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CrN coatings possess excellent hardness but suffer from rapid degradation under high-temperature sliding,
largely due to limited toughness and substrate softening. In this work, we introduce a composite coating ar-
chitecture, consisting of a CrN top layer supported by NiCrBSi or Stellite12 high-velocity oxy-fuel (HVOF) in-
terlayers, designed to improve high-temperature load-bearing capacity and wear performance. Reciprocating
sliding tests up to 600 °C demonstrate that the composite systems exhibit substantially reduced wear rates
compared with monolithic CrN, enabled primarily by the mechanical support of the HVOF interlayers, which
effectively suppress substrate plasticity and crack formation. Cross-sectional TEM of worn regions reveals that
CrN accommodates high-temperature deformation through a sequence of dislocation activities, partial disloca-
tion slip generating stacking faults and nanotwins, and stress-assisted amorphization at grain boundaries. While
these mechanisms provide additional strain accommodation, they are not sufficient to prevent severe damage in
monolithic CrN. In contrast, the composite coating maintains structural integrity and shows a transition to
predominantly mild oxidative wear, highlighting the critical role of the interlayer in stabilizing the CrN film
under thermomechanical loading. This study demonstrates that engineering a load-bearing composite archi-
tecture provides an effective pathway to achieve high-temperature wear resistance in nitride ceramic coatings,
while offering new insight into the high-temperature deformation behaviors of CrN.

1. Introduction multilayer or nano-multilayer architectures [13,14], all designed to

enhance hardness, thermal stability, and fracture resistance.

With increasing demand for aerospace components operating under
severe thermal and mechanical loads, protective coatings must deliver
reliable wear resistance at elevated temperatures. Transition metal
nitride (TMN) coatings deposited by physical vapor deposition (PVD)
have long been used for this purpose owing to their high hardness,
oxidation resistance, and thermal stability [1,2]. Binary TMNs such as
CrN [3,4], TiN [5,6], ZrN [7], and HfN [8] form the basis of many in-
dustrial coating systems, but they increasingly fall short under the
complex thermomechanical conditions associated with
high-temperature sliding and heavy contact stresses [9]. To address
these limitations, research has expanded toward multi-component
TMNs [10,11], amorphous-nanocrystalline composites [12], and
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Alloying and architectural design offer well-established strength-
ening routes. For example, the incorporation of Al into CrN or TiN in-
creases hardness through strong Al-N covalent bonding [15], although
performance can deteriorate once metastable fcc-AIN decomposes to the
stable hexagonal phase [16]. Determining the maximum Al content that
preserves the cubic structure remains an active area of research [15,
17-20]. CrAIN coatings demonstrate excellent oxidation and wear
resistance at elevated temperatures due to the formation of protective
Al;03 and lubricious Cry03 scales [21-23]. Similarly, Si additions pro-
mote the formation of amorphous-SiNy/nanocrystalline-TiN composites,
with hardness values exceeding 40 GPa and improved thermal stability
[11,24,25]. Multilayer architectures further enhance mechanical
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robustness by introducing interfaces that impede dislocation motion,
suppress crack propagation, and stabilize metastable phases [26-28].

While these strategies improve the intrinsic mechanical properties of
TMN coatings, a critical challenge persists: premature failure driven by
substrate softening at elevated temperatures, particularly for light-
weight alloys widely used in aerospace applications. Once the substrate
plastically deforms, the thin PVD coating can no longer sustain applied
stresses, leading to cracking, delamination, and catastrophic wear.
Improving the temperature-dependent load-bearing capability of the
entire coating-substrate system therefore remains a fundamental and
largely unmet requirement.

In response, a hybrid architecture combining PVD films with high-
velocity oxy-fuel (HVOF) thermal-sprayed interlayers has attracted
growing interest. In these systems, a thick HVOF layer (hundreds of
micrometers) provides mechanical support and thermal stability, while
a thin PVD top film supplies low friction, high hardness, and surface
smoothness. Such a composite design offers several advantages: (i) a
mechanically robust interlayer that mitigates substrate plasticity under
high-temperature loads; (ii) a gradual transition in hardness and
modulus from the ceramic film to the metallic substrate, reducing
interfacial stresses; and (iii) improved surface finish and lower friction
compared with stand-alone HVOF coatings. Importantly, this architec-
ture also delivers significant wear resistance without increasing weight,
a key criterion for aerospace applications. Indeed, our previous work
[29] revealed that integrating CrN with NiCrBSi or Stellite12 HVOF
interlayers leads to a substantial enhancement in room-temperature
wear resistance, highlighting the strong potential of this composite
coating concept.

