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a b s t r a c t 

During low-altitude flight, take-off, and landing, aircraft compressor blades are vulnerable to significant 

erosion caused by airborne dust and sand particles propelled by high-speed airflow. In this study, Ti/TiAlN 

multilayer coatings with a gradient transition composite soft/hard alternating laminated structure were 

prepared on the surfaces of titanium alloys using arc ion plating technology. The mechanical properties 

and multi-angle resistance to foreign object damage of the coatings were evaluated in order to elucidate 

the deformation and strengthening mechanisms of the multilayer structure. The findings revealed that 

the coatings exhibited an adhesion strength exceeding 72 N, a hardness and elastic modulus of 25.1 GPa 

and 304.3 GPa, respectively. The impact depth of the coatings was reduced by over 20 % compared to 

the uncoated substrate. The enhanced resistance of the coatings to foreign object damage is primarily 

attributed to the hard TiAlN layer, which exhibits resistance to the cutting action of low-angle erosion 

particles. Concurrently, the soft Ti layer facilitates deformation at higher angles, promoting plastic defor- 

mation. Furthermore, the ceramic layer evidenced the decrease of stress concentration through mecha- 

nisms including grain refinement, transgranular microcrack propagation, and intergranular extension. The 

ductile layer served to enhance toughness by dissipating strain energy through mechanisms such as de- 

formation twinning and dislocation generation. 

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Particle erosion is defined as the process in which small, dis- 

rete solid particles impact a material surface at specific rates and 

ngles, progressively removing materials from the surface [ 1–3 ]. In 

he context of turbine engines, compressor blades demonstrate a 

eightened vulnerability to structural damage at their tips, particu- 

arly when operating in challenging environments such as deserts. 

his heightened vulnerability is attributed to the erosion caused 

y solid particles. This erosion has a significantly adverse effect on 

he overall performance of the engine. The implementation of sur- 

ace protective technology has been demonstrated to enhance the 

rosion resistance of titanium alloy blades, thereby extending their 

perational lifespan. It has been demonstrated that traditional low- 

emperature aluminized composite silicate coatings are inadequate 
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n providing adequate protection in harsh environments. The resis- 

ance of the coating to erosion wear and foreign object impacts 

s closely tied to its hardness and toughness [ 4 , 5 ]. It has been

emonstrated that high-hardness coatings are effective in mitigat- 

ng plastic deformation that occurs under the impact of particles. 

n addition, high-toughness coatings have been shown to be highly 

fficacious in suppressing the propagation of cracks that are in- 

uced by such impacts [ 6–8 ]. The development of protective coat- 

ngs that combine both high hardness and toughness on titanium 

lloy blades has the potential to offer significant benefits for a 

ide range of industrial applications. 

Metal-ceramic multilayer structures exhibit a combination of 

igh toughness and high strength, offering superior resistance to 

rosion damage [ 9–13 ]. Alan Zhang et al. demonstrated that the 

ntroduction of a TiAlN/TiAl multilayer structure via filtered ca- 

hodic vacuum arc technology significantly enhanced the tough- 

ess of monolayer TiAlN coatings [ 14 ]. The findings indicated that 

he hardness of the multilayer coatings decreased by only 15.46 %, 

hile their erosion resistance was 1.9 times higher than that of 

he monolayer coatings under 90 ° high-angle sand erosion. The 
Materials Science & Technology. 
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E  
ombination of high hardness and toughness optimizes the ero- 

ion resistance of coatings. The erosion rate of coatings is influ- 

nced by several factors, including the angle of attack, the veloc- 

ty of the particles, and the size of the particles. Bonu et al. de- 

osited ultrathin multilayer coatings of Ti/TiN and TiAlN/TiN on 

i6AL4V substrates, which exhibited remarkable impact and cor- 

osion resistance [ 15 ]. The erosion resistance of these coatings was 

valuated at four distinct erosion angles: 90 °, 60 °, 45 °, and 30 °.
he findings indicated that the TiAlN/TiN coatings demonstrated 

nhanced performance at reduced particle speeds. The enhanced 

rosion resistance of the coatings can be primarily attributed to 

he high density of interfaces, the multilayer architecture, and 

he incorporation of stress-absorbing layers. As demonstrated by 

arshilia et al., deposited erosion-resistant ultrathin Ti/TiN multi- 

ayered coatings featuring porous and dense energy-absorbing Ti 

ayers on Ti6Al4V substrates [ 15 ]. The findings of finite element 

imulations and experimental results demonstrated that at higher 

rodent speeds (50 to 100 m/s), porous Ti layers exhibited supe- 

ior performance in comparison to dense Ti layer coatings. It is 

oteworthy that the corrosion resistance of the Ti/TiN-P coatings 

xhibited enhancement relative to the Ti/TiN-D coating as the ero- 

ion rate increased. In a similar vein, Bousser et al. investigated 

he influence of particle characteristics on erosion behavior [ 16 ]. 

he findings of the study indicated that multilayer structures ex- 

ibited a reduced propensity for damage from large, rounded par- 

icles. Erosion in multilayer coating systems was observed to occur 

n a layered manner when the particles eroded at a low speed. 

TiAlN-based multilayer coatings have been identified as a 

romising solution for enhancing the erosion resistance of aero- 

ngine compressor blades. However, the damage behavior and un- 

erlying mechanism of the coatings under multi-angle, variable- 

peed, and foreign object impact conditions remain largely un- 

xplored. In our previous research, Ti/TiAlN multilayer coatings 

ith varying deposition cycles (3, 6, 12, 24, and 72) were de- 

osited on Ti-6Al-4V substrates using a multi-source cathodic arc 

on plating system [ 17 ]. The erosion performance of these coatings 

as subsequently evaluated under silica sand and glass bead im- 

act conditions [ 18 ]. In addition, the effect of incorporating differ- 

nt numbers of stress-absorbing layers (TiN-Ti-TiN) on the micro- 

anomechanical behavior of the coatings and erosion resistance of 

he coatings was systematically investigated [ 19 , 20 ]. The failure be- 

avior of the alternating soft/hard multilayer structure was ana- 

yzed in further detail, with the focus being on the role of the duc- 

ile metal layer in enhancing cracking resistance and understanding 

he microstructural evolution during deformation [ 21 ]. 

