metals

Article

Structure and Properties of Arc Ion Plating Deposited AICrSiN
Coatings Controlled by Pulsed Bias Voltage

Rui Zhang, Yanmei Liu *, Chongyang Wang, Fengting Cao, Qixiang Fan

check for
updates

Citation: Zhang, R.; Liu, Y.; Wang, C.;
Cao, F; Fan, Q.; Wang, T. Structure
and Properties of Arc Ion Plating
Deposited AICrSiN Coatings
Controlled by Pulsed Bias Voltage.
Metals 2023, 13, 1448. https://
doi.org/10.3390/met13081448

Academic Editor: Robert B.

Heimann

Received: 14 July 2023
Revised: 6 August 2023
Accepted: 9 August 2023
Published: 11 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Tiegang Wang *

Tianjin Key Laboratory of High Speed Cutting and Precision Manufacturing, Tianjin University of Technology
and Education, Tianjin 300222, China; zr94264@126.com (R.Z.); wang15139330231@163.com (C.W.);
ftcao_88@163.com (E.C.); qxfan2015@163.com (Q.F.)

* Correspondence: ymliu@tute.edu.cn (Y.L.); tgwang@tute.edu.cn (T.W.); Tel.: +86-22-8818-1083 (T.W.)

Abstract: AICrSiN coatings are promising protective candidates for cutting and forming tools. During
the coating deposition process, the microstructure and properties of the coatings were dramatically
affected by bias voltages. To further optimize and enhance the AICrSiN coating, a series of coatings
were deposited at different pulse bias voltages using arc ion plating technology. By virtue of scanning
electron microscopy, X-ray diffraction, scratch method, OCP, EIS, and other analytical methods, the
effects of the pulse bias voltage on the crystal structure, microstructure, and mechanical, tribological,
and electrochemical properties of the AICrSiN coatings were analyzed. The study revealed that
the pulse bias voltage exerted a slight influence on the aluminum and nitrogen content of the
coatings. As the pulse bias voltage increased, the hardness, critical load, and tribological performance
of the AICrSiN coatings first increased gradually, and then were impaired slightly. When the
pulse bias voltage was —100 V, the resulting AICrSiN coating exhibited the densest structure, the
highest hardness, the strongest adhesion, and the best wear resistance. In this case, the coating
hardness and critical load reached 2668 HV and 72.7 N, respectively. The friction coefficient and
wear rate were 0.35 and 1.02 x 1073 pm3/N-pm, respectively. Simultaneously, the AICrSiN coating
demonstrated exceptional corrosion resistance in 3.5 wt.% NaCl solutions, surpassing uncoated
304 steel by 3~4 times.

Keywords: AICrSiN coating; pulse bias voltage; tribological properties; arc ion plating; electrochemical
properties

1. Introduction

AICrN coatings have garnered increasing attention owing to their excellent properties,
such as high hardness, superior tribological properties, and superior oxidation resistance,
making them highly promising for applications in cutting and forming tools [1,2]. In order
to further enhance the thermal stability and toughness of AICrN coatings, Si-containing Al-
CrSiN coatings with a nanocomposite structure have been developed. This nanocomposite
structure of AICrSiN impedes grain growth at elevated temperature, thereby improving
the overall thermal stability [3]. However, it is important to note that the characteristics and
properties of these coatings are strongly influenced by various factors, such as deposition
processes, deposition parameters, chemical composition, substrates, and more [4,5].

