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Oxygen-drivenshell-likemicrostructure: a
pathway to high-performance PVD Cr
coatings for metal protection
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Chromium (Cr) coatings, known for their corrosion resistance and luster, often suffer from coarse
columnar grains when fabricated by physical vapor deposition (PVD), limiting their performance. This
study employs high-power impulse magnetron sputtering (HiPIMS) with oxygen doping (8.3 at.%) to
enhance Cr coatings on 316 L stainless steel. The optimized coating exhibits a unique shell-like
microstructure, increasing hardness by 55% and improving crack resistance. Oxygen doping also
reduces corrosion current density by over an order of magnitude, forming a continuous, low-defect
amorphous passivation film for superior corrosion protection. This approach offers a simple yet
effective strategy to advance Cr coating performance for industrial applications.

The surface of a material serves as the critical interface between the bulk
material and its surrounding environment, playing a pivotal role in deter-
mining functional performance and durability1,2. Chromium (Cr) coatings
are widely employed in decorative applications due to their aesthetic appeal
and dual functionality in wear and corrosion resistance3–6, making them ideal
for use in automobile parts, high-end bathroom fixtures, etc7,8. Additionally,
Cr coatings have been applied in the protection of accident-tolerant zirco-
nium alloy cladding. In the initial stages, the primary production method for
decorative Cr coatings relied on electroplating. However, traditional Cr
plating faces significant challenges related to environmental impact and
process sustainability9–11. The search for electroplating alternatives has
expanded to encompass a broad spectrum of surface modification technol-
ogies worldwide, ranging from electrochemical deposition and thermal
spraying to advanced techniques like HVOF (high-velocity oxygen-fuel)
spraying, cold spraying, and other novel deposition methods12,13.

Recently, physical vapor deposition (PVD) technology has emerged as
a superior alternative, gradually replacing electroplating as the preferred
method14,15. PVD offers numerous advantages, including low deposition
temperatures, compatibility with diverse substrates, and the ability to pro-
duce smooth, dense coatings with precise compositional control. These
features make PVD highly suitable for industrial-scale applications as a
replacement for electroplating3,16,17, despite its relatively higher equipment
and operational costs compared to traditional methods. Current PVD
technologies include magnetron sputtering and arc ion plating18–20, with
magnetron sputtering being the most widely adopted due to its superior
control over coating quality16,21.

High-power pulsed magnetron sputtering (HiPIMS) is a ground-
breaking advancement in PVD technology, derived from conventional DC
magnetron sputtering. Characterized by its highly ionized deposition pro-
cess, HiPIMS has garnered significant attention in the materials research
community and is widely recognized as a pivotal milestone in the devel-
opment of PVD techniques22–24. A comparative study by Zhang et al.25

highlighted the superior performance of CrN coatings deposited via
HiPIMS compared to those produced by conventional DC magnetron
sputtering on ABS substrates. The HiPIMS-deposited CrN coatings
exhibited a dense nanocrystalline structure with a prominent (200) texture,
in contrast to the loose amorphous/nanocrystalline composite coatings
observed in DC-mode deposits. This dense structure conferred exceptional
corrosion resistance and mechanical properties to the HiPIMS-deposited
coatings.

Further advancements in optimizingHiPIMS-deposited coatings were
demonstrated byKuo et al.26, who revealed that synchronizedpulsed biasing
significantly enhances coating density. This technique intensifies Cr ion
bombardment, effectively reducing defects and voids within the coating
while improving its hardness. HiPIMS combined with synchronized pulsed
biasing thus emerges as a cutting-edge method for producing high-
performance Cr coatings, establishing a new benchmark in PVD-coated
material performance27. Cr coatings produced via PVD technology often
suffer from penetrating columnar crystal defects, which compromise
structural integrity and durability. To address this issue, multilayer com-
posites are commonly employed to disrupt columnar crystal growth.
However, the multilayer systems frequently involve heterogeneous
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interfaces28which can initiate galvanic coupling corrosion andother adverse
effects29–32.

Oxygen (O), one of the most abundant elements on Earth, readily
introduces interstitial impurities or forms ceramic phases, such as oxide
particles, within metallic matrices33–35. Firstov et al.36 developed the concept
of “useful” impurities by doping metal coatings with oxygen, which allows
one to obtain nanostructured materials with high hardness (strength)
through grain boundary engineering. In a pioneering study, Lei et al.37

demonstrated the formation of an ordered O composite in a TiZrHfNb
high-entropy alloy bulk by incorporating O, significantly enhancing its
room-temperature strength and toughness. Despite these advances, the
mechanisms governing the high-temperature properties of high-entropy
alloy coatings remain insufficiently understood. The crystal chemistry
model proposed by Erdemir38, alongwith research onMagnéli oxides, offers
key insights into the behavior of oxides inmetallic systems.According to the

model, the metal ion potential affects the cationic shielding effect of sur-
rounding O ions. A higher metal ion potential facilitates the formation of O
vacancies within the oxide microstructure, leading to a shear-susceptible
structure. Such aphenomenonoffers a novel pathway formanipulatingO in
metallic coatings to improve their mechanical and functional properties.