Despite the growing interest in PVD/HVOF composite systems, the
high-temperature tribological behavior of such architectures, and the
way in which the interlayer modifies deformation mechanisms in the
ceramic top film, remains poorly understood. In particular, it is unclear
how mechanical support from HVOF coatings influences dislocation
activity, grain-boundary processes, and the transition between oxida-
tive, abrasive, and fatigue wear at elevated temperatures. The present
work addresses these knowledge gaps by establishing a CrN/HVOF
duplex architecture as a model platform to decouple mechanical support
effects from intrinsic ceramic deformation behavior. Through controlled
high-temperature sliding tests up to 600 °C and correlative TEM analysis
of subsurface microstructures, we demonstrate how the load-bearing
interlayer fundamentally alters stress distribution, suppresses subsur-
face cracking, and enables a shift toward mild oxidative wear. This study
therefore provides both a mechanistic understanding of high-
temperature deformation in CrN and a validated design strategy for
achieving robust high-temperature wear resistance through
architecture-driven load-bearing support.

2. Experiment
2.1. PVD/HVOF coatings preparation

The NiCrBSi and Stellite12 coatings, produced from powders with a
size range of 15-45 pm (supplied by Zhuzhou Sanli Carbide Material Co.,
Ltd., China), were deposited onto 316L substrates measuring 200 x 100
x 10 mm® via HVOF spraying using a JP8000 system (Praxair, USA). The
coated substrates were subsequently sectioned into 10 x 10 x 10 mm?®
specimens by wire electrical discharge machining. These specimens
were then ground and polished to achieve a surface roughness of Ra <1
pm, followed by cleaning with petroleum ether and ethanol. A CrN film
was deposited onto the prepared HVOF-coated or bare 316L surfaces
using arc ion plating (AIP; Flexicoat 350, Hauzer, Netherlands). Prior to
CrN deposition, a pure Cr interlayer was applied to both the HVOF
coatings and the 316L substrate to improve film adhesion. The detailed
parameters for the HVOF spraying and AIP processes are provided in
Ref. [29].
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2.2. Microstructure characterization

The crystalline structure of the coatings was characterized by
grazing-incidence X-ray diffraction (GIXRD; SmartLab 9 kW, Rigaku,
Japan) using Cu Ka radiation. The measurements were performed at a
fixed incident angle of 0.5°, with a 26 scan range from 30° to 90°, a step
size of 0.02°, and a counting time of 0.2 s per step. The surface and wear
track morphologies were examined using a scanning electron micro-
scope (SEM; Nava Nano450, USA) equipped with an energy-dispersive
X-ray spectrometer (EDS; Oxford, X-Max 80, UK). The cross-sectional
microstructure of the wear tracks on the CrN and CrN/NiCrBSi sam-
ples after friction tests was analyzed by transmission electron micro-
scopy (TEM; Tecnai F30, Netherlands). TEM specimens were prepared
using a dual-beam focused ion beam (FIB; Zeiss Auriga, Germany) sys-
tem via standard lift-out procedures.

2.3. Hardness and tribological testing

High-temperature hardness measurements were conducted using a
high temperature module integrated with a tribometer (UMT TriboLab,
Bruker, USA). Tests were performed in ambient air at room temperature,
200 °C, 400 °C, and 600 °C. A Rockwell C-scale indentation method was
applied, employing a ®6 mm Si3N4 ball indenter under a preload of 98 N
and a total load of 1471 N. The sample was heated to each target tem-
perature at a rate of 15 °C/min and held for 5 min prior to testing to
ensure thermal stability. Four indentations were made under each
condition to ensure statistical reliability. Wear tests were performed on
the same UMT TriboLab tribometer using a pin-on-disc configuration
with an Al;O3 ball (®6 mm) as the counterface. Tests were carried out at
200 °C, 400 °C, and 600 °C in air under a normal load of 10 N, a sliding
frequency of 1 Hz, a stroke length of 5 mm, and a test duration of 180 s.
The wear volume was quantified using a three-dimensional optical
profiler (Contour GT-K1, Bruker, USA). Among these, the ASTM G99-23
standard is used to evaluate wear.

3. Results
3.1. Phase structure and high-temperature hardness

Fig. 1 presents the GIXRD patterns of CrN, CrN/NiCrBSi, and CrN/
Stellite12 coatings at RT, 200 °C, 400 °C and 600 °C. All three coatings
exhibit a face-centered cubic (fcc) phase structure. With increasing
temperature, the diffraction peak intensities increase while the full-
width-at-half-maximum (FWHM) values decrease. This total peak
broadening (fr) is primarily governed by crystallite size (fp) and
microstrain (f,) contributions, as described by the Williamson-Hall
equation [30]:

