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Abstract: The HEA-CoCrFeNiAly 3 thin film in this study has been successfully developed by radio
frequency (RF) magnetron sputtering to meet the increasing demand in engineering applications.
Its microstructure and surface profile were investigated accordingly. The as-synthesized HEA film
was found to have a homogeneous element distribution and ultra-smooth surface, exhibiting a typical
face-centered cubic (FCC) solid solution. The film showed better mechanical properties than its
bulk counterpart, with a Young’s modulus and hardness of ~201.4 GPa and ~11.5 GPa, respectively.
Furthermore, corrosion tests demonstrated decreased sensitivity to localized corrosion in comparison
to the commercial 304 stainless steel in NaCl solution.
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1. Introduction

High-entropy alloys (HEA) have been of great interest recently, based on their unique alloy-design
concept. Prominent advantages that have been explored include increased strength and hardness [1,2],
excellent thermal stability [3], great fatigue, and superior wear and corrosion resistances [4-6]. This is
primarily derived from the ability of the elements to stabilize as a single-phase crystalline structure [7,8].

As a typical case in point, CoCrFeNiAl, family HEA has aroused much attention to date due to its
unique properties in terms of its balanced combination of high tensile strength and ductility at ambient
or cryogenic temperatures [9,10]. It also exhibits versatile microstructures and other interesting
properties compared to conventional alloy systems [2,6,11-13]. However, the CoCrFeNiAl, HEA
fabricated using the conventional vacuum arc melting methodology is always in the bulk solid form.
This would be costly, impeding its practicability for real-life applications [2,9,14,15]. Alternatively, it is
widely known that thin films can be used as a protective and mechanically enhancing surface coating
on the substrate [16-20]. Therefore, incorporating HEA as a thin film material would tremendously
extend the scope of its practical application. Among the methods for fabricating HEA films, sputtering
is the most widely used because of its fast and efficient fabrication procedure [21,22]. For instance,
AlCoCrCugqsNiFe [23], AlICoCrCuFeNi [24], and CoCrFeCuNi HEA films [25] have previously been
fabricated through sputtering, and their mechanical properties have been investigated. However,
the mechanical characterizations of CoCrFeNiAl, film fabricated using the sputtering method has been
little reported. In addition to its mechanical properties, corrosion-resistance is another important factor
that needs to be considered for practical applications of HEA. Thus, this has also been extensively
studied [26-28]. Nevertheless, the corrosion performance of HEA coatings synthesized via sputtering
has not yet been widely reported.
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In this study, the HEA (CoCrFeNiAlj3) thin film was successfully fabricated via the radio
frequency (RF) sputtering technique with the as-cast bulk target serving as the element source.
Subsequently, a series of characterization methods, including X-ray diffraction (XRD) and transmission
electron microscopy (TEM), were employed to precisely verify its crystalline microstructure.
In addition, scanning electron microscopy (SEM) and white light interferometry (WLI) were used
to investigate the microstructure and surface roughness of the fabricated HEA film. Finally,
the mechanical and corrosion tests of the HEA film were also explored.

2. Materials and Methods

As shown in Figure 1a, reactive high-vacuum RF magnetron sputtering was employed to fabricate
high-entropy CoCrFeNiAly 3 alloy thin films on silicon substrates. The target with a composition
of CoCrFeNiAlj 3 was prepared by metallurgy with high purity (>99.99%) raw materials of cobalt,
chromium, iron, nickel, and aluminum. Prior to sputtering, the target was initially cleaned by argon
ion bombardment for at least 2 min to remove any oxide and other possible contaminants. The Si
substrate was also cleaned ultrasonically for 15 min, followed by rinsing with acetone, ethanol and
deionized water. The rotation speed of the substrate was set to 2 rpm to guarantee homogeneous
deposition. High purity argon was introduced into the vacuum chamber once the base pressure was
below 1.0 x 107 Pa. The ignition argon flow was set to 22 standard cubic centimeters per minute
(sccm). The film was deposited on the silicon wafer at room temperature for 3 h, and the argon
flow rate was fixed at 12 sccm with a working distance of about 80 mm and a working pressure of
about 0.69 Pa. The deposition power was controlled at 500 W. Thin films of different thickness can be
obtained by controlling the deposition time.
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Figure 1. (a) The schematic illustration of fabrication the HEA film; (b) The digital optical images of
the HEA film on Si substrate; (¢) XRD of the HEA film.

