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Abstract: An advanced AICrSiN/AICrN/CrN/Cr multilayer coating was developed via hybrid multiarc ion plating and
high-power impulse magnetron sputtering. The multilayer design enhanced the substrate—coating compatibility, achieving
a critical load of 87.8 N. Silicon doping induced nanocrystallization and amorphization, increasing the hardness to 26 GPa.
At high temperatures, a nanoscale Cr-rich (Cr,Al),O; layer was formed, effectively inhibiting oxygen diffusion. The
coating underwent unique phase transformations, during which CroN and amorphous SizN4 were converted into dispersed
SiCr; nanoparticles, which stabilized Cr atoms and suppressed their outward diffusion. Ab initio molecular dynamics
simulations revealed that Cr atoms exhibited higher chemical activity and oxygen-capture capability than Al atoms and
Si atoms served as diffusion barriers by pinning onto the oxidized surface, considerably improving the oxidation resistance
of the coating.
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hardness [6,7], high oxidation resistance [6,8], and
excellent tribological properties [7,9]. However, the
application of conventional AICrN coatings on

1 Introduction

Mold-forming technology plays a pivotal role
in modern industrial manufacturing, particularly in
hot forging and stamping processes, during which
molds are subjected to extreme thermomechanical
stresses. Under these conditions, molds are subjected
to severe impact loading [1], abrasive wear [2], and
thermal fatigue failure [3], necessitating advanced
surface protection strategies. Physical vapor
deposition has emerged as a transformative surface
engineering approach [4,5], and AICtN coatings are
being widely adopted because of their exceptional

emerging advanced difficult-to-form materials
remains limited, prompting the development of
enhanced protective solutions [10—12].

Recent studies have demonstrated that Si
doping with AICrN coatings induces a unique
nanocomposite structure in which amorphous Si3N4
phases are interwoven with nanocrystalline (Al,Cr)N
networks [13,14]. The optimal incorporation of Si
(3—5 at.%) considerably enhances the coating
performance, achieving simultaneous improvements
in hardness [15], wear resistance [16], and oxidation
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resistance [17] while maintaining adequate fracture
toughness [15,18,19]. The performance enhancement
results from the synergistic nanocrystalline-
strengthening and amorphous-phase reinforcement
mechanisms.

Despite these advancements, coating—substrate
adhesion remains a critical challenge. Although Si
doping increases the coating hardness [15,17], it may
intensify interfacial stresses owing to the disparity
between the physicochemical properties, potentially
causing premature spalling [20]. Multilayer
architectures featuring gradient transition designs
can effectively address the aforementioned issues
[2,10,17]. Such designs enhance interfacial
compatibility via controlled gradients in the chemical
composition, stress distribution, mechanical properties,
and thermal expansion coefficients [21,22].
Furthermore, multiple interfaces in these coatings
serve as barriers to crack propagation [23,24]. CAI
et al [15] demonstrated that AICrSiN coatings with
Si content gradients exhibited higher hardness and
lower elastic modulus than their single-layer
counterparts. This gradient design mitigates the
“eggshell effect” at the coating—substrate interface,
thereby improving adhesion. Additionally, the
gradient coatings exhibit superior tribological
performance and extended tool life compared to
homogeneous coatings.

Oxidation resistance is a critical performance
metric for hot-work mold coatings, in which Si
doping results in particular benefits. POLCAR
and CAVALEIRO [25] confirmed that AICrSiN
maintained thermal stability up to 1300 °C. JAGER
et al [18] systematically investigated the effects of Si
content on AICrSiN oxidation behavior, observing
that the oxidation onset temperature increased from
1100 to 1260 °C with increasing Si content. At high
temperatures, in situ-formed SiCrs nanoparticles
inhibit the outward diffusion of Cr, facilitating the
formation of a protective Al.Os-rich surface layer
that considerably enhances the oxidation resistance.

Although experimental studies have provided
valuable insights into the oxidation behavior of
coatings, the atomic-scale mechanisms remain
unclear [26]. The development of density functional
theory and ab initio molecular dynamics (AIMD)
simulations has revolutionized the study of surface
oxidation processes [27]. For instance, XIE et al 8]
employed AIMD to investigate CrAIN oxidation at
1123 K, revealing considerable electron transfer

from Cr to O atoms that formed a dense (Cr,Al)-
oxide surface layer, inhibiting further oxidation.
GUO et al [28] modeled TiAIN coatings doped with
V, Hf, and Si atoms, demonstrating that Si and Hf
doping improved the high-temperature oxidation
resistance, whereas V doping exerted negligible
effects. However, AIMD studies on Si-doped CrAIN
coatings remain scarce.

This study pioneers the investigation of the
dynamic coupling between phase transformation and
protective oxide-layer formation in Si-doped AICrN
multilayer coatings under high-temperature conditions
via integrated experimental characterization and
AIMD simulations. Using a hybrid deposition
system combining multiarc ion sources (ARC) and
high-power impulse magnetron sputtering (HiPIMS),
AICrN/AICtSIN  multilayer  coatings  were
successfully fabricated on 3Cr2W8V hot-work die
steel substrates. We systematically evaluated the
effects of the transition layer architecture and Si
doping on the microstructure evolution, adhesion
properties (achieving critical loads up to 87.8 N),
mechanical performance, and oxidation resistance.
Complementary AIMD calculations were performed
to eclucidate the atomic-scale structure—activity
relationship between the electronic structure and
oxidation resistance. This multiscale approach
provides comprehensive insights from macroscopic
to atomic levels, offering practical guidelines for the
design of next-generation protective coatings for
exigent industrial applications.

