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Abstract: In this study multi-component (AlCrTaTiZr)N,Siy, high-entropy coatings were
developed by co-sputtering of AICrTaTiZr alloy and Si in an Ar/N, mixed atmosphere with
the application of different substrate biases and Si-target powers. Their nanomechanical
properties and deformation behaviors were characterized by nanoindentation tests. Because of
the effect of high mixing entropies, all the deposited multi-component (AlCrTaTiZr)N,Siy
high-entropy coatings exhibited a simple face-centered cubic solid-solution structure. With an
increased substrate bias and Si-target power, their microstructures changed from large
columns with a [111] preferred orientation to a nanocomposite form with ultrafine grains.
The hardness, H/E ratio and H*/E? ratio of (AlCrTaTiZr)N ¢7Sip,15 coating reached
30.2 GPa, 0.12 and 0.41 GPa, respectively, suggesting markedly suppressed dislocation
activities and a very high resistance to wear and plastic deformation, attributable to
grain refinements and film densification by the application of substrate bias, a
nanocomposite structure by the introduction of silicon nitrides, and a strengthening
effect induced by severe lattice distortions. In the deformed regions under indents,
stacking faults or partial dislocations were formed, while in the stress-released regions,
near-perfect lattices recovered.
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1. Introduction

Protective hard coatings with good mechanical properties, high thermal stabilities, and also a high
resistance to wear and corrosion have been widely developed for improving the lifetime of machinery
tool components [1]. Because of the strict demands for practical applications under ever larger
mechanical stresses and higher temperatures, more robust coatings have been investigated to replace
conventional single-layered, single-phase, unitary metals or metallic compounds (such as TiN, CrN,
TiC, etc.), by introducing stacked structures (TiN/TiC, TiC/VC, TiCN/ZrCN [2—4]), nanocomposite
structures (nc-TiN/a-Si3N4, nc-TiN/a-BN, nc-TiN/a-SisN4/TiSi;, where nc = nanocrystalline,
a = amorphous [5,6]), and/or multiple components (ternary CrZrN, ZrCN, CrCN, TiCN [7-10],
and quaternary TiAICN, TiSiCN [11,12]), as well as forming stacked, multi-component
nanocomposite structures (TiAIN/TiN/Al,O; [13]) with good mechanical performance. In recent years,
Yeh developed a new alloy system, named ‘“high-entropy alloy” (HEA), which is composed of five or
more metallic elements in an equimolar or near-equimolar ratio [14]. Multi-component HEAs typically
possess very simple solid-solution structures because of the effect of high mixing entropies to lower free
energy [14], and exhibit extraordinary performances such as good mechanical properties, high thermal
stabilities, and an excellent wear resistance [14-16]. Accordingly, HEAs, HEA nitrides (HEANS),
HEA carbides (HEACs) and HEA carbonitrides (HEACNs) have been intensively studied for
protective coating applications [17-21].

The addition of Si improves the mechanical properties and oxidation resistance of hard metal
nitride coatings; ex. the formation of amorphous SiNy regions at the grain boundaries of TiN
inhibits the growth of TiN nanograins and suppresses the penetration of oxygen through the grain
boundaries [22,23]. A minor addition of Si to form a nc-TiN/a-Si;N4 nanocomposite structure
provided a high hardness up to 38 GPa; however, an excess Si content led to the thickening of the
surrounding amorphous SizN4 layers and a reduction in hardness [24]. The Ti-Si-N system
presented better thermal stabilities than Ti-Al-N did [25-27], and all other Si-doped systems,
including Zr-Si-N, Al-Si-N and Cr-Si-N, also showed a hardness higher than 35 GPa [28-31].
Because of the anticipated improvement in mechanical performance by the severe lattice
distortions of multi-component HEAs with different atom sizes [17,19,21], the strong covalent
bonds of incorporated Si [22], the grain refinements and strengthening by amorphous SiNy boundary
layers [22,23], and also the large lattice mismatches between nitrides and silicides (similar to those
between nitrides and carbides [21]), multi-component (AlICrTaTiZr)N,Si, high-entropy coatings
(denoted as HEAN,Siy, x and y: N- and Si-to-HEA content ratios) were thus developed in this
study by co-sputtering of AlCrTaTiZr alloy and Si in an Ar/N, mixed atmosphere, and their
mechanical properties and deformation behaviors on the nanoscale were characterized.

