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The concept of high configurational entropy requires that the high-entropy alloys (HEAs) yield single-phase solid solutions.
However, phase separations are quite common in bulk HEAs. A five-element alloy, CrCoCuFeNi, was deposited via radio
frequency magnetron sputtering and confirmed to be a single-phase solid solution through the high-energy synchrotron X-
ray diffraction, energy-dispersive spectroscopy, wavelength-dispersive spectroscopy, and transmission electron microscopy. The
formation of the solid-solution phase is presumed to be due to the high cooling rate of the sputter-deposition process.
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The concept of high-entropy alloys (HEAs) is a novel
alloy design method that combines multi-principal
metallic elements with an equal or near-equal atomic
ratio to form a single-phase solid solution. This method
results in high configurational entropy, which may
yield better thermal stability than conventional alloys.
Recent studies in this area have demonstrated many
exciting properties, such as the high hardness reten-
tion up to 800°C,[1–3] high yield strengths at elevated
temperatures,[4] high corrosion resistance to acids,[5,6]
high fatigue and fracture resistance,[7,8] desirable bal-
ance of magnetic and mechanical properties,[8–12]
etc. However, to date, elemental segregation and
phase decomposition are quite common in many
‘claimed’ bulk HEAs, such as Cu segregation,[1]
Cr segregation,[13,14] Ni–Al precipitation,[15] Ti–Al
precipitation,[16,17] and spinodal decomposition of
ordered and disordered phases [2,18] due to the negative
mixing enthalpy of these elements.[19]

*Corresponding author. Email: pliaw@utk.edu
†Deceased.

It has been widely reported that thin films can be
applied to improve the properties of many types of
materials, including amorphous and crystalline films,
especially the mechanical performance of substrate
materials.[20–22] Due to the unique properties of
HEAs, it would be very promising to employ HEAs
as a thin-film material. Amongst the reported HEA
thin-film work,[23–27] Huang et al. [24] reported
the sputter deposition of an amorphous phase of an
AlCrCoCu0.5FeNi film. Dolique et al. [25] deposited
crystalline films and determined that the microstructure
of the film was dependent on the operating power of
the sputtering target. The simple face-centered cubic
(FCC) crystalline Al0.5CrCoCuFeNi film solid solution
was first reported in 2004 by Chen et al. [23] based on the
lab X-ray diffraction (XRD) results. However, a recent
paper reported Cr-phase separation in an HEA, whereas
the XRD showed only a single FCC structure.[13] The
observation of a single-crystal structure via XRD does
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not necessarily imply that the HEA is a single phase,
primarily because XRD is not necessarily sensitive to
second phases that have extremely small amounts [28]
and/or that have some degree of lattice coherency with
the matrix, for example, the possibility of Cu precipi-
tates in the CrCoCuFeNi HEA alloys used in the present
study. Another reason that the typical XRD data may
miss the existence of a possible ordered phase is the sim-
ilarity of the scatter factors of elements from the ordered
phase and the matrix. In the case of the CrCoCuFeNi
alloy, all five elements have quite similar scatter factors
to any photon energy that is away from their absorption
edges. Therefore, some ordered phases, such as FeNi3
ordered structure,[29] will be invisible to the XRD. In
order to identify the presence of a second phase, espe-
cially when present in small concentrations, not only
does the structure have to be investigated via the high-
quality XRD experimentation, but also quantified com-
positional changes over different length scales have to be
performed.

Despite the conclusions of the earlier work, sputter
deposition has the advantage of fabricating structure-
controllable high-entropy films. The present study
focuses on comparing the microstructure and composi-
tion distributions of an as-deposited sputtered thin film
and an as-cast bulk CrCoCuFeNi alloy. The microstruc-
tures of the as-cast alloy and radio-frequency (RF) mag-
netron sputter-deposited CrCoCuFeNi high-entropy film
are studied, using high-energy synchrotron X-ray with
transmission diffraction for the bulk materials and graz-
ing incident X-ray scattering (GIXS) for thin films.
Additionally, the chemical-composition distributions
were characterized on different length scales employing:
scanning electron microscopy (SEM) equipped with the
energy-dispersive spectroscopy (EDS) and wavelength-
dispersive spectroscopy (WDS) capabilities, as well as
nanoscaled elemental analyses under transmission elec-
tron microscopy (TEM).