2 Experimental and computation

2.1 Coating deposition

In this study, heat-treated 3Cr2W8V mold steel
substrates (20 mm % 20 mm x 5 mm) were used for
coating deposition. Multilayer AICrSiN/AICrN/
CrN/Cr (designated as multi-AlCrSiN) coatings
(Fig. S1 in Supporting Information (SI)) were
deposited using the HCMS-CA-650 vacuum coating
system (Fig. S2 in SI), which was jointly developed
by Huazhong University of Science and Technology
and Guangdong Huicheng Vacuum Technology Co.,
Ltd. The system features two ARC, two HiPIMS
sources, and an arc electron generator (AEG). The
AEG generates an exceptionally high plasma density
in an Ar/N:2 atmosphere through arc discharge,
enabling more efficient glow-ion nitriding with
superior results compared with conventional processes.
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Before deposition, the substrates were
subjected to AEG-assisted ion nitriding to enhance
their surface hardness (Fig. S3 in SI). The deposition
sequence began with the deposition of a Cr/CrN base
layer via ARC using a pure Cr target. Subsequently,
AICrSiN and AICrN top layers were deposited using
HiPIMS, employing AlCrSi (Al:Cr:Si=6:3:1, molar
ratio) and AlCr (ALl:Cr=7:3, molar ratio) targets,
respectively. The HiPIMS technique was used to
minimize metal droplet formation and improve the
coating surface quality.

Sample preparation included mechanical
polishing followed by ultrasonic cleaning in ethanol
and acetone. Detailed deposition parameters for each
layer are given in Table 1. For a comparative analysis
of the multilayer effects, the AICrN/CrN/Cr
(designated as single-AICrN; Fig. S4 in SI) and
AICrSiN/CrN/Cr  (designated as single-AICrSiN;
Fig. S5 in SI) coatings were prepared using identical
processes.

Table 1 Deposition process of AICrSiN coating
Deposition
step

Deposition process

Ar flow rate 750 cm®/min, sample bias
-800V, AEG power 2.8kW, and
deposition time 30 min

AEG ion
cleaning

N, flow rate 750 cm*/min, Ar flow rate
100 cm*/min, AEG power 2.8 kW, sample
bias —600 V, and deposition time 120 min

AEG ion
nitriding

Ar flow rate 200 cm?/min, Cr target power
2.4 kW, duty cycle 50%, sample bias
—100 V, and deposition time 90 min

Metal Cr
deposition

Ar flow rate 100 cm*/min, N, flow rate
CrN layer 500 cm’/min, Cr target power 2.4 kW, duty
deposition cycle 50%, sample bias —100 V, and
deposition time 90 min

Ar flow rate 220 cm’/min, N, flow rate
AICrN layer 55 cm®/min, AICr target power 2.8 kW,
deposition duty cycle 8%, sample bias —100 V, and
deposition time 150 min

Ar flow rate 220 cm’/min, N, flow rate

AllgrSrIN 55 cm®/min, AICr target power 2.8 kW,
yer duty cycle 8%, sample bias —100 V, and
deposition

deposition time 300 min

2.2 Mechanical and adhesion performance testing

The mechanical properties of the coatings were
systematically characterized using a Bruker TI750
nanoindenter to measure the hardness and elastic

modulus. Each sample was subjected to five tests at
a maximum load of 6 mN after surface polishing
to eliminate contamination effects. Adhesion
properties were evaluated using an Anton Paar RST
scratch tester through 5 mm scratch tests under
progressively increasing loads up to 100 N, and
the critical loads L. (indicating first cohesive
cracking within the track) and L., (representing
initial adhesive spallation at scratch edges) were
determined through subsequent optical microscopy
examination of the scratch morphology.

2.3 Oxidation experiments

The high-temperature oxidation resistance of
the coatings was evaluated via two complementary
experimental approaches. First, the samples were
oxidized in a muffle furnace at 850 °C for 8 h in
ambient atmosphere. The thickness of the oxide
layer was then measured using SEM to quantify the
oxidation resistance. For an in-depth thermal
analysis, multi-AlCrSiN coatings were deposited
on ALOs substrates (5 mm x 5mm X 1 mm) and
characterized using a Netzsch STA 449F5
thermal analyzer (TGA—DSC).
Comparative oxidation tests were conducted using a
thermal analyzer in air and argon atmospheres at a
controlled heating rate of 10 °C/min from room
temperature (25 °C) to 1000 °C, followed by a 1 h
isothermal holding to assess the coating stability
under prolonged thermal exposure.

simultaneous

2.4 Structural characterization

The structural and compositional characteristics
of the coatings were comprehensively examined
using multiple advanced analytical techniques.
Phase analysis was performed using grazing-
incidence X-ray diffractometry (GIXRD, Shimadzu
XRD—-6100) utilizing Cu K, radiation at a fixed
incident angle of 1° in the scanning range of 20°—90°
at 2 (°)/min with continuous stage rotation to
minimize orientation effects. Microstructural
examination was conducted using a field-emission
SEM instrument (FEI Nova NanoSEM 450)
operated at 20kV, coupled with an energy-
dispersive X-ray spectroscopy (EDS) system
(Oxford X-Max 50) for semiquantitative
compositional analysis. For nanoscale characterization
using TEM, the samples were prepared via focused
ion-beam milling (Thermo Fisher Helios 5) and
subsequently analyzed using a field-emission TEM
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instrument (FEI Tecnai G* F30) at 300kV to
investigate the internal microstructure and elemental
distribution of the coatings. The surface chemical
states were examined via XPS (Thermo Scientific K-
Alpha), before the samples were subjected to Ar‘-ion
sputtering to remove the surface contaminants.

2.5 Calculation methods

To elucidate the differences in the atomic-scale
oxidation behavior of various coating structures, we
conducted AIMD simulations on the AIN,
CrosAlpsN, and Cros-xAlgsSixN systems using the
Vienna ab initio simulation package [29,30]. The
simulations employed the projector-augmented
wave method [31] to describe the ion—electron
interactions and the Perdew—Burke-Ernzerhof
generalized gradient approximation [32,33] for the
electron exchange-correlation effects. The initial
structures were constructed using a wurtzite-type
hexagonal unit cell for AIN and NaCl-type cubic
CrN (c-CrN) unit cells for the other systems, in
which two symmetric Cr atoms were substituted with
Al to create the desired compositions. Surface
energy analyses confirmed minimal variation among
different layer thicknesses (4-, 6-, and 8-layer
models; Fig. S6 in SI), leading to the selection of

(a) Single-AICIN
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computationally efficient 4-layer (100) surface-
exposed 3 x 3 supercell containing 36 atoms per
layer for the AIMD calculations.