2. Experimental Section

Multi-component HEAN,Si, coatings with a thickness of about 700-800 nm were deposited on Si
substrates by reactive magnetron co-sputtering of AICrTaTiZr HEA and Si targets in an Ar/N; mixed
atmosphere. The HEA target was prepared with an equimolar quinary alloy (components: Al, Cr, Ta,
Ti, Zr) by vacuum arc-melting the constituent elements uniformly, followed by cutting and polishing
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of the solidified bulk to a disc of 50 mm in diameter. Depositions were performed at room temperature,
an HEA-target power of 150 W (radio-frequency) and different Si-target powers (0, 25, 50, 100, 200
W; direct current) with the application of different substrate biases (0, —100 or —150 V). The total gas
flow (Ar+Ny) rate was controlled at 30 sccm (a working pressure of 0.8 Pa), and the N,-to-total flow
ratio was adjusted as 10%. A scanning electron microscope (SEM, JEOL JSM-6700F) was used to
observe the surface morphologies and cross-sectional microstructures of the HEAN,Siy coatings.
Elemental compositions were determined by energy dispersive spectrometry (EDS, Oxford Inca
Energy 400) and field-emission electron probe microanalyses (FE-EPMA, JEOL JXA-8800M). The
crystal structures were analyzed by a glancing incident angle X-ray diffractometer (GIAXRD, Rigaku
Dmax 2000). The microstructures and lattice images of the coatings were examined by a
high-resolution transmission electron microscope (TEM, JEOL JEM-2100F). The hardness and elastic
modulus were measured using a TriboLab nanoindenter (Hysitron) with a Berkovich indenter
(tip radius 50 nm, edge angle 130.6°) at a maximum load of 2,000 uN under a loading/unloading rate
of 200 uN/s, in an ambient atmosphere, by using an Oliver-Pharr method. The indentation depths were
controlled at below 1/10 of film thickness to avoid any substrate effect [32,33]; before the tests, the
contact area function of the indenter tip was precisely calibrated. Five to ten tests were carried out for
each sample. To examine the deformation behaviors of the coatings, a UMIS nanoindenter
(Base Model, CSIRO) with a Berkovich indenter (tip radius 150 nm) was applied to indent the coatings
at a large load of 400 mN. The cross-sectional microstructures and lattice structures of the deformed
regions under indent marks and the undeformed regions far away from the indents were examined by a
high-resolution TEM. The thin foils for TEM observations were cut from the coatings, with a top Pt
protection layer, by a focused ion beam (FIB, FEI Nova 200) at a low current down to 50 pA.

3. Results and Discussion
3.1. Compositions and Structures of HEAN,Si, Coatings

Figure 1(a) shows the elemental compositions of HEAN,Si, coatings deposited at a substrate bias
of =100 V and different Si-target powers. Very close to the designed compositions, the HEAN coating
(x ~ 1.10, i.e., HEA:N:Si ~ 1:1.10:0, as listed in Table 1), without applying Si-target power, consisted
of 52 at% N and near-equimolar metallic elements (each about 9.5 at %). Minor excess N was expected to
exist, interstitially, in the lattices of the metal nitride structure. As the Si-target power increased to 200 W,
Si was obviously doped in the HEAN,Si, coatings, and its content accordingly increased to 15 at %, while
the N content decreased to 4647 at% and remained at the same level. All the contents of metallic
elements decreased as well, but however their near-equimolar ratio remained. At a Si-target power of
50 W, the HEA:N:Si ratio of about 1:1.07:0.15 indicated that most of the doped Si might possibly
bond the excess interstitial N to form strong covalent SiN-based compounds because of their high
formation enthalpies (for example, Si3N4 —742 kJ/mol [34]). However, at a high power up to 100-200 W,
much more excess Si (y ~ 0.26-0.40) was doped and expected to react with the metallic elements and
form metal silicides besides more SiN-based compounds.

