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Abstract: Seamless gas cylinders for diving exhibit excellent low-temperature impact performance,
lightweight characteristics, and good corrosion resistance, making them widely applicable in un-
derwater activities. However, during use, the peeling of paint or corrosion on the surface of these
cylinders poses a significant threat to their safety. In this study, environmentally friendly arc ion
plating technology was used to deposit TiBN, CrAIN, and nano-multilayer coatings of CrAIN/TiBN.
The surface morphology, tribological properties, and corrosion resistance of these coatings were
investigated. The results indicated that both CrAIN and CrAIN/TiBN coatings possess fewer droplets,
pinholes, and pits, and the cross-section of the CrAIN/TiBN coating exhibits a denser structure. The
preferred orientation for TiBN was identified as TiB; (101), while that for CrAIN was Cr(AIl)N (200),
with the preferred orientation for CrAIN/TiBN being TiB, (101). The friction measurements revealed
that the lowest coefficient was observed in the CrAIN/TiBN coating (0.489), followed by CrAIN
(0.491) and then TiBN (0.642). Electrochemical tests conducted in artificial seawater demonstrated
that the self-corrosion potential was highest for the CrAIN/TiBN coating, followed by CrAIN and
lastly TiBN. The developed TiBN-based nano-multilayer coatings hold substantial application value
in protecting seamless gas cylinders used in diving.

Keywords: seamless gas cylinders for diving; arc ion plating; CrAIN/TiBN; corrosion resistance
performance

1. Introduction

The seamless diving cylinders are known for their excellent low-temperature impact
performance, lightweight design, and good corrosion resistance, making them widely ap-
plicable in diving activities [1,2]. Corrosion can weaken the strength and durability of these
cylinders, making them more susceptible to physical damage such as cracking or deforma-
tion. This not only increases safety risks during use but may also lead to the premature
retirement of the cylinder, resulting in higher replacement frequency and costs. Moreover,
if the anti-corrosive layer on either the interior or exterior of the cylinder is compromised,
gas may leak from damaged areas. This not only wastes valuable resources but could
also pose potential hazards to both environmental health and human safety [3]. Peeling
paint or corrosion on the outer surface can significantly reduce the compressive strength,
bending resistance of the wall, and overall corrosion resistance—factors that greatly affect
the integrity of the cylinder. Such conditions can easily lead to internal explosions within
the cylinder, posing serious risks to personal safety [4]. Additionally, due to prolonged
exposure in seawater environments, these alloy seamless cylinders are particularly prone to
corrosive reactions which can substantially shorten the lifespan of critical components such
as valves and regulators. The primary causes of corrosion in seamless breathing cylinders
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include seawater corrosion, crevice corrosion, and electrochemical corrosion. Materials
exposed to marine environments may experience accelerated wear due to a synergistic
effect between various forms of deterioration rather than solely from individual factors like
simple corrosion or frictional wear [5-8].

The chromate passivation process exhibits excellent corrosion resistance and stable
performance, having been applied in the industry for many years. However, due to the
carcinogenicity, diffusivity, and bioaccumulation of Cr(VI), it poses significant threats
to both environmental safety and human health. Therefore, developing high-corrosion-
resistant chromium-free passivation processes is of great importance. The protective
coatings prepared by the physical vapor deposition (PVD) technology exhibit excellent
density and adhesion, which can coat the substrate surface with micro-level metal or
non-metal compounds that are insoluble and exhibit outstanding corrosion resistance and
wear resistance [9,10]. The composition and outcomes of these protective coatings have
evolved from initial single-layer coatings to multi-layered, gradient-coated, nano-multilayer
structures. Among these advancements, nano-multilayers have gained attention due to
their superior wear resistance, strong adhesion between film and substrate, good corrosion
resistance, high hardness, and long service life [11]. In recent years, nano-composite
TiBN coatings have demonstrated high hardness, excellent toughness, low friction, and
good chemical stability, making them potential candidates for wear-resistant protective
coatings [12]. However, many of these reports lack depth in their investigation of the
lubrication mechanisms associated with TiBN/base lubricating systems [12]. They do
not comprehensively consider the system design perspective, particularly regarding the
mechanical properties of the films that significantly influence the solid-liquid composite
system and their effects on friction and wear performance [13]. In addition to these
properties, TiBN coatings also exhibit significant advantages in marine corrosion resistance.
The nano-hardness of TiBN coatings (ranging from 24 GPa to 34.5 GPa) strongly depends
on the dual-phase structure of TiN/(amorphous) BN [12]. At lower N, partial pressures,
deposited TiBN coatings can achieve hardness values up to 40 GPa due to the formation
of a metastable solid solution where B dissolves in face-centered cubic (FCC) TiN. Further
increasing the N, partial pressure leads to the formation of a nano-composite material with
a hardness of approximately 30 GPa composed of both TiN and BN [13]. The addition of
element B effectively reduces the grain size, significantly enhances the hardness of TiN
coatings, and maintains good toughness, thereby avoiding the brittleness associated with
BN and TiB; coatings.