Currently, numerous researchers have endeavored to enhance the properties of Si-
containing coatings by regulating the deposition parameters. It has been previously re-
ported that by increasing the aluminum and silicon contents, the crystal direction of
AICrSiN coatings changes from (111) to (100), and the degree of anisotropy decreases with
higher aluminum content [6]. Additionally, Li et al. [7] reported that varying the N,/ Ar
flow ratio leads to a gradual transformation of nanocrystals in the AICrSiN coating from a
metastable solution fcc-(Cr, AI)N phase to a mixed fcc-(Cr, AI)N and hep-(Cr, AI)N phase.
This transformation enhances the coating’s crystallinity, resulting in increased hardness
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and elastic modulus. Moreover, Si-containing AICrSiN coatings exhibit a nanocomposite
structure wherein nanocrystalline grains are dispersed in an amorphous «-SiNy matrix,
contributing to the augmentation of interfacial phase and refinement of crystals [8]. Among
all the deposition parameters, the bias voltage is one of the most crucial factors influencing
the microstructures and the mechanical and tribological characteristics of the coatings [9].
During the coating deposition process, the application of substrate bias generates a plasma
formed by evaporation and ionization of the target material, which is then accelerated
and redeposited on the negatively charged substrate in the electric field. Pulse bias plays
a significant role in ion implantation, etching, film formation, and stress relief. Notably,
Fan et al. [10] demonstrated that altering the bias voltage resulted in a shift of CrN pre-
ferred orientations from (200) to (220) and facilitated the formation of the Cr,N phase.
Furthermore, an increase in bias voltage effectively reduced the presence of microparticles
on the coating surface. As observed by Cai [11], higher pulse bias voltage led to decreased
friction coefficient and wear rate of AITiSiN coatings.

Despite the considerable research on AICrSiN coatings, the impact of pulse bias volt-
age on their properties has received limited attention. To gain deeper insights into the
underlying mechanism of bias voltage on the microstructure and properties of AICrSiN
coatings, a series of AICrSiN coatings with varying bias voltages were deposited by arc ion
plating technology. The primary objectives of this study were to identify optimal process pa-
rameters and to investigate the influence of bias voltage on the microstructure, mechanical
properties, tribological behaviors, and corrosion resistance of the above coatings.

2. Materials and Methods
2.1. Coating Deposition

The AICrSiN coatings were deposited using automatic arc ion plating machine (AIP
650/750, Dalian Vacuum Technologies, Dalian, China) at various pulse bias voltages (0 V,
—50 V, =100 V, —200 V, —300 V) on (100) Si wafers (50 x 10 x 0.67 mm?3), polished
cemented carbide (25 x 25 x 3 mm?3), and SUS 304 stainless steel (20 x 20 x 1 mm?)
substrates. The utilization of Si substrate enables a thorough characterization of coating
composition and microstructure, thereby providing crucial data on elemental distribution
and phase identification within the coatings. In parallel, the adoption of SUS 304 stainless
steel substrate facilitates precise evaluation of the coating’s corrosion performance, owing
to the susceptibility of this steel grade to corrosion under specific environmental conditions.
Before deposition, the samples were meticulously cleaned in an ultrasonic machine with
degreaser, ultrapure water, and alcohol for 15 min each. Subsequently, the substrates were
dried and fixed on rotating substrate holders at a speed of 30 Hz during the deposition
process. For the preparation of AICrSiN coatings, pure metal Cr (99.99%) target and an
AlCrSi alloy target (9100 x 25 mm, Al:Cr:Si = 60:30:10, 99.9% purity) were employed. The
working and reaction gases were Ar (99.999% purity) and N3 (99.999% purity), respectively.
To ensure a clean substrate surface, a plasma etching procedure was conducted using Ar
glow discharge at a DC bias of —800 V for 20 min. Subsequently, ion bombardment was
performed by the Cr target for 8 min, reducing the DC bias from —800 to —600, —400, and
—200 V at 2 min intervals, thereby effectively removing any remaining contaminants from
the substrate surface. During the coating deposition, the working pressure was maintained
at 0.6 Pa. Initially, a Cr transition layer was deposited at a pulse bias voltage of —100 V
for 10 min, with a pulse frequency and pulse width of 50 kHz and 8 ps, respectively, and
the duty ratio is 60%. Subsequently, the functional coating was applied under specific
conditions of a total gas flow of N, and Ar kept constant at 190 mL/min, with a pulse
frequency and pulse width of 50 KHz and 6 us, respectively, a duty ratio of 70%, and a
pulse bias voltage applied to the substrates that ranged from 0 to —300 V. The deposition
time for the AICrSiN coatings was 180 min. Detailed deposition parameters are provided
in Table 1.
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Table 1. Detailed deposition parameters for the AICrSiN coatings.