Figure 1(b) plots the XRD patterns of HEAN,Si, coatings deposited at different substrate biases and
Si-target powers. It was interestingly found that even with different deposition parameters, all the
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obtained HEAN,Si, coatings have only one set of diffraction peaks at about 35.6°, 42.1°, 60.9°, and
72.6°. According to the Bragg law and the relation between interplanar spacing d and (hk/) lattice [35],
these peaks corresponded to the (111), (200), (220), (311) lattices of the NaCl-type face-centered cubic
(fce) structure. This finding clearly indicated that due to the effect of high mixing entropies of multiple
components, the HEAN,Si, coatings formed a simple solid-solution structure, rather than any complex
phase separations [17-21], in which five metallic elements randomly distributed at the “Na” site of the
NaCl-type fcc structure, while N located at the “CI” site [26,36,37]. As listed in Table 1, without Si
doping, the interplanar spacing of HEANy (111) lattice was 0.251 nm approximate to the average
spacing of five metal nitrides (AIN, CrN, TaN, TiN, ZrN) [19,21]. With increasing Si-target power, the
(111) interplanar spacing did not obviously change because the doped Si was believed to bond the
excess interstitial N to form amorphous SiN-based compounds [21-23].

Figure 1. (a) Elemental compositions of HEAN,Si, coatings deposited at a substrate bias
of —=100 V and different Si-target powers. (b) XRD patterns of HEAN,Si, coatings
deposited at different substrate biases and Si-target powers.
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Table 1. HEA:N:Si content ratios, the diffraction angles (26) and interplanar spacing (d) of
fcc (111) lattice, the full widths at half maxima (FWHM) of fcc (111) diffraction peaks,
and grain sizes of HEAN,Si, coatings deposited at a substrate bias of =100 V and different
Si-target powers.

Si-target power (W) 0 25 50 100 200
HEA:N:Si 1:1.10:0 1:1.13:0.14  1:1.07:0.15 1:1.06:0.26  1:1.25:0.40
260111 (°) 35.78 35.64 35.59 35.74 -

di1 (nm) 0.251 0.252 0.252 0.251 -
FWHM1; (°) 1.04 1.08 1.116 - -
Grain size (nm) 8 8 7 <7 <7

However, with increasing Si-target power, the preferred orientations and microstructures of the
HEAN,Si, coatings obviously changed, as seen from the XRD patterns in Figure 1(b) and observed in
the SEM surface morphologies and cross-sectional microstructures in Figure 2. At a substrate bias of 0
V and a Si-target power of 0 W, the HEANy coating exhibited a [111] preferred growth orientation and
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a large columnar structure with a pyramid-like surface (size ~ 50-60 nm), as seen in Figure 2(a) and
Figure 2(b). At a Si-target power above 50 W, the preferred orientations of the HEAN,Si, coatings then
changed to [200], and the microstructures very clearly changed to ultrafine grains with a dome-like
surface (size ~ 10 nm) as in Figure 2(c) and Figure 2(d), possibly due to the competition between
surface energy and strain energy [17,19,21], or even became amorphous-like with a very smooth
surface as in Figure 2(e) and Figure 2(f).

Figure 2. SEM surface morphologies (left) and cross-sectional microstructures (right) of
HEAN;SI, coatings deposited at different substrate biases and Si-target powers: (a), (b) bias
0V, power 0 W; (c), (d) bias —100 V, power 50 W; (e), (f) bias =150 V, power 100 W.
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From the full widths at half maxima (FWHM) of the fcc (111) diffraction peaks and the Sherrer
equation [35], the grain sizes of HEAN,Si, coatings listed in Table 1 were obtained and found to
decrease to a very small level of less than 7 nm with increasing substrate bias and Si-target power,
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consistent with the above SEM observations. As shown in the TEM lattice image of HEAN ¢7Sig ;5
coating (deposited at a substrate bias of —100 V and a Si-target power of 50 W) in Figure 3(a),
ultrafine grains with a size of 5-15 nm and small-angle boundaries with a preferred orientation
were clearly identified [18,21,36]. As seen in Figure 3(b), amorphous regions (ARs) were found to
exist between two nanocrystallites (NC1 and NC2) of small-angle misorientation. The interplanar
spacing of these nanocrystallites of about 0.253 nm consisted with the value of fcc (111) lattice of
HEANy obtained by XRD analyses (0.251 nm), revealing a random and uniform solid-solution
distribution of five metallic elements. The amorphous regions at the grain boundaries of the metal
nitrides were then expected to be mainly composed of SiN-based compounds [22,23] because the
interplanar spacing of HEAN,Siy, would markedly expand if the SiN-based compounds of large
lattice constants (cubic Si3Ny, 0.7639 nm; the radius of Si atom 0.111 nm [1]) were incorporated in
the HEAN grains. The HEAN nanograins and the SiN-based boundaries would form a
nanocomposite structure [20,34], and the SiN-based boundaries would inhibit the growth of the
nitride nanograins [22,34], as the decrease in grain size in this study. Also, a high substrate bias or
Si-target power would induce strong ion bombardments and yield the densification and grain
refinements of the coatings [38].