Research indicates that ternary CrAIN coatings are particularly noteworthy because
they possess high hardness, toughness, extended lifespan, strong abrasive wear resistance
capabilities, as well as robust corrosion resistance and chemical stability [14]. Additionally,
studies suggest that Cr,O3 formed from chromium can serve a lubricating role by reducing
friction [15]. Adesina A.Y. et al. [16] employed cathodic arc ion plating technology to
deposit TiN, CrN, CrAlN, and TiAIN coatings on 304 stainless steel and investigated
the corrosion behavior of these coatings in a corrosive medium consisting of 3.5% NaCl
solution. The results indicated a significant positive shift in self-corrosion potential for
all four coated samples compared to the 304 stainless steel substrate. Electrochemical
impedance spectroscopy revealed that compared to similar nitrides formed via magnetron
sputtering techniques, the deposited layers exhibited enhanced abilities against defect
propagation and pore expansion when immersed in 3.5% NaCl solution. The addition of
B elements in CrN-based coatings has become another focal point of research. However,
single-layer coatings tend to grow continuously during the deposition process, which can
lead to a columnar structure, allowing corrosive media to easily penetrate the coating
material and even corrode the substrate, significantly reducing the corrosion resistance
of the coating. To address this challenge, designing multilayer structures presents an
effective method for enhancing both corrosion resistance and wear performance. Since the
preparation process of multilayer coatings involves alternating deposition, differences in
thermal expansion coefficients or lattice constants between different layers can result in
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dislocation stacking at the interfaces, which can hinder the formation of columnar structures
within any given layer [17]. Yu et al. [18] utilized arc ion plating technology to fabricate
CrYN/TiBN coatings and indicated that with increasing additions of Ti and B elements,
both columnar growth and dense structures were eliminated, leading to a face-centered
cubic CrN structure and amorphous BN structure being formed. The grain size was reduced
from 33 nm to 15 nm, resulting in a denser coating that exhibited improved friction and
wear performance.

Currently, there are relatively few research reports on CrAIN/TiBN nanocomposite
multilayer coatings, and the investigation of their corrosion behavior in seawater environ-
ments remains to be explored. Therefore, this study employs arc ion plating technology to
prepare TiBN, CrAIN, and CrAIN/TiBN multilayer coatings. A systematic examination is
conducted on the evolution of the microstructural morphology of the coatings, their tribo-
logical properties, as well as their electrochemical corrosion behavior in artificial seawater
and potential applications for protective measures in underwater gas cylinders.

2. Experimental Details
2.1. Coating Preparation Process

In our preliminary work, CrN, CrTiN, CrWN/MoN nano-multilayer, and CrTiBN
coatings were deposited onto 316 stainless steel substrates using multi-arc ion plating
techniques [19,20]. The coating equipment used in this study is the AS510DTXB arc ion
plating system produced by Danpu Company (Beijing, China). The single-side polished 304
stainless steel and single-crystal silicon were used as the substrates. Taking CrAIN/TiBN
nano-multilayer coatings as an example, prior to coating, the substrate was cleaned using
a metal cleaning agent followed by deionized water and anhydrous ethanol, undergoing
ultrasonic cleaning for 20 min before being dried. The substrate was then mounted onto a
sample holder using fixtures. The entire sample base can perform unidirectional rotation,
while the holder on top allows for two-dimensional self-rotation. The target materials
utilized for depositing film layers include the TiB, target (99.9 at.% with a Ti to B atomic
ratio of 33:67), Cr target (99.99 at.%), and CrAl composite target (99.9 at.% with a Cr to Al
atomic ratio of 30:70). Before deposition, the chamber was heated to 400 °C and evacuated
to achieve base vacuum conditions while maintaining a rotational speed of 1 r/min for
the substrate. Argon gas was introduced, adjusting pressure to 2 Pa, and a negative bias
voltage of —1000 V on the substrate was applied as the ion source activates with power
set at 6 kW for glow discharge cleaning treatment lasting 30 min. Subsequently, the bias
voltage was adjusted to —800 V in vacuum priority mode, with a working pressure set at
0.7 Pa and the current maintained at a fixed value of 80 A. Following this step, we adjusted
the bias voltage to —100 V while introducing nitrogen gas under vacuum priority mode
with the working pressure set at 3.0 Pa. After closing off from further deposition from
the Cr target while maintaining the pressure at 3.0 Pa, both CrAl and TiB, targets are
activated simultaneously with their respective currents set accordingly. Specific deposition
parameters are detailed in Table 1.

