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Abstract: In the present study, the AICoCrNi high-entropy metallic film was deposited on a Si
wafer using a magnetron sputtering system. To capture the effects of the sputtering parameters on
the microstructure and mechanical properties of the film, the flow rate of Ar gas injected into the
chamber (5, 7, and 8 sccm) was controlled. All films were identified as being of BCC phase with
compositions of near equiatomic proportions, regardless of the gas flow rates. Nano-scale clusters
were observed on the surfaces of all films, and nano-cracks were found in the film deposited at the
Ar gas flow rate of 8 sccm, unlike the films deposited at the gas flow rates of 5 and 7 sccm. Detailed
microstructural analysis of film deposition at an Ar gas flow rate of 8 sccm indicated that the void
boundaries contribute to the formation of nano-cracks. The nano-indentation results indicated that
the Ar gas flow rate 5 sccm specimen, with the smallest cluster size at the topmost surface, showed
the highest hardness (12.21 & 1.05 GPa) and Young’s modulus (188.1 £ 11 GPa) values.

Keywords: high-entropy metallic film; Ar gas flow rate; shadowing effect; crack; mechanical properties

1. Introduction

High-entropy alloys (HEAs), unlike conventional alloys, are alloys that combine many
elements, and they have attracted a lot of attention as a new concept. Initially reported
by Cantor et al. [1] and Yeh et al. [2], HEAs are alloys of five or more elements developed
with nearly equimolar ratios. The basic design concept of high-entropy alloys is that, due
to high configurational entropy, it is easier to form simple phases such as solid solutions
instead of complex phases, and so these alloys have lower free energy and higher phase
stability [3-8]. Owing to the differences in the atomic sizes of each element consisting of
alloys, high-entropy alloys are generally regarded to have a distorted lattice structure and
sluggish diffusion [4,9]. For these reasons, high-entropy alloys show excellent properties
such as high hardness, oxidation resistance, irradiation resistance, corrosion resistance, and
wear resistance. Therefore, they have attracted attention in various fields such as structural
materials, hard coatings, diffusion barriers, and energy materials [10-14].

Surface coating technology is used in various industries to enhance the mechanical
properties and corrosion resistance of substrate materials [15-17]. Many studies have
investigated binary or ternary film, but traditional metal oxide, carbide, and nitride films
have not been able to meet the increasing requirements of such materials. As such, scholars
have started to research HEA films to achieve improved thermal and mechanical proper-
ties [3,18-24].

HEA films can be developed using various deposition methods, including sputtering,
spraying, and laser cladding [25,26]. Meanwhile, as one of the most common vapor
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deposition methods, magnetron sputtering deposition is a frequently used technique for
forming thin films. With magnetron sputtering, it is known to be easy to control the
stoichiometry of thin films by adjusting the target chemical compositions. Also, the quality
of thin films can be improved by controlling variables such as input power, gas flow rate,
reactive gas, substrate temperature, and deposition time.

However, when the thin film is formed using magnetron sputtering, the shadowing
effect can lead to crack formation, and Figure 1 shows a schematic diagram of the shadowing
effect. During the film deposition, particles can approach the surface at typical angles and
can be selectively accumulated by a higher surface area with a protuberance due to the
shadowing effect. This effect leads to the formation of rougher surfaces and void boundaries
with columnar structures [27,28]. This phenomenon finally results in crack formation and a
reduction in the mechanical properties.
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Figure 1. The schematic illustration of the Shadowing effect.

Some studies reported that it possible to control crack formation by raising the sub-
strate temperature during sputtering [29,30]. M. Hu et al. [29] confirmed that cracks
gradually disappeared as a result of depositing FeCoNiCrMn HEA metallic film while
controlling the substrate temperature from 293 K to 773 K. It can be seen that sufficient
diffusion to make a denser thin film was achieved by regulating the substrate temper-
ature [29,30]. However, it is possible to affect the mechanical properties adversely due
to phase transformation or the alleviation of defects when the film is formed at a high
substrate temperature during the process [21-33]. Other methods that can increase the
diffusion energy of the thin film during the sputtering process include bias control of the
substrate, gas flow rate control, and working power control.

Our previous study optimized sputtering parameters without phase transformation
by systemically controlling variables such as the nitrogen flow ratio and process pressure
in the quaternary AlICoCrNi HEN systems [22]. Based on this understanding, we focused
on correlating the crack formation and adjusted the Ar gas flow rates of the AICoCrNi
HEA metallic film system in this study. In other words, this study aimed to understand the
effect of gas flow rate, which is one of the sputtering parameters that can control diffusion
energy during the sputtering process of crack formation and the mechanical properties of
the HEA metallic thin film. The Ar gas flow rate was selected to regulate the microstructure
of the AICoCrNi metallic films, on which cracks form under certain conditions. From the
results shown in Table 1, it is confirmed that as the Ar gas flow rate increased, the operating
pressure also increased. In other words, higher operating pressure decreased the mean free
path and energy of the sputter particles.

