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Abstract: High entropy alloy (HEA) involves the addition of five or more elements into the ma-
terials system. This provides a multidimensional configuration space that is limitless in terms of
its properties and functions. Some high-entropy alloys have already been shown to have superior
properties over conventional alloys, especially the CoCr-based HEA materials. Better high-entropy
alloy applications may be discovered, especially in micro- and nano-level structures, hence the
development of thin film/coating -based HEA materials. Therefore, in this review paper, we are
aiming to provide recent studies on the thin film/coating-based high-entropy alloy on fundamental
issues related to methods of preparation, phase formation and mechanical properties. We found
that sputtering has been extensively used to grow thin-film-based HEAs as it allowed parameters
to be controlled with homogeneous growth. The evolution from bulk to thin samples can also be
observed with the mechanical properties has exceeded the bulk-based HEA expectations, which are
high hardness, better interfacial bonding and tribological behaviour and higher corrosion resistant.

Keywords: high-entropy alloy; thin films; review; high-entropy alloy thin films

1. Introduction

Most conventional alloys are based on one major metal element to form a family of
alloy-based materials. However, there are limited major metal elements in the periodic
table, which imposes a limitation on the development of alloy families. A new concept of
alloying family was introduced by Yeh [1] and Cantor [2] that is called high-entropy alloy
(HEA) where the liquid or random solid solution states have significantly higher mixing
entropies than conventional alloys. Some possible mixing based on four pure elements
is depicted in Figure 1. The underlying motivation stems from the simple concept that
this would allow the mixture of alloys to reach a maximum configurational entropy, thus
helping to stabilise the solid-solution phase against others such as the intermetallic phase.
HEA is defined as an alloy containing 5 or more major elements in which the concentration
of each major element should be between 5 and 35 at.%. This makes the effect of HEA more
significant than conventional alloys [3–6].
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Figure 1. Possible reactions that might take place when equal amounts of four distinct elements are
mixed. (a) is singke solid solution, (b) is multiple solid solution and (c) is intermetallic and single
solid solution.

Some of the early HEA-based materials are CrCo-based HEA, which combines with
elements such as Fe, Mn, Ni and Al. Cantor [7] reported that the earlier multicomponent
alloy phase (CoCrFeMnNi) with other extensive elements such as Nb and Ti and showed
face-centred cubic (FCC) dendrite structures on the materials. These alloys typically favour
the formation of simple and disordered solid solution structures such as face-centred cubic
(FCC), body-centred cubic (BCC) and hexagonal close-packed (HCP) [8–11]. Previous
works reveal that these alloys posed versatile properties such as high tensile strength and
superior wear and fatigue resistance. In the past years, the focus has only been directed to
the bulk materials of HEA and only limited studies are available on the development of
HEA thin film-based materials [12,13]. Some of the earlier works on thin film HEA were
synthesising bulk pieces of thick films using melting and other techniques such as rapid
solution, thermal spray and mechanical alloying. It is also rather difficult to design suitable
techniques for bulk HEA materials as they require an extremely fast cooling rate.

However, as the technology evolved, the need to find a smaller and more functional
material arises, where thin film development is of interest. To date, most of the HEA-
based thin films were synthesised using sputtering as it possesses advantages such as
being able to control the film thickness, while stoichiometry can be adjusted by adjusting
the target power and introducing a concentration gradient for one or more elements.
After this review, the future research direction of HEA-based thin films will be evaluated.
Therefore, it is necessary to understand a thorough literature analysis on HEA-based thin
film development regarding their properties and functionality.

2. Bulk to Thin Films

Previous research on HEA focuses on bulk samples. However, as the years of minia-
turisation of devices evolved, there is a need to understand this multiple alloy system at the
micro to nano levels. The development of HEA research areas is as of now a hotly debated
issue that can be generally partitioned into two primary classes: coatings with bulk and
thin films. Some of the major issues in bulk alloy-based material is the prevalence of brittle
fracture upon deformation that leads to catastrophic fracture, which typically originates
from a single, major shear band. This is due to the formation of localised shear bands,
which results in the lack of ductility. Chu et al. [14] conducted research on the coatings
of bulk metallic glasses and discovered that the coating allows for the more uniform for-
mation of a high density of smaller shear bands at the material interface, which in turn
absorbs deformation.

