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A B S T R A C T

Solid particle erosion often compromises the durability of turbine engine blades, particularly those used in
offshore and desert environments. Surface protective coatings have emerged as a promising solution to signifi-
cantly enhance the erosion resistance of compressor blades. In this study, TiAlN multilayer coatings were
deposited onto Ti-6Al-4V substrates using a vacuum arc deposition technique. The article explored the strategic
incorporation of TiN-Ti-TiN stress-adsorbed layers (SALs) within TiAlN-based coatings. It also investigated the
microscale mechanisms leading to coating failure under conditions of micropillar compression. The findings
revealed that the presence of metal/ceramic interfaces significantly improved the adhesion strength, crack
resistance, erosion resistance and fracture toughness of the coatings. The multilayer deformation behavior of the
coatings was primarily determined by the plastic flow of the softer metal layers. The SALs played a crucial role in
reducing the elastic strain energy by generating nanotwins, coherent interfaces, and high-density dislocations
during deformation, thereby improving the coatings’ plastic deformation capability. Moreover, the imple-
mentation of dual-cycle SALs successfully reduced radial crack propagation, facilitating a transition from brittle
fracture to a combined brittle-ductile fracture mechanism. This study highlights the critical role of metal/ceramic
interfaces and SALs in improving the erosion resistance and co-deformability of TiAlN-based hard coatings.

1. Introduction

Titanium alloys are frequently employed in the manufacture of
compressor components for aero-engines and gas turbines due to their
exceptional specific strength, low density, and superior mechanical at-
tributes. During low-altitude flights, takeoffs and landings, atmospheric
particles of salt, volcanic ash, snow and sand present are inevitably
drawn into the engines. These particles can cause significant erosion,
wear, and even deformation of the blades [1]. Additionally, in offshore
operations, carrier-based aircraft blades are prone to salt corrosion,
adversely affecting engine performance and increasing maintenance
costs. The use of binary nitride coatings like TiN and ZrN, along with
low-temperature aluminized-silicate composite coatings, has proven
effective in protecting compressor blades [2]. However, these erosion-
resistant coatings are relatively brittle, which increases the likelihood
of surface crack initiation, thereby diminishing the fatigue resistance of
the alloy. Addressing this technical challenge is imperative. Metal/

ceramic multilayer coatings have emerged as a leading protective
technology to combat this issue. These coatings combine high toughness
with hardness, resulting in enhanced erosion resistance [3]. The multi-
layer structure of the coatings allows for the ductile layers to absorb
strain energy through plastic deformation, while the ceramic layers
provide impact and wear resistance [4]. The integration of Al into binary
ceramic coatings, such as TiN, leads to the formation of multi-
component alloys that significantly enhance the erosion-corrosion
resistance of the coatings [5]. This improvement in fracture toughness
facilitates the development of multi-layer composite structures like Ti-
TiN-TiAlN, which demonstrate superior erosion resistance under com-
plex operational conditions. Several studies have confirmed the effec-
tiveness of this structure in managing residual stress, reducing stress
concentration, and limiting the propagation of penetrating cracks [6,7].
Despite considerable advancements, current research predominantly
focuses on macroscopic performance of coatings, with little attention
given to the role of multilayer interfaces in enhancing micro-nano
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mechanical properties. Exploring the micromechanical behavior at
heterogeneous interfaces is crucial for a deeper understanding of the
toughening mechanisms in multilayer coatings [8].