The present work elucidates the deposition of Ti/TiAlN multi- 

ayer coatings with a hard yet tough structure using multi-source 

rc ion plating equipment. The erosion rates of the coatings were 

valuated at impact angles of 30 °, 60 °, and 90 °, as well as un-

er varying powder feed rates. The erosion damage behavior and 

echanism of the coatings were further elucidated through an in- 

estigation of their micromechanical characteristics, surface dam- 

ge morphology, and crack extension. This study provides a valu- 

ble reference for the multi-angle erosion protection of aero- 

ngine blades and offers theoretical support for the design of new 

igh-performance anti-erosion protective coatings. 

. Experiments 

.1. Coating deposition 

Ti/TiAlN multilayer coatings were deposited on Ti-6Al-4V (TC4) 

ubstrates using a multi-source cathodic arc ion deposition system. 

his system was equipped with four independent arc ion sources 

nd one linear ion beam (LIS) source. The LIS source was utilized 

or the plasma etching process, with the objective of achieving the 
206
omplete removal of surface impurities. Ti targets (99.9 wt. % pu- 

ity) were used for depositing both the Ti and TiN layers, while 

iAl targets (Ti:Al atomic ratio of 33:67) were used for the TiAlN 

ayer. All substrates (30 mm × 10 mm × 3 mm) were mechanically 

olished to a 50 0 0-grit finish using SiC sandpaper, followed by ul- 

rasonic cleaning in acetone and ethanol for 10 min each prior to 

eposition. In order to enhance adhesion strength, a Ti buffer layer 

as initially deposited onto the substrate surface under an Ar at- 

osphere. Subsequently, N2 was introduced for the deposition of 

he TiN and TiAlN layers. During the deposition process, the base 

ressure of the chamber was maintained below 3 × 10−5 Pa, and 

he substrate temperature was controlled at 300 ± 5 °C. The jig 

as self-rotating and advanced sequentially in front of the differ- 

nt ion sources throughout the coating process. For a more com- 

rehensive overview, please refer to our previous research. The re- 

ulting coating exhibited a Ti-TiN-TiAlN gradient transition struc- 

ure and a Ti/TiAlN bi-periodic architecture, wherein the TiAlN 

ard layer imparted high strength, while the metal layer enhanced 

verall toughness. The TiAlN-based multilayer coatings exhibited 

ptimal deformation coordination and comprehensive mechanical 

roperties. The Ar/N2 flux ratio was subject to intermittent adjust- 

ent during the deposition of the Ti and TiN layers, as outlined in 

able 1 . 

.2. Characterization methods 

The surface and cross-section morphologies of the samples 

ere observed using a scanning electron microscope (SEM, FEI 

uanta FEG 250), while the chemical composition of the coat- 

ngs was characterized by an energy dispersive spectrometer (EDS, 

XFORD X-Max). The phase composition of the coatings was ex- 

mined through the utilization of X-ray diffraction (XRD, Brucker 

8 Advance) with Cu K α radiation. Crystal-chemistry analysis of 

he as-deposited coatings was performed by X-ray photoelectron 

pectroscope (XPS, Kratos Axis ULTRA DLD) with Al K α radiation. 

urthermore, scratch tests (CSM Revetest, Switzerland) were con- 

ucted to evaluate the adhesion strength and crack extension re- 

istance of the coatings. During testing, the indenter slid 5 mm 

cross the coating surface at a speed of 2 mm/min, with the 

oad progressively increased from 1 to 100 N. The preparation 

f cross-sectional samples commenced with preliminary cutting 

tilizing a low-speed saw (Buehler IsoMetTM ), subsequently fol- 

owed by meticulous polishing employing an ion beam polisher 

EM TIC 3X, Leica). Ion beam polishing, an ion bombardment-based 

echnique, was employed to minimize deformation and strain in 

he polished region, thereby yielding high-quality cross-sectional 

pecimens. The hardness and Young’s modulus of the coatings 

ere measured by a nano-indenter (G200, MTS) equipped with a 

erkovich indenter. The fracture toughness of the coating surface 

as measured using a cube-corner diamond indenter (face angle 

 = 35 . 3°). Ideal stresses and strains are generated in the contact 

rea between the tip indenter and the coating, and fracture tough- 

ess can be evaluated through small-scale cracks around the in- 

entation [ 20 , 22 ]. The indentation fracture toughness of the coat- 

ngs was determined by using the equations as follows: 

c = α

(
E 

H 

)1 / 2 (
P 

c3 / 2 

)
(1) 

= 0 . 0352 

1 − v ( 
cos ϕ ) 

2 / 3 (2) 

here P is the applied indentation load, E and H are the elastic 

odulus and hardness of the coatings, respectively. For a stan- 

ard cube corner indenter, the value of α is an empirical con- 

tant depending on the geometry of the indenter, as illustrated in 

qs. (1) and (2) [ 23 , 24 ]. The crack lengths were derived directly
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Table 1 

Process parameters of cleaning and deposition. 