Although coatings covered on bulk samples increment such as strength, certain issues
still emerge, for example, the formation of different shear bands on and non-epitaxial
growth of coating of bulk materials surface. Therefore, thin films are introduced because
coatings on bulk materials only involve surface modification rather than microstructure
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modification. To achieve maximum properties capacity, bulk samples are synthesised at
the micro to nano level rather than modifying their surface.

In certain parts with multifaceted designs and surfaces, bulk structures are challenging
to apply because of their high strength and hardness. However, preparing HEAs as thin
films may be able to address these issues and reduce their cost, enhancing their engineering
application in the future. Various deposition techniques have been explored—focusing
on physical vapour deposition including laser cladding and magnetron sputtering—have
been used to produce HEA coatings [8,15–17] that use little energy, making it possible to
deposit thin films on substrates with complex geometry.

One of the other alternative methods is electrochemical deposition, which is a low-cost
alternative to produce thin films made of alloys with a high entropy because it uses readily
available raw materials and does not require complicated or expensive equipment, which
can be carried out at low processing temperatures and requires controlling the thickness,
morphology, while the composition of the coatings is made simple with electrodeposition
by altering the deposition parameters on-aqueous solvents, and this is currently the best
choice for electrodeposition of metals and alloys because of their properties high electrical
conductivity, a wide working temperature range, excellent chemical and thermal stability
and, most importantly, a wide electrochemical window without hydrogen evolution or
hydroxide generation [15–18].

HEA thin films could also be used as diffusion barriers in future microelectronic
applications due to their good thermal stability and slow diffusion [19,20]. MoNbTaW,
for instance, is the subject of most of the research in thin films, just as it was in the case
of bulk HEAs previously. It has a high hardness and good thermal stability [21–23]. This
alloy is also a potential candidate for solid oxide fuel cell interconnects and coatings for
thermoelectric elements because of its high-temperature electrical conductivity [24–27].
Because HEAs have multiple components in roughly equal atomic proportions [28], it is
essential to keep the percentage of each element in the thin film nearly equal to the target
during the depositing process for the precise preparation of the thin film-based HEA.

3. Thin-Film-Based High-Entropy Alloys

Due to their exceptional properties, such as high thermal stability at elevated temper-
atures, superior hardness and high oxidation resistance, high-entropy alloys have been
primarily studied in bulk. HEA-based thin films have also recently begun to gain attention,
especially in micro and nanoscale devices for use as diffusion barriers and hard coatings as
these thin films produced extensive properties compared to their bulk form samples be-
cause HEA-based thin films are still able to retain their entropy stability in the micro/nano
level without compromising their properties such as low Gibbs free energy which then
favours a solid solution phase formation with the relatively simple crystal structure.

The quality of HEA-based thin films is affected by their growth conditions, which is
equally important to obtain high-performance thin films. Among existing works on HEA
thin films, the Alx based CoCrFeNi HEA system has shown an interesting transition of
structure with the Al content [29–32]. Residual stress in thin films can have a significant
impact on the performance, dependability and durability of material components and
devices due to their adhesion and fracture toughness of thin films. Therefore, synthesising
HEA-based thin films with a suitable technique such as sputtering is very crucial.

The study by Liao et al. [33] in the earlier work on the thin film development of HEA-
based materials was conducted by Dolique et al. [34], who focused on CoCr-based HEAs
with a different target power (W) of deposition sputtering specifically on the FeCoNi target.
Al, Cu, Fe and Ni were synthesised by magnetron sputtering technique to form mosaic
targets for the AlCoCrCuFeNi thin film. AlCoCrCuFeNi were grown on Si (100) substrates
with 1 um thickness. It was found that before annealing samples with higher power (W), the
target developed polyhedron grains (100–200 nm), whereas the lower ones have spherical
grains for 10–20 mm. However, during annealing, scanning electron microscopy (SEM)
images revealed the presence of holes and inclusions which are caused by the silicide
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formation, which was hypothesised as having been obtained from the substrate. The last
step of annealing temperature (900 ◦C) found that only Cu and Ni remained in the thin
films as other elements undergo preferential evaporation.