Chromium, cobalt, copper, iron, and nickel pure
metals ( > 99.99%, weight percent) were used to fabri-
cate the target. An RF magnetron sputtering system was
used to deposit the films in a vacuum chamber at room
temperature (RT) with the base pressure of 4 × 10−7 Pa.
The Ar gas flow was 25 sccm, and the chamber pressure
was maintained at 0.67 Pa (5 mTorr) during sputtering.
The RF power was set to 200 W. The film thickness was
controlled to be ∼ 800 nm based on the measured sput-
ter rate of ∼ 4 nm/min. The surface morphology and
the chemical composition were examined on a field-
emission LEO 1512 SEM equipped with EDS and WDS
on a Cameca SX-100 electron microprobe. For the EDS
characterization, the operating conditions were 20 keV
and 100 s count time. For elements with extremely small
concentrations, the EDS results may not be reliable,
since its sensitivity is of the order of 1%. In such cases,

a more precise technique, WDS, was applied to measure
the chemical composition for dilute elements. For WDS,
pure metals were used as standards, and the Pouchou
and Pichoir (PAP) model [30] was applied for correc-
tions. The operating conditions were 15 keV, 20 nA elec-
tron beam, and 30 s count collection time on the peaks
and background. High-energy synchrotron XRD studies
were performed at the Advanced Photon Source (APS)
of the Argonne National Laboratory (ANL). Transmis-
sion XRD was conducted on the bulk alloy with the 115
keV incident beam energy at the beam line of 11-ID-C at
APS. For the film sample, GIXS was performed with the
20 keV incident beam energy and 0.5° grazing angle at
the beam line of 33-BM [31] at APS. The cross-sectional
TEM specimen was prepared by the lift-out in dual-
beam scanning electron microscope/focused ion beam
(DB-SEM/FIB) systems.[32] It should be noted that a
∼ 200 nm thick layer of Pt was deposited across the
entire lift-out bar from the in situ FIB gas injection sys-
tem to avoid the ion-beam damage on the lamella. The
lamella was showered by the 5 kV ion beam to remove
the damage layer on the surface of the TEM specimen.
The sample was characterized on a JEOL 2100F work-
ing under 200 keV and equipped with the Gatan GIF
Quantum® system. The three-window background sub-
traction method for the energy-filtered TEM [33] was
applied to obtain the elemental distributions of Cr, Co,
Fe, Ni, and Cu.

Synchrotron XRD results indicate that two FCC
structure phases exist in the as-cast bulk CrCoCuFeNi
alloy, as shown in Figure 1. The small peak separation in
the inset in Figure 1(a) indicates a slight difference in the
lattice constants between the two FCC phases. By aver-
aging the calculated lattice constants from all measurable
FCC peaks, one FCC-phase lattice constant is calculated
to be 3.61 Å, whilst the other one is calculated to be 3.58
Å. The thin film shows crystalline diffraction features
with just one FCC structure, also shown in Figure 1(b).

The film has a strong (111)FCC preferential orien-
tation along the film growth direction, which is due to
the surface-energy-controlled grain growth. An increase
of the planar-packing density reduces the number of
unsatisfied atomic bonds, resulting in a lower surface
energy.[34] For materials with the FCC crystalline struc-
tures, the lowest surface energy planes are the 111 family
of planes, which have been numerically calculated, using
the embedded atom model.[35] It is worth noting that
the final thickness of the film also has a strong effect
on the extent of the preferential orientation for FCC
materials,[36,37] which may be due to the increasing
influence of the strain-energy minimization with increas-
ing film thickness. The present experimental results
show that the film strain is not sufficient to compete
with the surface-energy factor. A possible explanation
for this trend may be that the film was deposited at RT
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(a) (b)

Figure 1. High-energy synchrotron XRD of as-deposit CrCoCuFeNi films and as-cast CrCoCuFeNi alloys serving as the target
material for film deposition.

without an additional substrate bias, which can reduce
the effect of thermal strains significantly. A surface-
energy-dominated film growth at RT in vapor deposition
[38] is widely observed in such deposition experiments,
which has been demonstrated by Lee’s [39] and Carel
et al.’s [40] models.