Pr=Pp + P, (@)
KA

Po= D cos 0 &)

p.=4etan 6 3)
KA

ﬂT:m+4£ tan 6 4)

where K is Scherrer constant, 1 is wavelength of X-ray, D is average
crystalline size, 0 is diffraction angle, e is the average lattice strain.
Calculated crystallite sizes for the CrN phase are 9.16 nm (200 °C),
12.56 nm (400 °C), and 14.43 nm (600 °C), confirming progressive grain
growth with rising temperature. At room temperature, the CrN diffrac-
tion peaks are shifted to lower angles relative to the standard PDF
reference, indicating lattice expansion of CrN. This phenomenon may be
caused by residual stress, solid solution formation, or internal lattice
defects. Residual stress in PVD CrN films mainly consist of thermal
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Fig. 1. GIXRD of (a) CrN, (b) CrN/NiCrBSi and (c) CrN/Stellite12 at RT, 200 °C, 400 °C and 600 °C, and the corresponding high-temperature hardness (d).

stress, extrinsic stress and intrinsic stress [31]. Thermal and extrinsic
stresses originate primarily from differences in coefficients of thermal
expansion (CTE) between the film and substrate and lattice mismatch.
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Intrinsic stress mainly consists of tensile stress caused by the volume
contraction during grain growth, compressive stress caused by the
diffusion of adsorbed atoms to the grain boundaries and particle
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Fig. 2. Surface (a;, by, ¢1), cross-sectional (ap, bs, c3) morphology, the TEM image (as, bs, c3) of CrN, CrN/NiCrBSi and CrN/Stellite12 coatings, HRTEM, the

corresponding IFFT and GPA of CrN.
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bombardment during deposition [32]. Elevated temperatures enhance
atomic diffusion, leading to gradual relaxation of microstrain in the CrN
film. Consequently, the diffraction peaks progressively shift toward the
standard reference positions. The high-temperatre hardness tests are
conducted as shown in Fig. 1(d). It should be noted that measured
hardness is not the intrinsic hardness of the thin CrN top layer alone, but
rather the composite hardness of the entire coating-substrate system
(CrN/HVOF/316L) or CrN/316L system. The composite coating
(CrN/HVOF/316L) demonstrates higher hardness than the CrN/316L at
both room and elevated temperatures. The hardness of CrN/316L de-
creases rapidly with increasing temperature, in contrast to the com-
posite coating, which maintains higher hardness due to the reinforcing
effect of its Ni-based and Co-based interlayers.

3.2. Microstructure

Fig. 2 presents surface and cross-sectional morphology of the coat-
ings. The CrN surface exhibits characteristic arc-ion-plated features,
including hillocks and pits (Fig. 2aj, by, ¢1). These features originate
from molten target droplets deposited during arcing, where subsequent
particle bombardment dislodges some hillocks, leaving corresponding
pits. Cross-sectional analysis (Fig. 2a, by, cg) reveals a ~8 pm thick CrN
layer atop a ~170 pm HVOF coating. Interfaces between CrN/HVOF and
HVOF/substrate appear distinct and planar, with no observable
delamination or defects. The HVOF coating exhibits limited porosity
(~1.5%, ASTM E2109-01), consistent with optimized thermal spray
processing. The coating and substrate are mechanically bonded. TEM
analysis (Fig. 2(c)) identifies a ~200 nm Cr interlayer between CrN and
HVOF/substrate. The Cr interlayer exhibits a dense, continuous struc-
ture without observable cracks or voids at the interfaces, which is ex-
pected to contribute to enhanced adhesion. The CrN microstructure
evolves from fine equiaxed grains (~20-50 nm) at the interface to
columnar crystals with increasing diameter (Fig. 2(c)). This transition
reflects competitive growth during deposition, where favorably oriented
grains dominate the growth front. High-resolution TEM (Fig. 2(d)) re-
veals adjacent CrN grains sharing a common [111] growth direction.
These grains form a low-angle grain boundary (LAGB, 0.96°) comprising
an edge dislocation array. Intragranular analysis shows lattice distor-
tions and growth-related dislocations, while geometric phase analysis

Composites Part B 322 (2026) 113748

(GPA) quantifies residual microstrain between grains about 0.2%.

3.3. Coefficients of friction and wear rates

Fig. 3(a—d) presents the CoF and wear rates of CrN, CrN/NiCrBSi, and
CrN/Stellitel2 coatings at elevated temperatures. The CoF curves
exhibit two characteristic stages for all coatings: an initial running-in
period followed by a stable stage. At 200 °C, the running-in stage is
prolonged and exhibits significant CoF instability. This behavior stems
from interacting surface asperities on both the coating and counterpart
ball, which reduce the effective contact area and elevate localized
contact stresses. Consequently, friction response becomes highly vari-
able during initial sliding. Compared with the hardness at 400 °C and
600 °C, the material exhibits higher hardness at 200 °C, due to the
thermal softening effect, which makes surface protrusions more resistant
to abrasion and consequently extends the running-in period.