Procedure Flow (sccm) Current (A) Pressure 

(mTorr) 

Substrate 

bias (V) 

Time 

(min) 
Ar N2 Ion beam Ti TiAl 

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 

Hard layer 0 500 – – 80 55.0 −80 50 

Soft layer 200 0 – 70 – 45.0 −70 3 

Hard layer 0 500 – – 80 55.0 −80 50 

Fig. 1. (a) Schematic diagram of the erosion test, (b, c) morphology of silica erosion particles, (d) Ti/TiAlN multilayer coating structure, (e) cross-sectional EDS mappings, 

and (f) component characteristics of each sublayer. 
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rom the SEM micrographs. Furthermore, Poisson’s ratio v was set 

t 0.25 for the TiAlN-based composite coatings [ 25 ]. Furthermore, 

he conductive atomic force microscope (C-AFM) mode in a scan- 

ing probe microscope (SPM, Bruker) was used to obtain the sur- 

ace morphology of the samples after nanoindentation. The mi- 

rostructural evolution of the coatings was characterized using a 

ransmission electron microscope (TEM, Talos F200x). 

.3. Foreign object damage test 

The erosion test platform was designed in accordance with the 

tandards for solid particle erosion testing as set out by the Ameri- 

an Society for Testing and Materials (ASTM G76-18). As illustrated 

n Fig. 1(a) , the erosion particles were delivered to a mixing cham- 

er via a powder feeder, where they were combined with com- 

ressed air. This mixture was then accelerated through a nozzle 

nd directed onto the coating surface. Compressed air served as 

he propulsion medium, enabling high-velocity particle impacts. 

he gas pressure was adjustable, allowing precise control over par- 

icle velocity and kinetic energy. Detailed descriptions of the appa- 

atus can be found in our previous research [ 17 ]. The test parame-

ers specified the use of polygonal quartz sand with a particle size 

f approximately 120–150 μm as the erosion medium. The speed 

f the particles (0–120 m/s) was modulated through the regulation 

f the air pressure within the feed bin. The erosion rate, which in- 

icates the coating’s resistance to erosion, was determined using 
207
he weight loss method. The change in mass of the samples dur- 

ng the erosion test was measured with an analytical balance that 

as a resolution of 0.01 mg (Mettler Toledo, XS205 DU). The ero- 

ion rate of the coatings was calculated by the weight loss method 

s shown in Eq. (3) . Each sample was subjected to at least three

ests. Before and after testing, the samples were cleaned with ab- 

olute ethanol for 10 min and then dried. 

rosion rate ( ER ) = Mass of specimen removed ( mg ) 

Mass of impacting particles ( g) 
(3) 

During take-off, landing, or low-altitude flight, engine compo- 

ents (primarily fan or compressor blades) are susceptible to im- 

acts from foreign objects ingested by high-speed airflow. The 

amage caused by the impact of foreign objects, such as metal 

ieces, stones, or sand particles, is referred to as “foreign ob- 

ect damage” or “foreign object impact” [ 26 ]. The foreign impact 

est was conducted using air cannon systems [ 27 ]. The operational 

rinciple of the air cannon entailed the expansion of compressed 

ir, thereby accelerating the bullet holder (including foreign ob- 

ects) and inducing their ejection from the barrel. A speed measur- 

ng device was positioned at the rear of the barrel to quantify the 

elocity of foreign objects. The bullet holder and the foreign object 

ere ejected at a certain speed for a certain distance, and then col- 

ided with the bullet holder separator, resulting in the separation 

f the bullet holder and the simulated foreign object. The foreign 

bject subsequently continued to travel a certain distance before 
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mpacting the target. The velocity of the foreign object could be 

odulated by adjusting the pressure of the compressed air. The 

inetic energy during foreign object impact on the sample sur- 

ace was determined by Eq. (4) , in which m denotes the impactor’s 

ass and v (its velocity). It is important to note that, in order to 

void impactor disintegration and to ensure higher-energy impacts, 

he size parameters (such as diameter or edge length) of the for- 

ign object were carefully optimized. In the present study, glass 

eads of varying diameters were utilized to establish distinct im- 

act conditions. Beads with a diameter of 2.5 mm generated low- 

elocity impacts at 250 m/s, while larger beads (3 mm in diameter) 

roduced high-velocity impacts at 350 m/s. 

 = 1 

2 

mv2 (4) 

 = 4 

3 

π r3 ρ (5) 

.4. Micropillar compression test 

Micropillars with a diameter of 1.2 μm and a height of 3.6 μm 

ere fabricated using a dual-beam focused ion beam (Helios-G4- 

X) at an accelerating voltage of 30 keV. The aspect ratio was 

aintained below 3:1 to prevent bending or flexing during com- 

ression [ 27 , 28 ]. The micropillars under consideration consisted 

olely of TiAlN sublayers and a thin Ti layer. The configuration 

nder consideration was employed to facilitate compression test- 

ng of the Ti/TiAlN multilayer micropillars. This enabled systematic 

esting and analysis of failure behavior at the Ti-TiAlN interface. 

ll micropillars were fabricated using an annulus milling tech- 

ique [ 29 ]. Initially, a beam current of 9.3 nA was employed for 

oarse milling to form the columns, which were subsequently re- 

ned using a beam current of 1 nA. Final polishing was performed 

ith a beam current of 80 pA to minimize surface damage. Uniax- 

al compression testing was performed using a Bruker TI 980 Tri- 

oindenter equipped with a flat-punch diamond indenter. At least 

hree micropillars of each type were tested under displacement- 

ontrolled loading. Engineering stress and strain were calculated 

sing σ = F/A0 and ε = �h/h0 , where F is the applied force, A0 

s the initial cross-sectional area, �h is the change in height, and 

0 is the initial height [ 30 ]. To characterize the deformation mech- 

nism, plate-like samples containing micropillars were thinned to 

lectron transparency for further TEM characterization. 