Table 1. Deposition parameters for coating.

Base Experimental Substrate TiB, Arc CrAl Arc . .
. Temperature . Rotation Coating
Coatings Pressure Pressure r°C Bias Current Current Jr-min-1 Time/min
/10~3Pa /Pa v A 1A
TiBN 5.0 0.7 400 100 70 70 1 60
CrAIN 5.0 0.7 400 100 70 70 1 60
TiBN/CrAIN 5.0 0.7 400 100 70 70 1 60

2.2. Characterization of Coating Properties

The JSM-7610F field emission scanning electron microscope (SEM, JEOL, Tokyo, Japan)
was employed to analyze the surface and cross-sectional micro-morphology of the coatings.
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The microstructural study was conducted using the X'Pert Pro X-ray diffractometer from
Nalytical, Almelo, The Netherlands, with a Cu-K radiation source. The step size was set at
0.02°, and the sample scanning range (20) spans from 10° to 80°. For friction performance
testing, we employed the MFT-4000 multifunctional material surface performance tester
manufactured by Lanzhou Huahui Instrument Technology Co., Ltd., Lanzhou, China. In a
dry environment, experiments were carried out using a 4 mm stainless steel ball under a
load of 10 N and a sliding speed of 200 mm /min over a reciprocating distance of 5 mm for
a duration of 60 min. The test conditions maintain an ambient temperature and relative
humidity of 24 °C and 61%, respectively.

To simulate corrosive environments akin to marine conditions for workpieces, we uti-
lized the Corrtest-CS350 electrochemical workstation produced by Wuhan Kest Company,
Wuhan, China. The electrochemical corrosion performance tests were performed using a
standard three-electrode system where artificial seawater serves as the corrosive medium.
The main components are listed in Table 2. The auxiliary electrode consists of platinum
foil, while the working electrode comprises the tested samples. Additionally, a saturated
KCl solution silver/silver chloride reference electrode was used. Three types of coatings
underwent sequential open circuit potential (OCP) testing, electrochemical impedance
spectroscopy (EIS), and polarization curve analysis (Tafel). The OCP measurement lasted
for 3600 s, while the EIS scan frequencies ranged from 0.01 Hz to 100 kHz with a constant
amplitude sine signal set at =5 mV. Finally, polarization curves were obtained through
dynamic potential scans within —1 V to +1.5 V at a scan rate of 0.001 V/s.

Table 2. Main components of artificial seawater.

(g/L) NaCl MgCl, NaSOq4 CaCl, KC1 NaHCO3
24.53 5.20 4.09 1.16 0.695 0.201

3. Results and Discussion
3.1. Microstructure of Coatings

Figure 1 shows the XRD spectra for the 304 stainless steel substrate, TiBN coating,
CrAlIN coating, and CrAIN/TiBN multilayer coating. It is noteworthy that all these coatings
exhibit a cubic close-packed structure. The preferred orientations of the CrAIN and TiBN
coatings were (200) and (111), respectively. On the other hand, it appears that the TiBN
coating primarily consists of TiB, with its (111) crystal phase. Interestingly, we find that
the XRD patterns for both the CrAIN/TiBN multilayer coating and TiBN coating are
quite similar which can be attributed to variations in elemental composition, specifically
concerning Ti, B, Cr, and N during deposition. However, it was important to note that
coatings tend to grow along their lowest energy crystal planes, and a preferred orientation
for the CrAIN/TiBN multilayer aligned with the TiB, (101) plane was observed [21-23].
It is also worth mentioning that diffraction peaks corresponding to body-centered cubic
phases such as those from (200) and (111) planes of Cr(AI)N are notably absent from our
observations of the CrAIN/TiBN multilayer. This absence may be due to either excessively
fine grain sizes or insufficient crystallinity within other crystalline phases present in these
coatings, leading to challenges in detecting corresponding characteristic peaks within our
XRD pattern.