This study presents an innovative approach toCr coating development
by combining HiPIMS with synchronized pulsed bias and controlled oxy-
gen doping (8.3 at.% O). Unlike previous studies focusing solely on either
functional or decorative properties, our work achieves a breakthrough by
simultaneously: (1) creating a unique shell-like microstructure through
precise oxygen incorporation, (2) maintaining excellent decorative metallic
luster, and (3) significantly enhancing both mechanical properties and
corrosion resistance. Comparative analysis with undoped coatings
demonstrates that oxygen performs dual functions: grain refinement and
passive film formation. These findings enable a new approach to decorative
coating design that overcomes limitations of traditional PVD and electro-
plating processes.

Results
Phase composition and microstructure
Figure 1 shows the XRDdiffractograms of theCr andCr (8.3O) coatings for
comparison. XRD analysis reveals significant differences in crystallographic
orientation. The Cr (211) peak, observed in the pure Cr coating, disappears
in the Cr (8.3O) coating, while the Cr (200) peak becomesmore prominent.
The strongCr (110)peak inpureCr alsobecomesweak after oxygendoping.
Additionally, both Cr (100) and Cr (200) peaks exhibit significant broad-
ening afterOdoping.This indicates thatOdopingpromotes thepreferential
growth of the Cr (200) plane, inhibits the Cr (211) and Cr (110) planes, and
reduces the grain size of the Cr coating. Furthermore, no Cr2O3 phase is
detected in the XRD results, suggesting that the O doping content is rela-
tively lowandexists as a solid solutionor that the amountofCr2O3 formed is
minimal and below the detection limit of XRD.

Figure 2 illustrates the surface and cross-sectional morphologies of the
Cr and Cr (8.3O) coatings. The introduction of minor O doping leads to a
clear transformation of the cross-sectional structure, from coarse columnar
grains (Fig. 2a) to finer columnar granular structures (Fig. 2d). Simulta-
neously, the surfacemorphology shifts from a serrated structure (Fig. 2b) to
a circular cauliflower-like appearance (Fig. 2e), indicating effective grain
refinement induced by O doping. It is evident that O doping significantly

Fig. 1 | XRD patterns. The XRD patterns clearly exhibit characteristic peaks from
the substrate (gray curve), Cr coating (red curve), and Cr (8.3O) coating (8.3 at.%O,
blue curve), with reference diffraction peaks from standard Cr (PDF#06-0694)
marked by black dashed lines for comparison.

Fig. 2 | SEMand SPMmorphology of the coatings. SEMcross-sectional (a,d) and surfacemorphology images (b, e), alongwith SPM three-dimensional surface topography
images (c, f).
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reduces the pores and other defects in the coating, leading to a marked
improvement in its densification. Moreover, under identical deposition
time, the coating thickness decreases by approximately 150 nm after O
doping. This reduction is likely attributed to modified growth dynamics
caused by O doping, which lowers the deposition rate by altering the
nucleation and growth processes of the Cr coating. Surface topography
analysis by SPM (Fig. 2c, f) further reveals a fivefold reduction in surface
roughness (Ra) from 30.5 nm for the pure Cr coating to 6.1 nm for the Cr
(8.3O) coating. This significant smoothing effect originates from oxygen’s
multifaceted role inmodifying deposition kinetics: (1) The incorporation of
oxygen element during HiPIMS deposition alters surface diffusion ener-
getics, suppressing three-dimensional island growth that typically generates
coarse features in pure Cr coatings; (2) Oxygen-induced nucleation of
nanoscale Cr-O clusters promotes lateral growth uniformity through con-
tinuous enucleation events; (3) The resulting elimination of deep inter-
columnar grooves (depth <50 nm in Cr(8.3O) vs. >200 nm in pure Cr)
substantially reduces surface defect density. These synergistic effects not
only produce exceptionally smooth surfaces but also critically minimize
localized corrosion initiation sites, explaining the observed order-of-
magnitude improvement in corrosion resistance (Fig. 6).