. Results and discussion 

.1. Microstructure characterization 

As illustrated in Fig. 1(a) , erosion particles were propelled by 

ompressed air to impact the sample surface. By modifying the 

ample angle, a range of multi-angle erosion scenarios was simu- 

ated. The particle size distribution of erosion particles is shown 

n Fig. 1(b) and ( c ), with the average particle size of polygonal

uartz sand measured at 121 μm. Samples produced by vacuum 

rc deposition have been shown to exhibit higher deposition effi- 

iency, strong bond strength, and excellent mechanical properties. 

he benefits are attributable to the elevated degree of ionization, 

he substantial ion energy, and the considerable plasma generation 

ate in the cathode spot [ 31 ]. Fig. 1(d) displays the coating struc- 

ures and cross-sectional morphologies of the as-deposited coat- 

ngs, which maintain a total thickness of approximately 12.5 μm. 

he Ti bottom layer and TiN load-bearing layer have a thickness 

f about 2.0 and 4.0 μm, respectively. The alternating soft and 

ard Ti/TiAlN periodic structure maintains an optimal thickness 

atio of 1:20, with the Ti soft layer measuring 100 nm and the 
208
iAlN hard layer 2 μm thick. The role of the Ti bottom layer 

s to enhance adhesion between the substrate and the coating, 

hile the thick TiN transition layer provides load-bearing capac- 

ty and creates a mechanical property gradient between the Ti and 

iAlN layers. The introduction of extremely thin Ti ductile layers 

erves to absorb impact energy, with stress-relief zones strategi- 

ally positioned between the TiAlN hard layers. The TiAlN layers 

xhibit superior erosion resistance, attributable to their mechani- 

al properties [ 18 ]. The EDS results ( Fig. 1(e) ) show distinct inter-

aces between the sublayers in the multilayer structure and signif- 

cant composition contrast. Line scan analysis of the cross-section 

urther demonstrates the typical periodic distribution of each ele- 

ent. High-resolution TEM (HRTEM), selected area electron diffrac- 

ion (SAED), and fast Fourier transform results in Fig. 1(f) confirm 

hat the multilayer interfaces exhibit a stable phase structure, with 

he Ti and TiAlN sublayers displaying characteristic crystal struc- 

ure properties. These findings were consistent with the XRD re- 

ults shown in Fig. S1 in the Supplementary Materials and the XPS 

nalysis presented in Fig. S2. 

.2. Mechanical properties 

The adhesion strength of multilayer coatings was evaluated us- 

ng a progressive micron scratch test, as shown in Fig. S3. The re- 

ults indicate that the coatings exhibit an adhesion strength of up 

o 72 N [ 32 , 33 ]. At the critical load of Lc3 , surface morphologies

eveal buckle spallation failure modes accompanied by river-like 

racks, which are characteristic of hard coating scratching on soft 

ubstrates, driven by tensile stress and friction [ 34 , 35 ]. 

The hardness and Young’s modulus of the multilayer coat- 

ngs were evaluated using the continuous stiffness method with 

 Berkovich indenter. To minimize substrate influence, the inden- 

ation depth was restricted to no more than one-tenth of the to- 

al coating thickness [ 36 ]. Fig. S4(a) presents the load-displacement 

urves obtained during nanoindentation, demonstrating elastic re- 

overy of up to 43 %. The hardness and modulus decrease with 

ncreasing indentation depth, stabilizing at approximately 10 % of 

he coating thickness, as shown in Fig. S4(b). This behavior is 

ttributed to the alternating soft and hard layers in the multi- 

ayer structure. At 10 % depth, as shown in Fig. 2(a) , the hard-

ess and elastic modulus were measured at 25.1 ± 2.3 GPa and 

04.3 ± 0.7 GPa, respectively. The H3 /E2 ratio, which is a measure 

f the material’s resistance to the onset of plastic deformation, and 

he H/E ratio are significant in the case of abrasive or erosive wear 

 16 , 37 ]. The parameters H3 / E2 = 0.171 and H / E = 0.082 indicate

he superior elastic-plastic deformation and abrasive wear perfor- 

ance. 

Fracture toughness was assessed using sharp cube corner 

ndenters, which significantly reduced the indentation-cracking 

hreshold, enabling measurement at minimal loading forces 

 38 , 39 ]. Cube corner nanoindentation testing was performed at 

0 0, 40 0, and 50 0 mN, as shown in Fig. S5. Under a 300 mN load,

he coating exhibits no significant radial crack extension at the in- 

entation tip. At 400 mN, radial cracks are observed at the inden- 

ation tip, along with noticeable plasticity build-up. This plastic- 

ty facilitates stress relaxation and absorbs substantial strain en- 

rgy, limiting radial crack propagation. At 500 mN, however, radial 

racks extend significantly, accompanied by signs of coating chip- 

ing, typical of local stress release. The appropriate crack lengths 

bserved in the nanoindentation surface topography provide the 

asis for fracture toughness calculations. The calculation process 

f fracture toughness is demonstrated in Tables S2 and S3. The 

racture toughness of the Ti/TiAlN multilayer coating was analyzed 

hen significant cracks were present at 500 mN, and the value 

as found to be 6.72 MPa m1/2 . It is important to note that the 

rack length at the indentation tip exerts a significant influence on 
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Fig. 2. (a) Micro-mechanical properties of Ti/TiAlN multilayer coatings at a depth of 10 %, (b) surface morphology and fracture toughness of coatings after 500 mN indenta- 

tion. 
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Fig. 3. Erosion rate of Ti/TiAlN multilayer coatings under different powder feeding 

amounts. 
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he fracture toughness. As demonstrated in Table S2, the tough- 

ess value at 400 mN without significant long crack formation ex- 

eeds 11 GPa. The enhanced potential of toughness can also be 

ttributed to the effective stress buffering of the ductile layers 

nd the optimal Ti-TiN-TiAlN gradient transition in the multicycle 

tructures. The aforementioned properties contribute to the coat- 

ngs’ enhanced toughness and resistance to cracking, thereby re- 

ecting the “hard yet tough” nature of the coatings. 