In an extension of previous work by Dolique et al. [34], Braeckman et al. [35] was
reported on similar methods which were conducted by using powder as the sputtering
target instead of a mosaic. They found that composition elements Co, Cf, Fe and Ni were
varied before being cold pressed with a maximum pressure of 90 MPa. In this case, it
was found that the homemade targets were not sustainable as the compositions of the
films grown were not matched with the element target compositions. One of the main
reasons is the high enthalpy mixing between these elements which require an extensive
understanding of them. However, it was reported that the changes of phase between FCC
to BCC were observed with increasing Al which is due to lattice distortion energy with
regards to phase transition [36].

A more advanced technique of magnetron sputtering was conveyed by Liao et al. [33]
on the CoCrFeNi with the Alx system. Compared with previous techniques, this method
uses a base pressure that is reported to be better than 1.0 × 10−6 Pa. Deposition time was
varied between 15, 45, 90 to 100 min to observe the quality of the thin films. Atomic Force
Microscopy (AFM) confirmed that the surface of an as-deposited thin film is homogeneous
and has a smooth surface. However, it was reported that as the deposition time increased,
the surface nanostructures of these thin films (missing verb) were due to the great impacts
on the microstructural evolution of the thin films [37–39]. Through surface atoms diffusion
and grain boundary motion, coarsening is strongly driven by the increase in deposition
time [39]. The deposition time of 15 min gave a flat surface of the thin film (Figure 2a). As
the system tries to reduce the surface and interface energy, the island with the lowest energy
per atom will partake in the creation of a new island formation (Figure 2b,c). Therefore,
when subject to deposition time for thin film growth, a continuous smooth surface will be
present due to atom bombardment with the surface (Figure 2d).

Figure 2. AFM images of Al0.3CoCrFeNi with different deposition times of (a) 15 min (b) 45 min
(c) 90 min and (d) 180 min Reprinted with permission from Ref. [33] Copyright 2017 Elsevier.

An in-depth study of the Al-based HEA system was reported by Feng et al. [40] on
the nano twins, effect subjected to mechanical properties. Different content of Al was
selected to observe the changes. The synthesising technique used is similar to the one
used by previous researchers which is by magnetron sputtering. The thin films were
subjected to nanoindentation to observe the deformation mechanisms of submicron scales
using transmission electron microscopy (TEM). It is known that the mechanical response
of metals such as Cu and Ni can be significantly affected by the stability of nano twins
during deformation [40]. It was reported that non-deformed areas showed a reduced
volume of twinning up to 80% and significantly reduced with a lot of nano twins that were
distributed throughout the columnar grains in the non-deformed area. On the other hand,
in the severely deformed area, a significant number of nano twins broke down or exhibited
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detwinning behaviour. The thickness of the samples was also crucial as this will determine
the predominant deformation mechanism of the samples. For thicknesses less than 2 nm,
the nano twins are unstable when plastic is deformed.

An et al. [41] studied a comparison of bulk and thin film CoCrCuFeNi. RF mag-
netron sputtering yielded thin films of CoCrCuFeNi with a thickness of 800 nm and a base
pressure of 4.0 × 10−7 Pa. SEM images revealed that the as-cast CoCrCuFeNi contained a
Cu-rich interdendritic phase as well as a Cu-poor dendritic phase. This is due to the mixing
enthalpies and crystallization conditions between the elements. During the formation of
HEA phase, a higher melting temperature initiated Cu formation ousting their boundaries
(dendritic) whereas, in the liquid phase, enriched copper will crystallise at a lower temper-
ature [42]. The interdendritic region will be present in areas with a lower percentage of Cr
element because of the differences in the bulk alloys’ compositions. This suggests that the
current HEA alloys segregate because most of the Cr acts as a stabiliser. In contrast to the
bulk alloy, which showed a strong Cu elemental separation, the CoCrCuFeNi thin films
had a relatively uniform distribution of all compositions at the micromechanical scale on
the surface.