The simulation setup featured fixed bottom two
layers to represent the bulk material and relaxed top
two layers to model the coating surface, employing a
15 A vacuum layer and 9 O atoms positioned 3 A
above the surface (Fig. S7 in SI) to achieve 25% O
coverage [34]. All the simulations used a timestep of
1 fs with an initial optimization of 2500 steps, a plane
wave cutoff energy of 500 eV, and I'-point-only
Brillouin zone sampling [35]. The NVT ensemble
was maintained at 1123 K using a Nosé—Hoover
thermostat. The electronic convergence was set as
0.01 meV/atom, and a Gaussian smearing of 0.05 eV
was applied for the Fermi-level integration. Spin
polarization effects were not considered in these
calculations.

3 Results and discussion

3.1 Morphology and structure

The surface morphologies of the as-deposited
coatings are shown in Figs. 1(a—). The single-AICrN
composite coating exhibits large-area shallow pits
with sporadic microparticles while maintaining an
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Fig. 1 SEM images (a—f) and corresponding EDS line scan results (g—1i) of single-AICtN (a, d, g), single-AlCrSiN
(b, e, h), and multi-AICrSiN (e, f, i) coatings: (a—c) Surface morphology; (d—f) Cross-sectional morphology
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overall smooth and high-quality surface. The EDS
analysis indicates similar elemental compositions in
the pitted regions (Area 4) and smooth areas (Area
B), both featuring Cr, Al, and N elements, and the
content of Al considerably exceeds that of Cr. Si
incorporation through AICrSi targets increases the
microparticle formation during sputtering, which is
evident on both the single-AICrSiN and multi-
AICrSiN  coating surfaces, which also feature
minor deposition pores. The EDS results confirm
that the microparticles comprise metal nitrides,
demonstrating a substantially higher N content than
that of the coating matrix. All coatings demonstrate
complete substrate coverage without metal-droplet
defects, exhibiting excellent surface quality. The N
content in all the three coatings remains at <50%
(Table 2) because of the formation of a Cr,N phase
during deposition. Although the Cr,N phase may
slightly compromise the coating’s mechanical
properties, the increased proportions of Al, Cr, and
Si atoms within the coating composition contribute
to the enhancement of the high-temperature
performance of the coatings.

Table 2 Elemental compositions of as-deposited coatings
in different regions in Fig. 1 (at.%)

Region Cr Al Si N Fe
A 19.73 42.97 - 37.02 0.28
B 19.73 42.98 - 37.03 0.27
C 18.98 3543 645 3890 0.23
D 14.84 30.66 5.88 4844 0.17
E 20.52 37.68 6.79 3474 0.28
F 13.41 3136 6.18 4887 0.18
The cross-sectional structures and

corresponding EDS line scan results of the three
coatings are demonstrated in Figs. 1(d—f). The
measured coating thicknesses are 2.0, 2.2, and 3.8 pm
for single-AlCrN, single-AICrSiN, and multi-
AICrSiN coatings, respectively, demonstrating a
clear correlation between the thickness and process
complexity. All the coatings display uniform
equiaxed grain structures throughout their cross-
sections. The layered architecture comprises a
relatively thin Ct/CrN base layer dominated by Cr
and a substantially thick Al-rich surface layer, in
which the content of Al substantially exceeds that of
Cr. In AlCrSiN-containing coatings, Si is uniformly

distributed throughout the surface layer.

The multilayered design combines the excellent
adhesion properties of the Cr-rich base layer with the
superior high-temperature performance of the Al-
rich surface layer. Furthermore, Si incorporation
enhances the thermal stability of the coatings. The
gradual transition in the composition between the
layers minimizes the interfacial stress and improves
the overall coating integrity.

Figure 2(a) shows the cross-sectional TEM
bright-field image of the multi-AICrSiN coating,
which has a total thickness of 3.24 um and three
distinct compositional layers. The EDS mapping
results in Figs. 2(e, f) reveal that the coating
architecture comprises an inner Cr/CrN layer,
intermediate AICrN layer, and outer AICrSiN layer,
precisely corresponding to the deposition sequence.
The AICrN and AICrSiN layers deposited via
HiPIMS exhibit refined equiaxed grain structures,
whereas the ARC-deposited Cr/CrN layer exhibits
characteristic columnar growth and coarse grains.

The selected area electron diffraction (SAED)
pattern of the AICrSiN layer (Inset in Fig. 2(a))
shows diffraction rings corresponding to c-CrN and
hexagonal AIN (h-AIN) phases together with an
amorphous halo, confirming the presence of
amorphous Si-containing phases. A thin CrN
interlayer forms beneath the metallic Cr layer
because of the residual N in the deposition chamber,
and columnar Cr grains gradually transition to
an equiaxed morphology in the CrN layer. SAED
analysis reveals the predominant presence of the
hexagonal Cr;N (h-Cr;N) phase in this region.

HRTEM images (Figs. 2(c, d)) reveal that the
AICrSiN layer features a nanocomposite structure
composed of nanocrystalline domains embedded in
an amorphous matrix, and the CrN layer displays
grain boundaries aligned parallel to the growth
direction. Fast Fourier transform (FFT) analysis
demonstrates that these boundaries separate the h-
Cr,N and c-CrN phases.

3.2 Mechanical and adhesion properties

The mechanical and adhesion properties of
coatings critically determine mold performance and
service life. Figure 3(a) shows the hardness and
elastic modulus of the three coatings. Notably, the
hardness of coating increases with the structural
complexity of the transition layers, and the multi-
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2 G sl h-Cr, N
Fig. 2 (a, b) Bright-field images of deposited multi-AlCrSiN coating; (c, d) High-resolution TEM images of AICrSiN and
CrN layers, respectively; (e-h) EDS mapping of multi-AICrSiN coating

AICrSiN coating demonstrates the highest surface
hardness of 26 GPa. However, the multi-AICrSiN
coating exhibits a considerably lower elastic
modulus than the single-layer coating.