Uniaxial compression testing has played a crucial role in examining
the micro-scale deformation behavior of materials during yielding. The
deformation constraint, which arises from the disparate elastic-plastic
properties in composite coatings, plays a pivotal role in the mechani-
cal behavior of these materials [9,10]. Lotfian et al. [11] showed that in
Al/SiC multilayer coatings, the stiff and elastic SiC layers constrained
the plastic deformation of the soft layers at room temperature. This
phenomenon was responsible for the large strain hardening rate and
high hardness observed in these coatings. At high temperatures, limited
extrusions of Al layers were observed from the micropillar and there was
a notable decrease in the hardening rate. Yang et al. [12] linked the
mechanical response of Al/SiC nanolaminates made of materials with a
large difference in the elasto-plastic properties to the critical role played
by constraint. They demonstrated that when the thickness of the soft
layers is relatively large, the effect of the elastic constraint of ceramic
layers is limited, with deformation primarily accommodated by the
plastic flow of the Al. Doan et al. [13] investigated the deformation
behavior and mechanical characteristic of TiN/Al bilayer composites
under the nanoindentation. The results exposed that the interface as a
barrier against the spread of stress and strain into the substrate interior.
The research also discussed the thorough effect of the layer size in
improved plastic co-deformation capacity in TiN/Al composites. Similar
results have also been documented by Yang et al. [14] in their investi-
gation of interface characteristics and plastic deformation mechanisms
under compressive loading in Ti/TiN multilayers with a semi-coherent
interface using MD simulations. Studies of Cu-TiN multilayer nano-
composites according to Wheeler et al. [15] showed that the deforma-
tion of Cu in the nanolaminates dominated the plastic response in these
composites and a decrease in the apparent activation energy value
indicated possible co-deformation of Cu and TiN. Metal/ceramic
multilayer coatings often exhibit a strengthening effect. However, the
relationship between mechanical properties and the sublayer scale
varies across systems [10]. Therefore, a more comprehensive charac-
terization and theoretical explanation of the mechanical behavior at the
metal/nitride interfaces during deformation and the elastic-plastic
deformation mechanisms in multilayer structures is necessary.

TiAlN-based coatings are commonly used for erosion protection due
to their outstanding hardness and wear resistance [16]. Ti/TiN/TiAlN
multilayer structure has been developed to further enhance the overall
mechanical properties [17]. Previous research has shown that Ti/TiN/
TiAlN multilayer coatings have the best bond strength, oxidation resis-
tance, and erosion resistance when the thickness ratio of the Ti bottom
layer to the TiN carrier layer is 1:2 [18,19]. The erosion resistance of the
Ti/TiAlN coatings was improved by the presence of a Ti layer and the
multilayer interfaces. This hindered radial crack propagation and
confined transverse cracks within a single TiAlN layer [5,20]. However,
there is limited data on the toughening mechanisms of the metal layers
in enhancing the mechanical properties of multilayer coatings.

This paper presents a description of deposition of Ti/TiN/TiAlN
multilayer coatings on titanium alloy substrates using a proprietary
cathode vacuum multi-arc ion plating system. The coatings were
deposited with varying amounts of SALs. The study evaluated the
erosion resistance and micro-nano mechanical behavior of the coatings.
Furthermore, the research investigated the anti-crack extension and
toughening mechanisms of the ductile layers during the deformation
process. This study offers new theoretical insights into the application of
protective coatings on compressor blades and provides a framework for
the design of multifunctional coatings.

2. Experimental

2.1. Coating deposition

Ti/TiN/TiAlN multilayer coatings were deposited onto Ti-6Al-4V
(TC4) substrates by cathode vacuum arc ion plating. Samples pro-
duced by vacuum arc deposition exhibit higher deposition efficiency,
strong bond strength, and excellent mechanical properties [21]. These
benefits arise from the high degree of ionization, ion energy, and plasma
generation rate in the cathode spot [22]. A schematic diagram of the
deposition system is presented in Fig. 1. The system consists of four
independent cathodic arc sources and one linear ion beam (LIS) source.
The LIS source is used to etch the sample surfaces and remove impurities
thoroughly. Four arc targets are strategically positioned on either side of
the deposition chamber, each with a diameter of 128mm. Ti targets with
a purity of 99.9 wt% were employed for the deposition of the Ti layer
and TiN layer. The TiAlN layer was deposited using TiAl targets with a
Ti:Al atomic ratio of 33:67. Prior to deposition, all substrates underwent
mechanical polishing with SiC sandpaper up to 5000 grit, followed by
ultrasonic cleaning in acetone and ethanol for 10 min each. During the
coating preparation phase, the deposition temperature for the samples
was consistently maintained at 300 ± 5 ◦C. A Ti buffer layer was first
deposited under an Ar atmosphere to enhance adhesion strength. Argon
was used as the protective gas during the Ti layer deposition, with a flow
rate of 200 sccm and a deposition pressure of 45 mTorr. For the depo-
sition of TiN and TiAlN layers, N2 was used as the reactive gas, with flow
rates of 500 sccm and deposition pressures of 45 mTorr and 55 mTorr,
respectively. The deposition process utilized self-rotating jigs that
advanced in front of different ion sources via the chassis. For detailed
parameters, please refer to Table 1.