The microstructures and the chemical deposition of the as-deposited films were characterized
using SEM (Quanta 450, FEI, Hillsboro, OR, USA) equipped with an energy dispersive X-ray
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spectrometer (EDX, Oxford Instruments, Oxford, UK) operated at 20 kV. The surface roughness
was characterized by WLI using Wyko NT9300 Surface Profiler (Bruker, Billerica, MA, USA). XRD
was used to characterize the phase structure of the as-deposited films. The modulus and hardness
of the as-deposited film were measured using nanoidentation with a Berkovich triangular pyramid
indenter. The maximum load into the sample surface was 500 uN. The microstructure of the thin film
was examined by high-resolution TEM (HRTEM, JEM-2100F, JEOL, Tokyo, Japan) operated at 200 kV.

The potentiodynamic polarization experiments were performed on Chenhua CHI 760E
electrochemical working station (Chenhua, Shanghai, China). A typical three-electrode measurement
system was implemented using 3.5 wt % NaCl solution at room temperature. Either the HEA or
304 stainless steel was regarded as the working electrode, with a platinum foil as the counter electrode,
and a saturated calomel electrode (SCE) as the reference electrode. Note that the open current potential
(OCP) was recorded for 1 h to sustain a stable potential before the potentiodynamic polarization.
The test was conducted at a scan rate of 1 mV-s~! from —1 to 1.5 V. To certify the data reproducibility,
the test was repeated 5 times.

3. Results and Discussion

Figure 1 exhibits the fabrication procedure and corresponding phase characterization of the HEA
film. A reasonably smooth surface can be seen in Figure 1b, showing homogenous deposition of the
HEA film on Si substrate macroscopically. XRD was employed to identify the primary phase structure,
as shown in Figure 1c. Obvious (111), (220) and (311) phase peaks were observed, corresponding to
a typical FCC crystal structure for the HEA film. This is in accordance with a previous report on a
HEA with the same constituents [14]. Therefore, it can be concluded that the sputtered HEA film is
fundamentally a typical FCC solid solution structure.

WLI was used to obtain the roughness and surface profiles of the synthesized HEA film. This is
shown in Figure 2a—c. The mean roughness (R,) value of the HEA film is only 0.89 nm, indicating
a smooth surface morphology. The thickness of the HEA deposited for 3 h is approximately 3.3 um
through the cross-section SEM image as shown in Figure 2d. Additionally, no obvious voids or cracks
were observed, although there is a large quantity of fine-sized precipitates in the enlarged view of the
SEM image in Figure 2e.
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Figure 2. (a—c) 3D and 2D surface profiles of the synthesized HEA film characterized by WLI technique;
(d—e) Cross-section view of the HEA film.
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In order to analyze the chemical composition of the HEA film, SEM-EDX mapping was
implemented. As anticipated, and shown in Figure 3, there is a uniform distribution of the five elements,
with no other elements found on the surface of the HEA film. Importantly, the atomic concentration
of the elements is very close to 1:1:1:1:0.3, which is nearly the same with its bulk counterpart.
This indicates that the sputtering technique is an effective route to deposit high-quality HEA films,
which may have the potential to be used for high temperature applications [14].

TEM was employed to have a deep observation of the micro-morphology and phase structure of
the HEA film. Figure 4a shows the columnar grains corresponding to the numerous precipitates present
in the thin film, with no observable voids or cracks. The columnar growth direction is perpendicular
to the surface of substrate due to the sputtering process. This behavior is similar to other reports [29].
Additionally, the precipitates would enhance the hardness because of the dislocation by-pass and
particle-shearing principle. The inset shows the corresponding selected area electron diffraction (SAED)
patterns exhibiting a typical polycrystalline structure, which is in good agreement with the XRD results.
Figure 4b indicates that the average grain size is about 10 nm, which is supposed to be beneficial
for enhancing the mechanical property of the HEA film considering the “the smaller, the stronger”
effect [30]. Specifically, as shown in Figure S1, the TEM-EDX spot analysis indicates that the nano-sized
precipitates in the CoCrFeNiAlj 3 alloy show less averaged content of Al element than other regions.
Also, combining the TEM result with that of the XRD, it was supposed that the as-synthesized HEA
film is a polycrystalline solid solution.
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Figure 3. SEM-EDS mapping and typical SEM images of the HEA film, indicating the homogeneous
element distribution: (a) Co element; (b) Cr element; (c) Fe element; (d) Ni element; (e) Al element;
(f) Corresponding original SEM image; (g) The chemical compositions of the HEA film.
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Figure 4. (a) TEM and (b) HRTEM images of the HEA film, suggesting its polycrystalline structures.