Parameters Value
Base pressure (Pa) 3.0 x 1073
Bias voltage (V) 0, —50, —100, —200, —300

Deposition temperature (°C) 300
Deposition pressure (Pa) 0.6
AICrSi target current (A) 90

Ar/Nj flow ratio (mL/min) 3/16(Ar:30, N,:160)
Rotation speed (Hz) 30

2.2. Characterization of Coatings

Surface and cross-section images of all the coatings were acquired using a field emis-
sion scanning electron microscope (FE-SEM, Hitachi S-4800, Tokyo, Japan), and their chem-
ical composition was determined using energy dispersive spectroscopy (EDS) integrated
with FESEM. Phase analysis of the coatings was performed using an X-ray diffractome-
ter (XRD, Brucker D8-Discovery, Mannheim, Germany) equipped with Cu K« radiation
(A =0.15418 nm). The spectra were recorded at a scanning rate of 6° /min over diffraction
angles ranging from 20° to 80° (26).

The hardness of the coating was measured in accordance with ISO 4516 standard,
utilizing a microhardness tester (Wilson 402MVD, Norwood, MA, USA). The test involved
pressing a 130° diamond pyramidal indenter into the coating’s surface under a specified
load. A pit was formed on the surface, and the length of the diagonal line of the pit was
measured using an eyepiece micrometer. Equation (1) was then employed to calculate the
microhardness value of the coating. A load of 25 mN was applied with a dwelling time of
10 s, and a minimum of 10 indents were made on each coating to obtain an average value

and reduce error.
HV =18.18 - P/d? (1)

where HV represents the Vickers hardness, P denotes the load weight, and d corresponds
to the diagonal length of the pit.

To assess the adhesion strength between the coating and the substrate, the ISO 20502
standard was followed using a scratch tester (Anton Paar RST-3, Graz, Austria). A spherical
diamond tip with a diameter of 200 pm was utilized to scratch the coating surface, gradually
increasing the load from 0 N to 150 N. The scratch length was fixed at 5 mm, and the
loading rate was 5 N/s with a scratch speed of 10 mm/min. To ensure accuracy, each
sample underwent three tests, and the average value of the results was considered as the
critical load of the coating.

The friction and wear behavior of AICrSiN coatings were evaluated using a high
temperature ball-on-disk tribometer (Anton Paar THT, Graz, Austria) under ambient
conditions. The test parameters included a load of 2 N, a speed of 30 Hz, and Al,O; balls
with 6 mm diameters as the grinding counterpart. The tribological tests were conducted
continuously for a duration of 131.95 m, with real-time monitoring of the friction coefficient
recorded using the computer. The worn surface of the coatings was examined using a
super-wide depth of field microscope (Keyence VHX-1000C, Osaka, Japan). The depth
and cross-section area of the wear scar were quantified using an Alpha Step D Series
Probe Profiler. The specific wear rate (W) was determined utilizing Archard’s classical
Equation (2):

W=V/L xS )

where V represents the wear volume, and L and S denote the applied load and the total
sliding distance, respectively.

The electrochemical properties of AICrSiN coatings were investigated using a classical
three-electrode cell in a Zennium X electrochemical workstation. For these experiments,
304 steel samples served as the working electrodes, while a Ag/AgCl electrode and a
platinum electrode were utilized as the reference and auxiliary electrodes, respectively.
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Each electrochemical test was conducted at least three times to ensure reproducibility. The
working electrode was held at the open circuit potential (OCP) for 1 h to reach a stable state.
Electrochemical impedance spectroscopy (EIS) was conducted using an AC signal with an
amplitude of 10 mV at OCP, over a frequency range of 10 mHz~10 kHz.

3. Results
3.1. Chemical Composition and Phase Analysis

Figure 1 presents the EDS analysis of the chemical composition of AICrSiN coatings
at different pulse bias voltages. The results indicate that as the pulse negative bias of
126 voltages increased from 0 V to —300 V, Al content and Cr content changed from
36.19 at.% and 19.82 at.% to 39.67 at.% and 16.81 at.%, respectively. This behavior can be
attributed to the lighter nature of Al atoms compared to Cr atoms, making them more
susceptible to heavy sputtering at higher bias voltage. This observation is consistent with
previous studies by Tang et al. [12], which demonstrated a decrease in aluminum content
with an increase in bias voltage. Higher pulse bias voltages result in enhanced excitation
and collision probability of Al atoms, leading to higher sputtering rates [13]. The Si and
N contents, on the other hand, remained relatively consistent with the increase in bias
voltage, peaking at —100 V, and then decreasing, indicating a reduction in the amorphous
SizN4 component in the coatings. Moreover, the presence of negative bias induced varying
degrees of anti-sputtering effect, leading to a reduced deposition rate of Si and Cr nitrides
and consequently lowering their content in the coatings. Overall, the findings suggest that
pulse bias voltage has limited influence on the chemical composition of AICrSiN coatings
deposited by arc ion plating.
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Figure 1. Compositions of the AICrSiN coatings deposited at different pulse bias voltages.