The surface and facture cross-sectional SEM morphologies of TiBN, CrAIN, and
CrAIN/TiBN coatings are presented in Figure 2. As illustrated in Figure 2(al—cl), all
three types of coatings display common growth defects typically found in arc ion-plated
films, including pinholes, droplets, and craters. Such phenomena occur during the coating
preparation process due to variations in arc spot movement and uneven heating of the
target material. These factors can lead to localized melting on the target surface, resulting
in molten pools that release larger liquid particles, and these particles then collide with
and adhere to the substrate surface, forming irregular aggregates [16,24]. The presence of
large particles, pinholes, and craters on the coating surface tends to increase roughness
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while potentially reducing the film and substrate adhesion strength, which may ultimately
result in delamination. Moreover, it is noteworthy from Figure 2(al—c1) that the TiBN
coating exhibits a higher density of large particles along with noticeable pits when com-
pared to both CrAIN and CrAIN/TiBN coatings, which show fewer large particles and
pits. This distinction can be attributed to the formation of amorphous or nanocrystalline
borides at the surfaces of TiBN as well as CrAIN/TiBN coatings, which enhances their
overall density [25]. The analysis of Figure 2b reveals that the CrAIN coating exhibits a
relatively loose, typical columnar crystal structure. In contrast, the TiBN coating shown
in Figure 2(a2) demonstrates a denser structure compared to that of the CrAIN coating
depicted in Figure 2(b2). When incorporating TiBN compounds into the CrAIN coating,
the resulting CrAIN/TiBN layer is more compact than its single-component counterpart
CrAlIN. This phenomenon may be attributed to the incorporation of boron (B) elements,
which exist as solid solutions within both the Cr(Al)N and TiN phases, leading to lattice
distortion that partially hinders columnar crystal growth. Furthermore, regarding coating
thickness, under identical deposition times, it was observed that the deposition rate for
these coatings is as follows: VrigN/cCralN > VCrAIN > VTiBN-
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Figure 1. XRD patterns of 304 stainless steel, TiBN, CrAIN, and CrAIN/TiBN coatings.
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Figure 2. Surface and cross-sectional SEM images of TiBN (al,a2), CrAIN (b1,b2), and CrAIN/TiBN
(c1,¢2) coatings.
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3.2. Tribological Properties of Coatings

Figure 3 presents the friction curves for the various coatings we examined. It is evident
from this figure that during the initial minute of the friction test (running-in period), all four
samples exhibit rapid fluctuations in their coefficients of friction before settling around a more
stable value. This behavior may be attributed to the presence of irregular large particles and
pits on the coating surface, which contribute to an increase in roughness [26-29]. As wear
progresses over time, organic contaminants and hard abrasive particles are either worn away
or become embedded within the coatings, resulting in a gradual decrease in the coefficient
of friction. Notably, for CrAIN coatings, there is a slight reduction in this coefficient after
approximately 30 min. This phenomenon could be linked to the formation of Cr,O3 during
the friction processes, which appears to possess some lubricating properties that help reduce
wear. The average coefficients of friction measured for 304 stainless steel, TiBN, CrAIN, and
CrAIN/TiBN are found to be 0.455, 0.642, 0.491, and 0.489, respectively.
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——— TiBN/CrAIN
E 0.6 |
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Figure 3. Variation of the friction coefficients of TiIBN, CrAIN, and CrAIN/TiBN coatings with respect
to testing time.

3.3. Corrosion Resistance of Coatings in Artificial Seawater

The corrosion medium utilized in this study is artificial seawater. The potentiodynamic
polarization (Tafel) curves for the 304 stainless steel substrate and three types of coatings
are illustrated in Figure 4. Data analysis of these polarization curves yields values for open
circuit potential (Ecorr) and corrosion current density (Icorr), as presented in Table 3. The
corresponding self-corrosion potentials Ecorr and corrosion currents Ieorr for each coating
are detailed therein. Based on the process parameters employed during the arc ion plating
technology to fabricate these coatings, it can be inferred that all coatings act as dielectric
layers with micro-pores on their surfaces. Consequently, their protective effect on the
substrate primarily manifests through mechanical isolation. The self-corrosion potential
reflects the equilibrium state between anodic and cathodic reactions at a metal surface
under no external voltage, indicating its propensity to undergo corrosive reactions [30-34].
A higher value signifies a reduced likelihood of such reactions occurring. As depicted in
Figure 4 and summarized in Table 3, there is a significant positive shift in self-corrosion
potentials for all three coatings when compared to that of the 304 stainless steel substrate.
Specifically, the self-corrosion potentials for 304 stainless steel, TiBN coating, CrAIN coating,
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and CrAIN/TiBN coating are —0.3544 V, —0.1757 V, —0.075 V, and —0.0021 V, respectively.
Among these samples tested, the CrAIN/TiBN coating exhibits the highest self-corrosion
potential, which suggests that it possesses relatively low electrochemical activity within an
artificial seawater corrosive environment.