To further investigate the effect of O doping on the microstructure of
the Cr coating, TEMwas employed for detailed structural characterization,
as shown in Fig. 3. As seen in Fig. 3a, the Cr (8.3O) coating exhibits a dense
structure without distinct columnar grain features, in contrast to the typical
columnar microstructure observed in the pure Cr coating27. The absence of
micro-voids, cracks, and large grain boundaries suggests that O doping
refines the grains and disrupts the continuous growth of the columnar
crystals. Selected area electron diffraction (SAED) results (inset of Fig. 3a)
confirm that the coating retains the Cr phase, with no new phases intro-
duced by O doping. High-magnification imaging of a local region (Fig. 3b)
reveals a lamellar structure with alternating bright and dark layers, with the

bright layers approximately 1 nm thick. HRTEM (High-Resolution
Transmission Electron Microscopy) analysis (Fig. 3c) of this region shows
the Cr (200) orientation, where the presence of the bright layers distorts the
Cr lattice fringes as designated by dotted circles in the figure, although the
continuity of the lattice remains intact. Further STEM analysis (Fig. 3d, e)
more clearly highlights the lamellar structure, which resembles a shell-like
morphology, expected to enhance the strengthand toughness of the coating.

Since contrast in STEM images is primarily related to element weight,
dark regions correspond to lighter elements, in contrast to bright-field
imaging. EDS mapping scan analysis (Fig. 3f, g) of the selected region (Fig.
3e) shows that the dark regions are depleted in Cr and enriched in O, while
the bright regions are Cr-enriched. It is inferred that the formation of Cr-
rich andO-rich regions is due to the rotation of the substrate holder. Due to
thediffusionof gas throughout the chamber,when the substrate holder faces
away from the target, the distribution of Cr is less concentrated. In contrast,
O elements are more evenly distributed, as evidenced by the EDS results,
where O is uniformly distributed, while Cr-rich regions form a laminated
structure. The thickness of each shell-like layer (4–5 nm), the overall
thickness of the coating, the deposition time, and the rotational speed of the
base frame corroborate this conjecture.

Mechanical properties
The mechanical properties of the coating are closely linked to its micro-
structure and play a critical role in determining adhesion strength and
service life. Fig. 4a presents the in-situ load-displacement curves obtained
fromnanoindentation testing of both coatings. The curves exhibit a smooth
and consistent progression, devoid of any significant fluctuations and
abrupt changes, which suggests the absence of internal defects within the
coating. It is worth noting that theCr (8.3O) coating requires a larger load to
achieve the same indentation depth, which indicates that it has a higher
hardness. Fig. 4b displays the hardness, elastic modulus, H/E ratio, and

Fig. 3 | Cross-sectional TEM results of Cr (8.3O) coatings. (a) Bright-field phase and its SAED plot, (b, c) HRTEM and its STEM high-resolution results, (d–g) HAADF
plots and its EDS results.
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H3/E2 ratio for both coatings. After O doping, the hardness of the coating
increased from 8.83 GPa to 13.7 GPa, a 55.15% improvement; the elastic
modulus decreased from293.47 GPa to 241.96 GPa; theH/E ratio increased
from 0.030 to 0.057, representing a 90% enhancement; and the H3/E2 ratio
rose from 0.008 to 0.044, a remarkable 450% increase. A higher H/E and
H3/E2 ratio can effectively prevent plastic deformation of the coating and
mitigate rapid stress reduction within the coating, thereby enhancing its
toughness. These improvements are attributed to the shell-like structure of
the Cr (8.3O) coating, which significantly enhances both strength and
toughness.

Figure 4c–f presents the SEM images of cube indentations under dif-
ferent loads. At a load of 120mN, the Cr coating exhibits two cracks of
varying lengths, while the Cr (8.3O) coating shows no visible cracks. When
the load is increased to 140mN, the number of cracks in the Cr coating
continues to increase, whereas fine cracks begin to appear in the Cr (8.3O)
coating. Notably, the indentation length in the Cr (8.3O) coating is sig-
nificantly smaller than in the Cr coating, indicating superior hardness and
toughness of the Cr (8.3O) coating, which aligns with the nanoindentation
results. The main contributing factors include: (1) O doping increases
coating density and refines the grain structure, leading to grain refinement
strengthening; (2) The multi-interface structure of the shell-like coating
effectively deflects crack propagation, while the strong interfacial bonding
between layers prevents delamination or spalling, thereby enhancing the
overall toughness of the coating.