Controllable SALs were incorporated into the Ti/TiN/TiAlN multi-
layer coatings. The TiN-Ti-TiN gradient structures were used to create
the SALs. The Ar/N2 flux ratio was adjusted alternately during the Ti and
TiN layer depositions, as detailed in Table 2. Figs. S1 and S2 show the
structural characterization and mechanical properties of the samples
with different numbers of SALs. When the coating thickness remains
constant, the continuous addition of the SALs leads to a significant
deterioration in the service performance of the coatings. The dual-cycle
SALs sample exhibits excellent deformation co-ordination and compre-
hensive mechanical properties. This study mainly explores the
strengthening mechanism of monolithic TiAlN coatings and TiAlN-based
coatings with dual-cycle SALs, labeled as TiAlN-0SAL and TiAlN-2SAL,
respectively.

2.2. Characterization methods

The surface and cross-sectional morphologies of the deposited ma-
terials and scratch tracks were examined using a field-emission scanning
electron microscope (FEI Quanta FEG 250). The chemical composition
of the coatings was analyzed using energy dispersive X-ray spectroscopy
(EDS) at an accelerating voltage of 20 kV. Scratch tests (CSM Revetest,
Switzerland) were conducted on the coating surfaces to evaluate their
adhesion strength and resistance to crack propagation. An indenter
traversed 5 mm across the coating at a speed of 2 mm/min, with the load
incrementally increasing from 1 N to 100 N. To ensure the reliability of
the results, each sample underwent a minimum of three tests. The
hardness and Young’s modulus of the deposited coatings were measured
using a nanoindenter (G200, MTS) equipped with a Berkovich indenter
via continuous stiffness measurement (CSM). To eliminate the influence
of metallic macro-particles, all samples were polished using a ball cra-
tering apparatus before testing. The Oliver and Pharr model was applied
to determine the hardness and elastic modulus values.

The surface fracture toughness of the coating was assessed using a
cube-corner diamond indenter with a face angle of 65.3◦. This was
achieved by analyzing the small-scale cracks that formed around the
indentations [23,24]. Post-nanoindentation surface morphology was
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captured using the conductive atomic force microscope (C-AFM) mode
in a scanning probe microscope (SPM, Bruker). The microstructural
evolution of the coatings was characterized through transmission elec-
tron microscopy (TEM, Talos F200×).

2.3. Erosion test

The erosion test platform has been developed in accordance with the
solid particle erosion test standards of the American Society for Testing
and Materials (ASTM G76-18, ASTM G76-13). Compressed air is used to
accelerate erosion particles towards the coating surface at high veloc-
ities. The gas pressure is adjustable, allowing for precise control over the
particles’ speed and energy. Further details on the apparatus can be
found in our prior research [18]. The test parameters involve using
polygonal quartz sand with a particle size of approximately 180 μm as
the erosion medium. The erosion angle is fixed at 90◦, and the total mass
of the particles is set to 10.0± 0.5 g. The powder feeding rate remains at
2 ± 0.2 g/min. The weight loss method is used to determine the erosion
rate, which indicates the coating’s erosion resistance. The change in
mass of the samples during the erosion test was measured using an
analytical balance (Mettler Toledo, XS205 DU) with a resolution of 0.01
mg. Prior to and following testing, the samples were cleaned with ab-
solute ethanol for 10 min and subsequently dried. To ensure the reli-
ability of the results, a minimum of three tests were performed on each

sample.

2.4. Micropillar compression test

Micropillars with a diameter of 1.2 μm and a height of 3.6 μm were
produced using a dual-beam focused ion beam (Helios-G4-CX) with an
accelerating voltage of 30 keV. The aspect ratio of the micropillars was
kept below 3:1 to prevent bending or flexing during compression,
ensuring uniform compression without end effects [25]. It should be
noted that micropillars of this height can contain multiple SALs. All
micropillars underwent the same annulus milling process. To prepare
the coarse pillars initially, a beam current of 9.3 nA was used for those
with a diameter greater than 1.5 μm and a height less than 3 μm. Sub-
sequently, these pillars were further refined using a beam current of 1 nA
and finally polished with a beam current of 80 pA to minimize surface
damage and roughness. The final milling step, using a low current, was
crucial for minimizing taper and reducing potential damage from the
Ga+ ion source to the micropillar surface [26].