Due to the mean free path being short when the Ar gas flow rate is high, the mobility
of the target particles is substantially decreased before the particles emitted from the target
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reach the substrate, thus resulting in a reduced peening effect. On the other hand, the
mean free path is long when the Ar gas flow rate is low, and so particles reach the substrate
with high mobility and the peening effect can be significant [22,34,35]. Herein, the effect
of Ar gas flow rate on microstructure and mechanical properties was investigated in the
sputtering process, and the mechanism of crack formation was discussed.

Table 1. The deposition conditions of the AICoCrNi HEA metallic films.

Composition Substrate Rotation Speed D.C. Power Base Pressure Operating Deposition Ar Flow Rate
p Temperature (RPM) W) (Torr) Pressure (Pa) Time (min) (sccm)
0.37 5
AlCoCrNi R.T. 10 300 6 x 107° 0.44 60 7
0.47 8

2. Materials and Methods
2.1. Sample Preparation

The AlCoCrNi metallic films were deposited on Si wafer substrates using a direct
current magnetron sputtering system (KCMC Minutus magnetron sputter) at room tem-
perature. Prior to this, p-type Si wafers for the substrate were cleaned for 5 min each with
acetone and ethanol to remove impurities on their surfaces utilizing an ultrasonic wave
washer. AICoCrNi (Plansee SE, 25/25/25/25 at.%), the used powder alloy target, had a
diameter of 50.8 mm and a thickness of 6.35 mm. The distance between the target and
the substrate was 80 mm; the rotational speed of the substrate was fixed at 10 RPM for
the uniform deposition of the coating layer. The vacuum chamber was initially evacuated
down to around 6 x 10> Torr before introducing sputter gas, while operating pressure
was 0.37 Pa, 0.44 Pa, and 0.47 Pa, respectively. The change in processing pressure with
varying argon gas flow rates in the sputtering chamber is shown in Table 1. Then, the
flow rate of high purity argon gas (99.999%) was controlled using a mass flow controller
(MEC) (MKS, Andover, MA, USA). The Ar gas flow rate was controlled from 5 sccm to
8 sccm at a fixed applied power of 300 W. The present conditions for the deposition of
the AICoCrNi metallic films are summarized in Table 1. The deposition time was fixed at
60 min, and it was set empirically to achieve micron-scale thickness. The pre-sputtering
was conducted for 10 min at 300 W in 20 sccm prior to deposition in order to minimize any
contamination from the target surface and ensure a reproducible target surface state before
each deposition.

2.2. Microstructure Characterization

The topmost surface images and cross-sectional fracture surface images, along with
the thickness and chemical compositions of the as-deposited Al-Co-Cr-Ni HEA metallic
thin films, were characterized by a field emission scanning electron microscope (FE-SEM,
SU-8010, Hitachi, Tokyo, Japan) equipped with an energy-dispersive X-ray spectrometer at
a 20 kV operating voltage. The cross-section of the sample was prepared by cleaving off the
film from a single-crystal silicon substrate. The thickness and fracture surface of the metallic
films were measured with FE-SEM. The metallic film thickness after being deposited for an
hour was about 1700-1900 nm. For EDS measurement, different regions were measured
more than four times at 2.5 k magnification for each specimen. The crystal structure of the
thin film was characterized using an X-ray diffractometer (XRD, PANalyical/Empyreal /PC,
Malvern, UK) with Cu target K, radiation (A = 1.5406 A). Further, the average grain size
were calculated via the Scherrer equation using the FWHM (full width at half maximum)
of the dominant peak in the measured XRD [36].

For a more detailed microstructural and chemical analysis of the coating layer, the
transmission electron microscope (TEM, Tecnai F20 G2, FEI, Hillsboro, OR, USA) was used.
The selected area electron diffraction (SAED) pattern and the high-resolution cross-sectional
surface were also confirmed using TEM at an accelerating voltage of 200 kV. Focused ion
beam (FIB, Hitach-NX5000, Tokyo, Japan) thinning was conducted with Ga* ions to prepare
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the AlCoCrNi thin-film specimens for TEM analysis. Digital Micrograph software version.
3.10.1 (Gatan Inc., Pleasanton, CA, USA) was used to analysis and process the TEM images.
The surface morphology and RMS (root-mean-square) roughness were measured using
an atomic force microscope (AFM, hpAFM, Nanomagnetics Instrument, Oxford, UK) in
contact mode with a 2 x 2 um? scan area with a resolution of 256 x 256 pixels.