Progressive asperity removal occurs through combined normal
loading and shear-induced plastic deformation. This process increases
real contact area and transitions friction to a stable regime characterized
by lower CoF magnitude and reduced fluctuation amplitude. Periodic
formation and ejection of wear debris during stable sliding generate
characteristic sawtooth-like CoF oscillations. Increasing temperature
reduces both mean CoF values and oscillation amplitudes. This trend is
attributed to thermally activated tribo-oxidation, synergistic frictional
heating and ambient temperature accelerate formation of low-shear-
strength oxide tribofilms at the sliding interface (Figs. 6-9). These ox-
ides act as solid lubricants, reducing shear resistance and stabilizing
frictional response [28,30].

Fig. 3(e) shows the 3D and 2D profile of the three coatings. At 200 °C,
CrN exhibits significantly greater wear depth and width than CrN/
NiCrBSi and CrN/Stellitel2 coatings. Maximum wear dimensions occur
at 400 °C, where CrN reaches 5.65 pm depth, notably less than its total
thickness (8 pm), confirming no coating penetration. At 600 °C, both the
wear depth and width decreased. Distinct material accumulation (debris
piles or plastic deformation ridges) flanks CrN wear tracks at all tem-
peratures. In contrast, CrN/HVOF coatings develop such features only at
600 °C. This differential behavior demonstrates superior wear resistance
of composite coatings across the temperature range, attributable to their
enhanced load-bearing capacity and retained hardness at elevated
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Fig. 3. CoF (a-c), wear rates (d) and the corresponding 3D and 2D profile (e) of CrN, CrN/NiCrBSi and CrN/Stellite12 coatings.
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temperatures. The improved performance further correlates with higher
H/E and H3/E2 in composite coatings, which effectively inhibit plastic
deformation and crack propagation [29]. The wear rates of the three
coatings at different temperatures are shown in Fig. 3(d). As the tem-
perature increases, the wear rate shows a trend of first increasing and
then decreasing. The wear rate of CrN is always higher than that of
CrN/HVOF coatings regardless of the temperature, indicating that even
at high temperatures, the CrN/HVOF coatings still have better wear
resistance. At 200 °C, the wear rates of the CrN, CrN/NiCrBSi and
CrN/Stellite12 coatings are 7.11, 3.56 and 3.85 mm® N ! m™!

respectively, while at 400 °C, their wear rates increase sharply to 17.79,
11.43 and 9.84 mm® N~* m 1. According to the Archard equation:

L-S

where W is the wear volume, k is the CoF, L is load, S is the sliding
distance, H is hardness. W is inversely proportional to H. Generally
speaking, the higher the hardness, the lower the wear rate. Therefore,
when the temperature rises to 400 °C, the material hardness decreases,
the wear resistance deteriorates, and the wear rate increases. However,
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at 600 °C, the wear rate does not increase with the rise in temperature,
instead, it shows a decreasing trend, for example, CrN/Stellite12 has a
27.6% decrease in wear rate. This might be related to the wear mech-
anism resulting from the coupling effect of friction and temperature. In
the following text, the wear mechanism will be analyzed in detail based
on the morphology of the wear tracks.
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to CrN (a;-as), CrN/NiCrBSi (b;-bs) and CrN/Stellite12 (c;-cs) at 400 °C.
3.4. Characterization of wear tracks and the wear mechanism

3.4.1. Characterization of wear tracks and the wear mechanism at 200 °C

Figs. 4 and 5 show the wear track morphologies on the CrN, CrN/
NiCrBSi, and CrN/Stellitel2 coatings, along with the corresponding
wear scars on AlyOs balls, after sliding tests at 200 °C. The wear track
width of the CrN coating is significantly larger than those of the CrN/
HVOF coatings. Shallow grooves are observed within all wear tracks,
accompanied by debris accumulation at the track edges. This is attrib-
uted to the fact that during the friction process, wear debris sheared
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from the coatings surfaces are not effectively removed from the wear
track. These debris subsequently moved with the Al,O3 ball, ploughing
the coatings surfaces and generating the observed grooves. This debris
entrapment and ploughing action are also responsible for the fluctua-
tions of the CoF. These wear debris particles were dispersed across the
wear scar surface and underwent slight oxidation due to the combined
effect of ambient temperature and frictional heat (Fig. 4as-c3 and as-c4).
Under the action of the friction load, those loose debris undergoes
compaction, a transfer film with lubricating properties is formed on the
Aly,O3 ball (Fig. 5). The formation of this compacted tribolayer

contributes, to some extent, to improve the wear performance. The wear
scar of Al;0O3 ball corresponding to CrN film is the largest, exhibiting the
poorest wear resistance, which is consistent with its widest wear track
width. Due to its higher hardness and lower wear rate at 200 °C, the
composite coating exhibited a shallower wear scar. Consequently, the
surface pits remained intact within the worn surface instead of being
worn away (Fig. 4by and cy). The wear scars exhibited negligible
oxidation at 200 °C, with very low oxygen content (as indicated by Spot
B, E, and I). As a result, the predominant wear mechanism for both the
CrN and CrN/HVOF coatings at this temperature was identified as
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abrasive wear.