The hardness-to-elastic modulus ratio (H/E)
serves as an effective indicator of the resistance of a
coating to plastic deformation [36], and the H°/E*
ratio represents the coating toughness [37,38]. The
enhanced toughness inhibits crack propagation
during service, preventing coating delamination and
extending the operational lifespan. As depicted in
Fig. 3(b), the multi-AlCrSiN coating comprising
the multilayer transition design demonstrates
substantially higher toughness metrics than the
single-AlCrN and single-AlCrSiN variants.

The load—displacement curves in Fig. 3(c)
further support these findings. The elastic recovery
ratio (W.) was calculated using Eq. (1) [39], where
hmax represents the maximum indentation depth, and
hr denotes the residual depth after unloading,
providing additional quantification of toughness.
The multi-AlCrSiN  coating exhibited a W. of
0.60, exhibiting superior toughness compared with
the other tested samples. The proposed multilayer
composite design effectively enhances the coating—
substrate compatibility, facilitating the exceptional

toughness while maintaining high surface hardness,
which is a critical combination for demanding mold
applications.

VV:::[(h _hf)/hmax] (1)

max

Figure 4 presents the scratch test results for the
critical load evaluation. In this assessment, the onset
of continuous coating spallation within the scratch
track (Lc2) is conventionally established as the
complete failure point [40], rendering L. the primary
metric for the determination of the coating critical
load. The single-AlCrSiN coating demonstrates a
critical load of 63.0 N, which represents a 19.5%
improvement over the corresponding value of 52.7 N
obtained for the single-AlCrN coating. Importantly,
the multi-AICrSiN  coating demonstrates an
exceptional critical load of 87.8 N, establishing a
clear positive correlation between the coating
performance and both the layer count and total
thickness. This performance enhancement originates
from the fundamental advantages of the multilayer
design: the gradual compositional transition between
the layers optimizes the interface compatibility and
stress distribution at the coating—substrate interface.
The resulting improvement in the mechanical property
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Fig. 4 Adhesion scratch test results of three coatings

gradation directly contributes to the superior load-
bearing capacity of the composite coating.

3.3 High-temperature oxidation properties
Figures 5(a—c) present the surface morphology

of the three coatings after oxidation at 850 °C. The
single-AlCrN coating surface is completely covered
with porous oxides, and EDS analysis reveals
substantial O enrichment up to 60 at.% within the
coating (Table 3). Conversely, the single-AICrSiN
and multi-AICrSiN coatings possess numerous fine
white particles on their surfaces after oxidation, with
the multi-AlCrSiN variant exhibiting a substantially
high particle density. Notably, after oxidation, both
the Si-containing coatings retain a higher content of
N than that of O. The EDS analysis confirms that the
particles and coating surfaces comprise metal
oxynitrides. The compositional analysis reveals
negligible differences between the two Si-doped
coatings; however, both exhibit minimal oxidation
products on their surfaces.

The cross-sectional analysis in Figs. 5(d—f)
reveals distinct oxidation behaviors. The single-
AICrN coating develops a thick, porous oxide layer
that completely penetrates the coating, as evidenced
by the progressive O concentration gradient from the
surface to the substrate, indicating catastrophic
oxidation failure. Conversely, both the single-
AIlCrSiN and multi-AlCrSiN coatings maintain their
dense, layered structure without the substantial
formation of oxide layers. Particularly, in the multi-
AICrSiN coating, the persistent N dominance over O
throughout the cross-section confirms its superior
oxidation resistance compared to the others, and the
original multilayer architecture is maintained intact
despite the high-temperature exposure.

Figures 6(a, b) present the GIXRD patterns of
the three coatings before and after oxidation. In the
as-deposited state, the multi-AlCrSiN coating
exhibits a dual-phase composition comprising h-AIN
and c-CrN. The use of an Al-rich target during
deposition facilitates the dissolution of Al atoms into
the c-CrN lattice, in which they substitute the Cr
atoms. This substitution induces a measurable shift
of the CrN diffraction peaks to large angles.
However, the limited solubility of Al in c-CrN
causes the precipitation of excess Al atoms from the
lattice, forming h-AIN and resulting in a composite
structure of c-CrN and h-AIN.

Comparative analysis reveals that the single-
AICrSiN coating contains a lower ¢-CrN content and
higher h-AIN content than the multi-AlCrSiN
coating, and AIN displays a preferred (100)
orientation. Notably, the single-AICrN coating has a
considerably higher content of the h-Cr,N phase [41],
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(a) Single-AICTN
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Fig. 5 SEM images (a—f) and corresponding EDS line scan results (g—i) of single-AICrN (a, d, g), single-AICrSiN
(b, e, h), and multi-AlCrSiN (c, f, 1) coatings after oxidation at 850 °C: (a—c) Surface morphology; (d—f) Cross-sectional

morphology

Table 3 Element compositions of coating after oxidation
at 850 °C for 8 h in different region in Fig. 5 (at.%)

Region Cr Al Si N (0] Fe

A 11.94 27.16 0.00 0.00 60.18 0.71
B 13.15 30.06 5.88 27.35 2351 0.25
C 16.32 3339 528 2524 1935 0.33
D 15.67 3232 548 3122 15.06 0.24
E 17.54 32.08 5.70 29.58 1497 0.26

which possesses higher free energy and lower
thermodynamic stability than c-CrN [42]. The
absence of the detectable peaks of Si-containing
phases in the XRD patterns indicates that Si exists
either in a solid solution or as amorphous SizN4
within the coating structure.