The two phases in the as-cast bulk alloy are evident
on the EDS maps acquired in SEM, as shown in
Figure 2(a). These phases contain a Cu-poor phase

with a dendritic morphology that formed during casting,
and a Cu-rich interdendritic phase. The average size of
dendritic arms is of the order of 10 µm. The mecha-
nisms of phase segregation in the HEA and amorphous
alloys have been investigated, using the approach of
density-functional-theory modeling by Middleburgh et
al. [41,42]. Their results indicate that, for the CrCoFeNi
HEA alloy, the vacancy-formation energies of Co, Fe,
and Ni are positive, which is expected as a stable solid.

(a)

(c) (d)

(b)

Figure 2. SEM microstructure images and elemental distributions determined by EDS: (a) as-cast bulk CrCoCuFeNi alloys; (b)
as-deposited CrCoCuFeNi alloy films; (c) grain structures on the top surface of the as-deposited film; and (d) grain structures on
the cross-sectional surface of the as-deposited film.
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Table 1. Chemical compositions of the CrCoCuFeNi
bulk target (average, dendrites, and interdendrites), and the
as-deposited film measured with different methods.

Sample Method Cu Cr Co Fe Ni

Bulk average EDS 19.5 20.4 20.0 20.2 19.9
Bulk dendrites WDS 10.1 22.9 23 23.6 20.4
Bulk interdendrites WDS 83.2 2.4 3 3.2 8.2
Film average EDS 23.3 18.9 18.9 18.9 20.0
Film average WDS 23.7 19.1 18.8 18.8 19.6

Note: Values are given in atomic ratio (%).

However, the vacancy-formation energy of Cr is neg-
ative, which indicates a thermodynamic drive for Cr
to segregate. This segregation mechanism can also be
applied to explain the phenomenon observed in the
present work. The differences of the elemental compo-
sitions of the two phases in the bulk alloy are given in
Table 1. It can be noticed that the Cr element has the low-
est composition percentage in the interdendrites region
of the bulk HEA specimens compared to the other com-
positions, which indicates that most of the Cr serve as
the stabilizer, and result in the segregation of the current
HEA alloys.

In contrast to the strong Cu elemental separation
observed in the bulk alloy, the thin-film sample exhib-
ited a relatively-uniform distribution of all elements
at the micrometer scale on the surface (Figure 2(b)),
which indicates that the sputtering technique improves
the uniformity of the composition. Sputtering is effec-
tive in depositing alloy films from a single target even
though individual elements have different sputter yields,
because the surface composition of the target equili-
brates after a pre-sputter step. The sputter-deposited
materials have the same stoichiometry as the original
target alloy. Additionally, the energetic atoms/molecules
can quench condensate rapidly ( ∼ 109 K/s) for thin
films, thereby minimizing concentration fluctuations in
the films, which is consistent with the work of Singh
et al.[18] They found that only one body-centered cubic
(BCC) phase appeared in the quenched alloy (a cooling
rate of 106–107 K/s), whereas multi-phases, including
one BCC and two FCC phases, were detected in the
cast alloy (a cooling rate of 10–20 K/s). Although the
surface diffusion from species that arrive off-normal to
the substrate, and substrate heating at high sputter rates,
can influence the as-deposited composition, it appears
that under the conditions used in the present work, the
concentration fluctuations observed in the film materials
have been greatly minimized.

