nb and Zr.

TABLE I

Chemical composition in at.% determined by XRF for a
HfNbTaTiZr target before and after magnetron sputter-
ing, and for deposited HEA thin film.

Ti Zr Nb Hf Ta
target before sputtering 18.3 18.7 19.3 23.2 20.5
target after sputtering 12.9 22.2 23.2 20.6 21.1
thin HEA film 29.0 13.2 13.2 21.6 23.0

Fig. 3. The dependence of the mean positron lifetime
on the energy E of incident positrons. The solid line is
just to guide the eyes. The upper horizontal axis shows
the mean positron penetration depth.

The HEA film was measured using MePS beam
up to positron implantation energy of 16 keV which
corresponds to the mean positron penetration depth
of ≈ 340 nm as calculated using the Makhovian implan-
tation profile and assuming the theoretical density of
HfNbTaTiZr alloy of 10 g/cm3. Hence, for a HEA film
with thickness of 1000 nm virtually all positrons anni-
hilate in the film. Figure 3 shows the mean positron
lifetime measured in the HEA film plotted as function of
the positron energy. The mean positron lifetime exceeds
300 ps and is, therefore, much higher than the bulk life-
time of HfNbTaTiZr alloy which equals 146 ps [9, 11, 12].
This is caused by the fact that due to nanocrystalline cell
size the majority of positrons are annihilated at bound-
aries between cells containing vacancy-like misfit defects
and also bigger open volume voids visible in Fig. 1.
A high mean lifetime value measured at 1 keV may be
associated with formation of Ps at the rough surface of
the thin films. The mean positron lifetime first decreases
with increase of energy of implanted positrons due to
decrease of fraction of positrons diffusing back to the
surface, see Fig. 3. However, after reaching a minimum
at 3 keV it exhibits a pronounced increase indicating that
size or concentration of open volume defects increases
with depth. Since it is expected that nanocrystalline size
of cells leads to saturated positron trapping at interfaces
it is most probable that size of large voids increases with
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depth. This can be connected with penetration of oxy-
gen into the film. Subsurface layers are oxidized first and
filling of intercell voids and pores with oxygen decreases
their open volume and consequently reduces the lifetime
of trapped positrons. At higher depths from surface the
concentration of oxygen decreases and reduction of open
volume of voids by trapped oxygen is lower. This is re-
flected by increasing positron lifetime with increase of
positron energy.

4. Conclusions

Thin HEA film prepared by magnetron sputtering ex-
hibits nanocrystalline cell-like microstructure with a high
volume fraction ratio of grain boundaries. Chemical com-
position of the sputtered film differs from the composi-
tion of the target used due to different sputtering yield of
different elements. The mean positron lifetime measured
in the film exceeds 300 ps indicating presence of larger
open volume defects (voids) located at interfaces between
grains. The open volume of these defects increases with
increase of depth from the surface.
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