It was also reported [43] that the influence of Al content in CoCrFeMn-based HEA
gives larger stability of the BCC phase compared with the FCC phase, which could be due
to the crystallization of CoCrMnFe-based HEA in the alpha-Mn structure. The formation
of the alpha Mn phase developed highly refined columnar grains that possessed high
hardness compared to other FCC-structured bulk samples [44]. This also suggests that
the sputtering procedure improves the composition’s uniformity. It was reported that
inadequate pre-sputter led to a slight Cu enrichment in the deposited film when compared
with the bulk samples in terms of the deposition technique [45,46]. During the pre-sputter
process, elements with higher sputtering yield sputter faster, leaving a smaller volume
fraction of these elements on the target surface.

Due to an element’s total sputter rate being the production of its sputter yield and
surface volume fraction, the final product of the pre-sputter process achieves a sputter rate
ratio for all elements that is the same as the elemental volume fraction in the target. If the
pre-sputter is insufficient, the element with a higher sputtering yield is more likely to have
a sputtering rate. An inadequate pre-sputter for this alloy target will result in a higher
Cu concentration in the thin film because Cu has the highest sputtering yield of all the
target elements. Starting with a slightly higher Cu concentration, the CrCoCuFeNi thin
film will grow at the final steady state with equal atomic ratios. Table 1 shows the summary
of previous research techniques on the CoCr-based HEA thin films.

Table 1. Summary of previous studies on CoCr-based HEA coatings/thin films.

Authors Materials Method Target

Dolique et al., 2010 [34] AlCoCrCuFeNi Magnetron sputtering Mosaic
Zhang et al., 2011 [47] CrCoCuFeNi Laser cladding Powder
An et al., 2015 [41] CrCoCuFeNi Magnetron sputtering Cast metal
Braeckman et al., 2015 [35] AlCoCrCuFeNi Magnetron sputtering Cast metal
Liao et al., 2017 [33] Al0.3CoCrCuFeNi Magnetron sputtering Cast metal
Marshal et al., 2019 [43] AlCoCrFeMn Co sputtering Alloy target
Sha et al., 2020 [44] AlCoCrFeMn Magnetron sputtering Alloy target
Arfaoui et al., 2020 [48] CrCoCuFeNi Magnetron sputtering Cast metal

4. Phase and Crystal Structure

The availability of properties that improve performance because of their phase and
crystal structure is one of HEA’s interesting aspects. Synchrotron XRD of bulk samples
of CoCrCuFeNi phases revealed the presence of two FCC structure phases with slight
differences in lattice constants between them. CoCrCuFeNi’s thin film, on the other hand,
only has one FCC structure. The film has a strong (111) FCC preferential orientation in
the direction of the film’s growth due to surface-energy-controlled grain growth. The
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embedded atom model was used to numerically calculate the (111) family of planes, which
has the lowest surface energy among materials with FCC crystalline structures.

This is because the number of unsatisfied atomic bonds decreases when planar-packing
density increases. Importantly, the final film thickness has a significant impact on the
degree of preferential orientation in FCC materials [38,39]. This could be because the
influence of strain-energy minimisation on film thickness increases. The surface-energy
factor outperforms the film strain, as demonstrated by the current experimental results.
This trend may be explained by the fact that the film was deposited without an additional
substrate bias at room temperature, which can significantly reduce the effect of thermal
strains according to models by Carel et al. [49] and Lee [50]. The vapour deposition
experiments also consistently reveal a film growth at room temperature dominated by
surface energy.