The Bruker TI 980 Triboindenter with a flat-punch diamond indenter
was used to conduct uniaxial compression testing. Each type was tested
with at least three micropillars, and all loading functions were
displacement controlled. Engineering stress and strain were calculated
using the formulas σ = F/A0 and ε = Δh/h0, where F represents the
compressive load, A0 the initial cross-sectional area, Δh the punch
displacement, and h0 the original height of the micropillars respectively
[27]. To explain the deformation mechanism, we deposited protective
layers of Pt and C on the micropillars using a Ga+ ion beam in FIB. After
encasing the samples with protective layers, we thinned them to electron
transparency for TEM analysis.

Fig. 1. Schematic illustrations of deposition system and coating structure: Ti/TiN/TiAlN multilayer coatings with controllable TiN-Ti-TiN stress-adsorbed layers.

Table 1
Process parameters of cleaning and deposition.

Procedure Flow (sccm) Current (A) Chamber pressure (mTorr) Substrate bias (V) Time (min)

Ar N2 Linear ion beam Ti cathodes TiAl cathodes

Ion etching 35 0 0.2 – – 1.5 − 200 30
Buffer layer 200 0 – 70 – 45.0 − 70 28
Transition layer 0 500 – 70 – 45.0 − 70 80
Top layer 0 500 – – 80 55.0 − 80 100/45/27

Table 2
Deposition process for a single SAL.

Sublayer structure N2 flow (sccm) Ar flow (sccm) Time (min)

TiN layer From 200 to 0 From 0 to 200 3
Ti layer 0 200 6
TiN layer 0 back to 200 200 back to 0 3

J. Yan et al.
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3. Results and discussion

3.1. Microstructure characterization

Fig. 2(a–d) displays the cross-sectional morphologies of the as-
deposited coatings, which maintained a total thickness of approxi-
mately 10.5 μm. The coating structure consisted of a 1.5 μm thick Ti
bottom layer, a 3 μm thick TiN load-bearing layer, and a controllably
inserted 0.5 μm thick SAL. The Ti layer acted as a transition between the
substrate and the coating, enhancing adhesion, while the TiN layer
provided load-bearing capacity and established a hardness gradient
between the Ti and TiAlN layers. The erosion resistance of the material
was attributed to the superior mechanical properties of the TiAlN layer
[18]. The EDS results showed distinct interfaces between the sublayers
in the multilayer structure, as well as significant compositional con-
trasts. Fig. 2(e) displays the STEM images of the as-deposited SAL, with
EDS mapping (Fig. 2(f)) indicating clear interfaces and uniform com-
positions. Line scan results (Fig. 2(g)) along the growth direction of SAL
revealed a sandwich-like gradient structure. The HRTEM and SAED re-
sults (Fig. 2(h)) confirmed that the Ti, TiN, and TiAlN sublayers main-
tained a stable phase structure without undergoing any phase
transitions.

3.2. Mechanical properties

3.2.1. Adhesion strength
The study evaluated the adhesion strength of multilayer coatings

using a progressive micron scratch test. Scratch morphologies for coat-
ings are shown in Fig. 3(a–b). The critical load at which the substrates
were exposed during the scratch test was used to determine the adhesion
strength [18,28]. The results indicated that the adhesion strength of the
coatings improved with the addition of dual-SALs. TiAlN-0SAL samples

were susceptible to cracking, displaying river-like crack patterns when
subjected to scratching [29]. The TiAlN-2SAL coatings, on the other
hand, did not exhibit the ‘river pattern’ brittle peeling at the scratch
edge, indicating stronger crack resistance. The buckle spallation failure
mode was observed at the critical load of Lc3, defined as the load cor-
responding to the substrate exposure [28]. The EDS mappings in Fig. 3
(c–d) showed significant vanadium enrichment, confirming the com-
plete exposure of the TC4 substrates. The incorporation of SALs miti-
gated the cohesive damage in the monolithic TiAlN coatings, thereby
increasing the adhesion strength of the multilayer coatings from 52.1 N
to 67.9 N.