Figure 2 illustrates the XRD diffraction patterns of the AICrSiN coatings prepared at
different bias voltages. As anticipated, the diffraction patterns exhibited a combination
of bee-AIN (PDF #70-0354), fcc-AIN (PDF #80-0010), and fcc-CrN (PDF #76-2494) phases
across all five sets of coatings. When the pulse negative bias was not applied, the coating
displayed strong bcc-AIN diffraction peaks along the (100), (002), and (110) crystal planes,
along with weak fcc-CrN diffraction peaks along (200) crystal planes. As the pulse negative
bias voltage increased from 0 to —100 V, the diffraction peaks of the bcc-AIN phase growing
along the (100) and (002) crystal planes gradually weakened, while those along the (110)
crystal plane increased, with the intensity reaching its maximum at 20 = 58.52°. This
behavior can be attributed to the formation of the amorphous Si3N4 phase in the coating,
which hinders grain growth within the coating. Upon further increase in the substrate
negative bias to —300 V, the diffraction peak of the (100) crystal plane strengthened, while
that of the (110) crystal plane weakened. A weak peak of the fcc-CrN diffraction peaks was
detected in the coatings deposited at —100 V bias voltage, while the fcc-CrN diffraction
peak broadened and shifted to small angles in the films deposited at —200 V and —300 V
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bias. This phenomenon might be attributed to a tendency for phase separation into fcc-CrN
domains at —100 V bias voltages, which is not observed at lower bias voltages. Additionally,
all diffraction peaks slightly shifted to lower angles and broadened, indicative of increasing
growth stress in the coating due to stronger ion bombardment effect [14]. Furthermore,
due to the solid solution formed by some Cr atoms with a smaller atomic radius (0.127 nm)
replacing Al atoms with a larger atomic radius (0.143 nm), no distinct diffraction peaks
of the CrN phase were detected [15]. The small amount of Cr dissolved in the AIN lattice
causes AlN lattice distortion, resulting in an increased lattice constant and a shift of the AIN
phase diffraction peak to smaller angles. As the bias voltage increased, the evaporated ions
gained greater energy and strongly bombarded the deposited coatings, which lead to the
greater lattice distortions and an increased number of defects. In the XRD pattern (Figure 2),
no diffraction peaks of SiNy were observed, indicating that the SiNy phase in the coating
exists in an amorphous state, thus forming the hard nano-crystallites of the AIN phase
surrounded by thin amorphous states, thereby forming a nanocomposite structure [16].
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Figure 2. XRD patterns of the AICrSiN coatings deposited at different pulse bias voltages.