As illustrated in Fig. S6, the AFM topography maps and the 

orresponding cross-section profiles of the indentations on the 

i/TiAlN coatings are presented. The term ‘ Vind ’ is employed to de- 

ote the total material volume that is displaced by the indenter. 

he term ‘ Vpileup ’ is used to denote the volume of plastically de- 

ormed material that is extruded upward around the indentation. 

he indentation volume and pile-up volume were obtained accord- 

ng to the height profile integral measured by AFM. As demon- 

trated in Fig. S6(c) and (d), the ratio of Vpileup / Vind (20.8 %) ex- 

ibits a comparable result to the elastic response (25.5 %) of TiAlN 

oatings under a 500 mN cube-corner indenter. The low Vpileup / Vind 

atio is indicative of brittle fracture and high strain hardening ca- 

acity. 

.3. Multi-angle erosion behavior 

.3.1. Different f eeding amounts of po wder 

The long-term protective efficacy of the coating was assessed 

hrough continuous erosion testing conducted at multiple angles 

 40 ]. The powder feed speed was controlled by adjusting the du- 

ation of the erosion process, with a typical feed rate of approxi- 

ately 2 g/min. The erosion pressure was set at 0.2 MPa, and the 

article speed was approximately 40 m/s. Fig. 3 illustrates the ef- 

ects of different powder feeding amounts on the erosion rate of 

oth the coating samples and the substrate across all angles. Ini- 

ially, the uncoated sample exhibits a higher erosion rate, espe- 

ially at the start of the erosion process (with 5 g of powder). As 

he erosion progresses, the rate fluctuates slightly before stabiliz- 

ng at an equilibrium value of approximately 0.1 mg/g. For coated 

amples, the erosion rate gradually increases over time. When the 

owder feeding amount reaches around 30 g, the erosion rate at 

ll angles tends towards stability, with the lowest rate observed at 

igher angles of attack. This contrasts with the higher erosion rate 

bserved at large angles of attack before 15 g of powder, where 

he protective efficacy of the coatings appears to diminish due to 

amage and breakage. As the erosion process continues, the coat- 

ng becomes progressively damaged, exposing the underlying ma- 

rix. This shift results in the characteristic erosion behavior of duc- 

ile materials, marked by increased tolerance to high-angle erosion 

ompared to low-angle cutting. It is evident that, in the course 
209
f the long-term erosion process leading to peeling, the erosion 

ate of the coating is consistently below 0.1 mg/g. This represents 

 substantial enhancement when compared with the conventional 

ingle-layer structure and with the results previously published 

 19 ]. 

Fig. 4(a) and ( b ) illustrates the 3D contour morphologies of the 

oatings and substrate following high-angle (90-degree) erosion by 

articles of varying masses. All samples exhibit varying degrees 

f surface damage. Prior to the erosion of particles with a mass 

 15 g, the coatings exhibit minimal surface damage, with only 

inor pitting observed. Some pitting extends downward, but no 

arge-scale peeling occurs. At a powder feeding mass of 20 g, the 

amage area on the coating surface expands significantly, with the 

aximum erosion depth penetrating the coating, resulting in its 

omplete removal. This observation is further supported by the de- 

ailed surface profile in Fig. S7. In contrast, the uncoated samples 

 Fig. 4(b) ) exhibit greater initial damage, with the affected area 

ontinuing to expand as the erosion process progresses. 

Fig. 4(c) and ( d ) presents the statistical results of the damage 

epth and area after erosion. As the quantity of erosion powder 

ncreases, both the damage depth and area of the matrix material 

how a linear increase. However, the TiAlN coatings exhibit strong 

rotective efficacy, with both erosion depth and damage area re- 

uced by more than one order of magnitude compared to the sub- 

trate until the erosion particle mass reached its limit. As the ero- 

ion process continues, numerous pitting sites rapidly form and 

onverge on the coating surface, ultimately resulting in the devel- 

pment of a crater structure. The damage depth of the coating in- 

reases significantly from 9.3 to 137.1 μm when the erosion par- 

icles reach 20 g, indicating that the protective effect is substan- 
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Fig. 4. (a, b) Surface 3D contour morphologies of the coatings and substrate at 10, 15, and 20 g of erosion particle amounts, (c, d) damage depth and area reflected by the 

erosion pits on the sample surfaces under different erosion conditions. 
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ially diminished after coating failure. The hard yet tough Ti/TiAlN 

ultilayer structure proves crucial in protecting the substrate from 

rosion damage. 

.3.2. Different erosion speed of particles 

The primary factors influencing sand and dust erosion rate are 

he quantity of sand supplied and the particle speed. Subsequently, 

 series of tests were conducted under varying particle velocities 

uring the stable erosion stage (after 10 g of powder). The erosion 

ates of samples that had been coated and uncoated with Ti/TiAlN 

ultilayer coatings were evaluated in Fig. 5 . The speed of the par- 

icles was modulated by means of a control system that adjusted 

he air pressure within the feed bin. The findings indicate that, 

nder both high-speed (80 m/s) and low-speed (40 m/s) erosion 

onditions, the erosion rates of the coating samples remain consis- 

ently around 0.01 mg/g. This is approximately one order of mag- 

itude lower than that of the substrate. In the case of 40 m/s of 

rosion conditions, the Ti/TiAlN coating exhibits its minimum ero- 

ion rate of 0.004 mg/g at a 30 ° impact angle, while the maximum 

ate of 0.006 mg/g is recorded at 90 °. Conversely, under 80 m/s 

rosion conditions, an inverse trend was observed: the coating ex- 

ibits peak erosion rate (0.016 mg/g) at 30 ° impact angle, with the 

owest rate (0.013 mg/g) recorded at 90 °. This opposing trend is 

onsistent with the evolution of the erosion rate under continu- 

us erosion depicted in Fig. 3 . This is due to the fact that, at low

peeds or low particle density, the damage to the coating surface 

s limited, and the hard and brittle TiAlN top layer provides the 
210
ample with good strength to resist scouring wear. However, it has 

een demonstrated that continuous scouring or higher-energy par- 

icle impacts accelerate fatigue damage and even spalling of the 

op layer [ 41 ]. This renders the influence of the ductile layer and

ubstrate on the coating performance more significant [ 42 ]. Con- 

equently, the coating manifests properties more akin to a ductile 

aterial, thereby enhancing its resistance to high-angle impacts. 