SEM images taken at the load of 30 N (Fig. 3(e–f)) show significant
plastic deformation without exposing the substrate. The TiAlN-0SAL
samples exhibited continuous corrugated tensile cracks within the
scratch and numerous microcracks at the scratch edge. This was a
typical result of hard coating scratching on soft substrates due to tensile
stress and friction [30]. At a 30 N load, the indenter tip penetrated the
top layer of TiAlN-2SAL samples, revealing a metallic luster indicative of
the soft metal beneath. The presence of short and sparse cracks at the
scratch edges decreased with the introduction of dual-cycle SALs. Cross-
sectional morphologies beneath the indenter of 30 N (Fig. 3(g–h)) show
that TiAlN-0SAL samples developed multiple radial cracks extending in
the coating growth direction. Under bending stresses, the surface and
substrate areas experienced compressive and tensile stresses, respec-
tively, resulting in the formation of radial cracks [31]. The addition of
SALs resulted in crack deflection and disappearance, with the alter-
nating soft/hard interface structure of the SALs playing a crucial role in
coordinating deformation and absorbing stress [32]. The TiAlN-2SAL
samples effectively reduced the generation and extension of radial
cracks during deformation by inducing plastic deformation through
multiple SALs. Additionally, they prevented delamination fracture that
was initiated by the accumulation of transverse cracks at the interfaces.

Fig. 2. SEM images and cross-sectional EDS mappings of (a–b) TiAlN-0SAL, (c–d) TiAlN-2SAL samples; (e) STEM images and (f–g) EDS line scanning of the as-
deposited SAL along the growing direction, (h–i) component characteristics of each sublayer.

J. Yan et al.
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3.2.2. Surface fracture toughness
The use of sharp cube corner indenters can significantly reduce the

indentation-cracking threshold, allowing for the measurement of frac-
ture toughness with minimal loading force [33]. In preliminary exper-
iments, radial cracks were observed at the indentation tips of coatings
under a maximum load of 300 mN. The surface morphologies after
nanoindentation, depicted in Fig. 4(a–b), revealed radial cracks at the

indentation tips and varying degrees of plastic deformation across the
coating surfaces. This deformation aids in stress relaxation within the
material and absorbs substantial strain energy, thus limiting radial crack
propagation. This behavior serves as a basis for estimating the fracture
toughness of the coatings [34]. The TiAlN-0SAL samples exhibited
longer crack lengths at the indentation tips compared to the TiAlN-2SAL
samples, with both showing significant plastic accumulation at the

Fig. 3. Adhesion strength and crack resistance of different simples: surface morphologies of (a) TiAlN-0SAL and (b) TiAlN-2SAL after scratching, (c–d) corresponding
EDS mapping results in the initial peeling area, (e–f) surface and (g–h) cross-sectional scratch morphologies under the load of 30 N.

Fig. 4. Surface fracture toughness measured using a cube-corner indenter: (a–b) indentation morphologies at 300 mN, (c–d) AFM surface morphologies, (e–f)
apparent height variations of the indentations, (g) load-displacement curves and (h) micromechanical properties of Ti/TiN/TiAlN coatings.

J. Yan et al.
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indentation edges. The AFM height images (Fig. 4(c–d)) provided
morphological details that were consistent with the SEM observations.
Fig. 4(e–f) shows the apparent height variations of the indentations
captured by AFM, revealing that the maximum indentation depth and
width increased with SALs under the same load. The mechanical prop-
erty alterations in the coatings are responsible for this. The TiAlN-0SAL
samples, which have the highest hardness and thickest sublayer,
exhibited the smallest indentation under identical conditions. The
introduction of SALs helps to alleviate the high stress distribution by
facilitates plastic deformation, resulting in broader and deeper in-
dentations. These findings are supported by the load-depth curves in
Fig. 4(g), particularly with regard to spring-back depth.

The measurement results of surface fracture toughness are shown in
Fig. 4(h) [22]. The TiAlN-2SAL samples exhibited the highest fracture
toughness (11.29 MPa⋅m1/2), outperforming the TiAlN-0SAL samples.
The superior toughness of the TiAlN-2SAL samples is attributed to the
effective stress relaxation of the SALs and the optimal matching of the
multilayer structure. The hardness and Young’s modulus of the multi-
layer coatings were evaluated using the continuous stiffness method
with a Berkovich indenter. To mitigate the influence of the substrate on
the coatings’ hardness, the indentation depth was limited to no more
than one-tenth of the total coating thickness [35]. Fig. 4(h) also illus-
trates the hardness values for the TiAlN-0SAL and TiAlN-2SAL samples,
recorded at 31.7 ± 1.37 GPa and 25.3 ± 0.83 GPa, respectively. The
corresponding Young’s modulus were 358.3 ± 15.8 GPa and 297.1 ±

6.2 GPa. A trend was observed where both the Young’s modulus and
hardness decreased with an increase in SALs (Fig. S2). This reduction is
attributed to the incorporation of relatively softer sublayers within the
TiAlN hard layer [20]. The metal layer’s uniform distribution is further
enhanced by the addition of SALs [36]. TiAlN-2SAL samples result in an
enhancement of the comprehensive mechanical properties through an
optimized multilayer structure design.