The phase composition of the coatings
undergoes considerable changes after oxidation. For
the single-AICrN coating, complete oxidation
occurs, transforming it into Cr20s and a-AlOs
phases, with no remaining nitride phases detectable
via XRD analysis. Conversely, Si introduction leads
to a markedly different oxidation behavior in both
single-layer and multilayer AICrSiN coatings. These
Si-containing coatings retain their original c-CrN

and h-AIN phases after high-temperature oxidation
and exhibit three key modifications: a substantial
reduction in the Cr,N diffraction intensity, a
considerable enhancement of the CrN peaks, and the
appearance of new c-SiCrs diffraction peaks that are
absent before oxidation. According to QI et al [42],
this phase evolution results from the thermal
decomposition of the metastable CroN phase into
CrN and Cr at high temperatures, coupled with the
dissociation of high-energy amorphous SisNs. The
liberated Si subsequently reacts with Cr to form
the thermally stable SiCr; compound [18,43], as
described by the following reaction equations:

CroN—CrN+Cr 2)
SisNs—3Si+2N; (3)
Si+3Cr—Cr3Si 4)

Figures 6(c, d) present the TGA-DSC analysis
results of the multi-AlCrSiN coating in both air
and Ar atmospheres. In the air environment, the
thermogravimetric curve reveals measurable mass
loss during the heating stage, which is accompanied
by a prominent exothermic peak in the DSC
curve. This behavior originates from the thermal
decomposition of amorphous SisN4 and Cr2N phases
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Fig. 6 (a,b) GIXRD patterns of coating in as-deposited state and after oxidation at 850 °C for 8 h, respectively;
(c, d) TGA-DSC curves of coatings in air and Ar atmosphere, respectively

within the coating, releasing N. gas and
consequently reducing the overall mass. During
the subsequent isothermal holding at 1000 °C,
continuous mass loss occurs through two concurrent
mechanisms: progressive decomposition of CrN, and
reaction of liberated N> with atmospheric O to form
volatile nitrogen oxides that escape from the coating
matrix. Conversely, the tests conducted in Ar
atmosphere reveal a fundamentally different
behavior. Although similar mass loss occurs during
the heating stage because of the initial phase
decomposition, the coating demonstrates excellent
mass stability during the isothermal period at
1000 °C. This observation confirms the exceptional
thermal stability of the multi-AlCrSiN coating in
inert environments, in which oxidative degradation
pathways are effectively suppressed.

XPS analysis was conducted on both the as-
deposited and oxidized coatings (30 min and 8 h of
oxidation) to investigate the evolution of the surface
chemical states during oxidation. All the XPS
spectra were charge-corrected using the adventitious
carbon C 1s peak at 284.8 eV as a reference [44].
For the as-deposited coating (Fig. 7), the survey
spectrum exhibits intense photoelectron peaks
corresponding to Cr, Al, Si, and N, whereas only a

weak O 1s signal is observed, indicating minimal
surface oxidation. The core-level (N 1s, O 1s, Al 2p,
Si 2p, and Cr 2p) spectra were deconvoluted using
Gaussian—Lorentzian line functions to determine the
chemical bonding states of the surface elements.
The N 1s spectrum of the as-deposited coating
exhibits peaks related to three distinct components,
namely, the Cr—N, Al—N, and O—N—Cr bonds
at 396.8 [45], 397.4 [46], and 398.6 eV [47,48],
respectively. The O 1s spectrum reveals two primary
contributions from the Cr—O (531.1 eV [49,50])
and N—O (532.1 eV [51]) bonds. Al exists in two
chemical environments: the AlI—N bonds dissolved
in the c-CrN lattice (73.5 eV [46]) and AI—N bonds
in h-AIN (74.3 eV [46]). Notably, Si demonstrates
dual bonding configurations, forming both Si—N
(101.6 eV [25,52]) and Si—Cr (98.5eV [49,53])
bonds. The Cr2p spectrum illustrates a peak at
573.6 eV, which confirms the presence of Cr—Si
bonds [53], exhibiting a chemical shift of 0.7 eV
relative to Cr (574.3 eV [47]). Additionally, Cr exists
in three other states: CroN (574.5eV [47]), CrN
(575.8 eV [47,54]), and Cr—O (577.3 eV [55]).
Figure 8 presents the XPS spectra of the multi-
AICrSiN coating after oxidation at 850 °C for 0.5
and 8 h. The survey spectra obtained after 30 min of
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Fig. 7 XPS spectra of as-deposited AICrSiN multilayer coating
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Fig. 8 XPS spectra of multi-AlICrSiN coating oxidized at 850 °C for 0.5 and 8 h

oxidation reveal three key aspects: a marked the complete transformation of the initial Cr—N
enhancement in the O Is peak intensity, a and Al—N bonds into O—N—Cr and N—O
corresponding reduction in the N 1s signal intensity, configurations (398.6 eV [56]), whereas the O 1s
and persistent strong signals from Al 2p, Si 2p, and spectrum confirms the simultaneous formation of
Cr2p. Core-level spectral analysis demonstrates Cr—O and Al—O bonds (531.6 eV [57]). Notably,
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the Al2p spectrum reveals the disappearance
of Al—N bonds from the c-CrN lattice and the
emergence of AI—0O bonds (75.0 eV [58]). Furthermore,
the Si2p spectrum (102.7 eV [59]) suggests the
complete oxidation of surface Si. The Cr2p
spectrum indicates the decomposition of Cr—Si
bonds and Cr;N, revealing substantial Cr—O bond
formation and residual CrN retention.

A comparative analysis of the & h-oxidation
samples indicates minimal changes in the survey
spectra  but reveals important progressive
transformations in the chemical states. The
N 1s spectrum demonstrates increased N—O bond
formation through the conversion of the O—N—Cr
bond, and the O 1s spectrum demonstrates an
increasing Si—O bond contribution (532.6 eV [60]).
Al maintains stable bonding configurations
throughout the oxidation process, whereas Cr
undergoes continuous transformation, during which
the Cr—O bonds progressively replace the Cr—N
bonds. These findings emphasize the dynamic
characteristics of surface oxidation, during which

0.360 nm
Cr,04(102)

50 nm ELRSUED

rapid initial changes are followed by gradual bond
conversion despite apparent spectral stability.