3.2. Morphologies

Figure 3 depicts the surface morphology of AICrSiN coatings prepared at different
pulse bias voltages, observed using SEM, where Figure 3a—e correspond to the pulse
bias voltages of 0 V, =50 V, —100 V, —200 V, and —300 V. It is evident that the surfaces
of all these coatings exhibit significant roughness and contain various defects, such as
macroparticles, droplets, and pits. As the pulse bias voltage increases, the number of
particles and droplets on the coating surface initially decreases and then increases, with
the minimum number and size of particles observed at a pulse bias voltage of —100 V.
These particles and droplets primarily result from the unstable motion of the arc spot
on the target surface at high temperature, leading to energy dispersion and changes in
plasma density, and particles evaporated from the target surface are directly deposited
on the substrate surface. However, when a bias voltage is applied to the substrate, a
negative electric field is established. Under the higher bias voltages, accelerated particles
gained higher kinetic energy, leading to more intense collisions and enhanced removal of
larger particles. Additionally, the effect of electrostatic repulsion within the near-substrate
plasma sheath also affects the number of microparticles on the coating surface. It has
been reported that in the process of physical vapor deposition, the evaporated particles
underwent random collisions with electrons, ions, or neutral atoms, absorbing them in
the process [17]. These collisions alter the macroscopic particle’s charge state. Due to the
significant mass difference between electrons and ions, electrons’ charge effect dominates
over ions, resulting in a net negative charge being generated on the surface of large particles.
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Consequently, a substrate biased with a negative voltage will exert repulsive forces on
approaching particles, leading to a reduction in microparticles. Moreover, an increase in
the bias voltage enhanced the repulsive effect. However, when the pulse bias voltage is
increased beyond —200 V, a significant increase in the number of particles on the coating
surface were observed. This phenomenon can be attributed to the fact that higher bias
voltage increases the ion energy, causing reverse sputtering of the coating surface. Low
fluxes at high energies lead to renucleation, growth disruption, and structure damage,
whereas high fluxes at relatively low energies promote adatom mobility and continuous
crystal growth [18]. Additionally, the substrate temperature may rise with increasing bias
voltage, which could also contribute to the deterioration of the coating’s surface structure.

4c) THOD
oY
o q‘ $ :

Figure 3. Surface morphologies of the AICrSiN coatings deposited at different pulse bias voltages.
(a) 0V; (b) =50 V; (c) —100 V; (d) —200 V; (e) —300 V.

The cross-sectional morphologies of AICrSiN coatings deposited at different pulse
biases are shown in Figure 4. It is evident that all coatings exhibit a well-bonded interface
with the substrate and lack an obvious columnar structure, which can be attributed to the
influence of Si on the coating’s columnar growth. Without any applied bias, the coating
structure appears loose, and the cross-section reveals holes formed by droplet shedding.
As the negative bias is increased to —50 V, the coating structure becomes denser, but
the boundary between the CrN transition layer and the AICrSiN coating remains less
distinct. This observation is mainly due to the increased kinetic energy of the incident
ions following the application of the bias voltage, leading to densification of the coating’s
structure and a smoother surface through ion bombardment. At a negative bias voltage is
—100 V, the interface between the coating and the transition layer becomes more evident,
and the structure becomes more dense. Increasing the bias voltage induces a reverse
sputtering effect, which effectively bombards larger particles suspended on the coating
surface resulting in a refinement of the coating structure [19]. This observation aligns with
the XRD analysis, as an increase in negative bias leads to aggravated lattice distortion
and grain refinement. Additionally, the presence of an amorphous phase in the coating
inhibits grain growth, increases the grain boundary area, and obstructs grain boundary slip
and microcrack expansion, all of which contribute to a denser coating cross-section [20].
However, as the bias voltage is further increased, uneven bonding between the transition
layer and the substrate, along with the presence of large particles embedded in the coating,
is observed. This phenomenon arises from excessively high bias voltages exacerbating the
reverse sputtering effect and elevating the internal stress within the coating. Consequently,
cracking or even peeling off of the coating may occur, consistent with findings reported by
Fan et al. [10].
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Figure 4. Cross-sectional morphologies of the AICrSiN coatings deposited at different pulse bias
voltages. (a) 0 V; (b) =50 V; (c) —100 V; (d) —200 V; (e) —300 V.