Electrochemical corrosion properties
EIS tests were conducted on the coatings under stable open-circuit poten-
tials, with the results presented in Fig. 5. Representative Nyquist and Bode
plots reveal that the corrosion behavior of both coatings is similar, as evi-
denced by comparable curve shapes. In the Nyquist plot (Fig. 5a), both
samples display an incomplete capacitive loop across the entire tested fre-
quency range, indicating distinct capacitive reactance. This suggests that the
electrode reaction is primarily governed by electrochemical processes39. The
radius of the capacitive reactance arc reflects the passivationfilm impedance

and interfacial charge transfer resistance. A larger arc radius typically
indicates higher passivation film impedance, which hinders charge transfer
and migration, thereby enhancing corrosion resistance40. Following O
doping, the radius of the capacitive reactance arc increases significantly,
indicating improved passivation film properties. The Bode plot (Fig. 5b)
reveals distinct frequency-dependent behavior, with the high-frequency
region showing a phase angle approaching 0° and frequency-independent
impedance modulus, clearly indicating dominant resistive behavior gov-
ernedby the electrolyte solution resistance (Rs).Compared toCrcoating, the
Cr (8.3O) coating demonstrates significantly improved electrochemical
characteristics at medium and low frequencies, maintaining a consistently
high phase angle and a greater impedance modulus. These quantitative
differences unambiguously demonstrate that the oxygen-doped coating
forms a passive film with superior dielectric properties and corrosion
resistance, attributed to its more homogeneous and defect-resistant struc-
ture. These findings highlight that the O-doped coating offers superior
protective performance for the SS316 substrate.

In this model,Rs, Rp, and Rct represent the solution resistance, the pore
resistance, and the charge interfacial transfer resistance of the coating,
respectively. Given that the impedance plots of both coatings exhibit similar
shapes, the same equivalent circuit model, R(Q(R(QR))), was selected
(illustrated in the inset of Fig. 5a). The fitting results are provided in Table 1.
The impedance data, fitted using this model (solid lines), show excellent
agreement with the measured data (scattered points), with the chi-squared
values (χ2) on the order of 10−5, indicating that the selected equivalent circuit
accurately reflects the electrochemical corrosionbehavior of the samples in a
3.5 wt% NaCl solution. In this model, Rs, Rp, and Rct represent the solution
resistance, the pore resistance of the coating, and the charge transfer resis-
tance at the substrate surface, respectively. The Rct value is commonly used
to evaluate the resistance to the electrode reaction at the interface. A higher
Rct value indicates greater resistance to charge transfer and a slower cor-
rosion rate41. The Rct value of coating Cr (8.3O) is two orders of magnitude
higher than that of Cr coating, indicating that the passivation film on the Cr
(8.3O) coating significantly inhibits the charge transfer process, resulting in

Fig. 4 | Nanoindentation testing of coatings. a Load-penetration depth curves of the coatings, bHardness, modulus of elasticity, H/E, H3/E2 for both coatings; (c–f) SEM
morphologies of Cube indentation under different loads.
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a lower corrosion rate. The EIS results demonstrate that the Cr (8.3O)
coating, with itsmore uniform and dense passivation film, effectively blocks
the penetration of corrosive ions, significantly enhancing the corrosion
resistance of the substrate in a 3.5 wt% NaCl solution.

Figure 6a shows the potentiodynamic polarization curves of the sub-
strate and coatings in a 3.5 wt.% NaCl solution. The electrochemical para-
meters, obtained through Tafel extrapolation fitting of the polarization
curves, along with the parameters for the 316 L stainless steel substrate (range
of −0.4 to +0.4 V vs. SCE), are summarized in Table 2. The polarization
resistance (Rp) of each sample was calculated using the Stern-Geary Eq. (1)42:

RP ¼ � βaβc
2:303icorr βaβc

� �
A

ð1Þ

where βa and βc are the anodic and cathodic Tafel polarization slopes,
respectively; icorr is the corrosion current density; and A (0.2826 cm2 in this
study) represents the exposed area of all samples during testing. The anodic
βa values exceeding the cathodic βc values for both coatings indicate that the
corrosion process is primarily anodic in nature43. The incorporation of O
plasma significantly enhances corrosion resistance, resulting in a tenfold
reduction in icorr and amore than 35-fold increase in polarization resistance
(Rp). These improvements highlight the effectiveness of O doping in
reducing corrosion susceptibility.Assessingporosity is critical for evaluating
the overall performance of the coating. The protection efficiency (Pe) and
porosity (PP) of the three samples were calculated using the following
empirical Eqs. (2), (3)44–46:

Pe ¼ 100 1� icorr
i0corr

� �
ð2Þ

PP ¼ RPðsubstrateÞ
RPðcoatingÞ

 !

10
�jΔEj

βa

� �

ð3Þ

In this study, icorr and i
0
corr denote the corrosion current densities with

and without the coating, respectively. Rp (substrate) and Rp (coating)
represent the polarization resistances of the substrate and the coated sample,
while |ΔE| refers to the absolute difference in the self-corrosion potentials
between the coated specimen and the substrate. βa is the slope of the anodic
polarization curve of the substrate. The calculated results for the two coat-
ings, shown in Fig. 6b, reveal that the O-doped coating achieves excep-
tionally high protection efficiency (approaching 100%) and extremely low
porosity (approaching 0%). Overall, these findings indicate a significant
enhancement in the coating’s resistance to electrochemical corrosion.