The oxidation behavior of the coating reveals a
sequential transformation mechanism, in which Cr
plays a dominant initial role in O capture owing to
its higher adsorption activity than Al. In the as-
deposited state, Al exists both as h-AIN and in a solid
solution within cubic CrAIN (c-CrAIN), whereas Si
primarily forms amorphous Si3Ns with additional
Cr — Si bonding. During the initial 30 min of
oxidation, the rapid decomposition of c-CrAIN, h-
Cr;N, and amorphous Si3N4 phases occurs, leading
to the formation of Cr and Si oxides, together with
the surface conversion of h-AIN to Al oxide. With
extended oxidation time, the surface is progressively
enriched with the Cr—0O, N—O, and Si—O bonds,
forming a highly stable composite oxide layer.

To elucidate the high-temperature oxidation
mechanism, a detailed TEM characterization of the
oxidized AICrSiN multilayer coating was conducted.
Figure 9(a) displays the bright-field image of the
coating after 8 h of oxidation at 850 °C, revealing

“AICrSiN-O

101 110

i;; (|JIT

Fig. 9 Microstructures of multi-AlCrSiN coating after 8 h of oxidation: (a) Bright-field image; (b) HADDF image of
entire coating; (c) HADDF, HRTEM, and EDS line scan images of oxide layer on coating surface; (d) HRTEM image of

AICrSiN layer; (e-i) EDS mapping of oxide coating
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the retention of the original three-layer architecture.
EDS mapping confirms the persistence of the CrN,
AICrN, and AICrSiN layer sequence, although the
metallic Cr base layer has completely oxidized. Post-
oxidation, three notable changes are observed in the
CrN layer: increased grain size with an equiaxed
morphology, increase in the overall coating
thickness, and complete transformation to c-CrN,
as evidenced by the SAED patterns. This
microstructural evolution results from the high-
temperature decomposition of h-Cr:N, accompanied
by outward Cr diffusion and subsequent CrN
recrystallization. Furthermore, EDS analysis reveals
O dissolution in the c¢-CrN lattice.

Figure 9(b) presents the high-angle annular
dark-field (HAADF) image of the AICrSiN/AICrN
interface, demonstrating superior densification in the
AICrN layer compared to that in AICrSiN, in which
nanoscale precipitates are observed. Phase analysis
via SAED reveals three coexisting phases in
oxidized AICrN (h-AIN, h-Cr;N, and c¢-CrN),
whereas the AICrSiN layer additionally contains
cubic SiCrs precipitates, as confirmed via the distinct
diffraction rings.

The HAADF image in Fig. 9(c) reveals a
46 nm-thick surface oxide layer on AICrSiN. The
EDS line scans indicate the dominant presence of
Cr and O, and complementary XPS data confirm
the coexistence of Al—O and Cr—O bonds.
Considering the isostructural characteristics of a-
ALO;s and Cr,Os (space group R3c ), the HRTEM
and FFT analyses collectively demonstrate the
formation of a Cr-rich (Cr,Al)>O3; composite oxide
layer at high temperatures. This dense nanoscale
oxide film effectively prevents the inward diffusion
of O, protecting the underlying coating from further
oxidation. Figure 9(d) depicts the HRTEM image
that reveals the SiCr; nanoparticles embedded in the
AIN matrix, confirming the precipitation behavior of
Si-containing phases during oxidation.

3.4 AIMD simulation

Figure 10 presents the atomic configurations
and oxidation behaviors of CrosAlosN, Cros-xAlos-
SixN, and AIN systems after 2500 fs of molecular
dynamics simulation at 1123 K (Fig. S8 in SI). The
CrosAlosN system forms a mixed Cr—Al network
oxide through outward metal diffusion, accompanied
by vacancy-mediated inward penetration of O.

Furthermore, the oxidation resistance of the
Cro.s-xAlosSixN system is considerably improved
owing to the Si-induced disruption of the continuous
oxide networks. The AIN system exhibits unique
oxidation characteristics: surface atoms form bonds
with O, accompanied by the substitution of O atoms
for N atoms in the surface lattice and the desorption
of N20 molecules as decomposition products, while
maintaining excellent structural stability. These
computational results quantitatively confirm the
trend of the experimentally determined oxidation
resistance: AIN>Cro 5-xAlosSixN>Cro sAlosN.
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To quantitatively characterize the atomic
migration behavior of the Al and Cr atoms in the
three systems, we calculated the mean square
displacement along the z-axis (MSD:) for the atoms
in the top two layers. The MSD. is mathematically
defined as follows:

)-7.(0)f (5)

where 7 (¢) denotes the z-coordinate of all particles
at time ¢ after the simulation starts, whereas
7.(0) denotes the z-coordinate of the particles in the
initial configuration.

Figure 11 presents the MSD. values for the
atoms in the two top layers of each system. Owing to
the lower atomic mass of Al (26.98 amu) than that of
Cr (51.99 amu), the Al atoms exhibit considerably
higher MSD. values than the Cr atoms in the
CrosAlosN system. This mass-dependent diffusion
behavior leads to the formation of a composite
oxide layer on the CrosAlosN surface, which is
characterized by an Al-enriched upper region and
a Cr-enriched lower region. Conversely, the
Cro.5-xAlo sSixN system demonstrates comparable

MSD, =|F_(t
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Fig. 11 MSD:. values of first and second layers of Cr and
Al atoms in CrosAlo 5N, Cros-xAlosSixN, and AIN systems

MSD. values for Al and Cr atoms, indicating a
homogeneous Cr—Al mixed-oxide layer. Among the
three systems, the AIN system exhibits the lowest
MSD. values, which is consistent with its superior
structural stability during oxidation.

The analysis of MSD. data enables the
determination of the z-direction diffusion
coefficients (D) for the atomic species in each layer.
For the CrosAlosN system without Si incorporation,
Al exhibited a surface diffusion coefficient of
2.22x1073 cm?/s, whereas Cr demonstrated a lower
value of 1.57x107°cm?/s. After the addition of Si
in the Cros xAlpsSixN system, these diffusion
coefficients substantially decreased to 4.02x107*
and 4.60x10*cm?/s for Al and Cr, respectively,
representing reductions of approximately 82% and
71% compared with the corresponding values of the
Si-free system. The diffusion of surface Cr and Al
atoms is considerably inhibited.