3.3. Microhardness and Critical Load

Figure 5 illustrates the microhardness of the AICrSiN coatings prepared at different
pulse bias voltages. The results demonstrate a non-linear relationship between hardness
and pulse bias voltage, with the hardness initially increasing and then decreasing. Notably,
the coating prepared at —100 V achieves the highest hardness of 2668 MPa. The coating
deposited without any bias voltage exhibits a loose and discontinuous microstructure
(Figure 4a) containing numerous microparticles and displaying relatively low hardness. The
increase in hardness observed when pulsed negative bias voltage increases from 0 to —100 V
and can be primarily attributed to the grain boundary hardening phenomenon caused by
the strong binding energy of grain boundaries [21,22]. As the bias voltage is increased,
the coating structure becomes more continuous and compact, leading to an increase in
compressive stress and residual stress, which, in turn, contributes to the increased hardness.
Higher bias voltage results in greater bombardment energy of incident particles on the
substrate, leading to increased internal stress and higher coating hardness [23]. As reported
in the literature [24], higher bias voltage leads to a greater amount of evaporated ions*
attracted from the cathode to the substrate, increasing their kinetic energy and resulting in
a denser coating with higher compressive stress and hardness. The XRD analysis suggests
that with increasing negative bias on the substrate, ceramic AIN phases with multiple
orientations, grain refinement, and nanocomposite structure due to a-Si3Ny, along with the
solid solution strengthening effect of (Al, Cr)N phase, all contribute to the improvement of
coating hardness [25]. Nonetheless, excessively high substrate negative bias may impede
the amplitude modulation decomposition effect on the fcc-(Al, Cr)N phase in the Al-Cr-Si-N
coating, thereby reducing the hardness of the coating [26].
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Figure 5. Microhardness of the AICrSiN coatings deposited at different pulse bias voltages.
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The bonding strength between the AICrSiN coating and the substrate was character-
ized using a scratch test, and the scratch morphology of the coatings at a pulse bias voltage
of —100 V is shown in Figure 6. The scratch process of the coatings can be generally divided
into three stages: the microcracks initiation stage (critical load is represented by L), where
the coating still remains effective despite the presence of microcracks; the local peeling
stage (critical load is represented by L), during which the coating’s functionality begins
to be affected, and partial delamination and flaking occur; and the complete peeling stage
(critical load is represented by L.3), where the substrate is completely exposed, indicating
complete coating exfoliation. The second stage is typically defined as a sign of coating
adhesion failure and represents the adhesive strength of the coating. Figure 7 illustrates
the critical load of the coatings at different pulse bias voltages. It can be observed that the
critical load of the coatings increased first and then decreased with increasing bias voltage.
The coating prepared without bias applied to the substrate exhibits the lowest critical load
of 62.8 N. In this case, ions were freely deposited on the surface of the substrate, making
microcracks more prone to occur and propagate along the surface and defects, leading to
rapid coating failure. On the other hand, the highest adhesive strength of the coating is
obtained at a pulse bias voltage of —100 V, reaching 72.7 N. Several factors contribute to this
improvement. The first reason is that the coating structure under this condition possesses
high density, leading to improved adhesive strength, as shown in Figure 4. Moreover, the
use of arc ion plating technology releases high-energy particles to bombard the surface of
the substrate, which can form a clean and superior chemical bonding interface between the
coating and substrate surface, effectively improving the adhesion strength. Additionally,
slight differences in grain size distribution or local epitaxial growth caused by different
precipitations of the substrate variants may be another reason [27]. However, as the bias
voltage is further increased, the critical load decreases. The research by Fan et al. [10]
reported that the residual stress gradually decreases with an increase in the bias voltage, as
high residual stress can accelerate the cracking and peeling of the coating, which aligns
with the experimental results.

Figure 6. Scratch morphology of the AICrSiN coatings deposited at —100 V pulse bias voltage.

741
721
70}
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66 |-

Critical load / N
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Figure 7. Critical load of the AICrSiN coatings deposited at different pulse bias voltages.

The aforementioned results demonstrate that increasing the pulse bias voltage can
enhance the adhesive strength of the coating by promoting the coating surface and improv-
ing the structure and the density of the coating. However, it is noteworthy that further
increasing the bias voltage leads to a reduction in the adhesive strength of the coating. The
pulse bias voltage operates in two working states: working hours and idle hours. The
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application of a high pulse bias voltage during working hours significantly elevates the
local temperature of the substrate compared to the lower temperature during idle hours.
This temperature difference results in substantial thermal stress accumulation within the
coating. These accumulated stresses are susceptible to generating cracks when subjected to
external load, consequently leading to a decrease in the adhesive strength of the coating.