3.4.2. Characterization of wear tracks and the wear mechanism at 400 °C

The wear track morphologies of the CrN and CrN/HVOF coatings at
400 °C are shown in Fig. 6. A significant increase in the number of
grooves within the wear tracks is evident, along with a large amount of
wear debris dispersed across the surface. This indicates that abrasive
wear became more severe for all three coatings at 400 °C. As shown in
Fig. 6(as, bs, c3), localized tribolayers (marked by purple dashed lines)
are observed on the wear track surfaces. These layers are formed by the
compaction of wear debris. According to EDS analysis, both of debris
and the tribolayers exhibited high O content. Under the combined in-
fluence of ambient temperature and frictional heating, oxidation
initially occurred within the friction contact zone. Due to the relatively
slow oxidation kinetics at 400 °C, localized oxide films developed on the
friction surface instead of forming a continuous, dense oxide layer.
These localized oxide films subsequently spalling under cyclic loading,
generating wear debris. A substantial amount of debris participated in
the friction process as third-body particles, exacerbating wear. Conse-
quently, the wear rates of all three coatings reached their highest values
at 400 °C. In contrast to the wear track morphology, the Al;03 ball does
not exhibit a large amount of loose wear debris. Instead, a relatively
continuous transfer film is present (Fig. 7). This suggests that friction is
severe, generating significant wear debris which was subsequently
compacted to form this intact transfer film. According to EDS results, the
transfer film consisted predominantly of CryO3 and also provided the
lubricating effect. In summary, at 400 °C, the dominant wear mecha-
nisms for the CrN and CrN/HVOF coatings are abrasive wear accom-
panied by mild oxidative wear.

3.4.3. Characterization of wear tracks and the wear mechanism at 600 °C

At an 600 °C, extensive tribolayers formed on both sides of the wear
tracks for all three coatings. Wear debris generated during friction is
expelled to the track peripheries and compacted under stress. As sliding
progressed, these compacted tribolayers fractured under shear stress. As
shown in Fig. 8(b) and (c), a relatively continuous and intact tribolayer
developed within the wear track of the CrN/HVOF coatings. In contrast,
the wear track of the CrN contained substantial debris and spalling,
indicating that the tribolayer formed on its surface and undergoes
spalling during sliding. Examination of the cross-sectional morphology
of the CrN wear track at 600 °C revealed that the 316L substrate expe-
rienced plastic deformation, generating distinct slip steps. Furthermore,
numerous cracks propagating along the columnar grain boundaries are
observed within the CrN film, signifying the occurrence of fatigue wear.
The CrN film exhibits a typical columnar grain structure (Fig. 2). During
the growth of columnar grains, atomic arrangements at the boundaries
become less ordered, resulting in grain boundary strength lower than
that within the grains. Under frictional loading, stress concentration
occurs at the grain boundaries, and fatigue cracks preferentially prop-
agate along these boundaries. In comparison, the high hardness of the
HVOF coatings prevent plastic deformation of the substrate. This pro-
vided enhanced mechanical support for the CrN top layer, thereby
avoiding fatigue failure. Consequently, a continuous tribolayer formed
on the surface of the CrN/HVOF coatings. Intact transfer films, primarily
composed of CryOs, are also present on the wear scars of the AlyO3
counter balls (Fig. 9). The formation of both tribolayers (on the coating)
and transfer films (on the ball) prevent direct contact between the
friction surfaces and the Al;O3 ball. This reduced the interfacial shear
stress, consequently lowering the CoF and enhancing wear resistance. In
summary, the wear mechanisms for the monolithic CrN film involved
oxidative, fatigue, and abrasive wear, while for the CrN/HVOF coatings,
oxidative wear is the primary mechanism.
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4. Discussion
4.1. The contact stress during the friction

Contact stress magnitude varies significantly with interfacial geom-
etry in tribological systems, Three fundamental contact modes exist:
surface contact, line contact and point contact. Surface contact is char-
acterized by large apparent contact area, generating low mean contact
pressure (typically<200 MPa). Line contact exhibits intermediate pres-
sure distribution (1-2 GPa) along elongated interfaces. The concentrated
stress fields reaching 4-6 GPa of point contact, due to minimal real
contact area. CrN coatings leverage their exceptional hardness (>25
GPa) specifically for high-stress applications, predominantly employing
point-contact configurations. According to the Hertz contact theory
[33], the contact radius R can be expressed by the following equation:

s/3PR"
R=\l7% (6)

where P is the load, R* and E* are the equivalent radius and elastic
modulus.