Figure 5a shows the nano-indentation test results of the HEA film. The average Young’s modulus
and hardness of the HEA film are approximately 201.4 GPa and 11.5 GPa, respectively. Importantly,
the hardness value obtained exceeds the similar as-cast bulk HEA (CoCrFeNiAlj 3) by 3.5—4 times [14].
Typically, strength is directly proportional to hardness, thus the high hardness value obtained implies
the possible high strength of the HEA film [31]. This enhanced hardness is mainly ascribed to the
shearing mechanism of dislocated particles or by-pass mechanism (Orowan-type), which induces the
hardening produced by the precipitates observed in Figures 2 and 4 [9].

High corrosion resistance is crucial for the practical application of HEA film. In this regard, the
corrosion tests were employed in 3.5 wt % NaCl solution at room temperature. As shown in Figure 5b
and Table 1, the corrosion potential (Ecorr) for HEA is slightly higher than that of 304 stainless steel,
while the corrosion density (Icorr) is marginally smaller. The critical pitting potential (E;) refers to
the potential value at which the current density suddenly increases, indicating that the protective
passive film has started to pit. The E, of 304 stainless steel is inferior to that of the HEA, and
the passive zone is much larger, which demonstrates that the passive HEA film coating has better
resistance to localized corrosion. This behavior is, on one hand, due to the relatively small-sized
distributed homogeneous nanoparticles which can easily form a dense oxide layer that serves as a
passive protective film. Additionally, the elements Co, Cr and Ni in HEA have excellent corrosion
resistance, and the protective layer is capable of easily being built on the surface of the coating [32].
On the other hand, the characteristic homogeneous distribution of elements in the HEA film, which is
coherent with the bulk sample, is another important factor.

a ———————— 20 b 1
@ a0 %ﬁa\?\ 2 e 0.1
2001 -8 428 95" g ---ﬁ-wﬁ,«ﬁ
/e a / L 16 < 0.01
1604% Y - 1455 1E3
= = I L 120 1E4
I L, Wl T
212019 N / 10 8 £ 1E-5q.
] C o e,
) \ \ Ls C = 1E6 .
w0 e s T £ 1E7
“ —— Steel
40 4 -4 1E-8 HEA
B 1E-9
0 — 7 0 1E-104 T T T T
0 &0 100 150 200 250 300 40 05 00 05 10 15
Depth (nm) Potential (V)

Figure 5. (a) Mechanical and (b) corrosion tests of the HEA film and steel in 3.5 wt % NaCl solution.

Table 1. Electrochemical parameters of HEA and 304 stainless steel in 3.5 wt % NaCl solution.

Sample Ecorr (Vscp) Icorr (WA cm™2) Ep (Vscp)

HEA —0.451 0.103 1.07
Steel —0.482 0.125 0.6
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4. Conclusions

In summary, CoCrFeNiAljs thin film was successfully fabricated using the RF sputtering
technique. The phase structure was confirmed by XRD and TEM to be a polycrystalline structure
consisting of simple FCC structures. Additionally, the HEA film was shown to have a homogeneous
element distribution and smooth surface with a mean roughness less than 1 nm. The nano-indentation
test results demonstrate the excellent mechanical properties of the HEA, with a high Young’s modulus
(201.4 GPa) and hardness (11.5 GPa), outperforming its bulk counterpart. The potentiodynamic
polarization test in 3.5 wt % NaCl demonstrates that the HEA coating shows better corrosion resistance
to localized corrosion than 304 stainless steel at room temperature, which is primarily due to the
homogeneously distributed elements forming the protective layer.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-6412/7/10/156/s1.
Figure S1: TEM-EDS for the HEA film.
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