For the uncoated substrate, both high-speed and low-speed ero- 

ion demonstrate a trend where the erosion rate decreases with 

ncreasing angle of attack. As a ductile material, the substrate mit- 

gates stress concentration through plastic deformation during ver- 

ical impact, resulting in a relatively low erosion rate. At low an- 

les of attack, material removal occurs in larger pieces due to the 

lowing effect, which leads to a higher erosion rate. In contrast, for 

he coated samples, surface strengthening enhances the mechani- 

al properties of the materials. Consequently, under low-angle ero- 

ion, the increased hardness of the coating provides superior resis- 

ance to micro-cutting, resulting in minimal weight loss. However, 

igh hardness often correlates with brittleness, and under a 90- 

egree impact angle, the coating is susceptible to brittle peeling, 

hich significantly raises the erosion rate. Overall, the coated sam- 

le demonstrates a more effective protective capability across all 

ngles under both high-speed and low-speed erosion conditions. 

As shown in Fig. 6 , the surface damage morphologies of the 

oating after erosion at different particle velocities are presented. 

nder low-speed vertical erosion ( Fig. 6(a) ), the hard and brittle 

ature of the coating material leads to the formation of numerous 
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Fig. 5. Erosion results of Ti/TiAlN multilayer coatings at (a) different particle speeds and (b) multi-angle erosion conditions. 

Fig. 6. Surface morphologies of the samples after erosion test at (a, b) low speed and (c–g) high speed. 

211
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Fig. 7. Cross-sectional morphologies of the samples after erosion test at (a–c) 30 ° and (d–f) 90 °. 
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rosion pits emerging on the surface. Magnified images reveal that 

he pits have penetrated the substrate but have not yet intercon- 

ected to trigger large-area brittle spalling. Low-speed erosion at 

 30-degree angle ( Fig. 6(b) ) is dominated by micro-cutting, where 

arge particles are removed from the coating surface under a “pol- 

shing” effect. The surface damage of the coating is significantly 

xacerbated under conditions of high-speed erosion ( Fig. 6(c) and 

 d )). At a 90-degree erosion angle, a large circular damage area 

merges, characterized by multiple erosion pits that fully pene- 

rate the substrate. A close-up view of the damage ( Fig. 6(e) ) re-

eals that the edge of the damaged region exhibits a layered, frac- 

ured TiAlN sub-layer structure. In the central region, where se- 

ere erosion occurs, the coating is completely removed, exposing 

he underlying substrate within the erosion pit and compromis- 

ng its protective function. In contrast, during low-angle erosion 

 Fig. 6(f) and ( g ), the damage area is significantly reduced. The

dge of the damaged region exhibits a layer-by-layer removal phe- 

omenon, with no evidence of penetrating erosion pits. This obser- 

ation supports the conclusion that low-angle erosion results in a 

ower erosion rate. In addition, high-speed erosion induces a char- 

cteristic failure mechanism in the coating, with material removal 

ccurring primarily by crushing deformation. It has been demon- 

trated that high-speed erosion has the capacity to induce a frac- 

ure within the coating. The removal of materials occurs under the 

ction of “microcrack-driven” and “cyclic damage” accumulation. In 

ontrast, oblique scouring leads to a combination of micro-cutting 

nd deformation, manifesting as a layer-by-layer flaking mecha- 

ism. 

As demonstrated in Fig. 7 , the cross-sectional morphology fol- 

owing high-speed erosion at high/low angles of attack is evident. 

ig. 7 (a–c) illustrates the morphological characteristics in the vicin- 

ty of the erosion pit and within the pit area itself. It is evident

hat during low-angle erosion, the multi-layer structure undergoes 

 process of gradual thinning, accompanied by the formation of a 

ubstantial number of transverse cracks. These transverse cracks 

re a consequence of the action of micro-cutting. As the erosion 

enter is approached, the damage intensifies, and the coating con- 

inues to be cut and thinned. This process is accompanied by the 
212
xtension and propagation of transverse cracks at the interface un- 

il the complete delamination and spalling of the TiAlN sublayer, 

xposing the substrate. As demonstrated in Fig. 7 ( d –f ), the fail-

re process of high-angle erosion is evident, thereby demonstrat- 

ng that vertical impact initially induces brittle spalling of the con- 

acted material, resulting in through-type damage. As the erosion 

ffect intensifies, the coating gradually fractures and is removed. 

his process is accompanied by the fragmentation and removal of 

he entire TiAlN multilayer structure. The underlying mechanism 

s the stress concentration effect in the impact zone, which exac- 

rbates the downward propagation of radial cracks, leading to the 

verall delamination of the coating. 

.4. Resistance to foreign object impact 

A high-energy particle impact test was conducted to character- 

ze the coating’s resistance to damage from foreign objects under 

arsh conditions [ 41 , 43 ]. Fig. 8 shows the crater morphologies and

he damage effects on both the substrate and coatings following 

 vertical impact test. The low-speed impact test employed glass 

eads with a diameter of 2 mm and an impact rate of 250 m/s, 

hile the high-speed impact test used glass beads with a diameter 

f 3 mm and an impact rate of 350 m/s. It is evident that all sam-

les experience a significant impact, resulting in the formation of 

istinct craters. As the impact velocity increases, both the area and 

epth of damage grow substantially. As demonstrated in Fig. 8(a) , 

he damage depth of the coating sample is reduced by 22.8 % com- 

ared to the base material under low-speed impact. Following the 

eposition of the protective coating, the damage depth of the sam- 

le is reduced by 20.9 % under high-speed impact. The Ti/TiAlN 

ultilayer coatings significantly improve the material’s resistance 

o foreign object damage. 