The AIN system exhibits exceptionally low
Al diffusivity, demonstrating low values of 1%
of the corresponding values of the Cros-xAlosSiyN
system. Comparative analysis indicates that h-AIN
demonstrates the most constrained Al diffusion

behavior among the three analyzed material systems.
All the three systems display a consistent trend,
where the second-layer metal atoms exhibit
considerably lower diffusion coefficients than the
surface atoms. Importantly, both the Cros-xAlo sSixN
and AIN systems display substantially reduced
subsurface diffusion coefficients compared with
the CrosAlosN system, confirming the effective
suppression of the metal atom mobility. This
diffusion inhibition primarily results from Si
incorporation, which simultaneously restricts the
outward diffusion of surface atoms and reduces the
subsurface atomic mobility.

Figure 12 presents the radial distribution
functions (RDFs) for the surface Cr, Al, Si, and N
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atoms interacting with O during oxidation in
the three systems, revealing distinct bonding
characteristics. In the Cros-xAlo.sSixN and CrosAlosN
systems, the first-neighbor bonding peaks for Cr—O0,
Al—O, and Si—O appear between 1.5 and 2 A,
whereas the N—O peak is observed at considerably
longer distances (2.5-3 A), indicating unstable
N—O bonding. Conversely, the AIN system
demonstrates a markedly different behavior,
exhibiting the N—O peak at 1.0—1.5 A, which is
substantially shorter than both the N—O distances in
other systems, confirming the formation of stable
covalent N— O bonds. This indicates a distinct
bonding configuration in which the N atoms on the
surface of AIN has higher chemical activity than
those in the Cro s xAlosSixN and Cro sAlosN systems.

Setting the threshold of the bond length as 2.3 A,
we quantified the number of O atoms bonded to the
surface Cr, Al, Si, and N atoms within the 0-2.3 A
range across the three systems to characterize their
surface bonding configurations. The CrosAlosN
system exhibits 0.69 Cr—O bonds, 1.04 Al—O
bonds, and 0.01 N—O bonds, demonstrating the
superior O-bonding affinity of Al and the consequent
formation of an Al oxide-dominated surface layer.
Conversely, the Cros-xAlosSixN system exhibits a
considerably different bonding behavior, featuring
0.85 Cr—O bonds, 0.53 AI—O bonds, 1.90 Si—O
bonds, and 0.01 N—O bonds, revealing that Si
addition promotes the formation of Cr oxide.
Importantly, the AIN system displays unique
bonding characteristics, exhibiting 0.58 Al—O
bonds and 0.19 N—O bonds, representing a
substantial enhancement in the N—O bonding
compared with the other systems. This distinct
behavior confirms that the N atoms on the AIN
surface actively participate in the formation of stable
N—O bonds at high temperatures.

Figures 13(a—) present the valence electron
differential charge density distributions of the three
systems after 2500 fs of simulation, revealing
distinct charge-transfer patterns during oxidation. In
both the Cro sAlosN and Cros-xAlosSixN systems, the
surface Al atoms maintain relatively stable electron
configurations, whereas the Cr atoms exhibit
substantial electron transfer to O, indicating strong
Cr—O bonding that facilitates the formation of a Cr-
rich protective oxide layer at high temperatures. The
Cros-xAlosSixN system exhibits additional charge
redistribution, wherein the Si atoms form stable

covalent bonds with both N and O through
considerable electron sharing. This Si-induced
pinning effect effectively restricts atomic diffusion,
enhancing the oxidation resistance of the coating.
Conversely, the AIN system exhibits a unique
charge-transfer behavior, where O atoms substitute
for lattice N while attracting electrons from both Al
and neighboring N atoms, resulting in the formation
of stable N—O covalent bonds that contribute to the
exceptional thermal stability of the system.

CrosAlgsN

Cr s-yAly sSixN AIN
O PET ©Booma

Q202 0>00C0eZo

(a—c) Differential charge density (blue and yellow regions

in differential charge density profile represent the loss and
gain of electrons, respectively; electron equipotential
surface is set as 0.02); (d—f) Spatiotemporal distribution of
electrons at Fermi level between 0 and —1 eV (electron
equipotential surface is set as 0.04)

Figures 13(d—f) display the spatiotemporal
distribution of the Fermi-level electrons (energy
range: —1 to 0eV) in the three systems prior to
oxidation, providing insights into their reactive sites.
Because clectrons near the Fermi level possess
high chemical activity, their spatial distribution
effectively indicates potential reaction centers. In
both the CrosAlosN and Cros-xAlosSixN systems,
these active electrons are predominantly localized
around Cr atoms, as the 3d electrons of Cr exhibit a
higher degree of localization and chemical activity
near the Fermi level than those of Al. This electronic
structure explains the superior chemical reactivity of
Cr, which remains essentially unchanged upon Si
addition. Consequently, O atoms preferentially bond
with Cr in these systems. The AIN system presents a
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markedly different electronic distribution, wherein
Fermi-level electrons are primarily concentrated on
the surface of N atoms. Owing to this configuration,
N displays higher chemical activity than Al during
oxidation, leading to two distinct reaction pathways:
the preferential formation of N—O bonds with
surface N and easier O substitution for surface N
atoms in the lattice.