To reveal the formationprocess, corrosion resistance, andmechanisms
of the passivation film in a corrosive environment, both coatings were
polarized at a constant potential of 0.4 V (vs. SCE) for 6 h. The constant
potential polarization curve (Fig. 7a) shows a sharp increase in corrosion
current density for the pure Cr coating after 2 h polarization, while the Cr
(8.3O) coating maintains a stable and low corrosion current density
throughout the 6 h test. A closer inspection of the first 4 h (Fig. 7b) shows
that, within the initial 2 h, the corrosion current density of the Cr coating is
significantly higher than that of the Cr (8.3O) coating, with noticeable
fluctuations early on, indicating ongoing dissolution. Surface morphology
analysis after corrosion shows that the Cr coating is severely damaged, with
cracks and fragmentation observed (Fig. 7c), while the Cr (8.3O) coating
remains largely intact (Fig. 7d). These findings conclusively demonstrate
that the Cr (8.3O) coating exhibits superior electrochemical corrosion
resistance compared to the pure Cr coating, highlighting its enhanced sta-
bility and protective performance.

XPS depth profiling was used to analyze the composition of the pas-
sivation films on both coatings, examining the variations in Fe (substrate
element), Cr, and O content with etching time (Fig. 7e). The results show
that after corrosion testing, the Fe content detectedon theCr coating surface
is higher than the Cr content. This phenomenon is attributed to the
corrosion-induced exposure of the substrate material, as the prolonged
electrochemical testing caused progressive degradation of the Cr coating,
allowingXPS analysis to detect the underlying substrate. Additionally, theO
content in the Cr coating is higher than in the Cr (8.3O) coating, further
indicatingmore severe corrosionof theCrcoating. In contrast, theCr (8.3O)
coating shows a higher surfaceO concentration before etching, likely due to
O adsorption from exposure to air. After 30 s etching, the passivation film
formed during constant potential polarization becomes distinctly visible.As
etching progresses, the O concentration gradient diminishes, while Cr
content increases and stabilizes after 300 s etching. Notably, no Fe was
detected in the Cr (8.3O) coating, underscoring its superior protective
barrier capability, which effectively prevents the diffusion of substrate
elements.

TEM was employed to further analyze the structure and composition
of the passivation film on the Cr (8.3O) coating. As shown in Fig. 7f, the
passivation film is continuous and dense, with a distinct interface between
the coating and the passivation film. The film thickness is approximately

Fig. 5 | EIS plots of the substrate and coatings.
(a) Nyquist plots. (b) Bode plots.
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Table 1 | Fitted parameters from the equivalent circuits

Samples Cr Cr (8.3O)

Rs(Ω) 86.0 100.0

CPEpo(F·cm
−2) 1.702 × 10−4 6.219 × 10−8

npo 0.842 0.664

Rpo(Ω) 8.082 × 104 73.44

CPEdll(F·cm
−2) 5.480 × 10−4 5.071 × 10−6

ndll 0.800 0.921

Rct(Ω) 1.026 × 106 1.12 × 108

χ2 3.515 × 10−5 9.479 × 10−5
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8–10 nm. Figure 7g reveals that the passivation film exhibits an amorphous
structure, primarily attributed to the incorporation of O into the Cr coating,
which induces rapid oxidation of Cr during polarization, leading to the
formation of a dense passivationfilm. Themigration and diffusion of atoms
are markedly restricted, thereby inhibiting the formation of ordered struc-
tures or crystalline phases. The passivation film is also easily distinguishable
in the STEM results (Fig. 7h). Composition analysis shows that the O
content at location 2# in Fig. 7h is higher than that at location 1#, within the
coating, with the Cr:O atomic ratio approaching 2:3, indicating that the
passivation film is predominantly amorphous Cr2O3.

Passivation films are widely recognized as degenerate, heavily doped
semiconductor layers. Variations in their composition and structure can
significantly influence their semiconductor properties, depending on the
type and concentration of dopants. Such variations are critical in deter-
mining the formation, breakdown, and pitting corrosion behavior of the
Passivation films. Therefore, a comprehensive investigation of the semi-
conductor characteristics of passivation films is essential for understanding
the fundamental electrochemical corrosion mechanisms of materials. The
charge distribution at the film/electrolyte interface can be analyzed by
examining the capacitance of the space charge region (Csc) as a function of
electrode potential (E), described by the Mott-Schottky equation47:

For an n-type semiconductor (4):

1

C2
SC

¼ 2
εε0eND

E � Efb �
kT
e

� �
ð4Þ

For a p-type semiconductor (5):