This is supported by Synchrotron XRD of Al0.3CoCrFeNi [33] by which the thin film’s
fine grains are confirmed by the weak continuous rings (Figure 3a). The number of grains
in the X-ray beam is limited because the thin film only has a thickness of about 2 nm.
Uneven intensities in the inner ring that corresponds to the (111) plane are denoted by the
red arrows. The fact that the intensity is not uniform along the rings indicates that the thin
film developed a texture during sputtering. The peak positions can be indexed with the
FCC structure pattern, which demonstrates that this thin film is made up of a face centre
cubic phase, as shown in Figure 3b. The FCC solid solution is observed to be accompanied
by a minor scattering peak. The subtle intensity of the peak suggests that the secondary
phase, which was previously identified as the NiAl-type ordered BCC phase [51–53], has
a low content. It is interesting to note that the main peak width also seems to be getting
wider. This is mostly because the nanocrystals formed in the thin film and grew in the
same direction, the preferred (111) orientation. The synchrotron radiation X-ray results
show that the Al0.3CoCrFeNi thin film is made up of FCC solid solution nanocrystals and a
small amount of NiAl-type ordered BCC phase. Additionally, the nanocrystals grow in the
preferred (111) orientation.
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5. Mechanical Properties
5.1. Hardness

Nanoindentation was typically used to evaluate the thin film’s mechanical properties.
The indentation depth affects the film materials’ hardness [12,28,54,55]; Specifically, the
hardness may increase in indentation depth due to the film and substrate’s distinct pile-up
times and elastic modulus mismatch [41]. As a result, indentation was carried out at
various depths, it measures the hardness as a function of the normalised film thickness
and the indentation depth. The hardness of these thin films was usually compared to
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that of various metal films described in the literature [56–58]. When compared to pure
elemental metals, HEAs typically exhibit significant lattice distortion, also known as solid
solution hardening due to their rigid crystal structure and strong atomic bonding, refractory
metals are harder than transition metals. Thin films formed nanoscale grains during
deposition, whereas traditional bulk samples typically exhibited microscale structures.
The Hall–Petch relationship (i.e., grain boundary strengthening) demonstrates that grain
refinement increased the hardness of crystal materials [4,6,54,59]; the applied stress required
to pass dislocations across grain boundaries increased with decreasing grain size. Due to
grain boundary strengthening and solid solution hardening, the thin film had a relatively
high hardness.

Additionally, the degree of lattice distortion can have an impact on the mechanical
properties of alloys [60]. The lattice strain in HEAs effectively retards the movement of
atoms because it has been suggested that severe lattice distortion is induced in HEAs,
particularly due to differences in atomic size among the alloying elements. Consequently,
despite their similar elemental composition, the alloy’s bulk samples and the HEA-based
thin film had a superior mechanical performance. One of the reasons is because of the
sputtering technique that was used from a single target prepared simply by mixing a
powder blend and then sintering, we can produce high-quality thin films with uniform
microstructure and high hardness.

5.2. Interfacial Bonding

Thin films are often damaged due to the structures’ reliability and effectiveness of not
being able to withstand buckling, film necking, cracking and delamination. As a result, a
comprehensive understanding of the interfacial behaviours of thin film and substrate is
essential. One of the main influences in interfacial bonding is the selection of substrates. A
study conducted by Wei and Hutchinson [61] found that thick substrates will introduce
delamination of prestressed (missing noun) in thin films. Plastic dissipation in either
substrate or film is considered when analysing the delamination.

The growth technique is also crucial in determining the interfacial strength between
HEA thin films and substrates. Non-epitaxial growth of thin film on the substrates will
introduce interfacial shear stress, which leads to plastic deformation, especially at the
contact edges between the film and the substrate [62,63]. Strong adhesion between film
and substrate will also influence the stronger interfacial strength of the HEA-based thin
films [64]. Furthermore, the competition between the effect of nanocolumn cohesion and
grain size on the phase metastability in HEA-based material leads to the probability of
martensitic transformation. Theoretically, for thin film-based HEA, enhanced cohesion
with deposition power will prevent the formation of HCP martensite due to an increase
in activation energy for martensitic transformation, whereas increased grain size with
deposition power will favour the mechanical instability of the FCC parent phase because
of the weakened slip obstruction. The crossover of FCC to HCP with deposition power is
caused by the grain size effect dominating column cohesion at high deposition power.

HEA bulk samples usually suffer from yield strength deterioration. Efforts such as
grain refinements and reduced stacking fault energy have been devoted to addressing this
manner. Zhoa et al. [65] studied the bonding process to CoCuFeNiTiV0.6 alloy with TiAl as
the interlayer. The purpose of the interlayer is to sample stress relief. However, due to the
extensively high content of pure elements, brittle samples formed at the interface between
HEA and the two pure metals. Despite the extensive study on the interfacial bonding
of HEA-based material, there is still no reference available on the interfacial bonding of
HEA-based thin films.