3.4. Tribological Properties

The average friction coefficients for the five sets of AICrSiN coatings are presented
in Figures 8 and 9, respectively, revealing a strong dependency of friction behavior on the
pulse bias voltage. Figure 8 illustrates that the friction pair initially undergoes a running-in
state, with the friction coefficient increasing rapidly, typically attributed to the interaction
between the surface oxide layer and the Al,O3 ball. Subsequently, a relatively steady state
is reached, representing the frictional force within the coating. The trend of the friction
coefficient is consistent with reported by Polcar et al [28]. Notably, the coatings deposited
at pulse bias voltages of —50 V and —100 V exhibit exceedingly smooth friction curves,
while slight fluctuations are observed in the friction curves of coatings deposited at other
pulse biases. This observation is consistent with the SEM images of the coating surface,
indicating a potential correlation with the presence of numerous microparticles on the
coating surface. During repeated friction, wear debris formed by partial peeling at the
wear scar could cause significant fluctuations in the friction coefficient. However, the large
particles distributed at the edge of the wear scar may also influence the stability of friction.
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Figure 8. Friction coefficients of the AICrSiN coatings deposited at different pulse bias voltages.
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Figure 9. Average friction coefficients of the AICrSiN coatings deposited at different pulse bias voltages.
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As shown in Figure 9, the friction coefficient of the AICrSiN coatings gradually de-
creases from (.78 to its lowest value of 0.35 as the pulse bias voltage increases from 0 to
—100 V. This decrease in friction coefficient can be attributed to the strengthened ion bom-
bardment during deposition, which enhances the density of the coatings and leads to the
formation of a central cubic structure AIN within the coating [29]. The high density and
the presence of a face-centered cubic structure in the coating contribute to reducing the
friction coefficient. However, with a further increase in pulse bias voltage beyond —100 V,
the friction coefficients of the AICrSiN coatings start to increase. In this case, the dense
structure of the coating is damaged due to the high-energy ion bombardment, and the
excessive pulse bias voltage may lead to an increase in internal growth stress and thermal
stress, both of which contribute to an increase in the friction coefficient [30].

Figure 10 illustrates the wear rate of the AICrSiN coatings deposited at different
pulse bias voltages. The wear resistance of coatings exhibits a gradual and subsequent
significant weakening as the bias voltages increase. Notably, the wear rate is minimized at
a pulse bias voltage of —100 V, reaching 1.02 x 10~2 um3/N-um, indicating the highest
wear resistance at this condition. Conversely, the wear rate reaches its maximum value
of 9.56 x 1073 um?/N-um when the pulse bias voltage is —300 V. These findings are
consistent with the changing trends observed for the friction coefficient, microstructure,
and mechanical properties. In addition, combined with the results of XRD pattern analysis,
when the negative bias of the substrate is —100 V, the appearance of polymorphic (bcc-AIN
and fcc-AIN) AIN phases further improves its wear resistance [31].

-
o
T

—a— Wear rate

B ()] oo
T T T

Wear rate / (10-3um3/N-pm)

N
T

o

0 -50 -100 -200 -300

Pulse bias voltage / V

Figure 10. Wear rate of the AICrSiN coatings deposited at different pulse bias voltages.

The worn morphology of the coating under different bias voltages is illustrated in
Figure 11. Irregular debris layers are observed across the worn surface, indicating abrasive
wear as the predominant wear mechanism. During the initial wear process, hard particles
and fragments stripped from the coating and friction pair act as the third body, causing
micro furrow wear on the friction interface. A similar wear mechanism was also discussed
by Wang et al. [30]. Upon careful examination, it is evident that when the pulse bias voltage
is —100 V, the coating exhibits the narrowest wear scar width and the smoothest wear scar
surface with the least debris around it. This indicates that the coating experiences minimal
wear. Notably, the friction coefficient and wear rate change curves of these samples are
consistent with these findings. Conversely, at bias voltages of 0 V and 300 V, the coatings
show wider wear scars with more debris and rougher surfaces, indicating a higher wear
rate. During the friction process, the contact surface of the friction pair is partially adhered
due to atomic bonding, which leads to the formation of wear debris after some of the
adhered points fall off during the subsequent sliding, which is distributed on the edge of
the wear scar. The difference in hardness and critical load for the coatings deposited at these
bias voltages may contribute to the varying wear behavior. For coatings deposited at a bias
voltage of 0 V with a lower critical load and hardness values, they are more prone to peel
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off and produce wear debris. The soft abrasives then adhere to the grinding ball’s surface,
exacerbating the coating wear. On the other hand, coatings deposited at a bias voltage
of 300 V exhibit higher critical load and hardness, but they experience more severe wear.
This could be attributed to the reverse sputtering effect produced by the high ion energy,
leading to decreased wear resistance. Moreover, the sliding wear test mainly concentrates
on intensely fine asperities, and their penetration depth into the coating surface may not
exceed the size of debris particles [32]. Therefore, the wear resistance of the AICrSiN
coatings in this study is observed to be influenced by the pulse bias voltage, where higher
pulse bias voltage promotes microstructural evolution in the coatings.