3.2.3. Erosion resistance
Fig. 5 illustrates the erosion rates of various samples using polygonal

quartz sand. The erosion rate of the substrates was four times higher
than that of the TiAlN-0SAL samples. The addition of SALs within the
TiAlN functional layer significantly enhanced erosion resistance, with
the TiAlN-2SAL samples demonstrating the best performance (0.04 ±

0.008 mg/g). The modulation period of the ductile layers in the multi-
layer structure is crucial to the coatings’ mechanical response [24].
Differences in adhesion strength between sublayers can lead to delam-
ination at the interfaces, reducing the load-bearing capacity. Moreover,
high residual stress within the coatings can exacerbate the propagation
of penetration-type cracks and delamination fractures. By optimizing

the number of SAL cycles and the thickness ratio, the dual-SAL structure
effectively leverages the hard layer’s impact and wear resistance
alongside the soft layer’s high toughness, significantly enhancing
erosion resistance.

3.3. Deformation behavior of micropillars after compression

3.3.1. Compressed morphologies and stress-strain curves
The micro-scale deformation behavior of the coatings was explored

through micropillar compression test. Fig. S3 shows the micropillar
structures of TiAlN-0SALand TiAlN-2SAL samples, measuring φ1.2 ×

3.6 μm and featuring multiple sublayer structures. The observed defor-
mation behavior during compression was the result of the combined
action of all sublayers. SEM images and corresponding EDS results
confirmed the integrity of the micropillar structures, which were free
from defects such as surface cracks, and had clear interfaces between
each sublayer. Fig. 6(a–b) displays the microscopic morphologies of the
micropillars after uniaxial compression, including detailed views of the
deformation. For the TiAlN monolithic micropillar (Fig. 6(a)), cracks
initiated from the top layer and propagated downwards, leading to edge
cracking. In the TiAlN-2SAL micropillar (shown in Fig. 6(b)), both SALs
experienced varying degrees of plastic extrusion. The introduction of
SALs allowed the soft layer material to act as a force-sensitive area,
yielding first under compression and dissipating compressive stress
through plastic deformation. The deformation mode of micropillars
altered from brittle fracture, which is typical of pure TiAlN materials, to
a coordinated brittle-ductile deformation. The top sublayer experienced
compressive stress and underwent brittle cracking, while the ductile
layer reduced stress concentration and prevented crack propagation
through plastic deformation. As the load increased, the subsequent
TiAlN sublayer underwent elastic-plastic deformation, causing the
ductile layer to yield sequentially.

Fig. 6(c–d) presents the engineering stress-strain curves of com-
pressing process. The yield strength is defined as the stress at which 0.2
% residual deformation remains after the elastic stage. TiAlN-0SAL
micropillars exhibited a predominantly elastic deformation mode,
with both elastic limits and yield strengths decreasing as the dual-cycle
SALs introduced. The yield strength of the TiAlN-0SAL and TiAlN-2SAL
samples were measured at 12.5 GPa and 5.2 GPa, respectively. After
yielding, the TiAlN-0SAL samples showed a steady stress increase in a
plateau-like manner with further strain, indicating an almost perfectly
elastic-plastic behavior [37]. In contrast, the stress-strain data of TiAlN-
2SAL samples demonstrated significant strain hardening, which was
generally related to the accumulation and interactions of dislocations
[38,39]. The deformation of the micropillars was predominantly gov-
erned by the plastic flow in the soft layer [40,41]. Thus, the strength of
the micropillars was highly contingent on the strength of the soft layers
[13], especially given the thickness ratio of the soft layer exceeding 0.05
relative to the micropillar diameter [12]. This also affected the
constraint effect of the hard layer on Ti.