1

C2
SC

¼ �2
εε0eNA

E � Efb �
kT
e

� �
ð5Þ

Here, ε, is the dielectric constant of the passivation film (typically 30 for
Cr2O3)

48, and ε0 is the vacuum permittivity (8.85 × 10−14 F/cm). e is the
elementary charge (1.602 × 10−19 C), ND and NA represent donor and
acceptor densities, respectively, and Efb is the flat-band potential. The
Boltzmann constant (k) is 1.38 × 10−23 J/K, and T is the absolute
temperature (298K). The slope of the Mott-Schottky plot is crucial for
determining the charge carrier type and concentration in the passivation
film, providing insight into its semiconductor behavior and its role in
corrosion resistance.

Figure 8a presents the Mott-Schottky curves of passivation films
formed after constant potential polarization of both coatings at+0.4 V (vs.
stable EOCP) in a 3.5 wt.% NaCl solution. To prevent substrate interference,
the Cr coating was polarized for 2 h, while the Cr (8.3O) coating was
polarized for 6 h.The results indicate that thepassivationfilm formedon the
Cr coating exhibits p-type semiconductor behavior within the negative
potential range (−1.6 V to−0.6 V), suggesting the presence of Cr vacancies
or acceptor-type defects, resulting in a high concentration of hole carriers.
Two factors likely contribute to this behavior: (1) XPS analysis (Fig. 8e)

indicates significantly higher O content in the passivation film of the Cr
coating compared to the Cr (8.3O) coating, suggesting a composition closer
to Cr2O3. The formation of Cr vacancies, high-valence Cr ions (>+3), or
other defects acts as acceptor sites, facilitating hole conduction. (2)Chloride
ions (Cl−) promote the dissolution or complexation of Cr ions (e.g., Cr3+

forming soluble complexes), thereby increasing the Cr vacancy concentra-
tion within the passivation film.

In contrast, the passivation film on the Cr (8.3O) coating exhibits
n-type behavior between −1.2 V and −0.4 V, attributed to O vacancies or
donor-type defects. The denser passivation film structure inhibits complete
oxidation of Cr, resulting in a higher concentration of O vacancies. Upon
increasing the potential (−0.4 V to 0 V), the passivation film transformed
into p-type behavior, suggesting defect reconstruction or multiphase evo-
lution, with a shift from donor-type defects (O vacancy-rich) to acceptor-
type defects (Cr vacancy-rich) or higher-valence Cr states.

According to the Mott-Schottky equation, the carrier concentration
information of the passivation film can be calculated from the slope of the
straight line in Mott-Schottky plot (Fig. 8b). Generally, a higher carrier
concentration in the passivation film correlates with increased instability
and electrical conductivity, indicating a higher density of defects within the
film. The carrier concentration NA of the Cr (8.3O) coating is significantly
lower than that of the Cr coating, suggesting that O doping facilitates the
rapid formation of a more stable and protective passivation film.

Electrochemical corrosion mechanism
The above study established the influence of O doping on the micro-
structure, mechanical properties, and corrosion resistance of Cr coatings.
Figure 9 illustrates the schematic of the electrochemical corrosion
mechanism for the Cr and Cr (8.3O) coatings. The relatively poor electro-
chemical corrosion resistance of the Cr coating can be attributed to two
primary factors: (1) The presence of through-thickness columnar grain
structures facilitates the rapid diffusion of chloride ions (Cl−) into the
coating through grain boundary defects. This results in a high concentration
of Cl− ions within the coating, which directly contacts the substrate, indu-
cing electrochemical corrosion. (2) The Cr coating relies on a chromium
oxide (Cr2O3) passivation film for protection. However, the relatively high
surface roughness of the Cr coating (Ra = 30.5 nm), combined with the
porosity and defects in the loose columnar grain structure, can cause local
discontinuities or weak spots in the Cr2O3 passivation film. These areas,

Fig. 6 | Potentiodynamic polarization test and
results. (a) Potentiodynamic polarization curves for
the substrate and coatings. (b) Computed results for
protection efficiency and porosity.

Table 2 | Tafel fitting parameters of potentiodynamic
polarization curves

Sample Ecorr (Vvs SCE) icorr 10−8

(A·cm−2)
βa (mV/dec) βc (mV/dec) Rp (mΩ·cm2)

Cr −0.2450 8.39 518.9 −118.3 0.499

Cr (8.3O) −0.1210 0.298 641.5 −149.3 17.647

Sustrate −0.2050 55.8 253.4 −159 0.076
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characterized by a higher carrier concentration, compromise its protective
efficiency.