Fig. 9 illustrates the morphology and structural characteristics 

f the TiAlN coating following high-speed impact. As shown in 

ig. 9(a) , the damaged region resulting from the impact event ex- 

ibits a circular morphology with a diameter of 1.1 mm. Upon a 

igh-energy foreign object, the coating cracks and adheres to the 

urface of the softer substrate under the compressive force of the 
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Fig. 8. Crate morphologies  of substrate  and coatings after  impact  of glass beads at (a, c) 250 m/s  and (b, d) 350 m/s, (e) impact  resistance of the samples re”ected  by the 
damage depth.  

Fig. 9. (a) Surface morphologies  and (b) EDS characteristics  of the  crater  after  high-speed  impact,  (c) fragmentation  coatings and (d, e) enlarged  cracking  details;  (f)  cross 
section  morphologies  of the  damage center,  signi“cant  (g) penetrating  cracks and (h)  de”ection  cracks. 
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oreign  object.  EDS results  of the  damaged region  ( Fig. 9(a) ) show  

hat  the  coating  does not  detach from  the  substrate.  The observed 

nrichment  of oxygen  around  the  erosion  pit  can be attributed  to  

he  sputtering  of alumina  glass beads upon  impact  with  the  coat-  

ng  surface. Fig. 9(c) provides  a magni“ed  view  of the  damaged 

rea. Due to  the  inferior  plastic  deformation  ability  of the  hard  

oating  compared  to  the  substrate,  the  cracks become more  severe 

owards  the  center  of the  impact  site. EDS analysis of the  broken  

rea ( Fig. 9(e) ) reveals a signi“cant  enrichment  of vanadium  (V) 

ithin  the  crack, indicating  that  the  crack has penetrated  into  the  

ubstrate.  

Fig. 9 ( f …h ) illustrates  the  cross-sectional  morphology  of the  

amage center  following  high-speed  impact.  As seen in  Fig. 9 (g2 ), 
213
arge, deep penetrating  cracks are present  at the  center  of the  coat-  

ng, the  area most  severely  deformed  by the  impact.  Further  from  

he  center,  the  cracks gradually  narrow  ( Fig. 9 (g1 …g3 )), with  some 

xtending  to  the  coating  surface. Fig. 9 (h1 ) and (h2 ) shows the  

ropagation  of microcracks  within  the  coating.  In the  context  of 
n impact  test, the  substrate  alloy  and the  coatings exhibit  a phe-  

omenon  of co-deformation.  The microcracks  primarily  originate  

rom  the  TiN layer  at the  bottom  and then  propagate  upward  due 

o  the  good bond  strength  between  the  transition  layer  and the  

etal  substrate  in  the  multilayer  structure.  When  the  crack passes 
hrough  the  stress-absorbed Ti layer,  it  usually  twists  and bends. 
he existence  of the  stress-absorbing  structure  thus  plays a role  in  

estraining  crack propagation.  
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Fig. 10. Interfacial  shear failure  behavior  of micropillars  with  different  sublayer  inclination  angles after  compression:  (a) 90 ° compression,  (b) 60 ° compression,  (c) 30 °
compression,  (d)  engineering  stress-strain  curves;  (e, f)  characteristic  evolution  during  in  situ  compression.  
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.5. Deformation mechanism 

.5.1. Interfacial  shear failure  behavior 

The shear deformation  behavior  in  different  directions  of multi-  

ayer  coatings was evaluated  through  in  situ  micropillar  compres-  

ion tests. Despite the  marked  difference  in  scale between  mi-  

ropillar  compression  tests (micrometer-level)  and actual  compo-  

ents  (millimeter-level),  these tests remain  effective  in  revealing  

aterial  degradation  behaviors,  particularly  with  regard  to  defor-  

ation  mechanisms.  The evolution  of mechanical  behaviors,  such 

s interface  failure,  is minimally  affected  by size effects due to  the  

icropillar  dimensions  (3.6 µ m)  signi“cantly  exceeding the  mate-  

ial•s characteristic  length  scale (mean free path  of dislocations  �
00 nm).  This ensures that  plastic  deformation  is governed  by the  

ame fundamental  mechanisms  (dislocation  slip  and grain  bound-  

ry interactions)  as in  macroscopic  specimens. Furthermore,  the  

ailure  mechanisms  at the  interface  are predominantly  in”uenced  

y interfacial  bonding  strength  (a scale-independent  parameter)  

nd stress gradients.  Pre-tilted  interfaces  were  fabricated  within  

he  micropillars.  The objective  of this  study  was to  facilitate  the  

haracterization  of interfacial  stress states and failure  modes under  

hear deformation.  This process effectively  simulates  the  mechani-  

al responses to  oblique  impact  conditions.  

Fig. S8 illustrates  the  machining  diagram  of micropillars  

ith  varying  layer-oriented  structures.  Figs. 10 (a…c) and S9 de- 

ict  the  morphology  of the  micropillars  after  compression  fail-  

re, with  compression  directions  of 90 °, 60 °, and 30 ° depicted.  
214
ig. 10(d)  presents the  load-displacement  curves during  the  com-  

ression  process of micropillars  with  different  layer  orientations,  

long with  the  corresponding  original  EDS mappings  of the  mi-  

ropillar  structure.  The compression  directions  were  de“ned  by the  

ngle between  the  load direction  and the  multilayer  interface  ori-  

ntation  during  uniaxial  compression.  It  is evident  that,  during  ver-  

ical  compression,  signi“cant  brittle  fracture  occurs within  the  mi-  

rocolumn,  particularly  damaging  the  TiAlN sublayer  on the  upper-  

ost  surface. The 60-degree  sample shows similar  brittle  fracture,  

ccompanied  by slippage of the  ceramic  layer  along the  interface.  

or the  30-degree  sample, the  primary  failure  mode is dominated  

y interface  slip,  with  the  hard  layer  collapsing  downward  along 

he  interface.  This occurs because the  metal  layer,  having  relatively  

ow  yield  strength,  allows  plastic  ”ow,  which  further  promotes  in-  

erface slip  failure.  During  low-angle  compression,  the  shear com-  

onent  along the  interface  is maximum,  making  it  easier to  reach 

he  shear strength  limit  of the  interface,  which  ultimately  leads to  

nterface  delamination.  