Figure 3. (a) TEM lattice image of HEAN, ¢7Sig ;5 coating deposited at a substrate bias of
—100 V and a Si-target power of 50 W (NC: nanocrystalline, AR: amorphous regions). (b)

Magnified image of (a), showing ARs betweenNC1 and NC2 of small-angle misorientation.

3.2. Mechanical Properties and Deformation Behaviors of HEAN,Si, Coatings

Figure 4(a) shows the mechanical properties of HEAN,Si, coatings deposited at different substrate
biases and Si-target powers. At a substrate bias of —100 V, with increasing Si-target power from 0 to
50 W, the hardness increased from 26.0 GPa to the highest value 30.2 GPa, very possibly attributed to
(1) the formation of strong covalent-like SiN-based compounds [10], (2) the solution strengthening by
the incorporations of different-size atoms, (3) the surrounding amorphous SiN-based compounds at the
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grain boundaries of metal nitrides to form a nanocomposite structure [20,32], (4) the inhibition of
nitride grain growth by the surrounding amorphous SiN-based compounds for grain refinements, and
(5) the strong bombardments of high Si-target power to yield film densification and grain refinements [36].
However, the modulus remained at about 258 GPa because the minor Si doping and the small amount
of SiN-based compounds would not change the intrinsic elastic property. Unfortunately, at a higher
Si-target power up to 100 or 200 W, the hardness decreased to 23.9 or only 18.8 GPa, and the modulus
decreased to 233 or 202 GPa, due to the addition of more excess Si (y ~ 0.26-0.40). Excess Si was
expected to react with metallic elements and form brittle metal silicides, besides thick surrounding
amorphous SiN-based compounds, lowering the mechanical properties of the coatings. An increased
substrate bias also effectively improved the mechanical properties because of film densification and
grain refinements [36], as well as large residual compressive stresses [32,38,39].

Figure 4(b) plots the H/E and H/E* ratios (H: hardness, E: modulus), important prediction indices
of the resistance to wear and plastic deformation [1,40], of HEAN,Si, coatings deposited at a substrate
bias of =100 V and different Si-target powers. Similar to the variation of hardness, the H/E and H*/E*
ratios increased from 0.10 and 0.27 GPa to the highest values 0.12 and 0.41 GPa, respectively, with
Si-target power from 0 to 50 W, indicating that a minor (proper) amount of Si doping to form
amorphous SiN-based compounds at the boundaries of metal nitrides efficiently enhanced the wear
resistance and the overall mechanical performance of the coatings. As the Si-target power further
increased, the H/E and H’/E? ratios would then decrease to only 0.09 and 0.16 GPa, respectively,
due to the formation of metal silicides and the thickening of amorphous SiN-based compounds
with excess Si [24].

Figure 4. (a) Hardness (H) and elastic modulus (E) and (b) H/E and H’/E? ratios of
HEAN;SI, coatings deposited at different substrate biases and Si-target powers.
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The HEAN; ¢7Sig 15 coating (deposited at a substrate bias of —100 V and a Si-target power of 50 W)
presented the best mechanical performance as well as the highest predicted wear resistance.
Therefore, its nanoscale deformation behavior was examined by indenting the coating with a high
load of 400 mN and FIB-cutting the sample into thin foils for TEM observations, as shown in
Figure 5 (before FIB cutting, the sample was coated with a top Pt protection layer to avoid possible
damage caused by ion beam bombardment).
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Figure 5. (a) TEM image of FIB-cut foil of indented HEAN; 7Siy ;5 coating deposited at a
substrate bias of —100 V and a Si-target power of 50 W: (I) undeformed region away from
an indent, (II) deformed region under an indent, (III) stress-released region around a crack.
(b) Magnified image of region III (stress-released region around a crack).