O doping modifies the structure of the Cr coating, resulting in a shell-
like layered structure in the Cr (8.3O) coating, with alternating Cr-rich and
Cr-lean layers. This unique structure imparts exceptional electrochemical
corrosion resistance to the coating. On one hand, the dense structure
effectively prevents the penetration of corrosive particles, providing a dur-
able physical barrier to protect the substrate from corrosion. On the other
hand, the dense structure promotes the continuity of the Cr2O3 passivation
film, enhancing its stability and corrosion resistance49. The smooth surface
of the coating (Ra = 6.1 nm) further reduces local potential differences,
minimizing the formation of micro-galvanic cells and preventing localized
corrosion. Additionally, the formed Cr2O3 passivation film exhibits an
amorphous structure, which, due to the absence of grain boundaries and
long-range order, possesses higher density and uniformity50. Mott-Schottky
analysis also confirms that the passivation film of Cr (8.3O) coating has a

lower carrier density, allowing it to effectively block the penetration of
corrosive media (Cl−) and provide superior protective performance.

Discussion
In this work, an innovative strategy was employed to significantly enhance
the comprehensive performance of Cr coatings by introducing 8.3 at.%
oxygen doping. Structural characterization revealed that the incorporation
of oxygen induced a remarkable morphological transformation, evolving
from a conventional continuous columnar grain structure to a unique shell-
like architecture. This structural reorganization reduced surface roughness
by 400%. Mechanical property tests demonstrated that the modified Cr
(8.3O) coating exhibited a 55.15% increase in hardness (H), while the elastic
modulus ratio (H/E) and the resistance to plastic deformation index (H3/E2)
improved by 90% and 450%, respectively, indicating superior crack pro-
pagation resistance. Electrochemical impedance spectroscopy confirmed
that the Cr (8.3O) coating displayed a larger capacitive arc radius, higher

Fig. 7 | Passivation film characterization of Cr(8.3O) coating. (a) Potentiostatic
polarization curves for the two coatings, (b) Potentiostatic polarization curves for
the two coatings in log scale; (c) SEM surface appearances of the Cr coating after
polarization; (d) SEM surface appearances of the Cr(8.3O) coating following

polarization; (e) The elemental composition varies with etching time; TEM results of
the cross-section of the passivated Cr(8.3O) coating: (f, g) HRTEM and its enlarged
image, (h) STEM images and their EDS results.

Fig. 8 | Mott-Schottky measurements of coatings.
Mott-Schottky plot (a) and carrier density (b) of the
passivation film developed on the coating following
potentiostatic polarization at +0.4 V in a 3.5 wt%
NaCl solution.
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phase angle, and increased impedance modulus in the medium-to-low
frequency range. Potentiodynamic polarization tests revealed a significant
reduction in both corrosion current density and porosity. Notably, during a
6 h potentiostatic polarization test, the Cr (8.3O) coating exhibited excep-
tional stability, attributed to the formation of a highly dense, low-defect
amorphous passive film that effectively suppressed charge transfer. In
contrast, the undoped pure Cr coating failed after only 2.5 h. This study
provides new insights and experimental evidence for developing Cr-based
coatings with outstanding mechanical properties and long-term corrosion
resistance.

Methods
Coating deposition
Cr coatings were fabricated using magnetron sputtering equipment, with
both the target and bias power supplies operated byHiPIMS power sources.
The target material was a pure metal Cr target (purity 99.99%), while Ar
(purity 99.99%) and O (purity 99.99%) were used as the working gas.
Commercially available 316 Laustenitic stainless steelwas used as substrates
(10 × 10 × 2mm3). Followingmechanical polishing, the samples underwent
sequential ultrasonic cleaning in acetone and ethanol. These prepared
substrates were then characterized by surface morphology analysis, XRD,
mechanical testing, and electrochemical measurements.

Figure 10 illustrates the HiPIMS synchronized pulsed bias system and
the coating deposition process. After polishing and cleaning, the substrates

were fixed onto the base frame of the coating equipment and rotated at a
constant speed of 4 rpm during deposition. The chamber vacuum was
reduced to below 4.0 × 10−3 Pa, after which Ar was introduced. To improve
the adhesion, plasma etching was performed using Ar+ ions generated by a
linear anode layer ion source to remove surface impurities and oxides.
During etching, thepressurewas0.2 Pa, thebias voltagewas−100 V, the ion
source currentwas 0.2 A, and the etching timewas 30min. Cr coatingswere
subsequently deposited with a target-substrate distance of 12 cm. The
deposition parameters included an Ar flow rate of 50 sccm, an average
HiPIMS power of 2984W, a discharge voltage of 574 V, and a peak current
of 5.2 A. Synchronized pulsed biasing was achieved via a signal generator,
aligning the target discharge and bias waveforms. The substrate bias voltage
wasmaintained at−80 V.Two types of coatingswere prepared: pureCr and
Cr doped with a small amount of O. Deposition was conducted at room
temperaturewithout additional heating. Detailed deposition parameters are
summarized in Table 3.