(b) =50V () 100V

200pm

(d) — 200 V (e)— 300V

- <
o W,

Figure 11. Morphologies of the wear track of the AICrSiN coatings deposited at different pulse bias
voltages. (a) 0 V; (b) —50 V; (c) —100 V; (d) —200 V; (e) —300 V.

3.5. Electrochemical Properties

In the study of corrosion protection in 3.5 wt.% NaCl solutions, AICrSiN coatings
deposited at pulse biases of —100 V and —300 V were specifically investigated, as shown in
Figures 12 and 13. The OCP of all samples gradually rose with the immersion time and
eventually reached steady states. The OCP values for uncoated 304 steel and AICrSiN
coatings prepared at —100 V and —300 V pulse biases were —166 mV, —125 mV, and
—134 mV, respectively. Notably, the coating prepared at —100 V pulse bias exhibited the
strongest corrosion resistance and the least corrosion tendency. This superior performance
can be attributed to the lower number of defects, such as microcracks and pores, present in
the coating. Furthermore, the corrosive medium first entered the coating surface, then the
micro-cracks in the coating, and finally passed through the denser film layer before reaching
the joint between the coating and the substrate. This process caused lattice distortion,
leading to local cracking and bulging of the coating [33]. The EIS results further supported
these findings. The Z g111,, which is an indicator of electrode corrosion resistance [34], was
1.262 x 10° O-cm?, 5.228 x 106 O-cm?, and 4.624 x 10° Q-cm? for uncoated 304 steel and
AICrSiN coatings at —100 V and —300 V, respectively. The coating prepared at —100 V bias
voltage exhibited the highest impedance value, indicating better corrosion resistance. The
presence of defects, such as microcracks, in the coating can serve as diffusion channels for
corrosive ions (such as C17). The coating prepared at the bias voltage of —300 V has more
defects than the coating prepared at the bias voltage of —100 V, as evidenced by the cross-
sectional morphologies in Figure 4. Consequently, the impedance of the former coating is
slightly smaller. Regardless of the number of defects, all coatings demonstrate a barrier
effect that hinders the diffusion of corrosive ions, resulting in improved corrosion resistance.
This effect effectively suppresses the corrosion process of the matrix metal by increasing
the charge transfer resistance (about 3~4 times larger than that of the uncoated sample).
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Figure 12. The OCP of uncoated 304 steel and those of AICrSiN coatings prepared at the bias voltage
of —100 V and —300 V with immersion time in 3.5 wt.%NaCl solutions.
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Figure 13. The EIS of uncoated 304 steel and those with AICrSiN coatings prepared at the bias
voltage of —100 V and —300 V with immersion time in 3.5 wt.% NaCl solutions. (a) Nyquist plots;
(b) Bode-modulus plots; (c) Bode-phase angle plots.

4. Conclusions

(1)  With the increase pulsed bias, the quantity and size of microparticles on the resulting
AICrSiN coatings first decreased and then increased, and reaching the minimum value
as the bias voltage was —100 V.

(2) With the increase in pulsed bias, the hardness, critical load, and wear resistance of
the AICrSiN coatings first increased and then decreased, and reached the maximum
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values as the bias voltage was —100 V. In this case, the coating hardness and critical
load were 2668 HV and 72.7 N, respectively.

(3) With the increase in the pulsed bias, the friction coefficient and wear rate of the
AICrSiN coatings first decreased and then increased. As the bias voltage was —100 V,
the resulted coating presented the best tribological performance. The average friction
coefficient and wear rate were 0.35 and 1.02 x 1073 um3/N-um, respectively.

(4) The AICrSiN coatings significantly enhanced the corrosion resistance of 304 stain-
less steel, indicating that the AICrSiN coating is a promising protective barrier in
environments containing aggressive chloride ions.
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