HEAN; ¢7Sig.15

Three regions were examined, including the undeformed region (I, far away from the indent mark), the
deformed region (IL, just under the indent), and the stress-released region (III, around a crack). As seen in
the HRTEM lattice image of the undeformed region in Figure 6(a), similar to the microstructure shown in
Figure 3(a), a nanocomposite structure with aligned ultrafine grains and surrounding amorphous
boundaries was clearly observed. The selected area diffraction (SAD) pattern with annularly diffused spots
confirmed a typical polycrystalline columnar structure with a preferred orientation [41,42]. Also, radially
expanded spots were observed, which were very possibly caused by strained lattices (severe lattice
distortions and partial dislocations [18,36]) as seen in the Fast Fourier Transform (FFT) image in
Figure 6(b), due to the additions of five different-size metal atoms (Al, Cr, Ta, Ti, Zr). By comparison,
under severe deformations, as seen in the lattice image and SAD pattern in Figure 7(a) as well as the FFT
image in Figure 7(b), the radial expansion of diffraction spots became more obvious, and more severely
distorted lattices were seen. This finding suggested that, under indentation, much larger stresses/strains
were introduced to the lattices, and thus stacking faults and more partial dislocations were clearly formed.
These stacking faults and partial dislocations, rather than complete dislocations, were found to distribute
and believed to slide along the small-angle boundaries of the nano-columnar structure [18,36], dominating
the deformation behaviors of the multi-component HEAN,Si, coatings with large lattice distortions and
high strain energy [43]. Interestingly, at the stress-released region around a crack (near the indent mark),
the lattice and FFT images in Figure § revealed the formation of near-perfect lattices without distortions,
stacking faults or dislocations. The high strain energy that was attributed the application of high indentation
stresses and the addition of different-size atoms was expected to be released during film cracking.
The reversible activities (formation and disappearance) of stacking faults and partial dislocations therefore
led to the recovery of the ordered and perfect lattice structure as observed.
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Figure 6. HRTEM analyses of undeformed HEAN; (7Siy ;5 coating deposited at a substrate
bias of —100 V and a Si-target power of 50 W (region I in Figure 5, away from an indent):
(a) lattice image and SAD pattern, (b) FFT image marked in (a) (solid circles: possible
complete dislocations; dashed circles: possible partial dislocations).

Figure 7. HRTEM analyses of deformed HEAN; ¢7Siy ;5 coating deposited at a substrate
bias of —100 V and a Si-target power of 50 W (region II in Figure 5, under an indent): (a)
lattice image and SAD pattern, (b) FFT image marked in (a) (solid circles: possible
complete dislocations; dashed circles: possible partial dislocations).
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Figure 8. HRTEM analyses of stress-released HEAN| ¢7Sip;5s coating deposited at a
substrate bias of —100 V and a Si-target power of 50 W (region III in Figure 5, around a

crack): (a) lattice image, (b) FFT image marked in (a).

4. Conclusions

Multi-component HEAN,Si, high-entropy coatings with a simple fcc solid-solution structure were
prepared by co-sputtering of AICrTaTiCr alloy and Si targets in an Ar/N, mixed atmosphere with the
application of different substrate biases and Si-target powers. Upon increasing the substrate bias to —100 V
and Si-target power to 50 W, the coatings transformed from a large columnar structure with a [111]
preferred orientation to a nanocomposite structure composed of surrounding amorphous SiN-based
layers at the boundaries of dispersed ultrafine nitride grains. The hardness, H/E ratio and H*/E? ratio
were highly enhanced to 30.2 GPa, 0.12 and 0.41 GPa, respectively, revealing a high resistance to
wear and plastic deformation, because of grain refinements, film densification, the nanocomposite
structure, the inhibition of nitride grain growth by the surrounding amorphous SiN-based layers,
and the severe lattice distortions of the coatings. Severe lattice distortions and consequent high
strain energy caused by the incorporations of different-size atoms suppressed the activities of
complete dislocations under stresses, but facilitated the formation of stacking faults and partial
dislocations which dominated the deformation behaviors of the multi-component HEAN,Si, high-
entropy coatings.
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