Although the sputtering technique can minimize the
concentration fluctuation, a slight difference in the Cu
concentration between the bulk and the as-deposited film
samples can also be found (Table 1). The slight enrich-
ment of Cu observed in the as-deposited film may be
due to an insufficient pre-sputter (as described in the

experimental section). During the pre-sputter process,
elements with higher sputtering yields sputter faster,
leaving a smaller volume fraction of these elements on
the target surface. Since the total sputtering rate of an
element is the production of its sputter yield and its
surface–volume fraction, the ultimate result of the pre-
sputter process attains a sputter rate ratio for all the
elements that is the same as the elemental volume frac-
tion in the target. If the pre-sputter is insufficient, the
element with a higher sputtering yield is likely to have
a higher sputtering rate. Consequently, an insufficient
pre-sputter for this alloy target will result in a higher
Cu concentration in the film, because Cu has the high-
est sputtering yield amongst all the target elements. In
this case, the growth of the CrCoCuFeNi film will start
with a slightly higher Cu concentration and terminate
with equal atomic ratios at the final steady state.

The morphology of the as-deposited CrCoCuFeNi
film was characterized with the use of SEM for both
the top surface (Figure 2(c)) and the cross section
(Figure 2(d)), which exhibits the columnar grains in
the thin film with an average grain width about sev-
eral tens of nanometers. The columnar grains can also
be observed in TEM with a better resolution, which is
shown in Figure 3(a). A magnified area on the column
structure is displayed in Figure 3(b), which is marked
with a red square in Figure 3(a). Extensive stacking
faults can be observed all over the film in this column-
grain region. Note that the total film thickness is ∼ 800
nm, as observed in Figure 2(d). However, in the cross-
sectional TEM results (Figure 3(a)), the film thickness
is ∼ 200 nm, which is due to the fact that the film is
over milled during the TEM-sample preparation process.
It means that part of the thin film is removed in the TEM
images (Figure 3).

Due to the limited resolution of the EDS map-
ping image ( ∼ 500 nm), any phase separation at the
nanometer scale could not be positively determined.
With the use of TEM, any compositional partition-
ing within the thin film is possible to be observed on
a finer scale. For an arbitrary small volume, roughly
600 × 200 × 50 nm3 (thickness), all the elements are
almost uniformly distributed, as shown in Figure 3(c).
All five-element distributions are shown in Figure 3(d).
A second Cu-element mapping under TEM (in support-
ing materials) on a different as-deposited CrCoCuFeNi
HEA film sample also indicates a similar uniform distri-
bution as in Figure 3(c). Hence, the elemental analysis
on fine scales suggests that the five elements are dis-
tributed in a near-perfect uniform solid solution in the
as-deposited CrCoCuFeNi film.

Combining the TEM result with the single FCC
structure obtained from XRD, it was determined that
the as-deposited CrCoCuFeNi film is predominantly a
single-phase solid solution. Although the Cu element
may have a slight concentration gradient along the
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(a) (b)

(c) (d)

Figure 3. (a) TEM micrograph of the as-deposited films. (b) An enlarged region of (a), as marked in the red square box. Energy–
filtered TEM results under TEM representing the Cu elemental distribution (c), and Cr, Co, Cu, Fe, and Ni elemental distribution
(d) in an as-deposited film.

film-thickness direction, which will be explained in our
future study, the Cu element still forms a solid solu-
tion in the matrix. Note that a single phase does not
have to be exactly the same composition throughout the
whole sample; fluctuation within a limited range should
be acceptable, as long as the fluctuation does not result
in a second phase. In the studied CrCoCuFeNi film,
no obvious Cu segregations at either nanometer scale
or micrometer scale could be observed. Therefore, the
sputtering technique has great potential for fabricating
solid-solution films.

In summary, the RF-sputtering technique is capable
of depositing CrCoCuFeNi single-phase solid-solution
films from a two-phase bulk target. The single-phase
solid solution was confirmed by different techniques,
including high-energy synchrotron XRD for the lattice
structure determination as well as SEM/EDS, WDS,
and TEM for the chemical-composition analysis. The
sputtered film favors a much more uniform elemen-
tal distribution due to fast quenching in the sputter
procedure, compared to the as-cast target. The Cu seg-
regation in this system is dynamically limited due to
the high quenching rate and low diffusivity, indicating
that the sputter technique is a good way of fabricating
multi-principal-element solid-solution films.
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