5.3. Corrosion Resistant

As HEA-based materials crossed the multidisciplinary application, it is important
to clarify some of the important properties such as their corrosion behaviours. CoCr-
FeMnN based-HEA is reported to be pitting resistant in contrast with conventional alloys
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due to having a higher passive current density compared to 316 L stainless steel and
4130 alloy [28,46,66]. Some of the important factors that affect corrosion resistance are an
alloying element, method and microstructure.

Previous studies show that the enrichment region of Cu should be formed in the HEA
bulk materials, which contradicts the thin film growth which was grown by magnetron
sputtering that shows a lack of or no significant Cu or other element segregation. This
proves that the process affects the distribution of elements in HEAs. Magnetron sputtering
is a non-equilibrium process in which all kinds of atoms in the target are randomly sputtered
and deposited on the substrate in a short amount of time, which is not enough for the
atoms to redistribute and form a regular crystal structure with less energy [67]. In this way,
the synthesis of HEA-based thin films by magnetron sputtering is exceptionally uniform at
the micrometre scale. The corrosion resistance of HEA films is enhanced by the uniform
distribution of these elements.

A corrosion test was conducted on CoCrFeNiAl0.3 thin films [68] in sodium chloride
(NaCl) solution. It was found that the corrosion resistance of this HEA-based thin film is
higher than 304 stainless steel because of the distributed homogeneous nanoparticles, which
are relatively small and easily form a dense oxide layer that acts as a passive protective
film. In addition, the elements of Co, Cr and Ni in HEA have excellent corrosion resistance,
thus facilitating the build-up of the protective layer on the surface of the coating [69,70].

5.4. Tribological

When compared with the process of preparing the entire range of HEA-based material,
the HEA coating/thin films can combine the common advantages of HEA alloy and the
substrate. As a result, it has a greater potential for development and economic efficiency. It
was reported that the addition of Mo in CoCr-based HEA coatings promoted the formation
of Mo-rich BCC that led to the increase of hardness and wear resistance of the coatings [70].

Zhu et al. [69] reported on the tribological effects of Cu and Si on the materials in
the CoCr-based HEA coating at two distinct temperatures. Abrasive wear caused plastic
deformation in all of the samples, but as the Cu content increased, a dense oxide glaze
layer that was influenced by smaller internal particle sizes and flatter interfacial bonding
reduced fatigue and abrasive wear. At high temperatures, the Cu element’s oxide film
became denser and adheres better to the coating’s surface, thus reducing wear and friction.

6. Conclusions

This review focuses on the most recent progress in HEA-based (missing noun) thin
films, which was greatly influenced by their growth methods, which had an impact on the
phases and crystal structure of the thin films. To gain a deeper fundamental understanding
of the behaviour at the macro to nanoscale levels, comparisons between bulk and thin
film samples are made. The most important aspect of synthesising a high-quality thin film
material is the growth methods. Even though different elements have different sputter
yields, sputtering is the most popular for depositing alloy films from a single target because
the target’s surface composition equilibrates after a pre-sputter step. The materials that
have been sputter deposited also share similar stoichiometry as the initial target alloy.
Some of the advantages of sputtering are the ability to grow homogeneous HEA-based
thin films and also the ability to control the microstructure depending upon the growth
parameters given, which is much more reliable than bulk sample deposition. This technique
will also reduce production costs in addition to improving the materials’ properties as
“smaller is stronger” when it comes to thin film/coating-based materials. It will open the
possibilities of producing a better and more extensive function of HEA-based thin films that
will support industries such as semiconductors, hard coatings and aerospace. Future areas
such as a fundamental understanding of the material structures still need to be pursued
because as the number of elements increases, the mixing entropies and properties of the
materials changes. This could be the key feature of determining these materials-based HEA
functions and the necessary application they could play into. However, despite all the
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advantages and possibilities, there is still a significant knowledge gap in this area that calls
for extensive investigation.
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