1.5 o _30455
— TiBN
—— CrAIN
1.0 [ ——TIiBN/CrAIN
2
m =
2 05
c
2
(e} =
o 0.0
0.5 |
-1.0

-10 -8 6 4 -2 0

log(i/A)
Figure 4. Tafel curves for coatings of 304 stainless steel, TiBN, CrAIN, and CrAIN/TiBN.

Table 3. Polarization curve corrosion parameters of 304 stainless steel, TiBN, CrAIN, and
CrAIN/TiBN coatings.

Sample Jcorr/(1077A'Cm72) Ecorr/V
304SS 3.816 —0.3544
TiBN 0.4732 —0.1727
CrAIN 0.2456 —0.075

TiBN/CrAIN 1.144 0.0021

The electrochemical impedance spectroscopy (EIS) tests were conducted in an arti-
ficial seawater solution, serving as the corrosive medium. In Figure 5, we present the
Nyquist plot, while Figure 6 showcases the Bode plot. The Nyquist plots for TiBN,
CrAlIN, and CrAIN/TiBN coatings reveal two distinct time constants associated with
incomplete capacitive resistance; one corresponds to a larger capacitive loop, whereas
the other is represented by a smaller diameter capacitive arc [35]. From our EIS re-
sults, it becomes clear that TiBN, CrAIN, and CrAIN/TiBN exhibit two different in-
terfacial reactions occurring at both the coating—solution interface and the substrate—
coating interface, as illustrated in Figure 7b. We utilized ZsimpWin fitting software
(https:/ /www.ameteksi.com/products/software/zsimpwin, accessed on 4 November
2024) to analyze the EIS data while ensuring an error margin within 5%. The equivalent
circuit model is depicted in Figure 7. In this model, CPE1 and CPE2 represent non-ideal
capacitances. Rs denotes the solution resistance between the working electrode and the
reference electrode, Rpo signifies pore resistance related to charge transfer during corrosion
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reactions, and Rct represents charge transfer resistance pertinent to corrosion processes.
Within the frequency range of 1 Hz to several kHz, Bode plots consistently demonstrate a
linear increase until reaching the maximum phase angle before transitioning into a plateau
stage. This behavior indicates that CPEs dominate in this region. Notably, among all tested
coatings, CrAIN/TiBN exhibits the highest phase angle value, followed closely by the
CrAlIN coating. This observation suggests that CrAIN/TiBN possesses superior corrosion
resistance compared to other evaluated coatings.

s ——— 3048SS Fitting result
600,000 —— TiBN Fitting result
—— CrAIN Fitting result
i TiBN/CrAIN Fitting result
500,000 . 2
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o v TIBN/CrAIN
= 400,000 }
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Figure 5. Nyquist curves of 304 stainless steel, TiBN, CrAIN, and CrAIN/TiBN coatings.
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Figure 6. Bode angle curves for coatings of 304 stainless steel, TiIBN, CrAIN, and CrAIN/TiBN.
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Figure 7. Results of AC impedance testing: (a) equivalent circuit used to fit the AC impedance spec-
trum of the 304 stainless steel coating; (b) equivalent circuit employed for fitting the AC impedance
spectra of TiBN, CrAIN, and CrAIN/TiBN coatings.

4. Conclusions

In the present study, we employed arc ion plating technology to deposit TiBN, CrAIN,
and nano-multilayer of CrAIN/TiBN. The surface and cross-sectional morphology, tribo-
logical performance, and electrochemical corrosion resistance of the three coatings were
investigated. The results indicate that the preferred orientation of the TiBN coating is TiB,
(101), while for the CrAIN coating, it is Cr(Al)N (200). In contrast, the preferred orienta-
tion for the CrAIN/TiBN multilayer coating is also TiB, (101). The multilayer structure
refines grain size and disrupts columnar grain growth, resulting in a denser microstructure
at the cross-section of these coatings. Tribological testing demonstrated that the friction
coefficient follows this order: CrAIN/TiBN (0.489) > CrAIN(0.491) > TiBN (0.642), with
CrAIN/TiBN exhibiting the lowest friction coefficient. Electrochemical tests conducted in
artificial seawater showed that among these coatings, CrAIN/TiBN had the highest self-
corrosion potential, followed by CrAIN. From the Bode plots analysis, it can be concluded
thatCrAIN/TiBN displayed a maximum phase angle compared to other coatings. Due to its
superior corrosion resistance properties, CrAIN/TiBN holds significant application value
for protective measures on underwater breathing gas cylinders. The subsequent research
will focus on the fatigue characteristics of coatings and the interactions between corrosion
and friction. Additionally, a more diverse range of substrates, such as AISI 316, aluminum
alloys, and carbon steel, will be used.
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