Coating characterization
The elemental composition and content of the coatings were ana-
lyzed using electron probe microanalysis (EPMA, JXA-iHP200F,
JEOL, Japan). The detailed results of the analyses are listed in Table 2.
The pure Cr coating had a Cr atomic percentage of 98.38 at.% with
trace amounts of O impurities, whereas the O-doped Cr coating,
designated as Cr (8.3O), contained 91.27 at.% Cr and 8.30 at.% O.

Fig. 9 | Mechanism diagram of electrochemical
corrosion of two coatings. The tests were per-
formed in a 3.5 wt.% NaCl solution, corresponding
to the pH value of around 7.

Fig. 10 | HiPIMS synchronized pulse biasing
equipment and coating deposition process. The
target and substrate bias were both connected to
HiPIMS power supplies.
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Surface and cross-sectional morphologies were characterized using field
emission scanning electron microscopes (FE-SEM, Quanta 250 FEG,
FEI, USA; S-4800, Hitachi, Japan) operating at 15 and 4 kV, respec-
tively, with magnifications from 100× to 50000×. Energy-Dispersive X-
Ray Spectroscopy (EDS) attached to the SEM was used for local che-
mical composition analysis. Three-dimensional surface morphology
and roughness were measured using scanning probe microscopy (SPM,
3100 SPM).

Phase composition and crystal structure were investigated using X-ray
diffraction (XRD, D8 Discover, Bruker, Germany) with Cu Kα radiation
(λ = 0.1540 nm). Scans were conducted from 5° to 90° with a step size of
0.02°, and patterns were analyzed using Jade 6.0 software. Depth-resolved
elemental analysis was performed using X-ray photoelectron spectroscopy
(XPS, Axis Ultra DLD, Kratos, UK) with monochromatic Al Kα radiation
(hν = 1486.7 eV). Microstructural analysis of coatings and surface oxides
was carried out using transmission electronmicroscopy (TEM,Talos F200x,
Thermo Fisher Scientific, USA) at 200 kV with a point resolution of
0.25 nm. TEMsamples were prepared using focused ion beam (FIB, Auriga,
Zeiss, Germany) milling, employing a liquid gallium ion source to mill
regions of interest.

Mechanical and electrochemical corrosion tests
The hardness (H), elestic modulus (E) and fracture toughness (KIC) of
the coatings were evaluated using a nanoindenter (MTS NANO G200,
USA) equipped with Berkovich and cube corner indenters. The Ber-
kovich indenter (tip angle = 70.32°, radius = 30 nm) was used to
measure hardness and modulus when the indentation depth was less
than 1/10 of the coating thickness. The sharper cube corner indenter
(tip angle = 35.26°, radius = 20 nm) was utilized for fracture toughness
measurements due to its propensity for inducing coating damage
under load.

Electrochemical corrosion performance was tested using a three-
electrode setup with a Reference 600+ electrochemical workstation
(Gamry Instruments, USA). The coated sample served as the working
electrode (WE), a platinum wire as the counter electrode (CE), and a
saturated calomel electrode (SCE) as the reference electrode (RE).
The exposed area of the sample was standardized to 0.2 cm2, and tests
were performed in a 3.5 wt% NaCl solution, corresponding to the pH
value of around 7. Before the electrochemical experiment, each test
specimen underwent an open circuit potential (OCP) measurement
with 10 min duration, followed by 5 min of cathodic polarization at
0.8 V vs. the initial EOCP. The purpose was to reduce the air-formed
oxide on the sample surface and stabilize the initial surface condi-
tions. Similar treatment has been previously reported51,52. Subse-
quently, a stable open circuit potential value was usually achieved
after continuous immersion for 60 min. The potentiodynamic
polarization curves were recorded from 0.50 to +1.50 V vs. the stable
EOCP with a scan rate of 1 mV s−1. The potentiostatic polarization test
was measured for 6 h at 0.4 VVS OCP. The electrochemical impedance
spectroscopy (EIS) tests were conducted at a perturbing AC ampli-
tude of 10 mV and scanning frequencies of 105–10−2 Hz. The
obtained EIS data were analyzed using the ZsimpWin software to fit
the measured data numerically, which was available for the estab-
lishment of equivalent electric circuits (EEC). Moreover, the Mott-
Schottky measurements were conducted on the passive films at a

fixed frequency of 1 kHz by performing a potential scan towards the
negative direction with steps of 100 mV. All tests were repeated in the
same conditions at least three times to confirm the experimental
reproducibility. The most representative results were used for dis-
cussion in the present study.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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