1 1 1
= 7
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R; and R; are the radius of Al;03 ball and the sample. The radius of
Aly0O3 is 3 mm, the sample is cube, so, Ry can be regarded as oo. Eq, Eo
and v, vy are the elastic modulus and Poisson's ratio of Al,O3 ball and
the coating. Therefore, the Hertz contact stress Py is:

3P 6PE™
Py= = —
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According to Eq. (9), the contact stresses of CrN, CrN/NiCrBSi and
CrN/Stellite12 at 10 N are 1897, 1792 and 1805 MPa respectively. In the
stress zone, the contact stress decreases with the increase of the contact

distance. The Hertz contact stress at the distance d from the contact
center is:

P2 1/2
P(d) —p<1 - —> (10)

R2

During the friction process, except for the normal stress, there is also
horizontal friction which causes the shear effect on the coating. The
shear stress can be expressed:

P2 1/2
o(d) = uP(d) = P (1 - R—) an

Fig. 10 is the bright field (BF) TEM cross-section of the CrN wear
track after 600 °C sliding. Three distinct microstructural zones evolve
from surface to CrN film substrate: equiaxed nanograin layer, plastic
deformation layer and undeformed layer (columnar grain). This graded
structure results from depth-dependent stress attenuation during fric-
tion. The thickness of the equiaxed nanograin layer is about 460 nm,
according to Egs. (10) and (11), the normal and shear stress in the
equiaxed nanograin layer is 1.89 and 1.01 GPa. Similarly, the minimum
shear stress in the plastic deformation layer is 0.98 GPa. In undeformed
layer, the grains remain columnar without plastic deformation, indi-
cating that the stress in this region is less than the yield stress. Zauner
[34] found the yield stress of CrN coating is 6.0 + 0.4 GPa tested by the
micro-pillar at room temperature, and showed the brittle fracture. In this
study, the CrN coating is tested at 600 °C under cyclic load with the yield
stress 0.98 GPa, and shows the obvious plastic deformation.
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Fig. 10. Cross-sectional TEM of the CrN wear track. (a) Overview, (b;) GNDs at a bending grain boundary, with (b,) HRTEM, (b3) IFFT, and (bs) GPA. (c;) Subgrain

boundary from dislocation pile-up, with (cp) HRTEM, (c3) IFFT, and (c4) GPA.
4.2. Deformation mechanism

At room temperature, the metal nitride coatings have a high Peierls-
Nabarro (P-N) stress due to the covalent bond with high bonding en-
ergy. The high P-N stress blocks the movement of dislocation and
leading to the low plasticity. Therefore, the sliding of columnar crystals
at grain boundaries is the main deformation mechanism of metal nitride
deformation at room temperature [35,36]. However, the deformation
mechanism of CrN coating at high-temperature, especially under cyclic
loads, remains unclear.

In this paper, the deformation mechanism of CrN at high-
temperature is revealed by TEM on the wear track. Elevated tempera-
ture significantly enhances atomic thermal vibration, activating dislo-
cations within the CrN film. This dislocation activity facilitates plastic
deformation of the grains. Fig. 10 is the TEM bright field (BF) image of
the wear track of CrN tested at 600 °C. There are three different mi-
crostructures, from top to bottom are equiaxed nanograin layer, plastic
deformation layer and undeformed layer. This stratification arises from
stress gradients generated during frictional contact. As can be seen in
Fig. 10(a) and (by), the grain boundaries bend under applied load, which
is caused by the geometrically necessary dislocations (GNDs) [37,38].
Cyclic loading induces a gradient strain field beneath the wear track,
with strain magnitude decaying with distance from the contact center.
GNDs nucleate and propagate under this strain gradient to accommo-
date deformation incompatibility [39,40]. High-resolution TEM
(HRTEM) and corresponding inverse fast Fourier transform (IFFT) an-
alyses at curved grain boundaries (Fig. 10(by-b3)) reveal severe lattice
distortion and abundant dislocations. The 61.85° misorientation be-
tween adjacent grains confirms these are high-angle grain boundaries
(HAGBs). Geometric phase analysis (GPA) in Fig. 10(bs) demonstrates
significant strain concentration at the HAGB, consistent with pro-
nounced lattice distortion. Grain boundary bending generates asym-
metric strain states between the boundary's compressive and tensile
sides, necessitating GND-mediated deformation accommodation to
prevent interfacial cracking.

In addition to the GNDs, the grain retains deposited dislocations
introduced during the CrN film deposition process. During plastic
deformation, these deposited dislocations initiate motion, tangle, and
form pile-ups. This dislocation activity leads to the development of
subgrain boundaries, effectively fragmenting the initial large columnar
grains into smaller equiaxed subgrains. Fig. 10(c;) presents a subgrain
boundary formed by the pile-up of deposited dislocations. The corre-
sponding HRTEM image (cp) reveals a semi-coherent interface with a
misorientation angle of 0.47° between the adjacent subgrains. This low
misorientation angle confirms the boundary as a low-angle grain

boundary (LAGB). Compared to the HAGBs discussed earlier, the LAGB
exhibits significantly reduced dislocation density and lattice distortion,
as evidenced in Fig. 10(c3). Consequently, the microscopic strain
localized at the LAGB is substantially lower, as quantified in Fig. 10(c4).
The cooperative activity of GNDs and deposited dislocations governs the
plastic deformation response of the CrN.