To investigate the evolution of microcracks, a specially prepared top-
thinned TiAlN-2SAL micropillar was compressed to induce small-scale
deformation, as shown in Fig. 6(e). It was observed that the Ti layer
had undergone significant plastic deformation, with the TiN layer
exhibiting partial cracking. A top view of the micropillar revealed
numerous sources where cracks initiated. These cracks originated from
surface defects, such as large particles, and progressively propagated
downwards through to the SAL, leading to widespread brittle cracking.
The reduction in mechanical property of the micropillar was attributed
to the thinning of the TiAlN top layer as shown in Fig. S4. The ductile
and hard layers gradually yielded from the top, which could serve as a
reference for future development of high-strength-tough multilayer
coating systems. The fracture strength of micropillars was evaluated by
continuous compression until collapse. Fig. 6(f) shows that the TiAlN-
0SAL micropillar experienced a significant stress mutation at 6 %
deformation, with a distinct 45◦ shear band observed in itsFig. 5. Erosion result of Ti/TiN/TiAlN coatings with different amounts of SALs.

J. Yan et al.
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micromorphology (see inserted images). The TiAlN monolithic micro-
pillar facilitated an avalanche release of strain through shear fracture,
achieving an ultimate compressive strength of 13.8 GPa. In contrast, the
TiAlN-2SAL samples exhibited strain bursts, accompanied by obvious

brittle cracking. This was due to the fragmentation of all TiAlN sublayers
following the plastic extrusion of soft layers. The addition of SALs also
altered the fracture behavior of samples. Furthermore, TiAlN-2SAL
micropillars exhibited reduced compressive strengths, reaching 7.8

Fig. 6. Micropillar compression results of TiAlN-0SAL and TiAlN-2SAL samples: (a-b) morphological characteristics after compression, (c-d) corresponding stress-
strain curves of compression process; (e) crack initiation process in the top-thinned TiAlN-2SAL micropillar with minor load compression, (f) morphological
characteristics of TiAlN-0SAL and TiAlN-2SAL micropillars after collapse as well as their stress-strain curves.

Fig. 7. Structural characterization of TiAlN-2SAL micropillars after compression: (a) TEM internal morphology and EDS results, (b) plastic deformation accompanied
by high-density dislocations in the SAL, HRTEM and SAED results of twins in the (c) first and (d) second SAL, (e) HRTEM image of Ti-TiN interface and the (f) partial
enlargement information.

J. Yan et al.
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GPa. This indicates a failure mode of coordinated brittle-tough defor-
mation triggered by the combined effects of sublayer thinning and
compressive strength reduction, thereby enhancing plastic deformation
capability.

3.3.2. Microstructural evolution after compression
TEM structural characterization was performed on the TiAlN-2SAL

samples after compression to elucidate the strengthening mechanism
of the multilayer coating. Fig. 7(a) shows the TEM morphology of a
TiAlN-2SAL micropillar cut along the axis. The transparent holes within
the micropillar were the result of compression-induced cracks being
continuously cut by the FIB. EDS analysis confirmed severe deformation
of the top layer and varying degrees of plastic extrusion in the two SALs.
The presence of plastic deformation of the first SAL accompanied by
high-density dislocations was revealed in the HRTEM near the severely
deformed zone (Fig. 7(b)). It can be observed that the Ti and TiN layers
exhibited varying degrees of plastic deformation in the vicinity of the
crack burst region within the micropillar. It is proposed that the
enhanced co-deformability observed in nano-multilayers is due to the
high density of interfaces in the metal/ceramic system [42,43].
Furthermore, the heterogeneous interface between the Ti and TiN layers
significantly impedes the motion of dislocations, resulting in the accu-
mulation of dislocations within the Ti layer [44]. This absorption of
strain energy increases the stress required for further plastic
deformation.

Fig. 7(c–d) shows the {1012} and {1011} twin boundaries (TBs) in
different SALs, respectively. The images showed twin boundaries, indi-
cated by red lines, and the traces of matrix and basal planes in the twins,
marked by yellow and green dashed lines. In region I, a significant
number of dislocations accumulated at the twin edges, and the twin
boundaries prevented further dislocation movement. In region II, the
grains on either side of the twin boundary had parallel basal and pris-
matic planes, known as BP/PB steps [45,46]. The twin boundaries
themselves consisted of long 90◦ BP/PB steps and (1012) twin planes,
which resulted in the twin orientations deviating from theoretical pre-
dictions [47]. In regions II and III, the basal planes of the matrix and
twin crystals displayed multiple orientations that were not perpendic-
ular to the twin boundaries. Small-scale selected area electron diffrac-
tion (SAED) images were taken II–III, including the twin boundaries. The
images demonstrated that the typical matrix and twins share diffraction

spots, indicating a coherent structural relationship. This phenomenon
suggests that the generation of deformation twins, along with the high-
density distribution of dislocations on these twin boundaries, plays a
crucial role in reducing the strain energy caused by deformation.
Furthermore, it enhances the plasticity and ductility of the material by
inhibiting dislocation slip [48,49].