2.3. Mechanical Properties

The mechanical properties were measured at room temperature (25 °C) using a nano-
indenter (NHT-X, CSM, Needham, MA, USA) equipped with a Berkovich diamond tip.
Load-displacement curves were evaluated according to Oliver and Pharr [37]. The depth
control mode was used, the loading and unloading rates were both fixed at 10 mN/m,
and the pause time was fixed at 0 s. To ensure that the reliability of the mechanical
properties was not affected by the substrate, the displacement was adjusted to 1/10 of the
film thickness during the nanoindentation test. Indentation was performed at least 10 times,
and the average value was measured while excluding the maximum and minimum values.

3. Results and Discussion
3.1. Phase Analysis and Microstructure Characterization of Thin Films

The XRD patterns of AICoCrNi HEA metallic films deposited at various Ar gas flow
rates are shown in Figure 2. Due to the thin deposition thickness, even the XRD pattern of
the Si substrate was detected, and aside from the peak of the Si substrate, only the peak
of the AICoCrNi metallic film was exclusively analyzed. The XRD result confirmed that
the phase of the AICoCrNi HEA metallic films is the BCC phase. It appears that there
is no phase transformation of the thin films according to the Ar gas flow control during
the sputtering process. The grain size of the HEA metallic thin films was calculated from
the Scherrer equation [36], using the dominant peak from the measured XRD in scans
with a 20 range of 20 to 80°. The calculated grain sizes are summarized in Table 2. This
increase in the grain size with an Ar gas flow rate of 5 sccm is due to the decline in the
collisional events during the travel of the particles from the target to the substrate. So,
particles reach the substrate with promoted mobility caused by the long mean free path of
sputtered atoms [22,38,39], resulting in a highly crystalline film. These results act as factors
influencing mechanical properties.
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Figure 2. The X-ray diffraction (XRD) patterns of the AICoCrNI HEA metallic films deposited under
various Ar gas flow rates.
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Table 2. The roughness, cluster size, and grain size of the AICoCrNi HEA metallic films deposited at

various Ar gas flow rates.

Composition Condition Rims (nm) Cluster Size (nm) Grain Size (nm)
5 scem 0.77 £ 0.03 38.16 £ 1.79 20.14 + 0.2
AlCoCrNi 7 sccm 0.87 + 0.04 75.76 = 5.71 15.24 £ 0.5
8 sccm 2.71 £ 0.16 86.21 +3.33 13.35 £ 0.7

For detailed phase characterization, TEM SAED pattern analysis was conducted on
AlCoCrNi HEA metallic films deposited at Ar gas flow rates of 5 sccm or 8 sccm. For both
thin films, SAED pattern analysis was performed in three sections—top layer (A), middle
layer (B), and bottom layer (C), respectively—as shown in Figure 3. As shown in Figure 3a,
the SAED pattern analysis of regions A, B, and C revealed that the entire film was composed
of the BCC phase (reference circle shown a = 2.88 A) in reasonable agreement with XRD
measurements. Therefore, it can be confirmed that the thin film achieved uniform growth,

and the same result is seen in the case of Figure 3b.
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Figure 3. The bright-field (BF) images of the AlICoCrNi HEA metallic films deposited under Ar gas
flow rates of (a) 5 sccm and (b) 8 sccm and the corresponding SAED pattern obtained from regions A,

B, and C in (a,b).

Figure 4 shows the chemical composition of the AICoCrNi metallic films obtained via
FE-SEM energy-dispersive X-ray spectroscopy (EDS). The atomic ratio of each element of
Al, Co, Cr, and Ni has a value between 24.4 at.% and 25.6 at.%, showing that the chemical
composition of the deposited films is very similar to the target composition, with almost
equiatomic percentages at various Ar gas flow rates. The detailed chemical composition of
the target materials and thin films is also summarized in Table 3. As all the elements were
deposited in a similar ratio to the composition of the target, sufficient energy was applied
to obtain different sputtering yields for each component [21,40-42].

Table 3. The quantitative values of chemical composition of each element of the AICoCrNi metal-

lic films.
Elements (at. %)
Al Co Cr Ni
Target materials 24.94 25.09 24.76 25.21
Ar flow rate 5 24.64 2542 24.75 25.31
7 24.43 25.57 24.84 25.17

(scem) 8 24.92 25.52 24.52 25.05
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Figure 4. The energy-dispersive X-ray spectroscopy (EDS) results of the AICoCrNI HEA metallic
films produced under various Ar gas flow rates.