Secondly, partial dislocation activity is also activated at 600 °C.
When the movement of full dislocations is impeded, they dissociate into
two partial dislocations to reduce the slip resistance. A critical param-
eter governing partial dislocation slip is the inherent stacking fault en-
ergy (SFE). Generally, lower SFE promotes easier formation of stacking
faults (SFs) via shear-induced displacement between adjacent slip planes
[41]. Metal nitrides, characterized by strong covalent bonding, exhibit
high SFE. For CrN, the SFE is reported as 1110 mJ/m? [42], substantially
higher than that of Cu (45 mJ/m?) and Ag (20 mJ/m?) [43,44].
Consequently, CrN requires significantly higher critical shear stress to
nucleate SFs or twins, rendering their formation unfavorable at room
temperature. However, this study reveals the presence of SFs and
nanotwins within the plastic deformation layer (Fig. 11). The occurrence
of SFs or twins in high-SFE ceramics, while challenging, is documented.
For instance, c-BN [45,46] and diamond [47] with high-density nano-
twins have been synthesized under extreme high-pressure, high--
temperature conditions. Similarly, 3 3{112} incoherent twin
boundaries (ITBs) have been observed in CrN/AIN superlattice coatings,
attributed to interface engineering effects [48]. Furthermore, applied
mechanical loading can induce SF or twin formation in metal nitride
coatings. Within regions experiencing high strain rates or stresses, the
glide of Shockley partial dislocations can lead to twin formation [49]. In
the present work, under high-stress reciprocating sliding at 600 °C,
partial dislocations in the CrN film undergo slip. This activity facilitates
the formation of SFs and twins, serving as an additional accommodation
mechanism alongside full dislocation glide. According to the BF image
(Fig. 11(a)) and the corresponding selected area electron diffraction
(SAED) pattern, the observed SFs lie on (200) crystal plane. This pref-
erential formation is attributed to the relatively lower SFE associated
with these planes [50,51]. Chen et al. demonstrated the mechanical
significance of SFs by comparing TiN/AIN coatings with and without SFs
using micro-pillar compression tests. Their results revealed that SFs
impede dislocation glide and crack propagation, thereby enhancing
mechanical properties [52]. Similarly, Zhang et al. reported increased
hardness in Al/Ti coatings containing a high density of SFs compared to
pure Al or Ti coatings [53]. This strengthening effect arises because SFs
generate oscillatory stress fields that hinder dislocation motion (Fig. 11
(c)). Nanotwins are also observed within the plastic deformation layer,
as shown in Fig. 11(d). Analysis identifies the twinning plane as (220),
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Fig. 11. Stacking fault (a) with the corresponding HRTEM (b) and GPA (c), and nanotwins (d) with the corresponding HRTEM (e) and GPA (f) in plastic deformation

layer of CrN film.

the misorientation angle across this twin boundary is approximately 37°.
Unlike simple metal lattices, CrN possesses a complex rock-salt structure
comprising alternating Cr and N atomic layers. Crucially, the SFE differs
significantly between these layers, the SFE for the N atomic plane is
markedly lower than for the Cr plane [54]. Consequently, twinning in
CrN preferentially occurs on the N-rich atomic planes. Twin boundaries
(TBs) act as effective barriers to dislocation motion within the twin,
causing dislocations to pile up. As deformation progresses, dislocations
attempting to traverse the boundary encounter significantly higher
resistance due to the crystallographic misorientation across the coherent
TB [55]. This barrier effect enhances strain hardening. The toughening
potential of nanotwins is exemplified by Tian's work on diamond, where
cracks propagating along (111) planes were deflected into a zigzag path
upon encountering TBs, substantially improving fracture toughness
[56]. Therefore, the presence of SFs and nano twins improves the
deformation ability of CrN coating at high-temperature.