Fig. 7(e) displays the HRTEM image of the Ti-TiN interface within
the deformation zone of the second SAL, while Fig. 7(f) provides a
detailed enlargement. The images revealed numerous coherent in-
terfaces at the Ti-TiN biphasic grain boundaries, with the grain
continuing along these boundaries. The formation of the metal/ceramic
coherent interfaces is a result of the gradient transition design imple-
mented during deposition. The design effectively reduces the elastic
strain energy at the interfaces and restricts the plastic flow of the metal
layer [50].

3.4. Elastoplastic deformation mechanism

To elucidate the deformation mechanism of TiAlN-based multilayer
coatings under compression, Fig. 8 offers a schematic representation of
the damage behavior from a structural evolution perspective. The
deformation process of TiAlNmonolithic micropillars, as shown in Fig. 8
(a), started with radial cracks originating from surface defects on the
micropillars and progressively spreading as the strain increases. The
TiAlN hard layer, exhibited greater brittleness and reduced fracture
toughness, resulting in strain bursts through a 45◦ slip band accompa-
nied by brittle cracking throughout micropillar. Fig. 8(b) shows the
enhanced cracking resistance of the coatings after the introduction of a
dual-cycle SALs. Compression induced a deformation process dominated
by the plastic flow of the Ti layer. Cracks were deflected or halted upon
reaching the SAL due to the unique soft/hard alternating stress-absorbed
structure of TiN-Ti-TiN. Plastic deformation of the SALs initiated near
the top layer, followed by the expansion and radial penetration of
microcracks on the top layer. Severe brittle fracture was observed when
the TiAlN top layer was compressed beyond its ultimate strength, with
interfacial slip occurring in the direction of the Ti layer’s plastic flow.
Furthermore, new microcracks were formed at the slip interface and
propagated downwards. The fracture process was further mitigated by
the second SALs through severe plastic extrusion. In this case, the ductile
layers yielded sequentially to alleviate stress concentration, significantly

Fig. 8. Schematic diagram of the compression failure mechanism for Ti/TiN/TiAlN based multilayer coatings: (a) TiAlN-0SAL samples, (b) TiAlN-2SAL samples.
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enhancing the plastic deformation capability and inhibiting failure.

4. Conclusions

TiAlN-based multilayer coatings with varying numbers of stress-
absorbed layers (SALs) were prepared on titanium alloy by cathode
vacuum arc ion plating. The correlation between the mechanical
behavior of the coatings and their periodic structure was investigated,
and the strengthening mechanism was characterized. The detailed re-
sults were summarized as follows:

(1) The study revealed that the TiAlN-2SAL samples, which exhibit a
dual-cycle soft/hard alternating structural arrangement, demon-
strated the highest bonding force (67.9 N) and crack resistance.
Furthermore, they exhibited enhanced fracture toughness (11.29
MPa⋅m1/2) and superior erosion resistance (0.04 ± 0.008 mg/g).

(2) The results of the uniaxial compression tests indicated that the
hard layer had a limited impact on the plastic deformation of the
soft layer. The primary deformation behavior was attributed to
the plastic flow of titanium. The strength of the micropillars was
found to be primarily determined by the yield stress of the Ti
layers, which was found to be significantly affected by cyclic
modulation.

(3) The incorporation of SALs augmented the number of interfaces
within the materials, thereby facilitating the accumulation of slip
dislocations and enhancing the interface energy. Consequently,
the stress required for further plastic deformation was elevated.
SALs improved the material’s resistance to crack propagation by
forming nanotwins and coherent interfaces, which decelerated
the delamination process.

(4) Co-deformation prior to cracking was observed in SALs. This
enhanced co-deformability in metal/ceramic nano-multilayers
indicated that the TiN layer remains plastically deformed under
compression until dislocations in the Ti layer cross over the
interface to the TiN layer without causing cracks. As the stress
continued to increase, the deformation mechanism underwent a
shift towards a coordinated brittle-tough deformation process.
This phenomenon is characterized by the initiation and expan-
sion of microcracks in the top layer of TiAlN, accompanied by
brittle damage in the hard layer and durably plastic flow in the
ductile layer.
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