Cross-sectional and top-surface FE-SEM images and TEM high-resolution images
of AlCoCrNi HEA metallic films deposited at various Ar gas flow rates are displayed in
Figure 5a—j. From the cross-sectional images of each specimen in Figure 5a,e,g, the columnar
structure of the thin film, which is characteristic of sputtering, can be clearly identified.
Further, there is no significant difference in the thickness of the coating layer, and it can be
observed that there is little difference in the deposition rate as well. While there was no
difference in the cross-sectional images of the thin films, a difference could be found clearly
in the topmost surface of thin films. From Figure 5b,f,h, it can be observed that the size of
the clusters increases along with the Ar gas flow rate. The cluster size was determined using
the diameter measurement method [43] and listed in Table 2. Moreover, in the specimen
with an Ar gas flow rate of 8 sccm, cracks occurred along the cluster boundaries. The
reason that these cracks occurred is that sufficient diffusion energy was not applied to fill
the empty space caused by the shadowing effect [29,30,38,39,44]. Owing to the shorter
mean free path caused by the relatively higher gas flow rate, the particles protruding
from the target during sputtering were decelerated as they reached the substrate, so the
atomic peening effect appeared to be reduced [22,34,35]. As shown in Figure 5h, it can be
seen that the crack propagated along the large agglomerates. The propagation of cracks
along this cluster is schematically shown in Figure 5k. For detailed microstructure analysis,
cross-sectional high-resolution TEM image analysis was performed on specimens deposited
at the Ar gas flow rates of 5 sccm and 8 sccm, respectively, and the results are shown in
Figure 5c,d,i,j. The columnar growth directions are indicated by white arrows, and all films
exhibit a nano-columnar growth shape. Figure 5d,j are enlarged images, corresponding
to the square sections in (a) and (g), respectively. In the specimen deposited at an Ar gas
flow rate of 8 sccm, void boundaries indicated by yellow arrows were clearly identified,
and in the specimen deposited at an Ar gas flow rate of 5 sccm, no void boundaries were
found. From Figure 5h, it can be concluded that sufficient diffusion energy was not applied
during the sputtering and that the porous structure by the void boundaries caused surface
crack formation.

The topmost surface AFM images and topography of AICoCrNi HEA metallic films
deposited at different Ar gas flow rates are shown in Figure 6. These can be used as
supporting information for analyzing the results of the FE-SEM images. Comparing the
y-axis scale of the topography of the 8 sccm specimen in Figure 6f with those of other
specimens in Figure 6b,d shows a noticeable difference caused by forming cracks. Table 2
lists the values of the roughness, cluster size, and grain size of the HEA metallic thin films
to confirm the correlations among the readings shown in it.
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Figure 5. The cross-sectional and surface FE-SEM and TEM high-resolution (HR) images of the
AlCoCrNi metallic films deposited at various Ar gas flow rates: (a—d) 5 sccm, (e,f) 7 scem, (g—j) 8 scem;
(k) schematic diagram of the topmost surface corresponding to the square section (blue line) on (h).

The AlCoCrNi HEA metallic film specimen with an Ar gas flow rate of 8 sccm shows
a higher roughness value, and it is considered that the surface roughness rapidly increased
due to the porous structure as it reached the critical point of the Ar gas flow where cracks
are formed.

In other words, the sputtered particles experience more collisions before reaching the
substrate at a higher flow rate and pressure. More collisions can lead to the agglomeration
of sputtered particles while traveling to the substrate. That is, sputtered particles will arrive
at the substrate with varying sizes; this nonuniformity can lead to higher roughness values.
Similar to the increasing trend of roughness, the cluster size also increases according to the
Ar gas flow rate, which is consistent with the propagation of cracks to the empty space at
the boundaries of the clusters.

The increase in surface roughness is linked to the growth in cluster size at a higher Ar
gas flow rate, which is considered to significantly contribute to crack formation. That is, a
larger number of atomic collisions results in a higher rate of scattering of sputtered particles.
Therefore, a high gas flow rate over an optimized level increases the atomic penetration

depth, contributing to crack formation eventually.
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Figure 6. The AFM images and topography of AICoCrNi HEA metallic films deposited at various Ar
gas flow rates of (a,b) 5 sccm, (¢,d) 7 sccm, and (e, f) 8 scem.