To further investigate the mechanism of the
enhancement of oxidation resistance through Si
addition, we dynamically tracked the characteristic
bond length evolution during oxidation. Figure 14(a)
presents the temporal variation of the surface
Cr—O and subsurface Cr—N bond lengths in the
CrosAlosN system. The simulation reveals that the
Cr—N bonds undergo substantial elongation during
the initial stages, reaching 4.40 A by 360 fs
(Fig. 14(c)), exceeding the stable bonding distance
and resulting in bond rupture and vacancy formation.
Concurrently, Cr — O distances progressively
decrease as O atoms diffuse inward, achieving
the characteristic Cr—O bond length of 1.80 A at
1130 fs (Fig. 14(d)), which indicates stable Cr—O
bond formation. Figure 14(b) demonstrates the
distinct behavior in the Cros-xAlpsSixN system,
exhibiting the bond length evolution between Si and
three species: subsurface N, surface N, and O atoms.
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Notably, the Si—O bonds rapidly form by 300 fs,
whereas the subsurface Si—N bonds progressively
elongate until complete dissociation at 380 fs.
Crucially, the surface Si—N bonds remain stable
throughout the entire 2500 fs simulation, in which
the Si atoms are persistently pinned on the system
surface.

The AIMD simulation results reveal the distinct
oxidation mechanisms of the three material systems.
In the CrosAlosN system, the surface metal atoms
bond with O, inducing the outward diffusion of N
and vacancy formation. These vacancies facilitate
the inward diffusion of O, initiating oxidation.
Owing to their lower atomic mass, Al atoms exhibit
higher diffusivity than Cr atoms, leading to the
development of a stratified oxide layer comprising
an Al-rich outer region and a Cr-rich inner zone.

The AIMD simulation results reveals the
distinct oxidation mechanisms of the three material
systems. In the CrosAlosN system, the surface metal
atoms bond with O, inducing the outward diffusion
of N and vacancy formation. These vacancies facilitate
the inward diffusion of O, initiating oxidation.
Owing to their lower atomic mass, Al atoms exhibit
higher diffusivity than Cr atoms, leading to the
development of a stratified oxide layer comprising
an Al-rich outer region and a Cr-rich inner zone.
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Fig. 14 (a) Tracking of Cr—O and Cr—N characteristic bond lengths of CrysAlosN system; (b) Tracking of Si—N and
Si—O characteristic bond lengths of Cros-xAlosSixN system; (c) Vacancy formation model of N atoms in CrosAlosN
system for 360 fs; (d) Internal diffusion model of O atoms in CrysAlpsN system for 1130 fs
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The Cros-xAlpsSixN system demonstrates a
different behavior, where the Si atoms form
stable covalent bonds with both N and O. The
persistence of the surface Si—N bonds, which are
resistant to rupturing, anchors the Si atoms on the
surface. This pinning effect effectively suppresses
both the outward diffusion of Cr and Al atoms
and the inward penetration of O, inhibiting
the formation of the composite oxide layer.
Consequently, O preferentially bonds with the more
reactive Cr atoms, yielding a Cr-dominated Cr—Al
monolayer oxide.

Conversely, the AIN system displays minimal
O-bonding capability compared with the other
systems. During oxidation, O atoms are incorporated
into the AIN lattice, whereas N escapes as N:0
molecules from the surface. Importantly, the AIN
surface maintains its original crystal structure, and O
adsorption is limited to surface N and Al sites. This
unique behavior underlies the exceptional oxidation
resistance of the system.

3.5 Oxidation mechanism of coatings

The experimental and AIMD
simulation results are presented in Fig. 15 to
elucidate the distinct oxidation mechanisms of the
single-AlCrN and multi-AlCrSiN coatings. In the Si-
free single-AlCrN coating, the simultaneous outward
diffusion of Al and Cr atoms at high temperatures
generates surface vacancies that facilitate the O
penetration of the coating. The differential diffusion
rates between the lighter Al atoms and the heavier Cr
atoms lead to the formation of a stratified oxide

combined

structure comprising an Al-enriched outer layer and
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a Cr-enriched inner layer.

Although previous [10,18] has
demonstrated that AICrSiN coatings comprising a
N content of 50 at.% develop similar Al-rich outer
layers and Cr-rich inner oxide layers at high
temperatures, the current demonstrates that reducing
the N content to <50 at.% inverts this stratification,
yielding a Cr-rich outer layer/Al-rich inner oxide
configuration. Si incorporation induces considerable
microstructural modifications in the multi-AlCrSiN

research

coating, resulting in surface amorphization. During
high-temperature exposure, the amorphous SizN4
and Cr,N phases decompose, liberating Cr atoms that
diffuse outward, while the released Si preferentially
forms SiCr; nanoparticles that effectively
immobilize Cr. This nanoparticle formation
mechanism enhances the thermal stability of the
coating. Concurrently, insufficiently nitrided surface
Cr atoms react with O to generate a Cr-enriched
(Cr,Al),03 composite oxide layer. The internal
structure of the coating exhibits contrasting thermal
stabilities, and h-AIN demonstrates superior stability
to cubic Cr(AlSi)N at high temperatures. The highly
reactive 3d electrons of Cr in the Cr(AlSi)N
phase promote preferential Cr— O bonding. The
exceptional bonding stability of Si, via Si—N and
Si— O interactions, leads to the generation of a
surface pinning effect that simultaneously obstructs
the ingression of O and restricts the outward
diffusion of Cr and Al atoms. Ultimately, these
mechanisms lead to the formation of a dense,
nanoscale Cr-rich (Cr,Al),Os surface oxide film that
effectively protects the underlying coating from
further oxidation.
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Fig. 15 Oxidation mechanism of single-AlCrN (a) and multi-AlCrSiN (b) composite coatings
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4 Conclusions

(1) Si incorporation increased the hardness of
the multi-AlCrSiN coating by 15% (26 GPa) and
the critical load by 67% (87.8 N), considerably
improving the interfacial bonding and mechanical
performance compared with those of the single-
AICrN coating.

(2) At 850°C, in air, CroN and SizsNs in
the coating decomposed into stable CrN and
SiCrs, whereas incompletely nitrided Cr atoms
preferentially reacted with O to form a nanoscale
Cr-rich (CrAl);O; protective layer, effectively
blocking O diffusion.

(3) AIMD simulations revealed that Cr atoms
exhibited higher chemical activity than Al atoms,
preferentially forming a Cr-rich oxide layer. Si
atoms created a pinning effect, suppressing metal/O
diffusion. This dual mechanism enhanced the
oxidation resistance, and the simulations closely
matched the experimental results.
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