Thirdly, within the nanocrystalline region near the wear track sur-
face, amorphization induced by excessive lattice distortion is observed
at grain boundaries (GBs). In this severely deformed zone, grains are
refined to 10-50 nm with significantly increased subgrain boundary
density (Fig. 12(a)), indicating proliferation of subgrain boundaries and
dislocations under elevated stress states. Continuous diffraction rings
and the presence of high-Miller-index planes in the SAED pattern
(Fig. 12(f)) confirm grain rotation and slip during sliding contact.
Furthermore, cyclic loading drives progressive reorientation of grains

from perpendicular to parallel alignment relative to the surface. Under
high shear stresses, grain slip/rotation and severe lattice distortion at
GBs culminate in extensive amorphous phase formation (Fig. 12(b and
c)). Amorphization is a rare deformation form for metals, due to their
malleable lattices and high dislocation tolerance. Zhao [57] reported
similar amorphization complementing dislocation glide, twinning, and
phase transformation in CrMnFeCoNi high-entropy alloys (HEAs),
where high configurational entropy and lattice distortion stabilize
shear-induced amorphous phases energetically. Compared to metals,
CrN's complex rock-salt structure and strong covalent bonds result in
limited strain tolerance and greater susceptibility to amorphization.
Each Cr atom is coordinated exclusively with N atoms (1st neighbors)
and Cr atoms (2nd neighbors), creating topological constraints. Grain
boundaries impede dislocation motion, causing pile-ups that generate
extreme lattice distortion and local strain concentrations (Fig. 12(d-g)).
This disrupts atomic periodicity more severely than in metallic systems
due to directional bonding. Consequently, GBs in CrN become prefer-
ential sites for amorphization following severe shear deformation, as
periodicity collapse lowers the energy barrier for crystal-to-amorphous
transition. Amorphous means the strain limit of crystal lattice is
reached and is a indication to cracking.

Fig. 12. (a) Equiaxed nanograin layer of CrN film, (b) enlarged view (amorphous region) with (c) SAED, (d) IFFT and (g) GPA of the interface (yellow box in b), (e)
enlarged view of nanocrystalline-amorphous layer with (f) SAED. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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4.3. Comparison between the composite coating and the single-layer CrN
film

The cross-sectional TEM image of the wear track of the CrN/NiCrBSi
composite coating is similar to that of the single-layer CrN film, as
shown in Fig. 13(a), also consisting of an equiaxed nanograin layer, a
plastic deformation layer, and an undeformed layer. However, the
thickness of the equiaxed nanograin layer in the duplex coating is
approximately 230 nm, which is smaller than the 460 nm observed in
the CrN film (Figs. 10(a) and 13(d,e)). Furthermore, within the plastic
deformation layer, dislocation motion and entanglement lead to the
fragmentation of columnar grains into finer equiaxed grains. The
average grain size (measured by linear intercept method, ASTM
E112-13) in plastic deformation layer of CrN film is about 300.64 nm,
while in the CrN/NiCrBSi coating, the average grain size is about 619.47
nm (Fig. 13(b,c)), the grain size in the plastic deformation layer of the
CrN/NiCrBSi coating is larger than that of the CrN film. Additionally,
distinct cracks are observed within the wear track of the CrN film. These
observations collectively suggest that under the same friction condi-
tions, the CrN film undergoes more severe deformation than the CrN/
NiCrBSi coating, resulting in a thicker equiaxed nanograin layer, finer
grains in the plastic deformation layer, and the occurrence of cracks.
This demonstrates that the presence of the HVOF interlayer in the
composite coating provides enhanced support, reducing the extent of
deformation of the top layer at high-temperatures, delaying crack
initiation and failure, and thereby improving the high-temperature wear
resistance of the composite coating.

5. Conclusion

This work demonstrates that a load-bearing composite architecture,
combining a CrN top layer with HVOF NiCrBSi or Stellite12 interlayers,
provides an effective pathway to achieve robust high-temperature wear
resistance in nitride ceramic coatings. The composite design not only
stabilizes the CrN film during severe thermomechanical loading, but
also fundamentally alters its wear response at temperatures up to
600 °C.

The key findings from this work are as follows:
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1. The HVOF-supported composite architecture markedly enhances
high-temperature hardness, load-bearing capacity, and wear resis-
tance, delivering consistently lower wear rates than monolithic CrN
across 200-600 °C.

2. Superior tribological performance in the composite coatings origi-
nates from the strong mechanical support of the HVOF interlayer,
which suppresses substrate plasticity, reduces subsurface stress
concentrations, and delays crack initiation and propagation in the
CrN top layer.

3. High-temperature reciprocating sliding activates a hierarchy of
deformation mechanisms in CrN, including full and partial disloca-
tion slip, the formation of stacking faults and nanotwins, and local-
ized grain-boundary amorphization. Although these mechanisms
improve strain accommodation, they are insufficient to prevent se-
vere damage in monolithic CrN, demonstrating the necessity of
external structural support.

4. The introduction of the HVOF interlayer shifts the dominant wear
mode from combined oxidative, abrasive, and fatigue wear in
monolithic CrN to predominantly mild oxidative wear in the com-
posite coating, revealing a stabilized surface and reduced subsurface
degradation.

5. The composite coating concept provides both mechanistic insights
and a practical design strategy for achieving high-temperature wear-
resistant ceramic coatings, highlighting the value of integrating
microstructure engineering with architecture-driven load-bearing
design.
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