3.2. Nanoindentation Test

Nanoindentation testing was performed on the topmost surface of AlICoCrNi HEA
metallic films to investigate Ar gas flow rate-dependent mechanical properties, such as the
hardness (Hjr), Vickers hardness (HV)t), and Young’s modulus (Ejr) of the thin films. The
typical load—displacement curves of the thin films deposited at various Ar gas flow rates
are shown in Figure 7, and the detailed mechanical properties are listed in Table 4. The
maximum depth of the films is 1/10 of the thickness of each film. At the same maximum
depth, the maximum load would be the highest for the specimen with an Ar gas flow rate
of 5 sccm and the lowest for the specimen with an Ar gas flow rate of 8 sccm. Similarly,
as presented in Table 4, the specimen with the Ar gas flow rate of 5 sccm had the highest
Vickers hardness, with a value of about 1137 HV.
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Figure 7. The typical nanoindentation load—displacement curves of AICoCrNi HEA metallic films
deposited at various Ar flow rates.

Table 4. The hardness, elastic modulus, Vickers hardness, and H/E of the AICoCrNi HEA metallic
films deposited at various Ar gas flow rates.

Ar Flow Rate Mechanical Properties
(scem) H;r (GPa) Err (GPa) HVir (HV) H/E
5 12.21 + 1.05 188.1 £ 11 1137.1 £ 9.2 0.0648 £ 0.0018
7 1140 £ 1.75 165.2 + 19 11014 £ 15.4 0.0687 £ 0.0027
8 9.05 £ 3.19 141.1 + 39 943.7 £32.5 0.0619 £ 0.0076

As shown in Figures 2 and 4, this difference in mechanical properties is neither caused
by a phase transformation nor a difference in chemical composition. Herein, it is the
densification of the film by ion bombardment that predominantly affects the mechanical
properties. The increase in the mean free path that occurs when the gas flow rate is low
during sputtering can improve the force of the collision toward the substrate. The im-
proved collision force can lead to enhanced hardness under the action of high compressive
stress [43,45,46]. Also, recent research has used the H/E ratio value to estimate the plastic
deformation and wear resistance of coatings [34,47-49]. The high H/E values indicate
increased resistance to cracking and plastic deformation by dispersing the applied load
across a broader area of the coating [34]. In the case of the AlICoCrNi HEA metallic film
deposited with an Ar flow rate of 8 sccm, which is one that where cracking occurred, the
H/E ratio showed the lowest value of about 0.0619, as expected. Similarly, in the previous
study, among the results of depositing the AICoCrNi nitride films under various process
parameters, nano-scale voids and density deficient boundaries were observed in the nitride
film with the lowest H/E value [22]. In addition, the H/E ratio of the nitride thin film with
better mechanical properties was about 0.0692 [22], and by comparison the overall H/E
value of this study was relatively high.

In this study, all the AICoCrNi HEA metallic films formed a BCC phase regardless
of Ar gas flow rate conditions, but their mechanical properties tended to depend on
Ar flow rate conditions. As a result, the AICoCrNi HEA metallic film with an Ar gas
flow rate of 8 sccm exhibited cracks as well as decreased mechanical properties, whereas
the other films showed improved mechanical properties and no cracks. In other words,
it is possible to remove cracks and improve mechanical properties simultaneously by
controlling the gas flow rate. Based on these results, it is believed that the gas flow
rate contributes substantially to controlling the surface morphology, microstructures, and
mechanical properties of AlICoCrNi HEA metallic films.
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4. Conclusions

AlCoCrNi HEA metallic films were deposited using a magnetron sputtering system
at room temperature with an Ar gas flow rate adjusted to 5, 7, and 8 sccm. All AICoCrNi
HEA metallic films were identified as being in the BCC phase, with an almost equiatomic
percentage chemical composition regardless of the Ar gas flow rate. However, cracks
occurred on the surface of the specimen deposited with an Ar gas flow rate of 8 sccm.
From the TEM analysis of the specimen deposited with an Ar gas flow rate of 8 sccm,
void boundaries were found; it was confirmed that these void boundaries contributed to
the cracks and that this was due to the shadowing effect. Conversely, as the Ar gas flow
rate decreased, the void boundaries and the cracks on the surface were removed. The
Vickers hardness was highest in the specimen with an Ar gas flow rate of 5 sccm at 1147 HV,
which was attributed to the fact that the densification via ion bombardment affected the
mechanical properties. These results were caused by the increase in the diffusion energy as
the mean free path lengthened and the mobility of the particles increased. Consequently,
we conclude that cracks were removed from the specimen with poor surface quality by
controlling the gas flow rate, and at the same time the mechanical properties were improved.
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