As shown  in  Fig. 10(d)  , as the  compression  directions  decrease, 
oth  the  strain  at coating  fracture  and the  ultimate  compressive  

trength  gradually  decrease. This reduction  is due to  the  increased 

ikelihood  of slip  along the  interface  direction  when  the  multilayer  

tructure  is deformed  due to  the  pre-set  inclination  angle. Con- 

equently,  micropillars  with  high  interface  inclination  angles are 

ore  prone  to  inducing  slip  deformation  and early-stage  stress re-  

ease. The 90-degree  micropillars  achieve a maximum  compres-  

ive strength  of 11.3 GPa at a deformation  of 14.1 %, while  the  
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Fig. 11. Microstructure  evolution  of Ti/TiAlN  multilayer  coatings after  compression:  (a) internal  structure  information  of the  compressed sample along the axis cross-section  
direction,  (b) morphology  and EDS results  of the  multilayer  structure,  (c) plastic  extrusion  accompanied  by high-density  dislocations  in  ductile  layer, (d)  HRTEM image of 
Ti-TiAlN  interface,  (e) HRTEM image of Ti grains with  nearly  parallel  crystal  zone axes, and (f)  deformation  twins  in  the ductile  layer. 
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0-degree  and 30-degree  micropillars  reach ultimate  compressive  

trengths  of 7.1 and 4.0 GPa, respectively.  Notably,  the  90-degree  

ample exhibits  a sudden stress drop  at approximately  7.9 % defor-  

ation,  after  which  the  strengthening  effect  resumes. At this  point,  

igni“cant  plastic  extrusion  occurs in  the  ductile  layer.  In the  ab- 

ence of a prede“ned  slip  surface, continued  compression  leads to  

tress concentration  in  the  top  layer,  ultimately  causing failure.  The 

nterface  shear deformation  behavior  aligns with  the  characteristics  

bserved in  multi-angle  erosion  failure.  Speci“cally,  fatigue  crack-  

ng  occurs due to  stress concentration  at high  angles, while  the  

ow-angle  cutting  effect  weakens the  interface  bond. Energy is pri-  

arily  absorbed through  interface  slippage and delamination,  lead-  

ng  to  overall  collapse and layer-by-layer  peeling.  

Additionally,  by actively  unloading  the  force after  a period  of 
eformation,  the  deformation  details  of the  multilayer  structure  

nder  small  strains  were  captured.  Fig. 10(e) and ( f ) shows the  

oad-displacement  curve  and deformation  process of the  sample 

efore  crushing.  The point  at which  plastic  deformation  reaches 

.2 % is typically  de“ned  as the  yield  point.  It  is observed that  the  

ample yields  at a deformation  of 2.7 %, though  no signi“cant  plas-  

ic  ”ow  occurs at this  stage. The micropillars  then  undergo  contin-  

ous work  hardening,  with  stress increasing  in  tandem  with  plas-  

ic  deformation.  During  the  crushing  process, the  soft  layer  experi-  

nces some plastic  extrusion,  while  the  hard  layer  remains  largely  

ntact,  a characteristic  behavior  of multi-layered  systems under  

ompression  [  44 , 45 ]. Ultimately,  when  the  strain  reaches 9.6 %, the
ough  layer  within  the  micropillar  is almost  completely  extruded.  If  

he  stress continues  to  rise, localized  interface  sliding  occurs, lead-  

ng  to  the  instantaneous  fracture  of the  top  layer  due to  stress con-  

entration.  

.5.2. Microstructure  evolution  

TEM structural  characterization  was conducted  on the  Ti/TiAlN  

oatings ( Fig. 10(f)  ) after  compression  to  investigate  the  strength-  
215
ning  mechanisms  of the  multilayer  coating.  The low-magni“cation  

EM morphology  is shown  in  Fig. 11(a) , while  the  HRTEM mor-  

hology  near the  ductile  layer,  along with  corresponding  EDS and 

ine  scan results,  is presented  in  Fig. 11(b)  . It  is observed that  the  

nterface  of the  multi-layer  structure  remains  distinct  after  com-  

ression. The variation  in  thickness  of the  ductile  layer  is related  

o  stress concentration  during  the  deformation  process and the  

light  sliding  of the  top  ceramic  layer  along the  interface.  HRTEM 

mages of the  plastic  extrusion  area ( Fig. 11(c)  ) indicate  that  the  

i/TiAlN  structure  maintains  its  characteristic  equiaxed  composite  

olumnar  crystals.  High-density  dislocations  are observed in  the  

everely  deformed  regions  of the  Ti layer.  The presence of the  Ti-  

iAlN multilayer  heterogeneous  interface  effectively  inhibits  dislo-  

ation  motion,  promoting  the  accumulation  of dislocations  within  

he  Ti layer  [  46 , 47 ]. The generation  of dislocations  during  the  de-
ormation  process absorbs strain  energy, increasing  the  stress re-  

uired  for  further  plastic  deformation  [  48 ]. 
Fig. 11(d)  presents an HRTEM image of the  Ti-TiAlN  interface,  

howing  speci“c  orientation  relationships  during  substantial  grain  

eformation.  According  to  the  crystal  band axis law,  the  [11  ̄2 0]  and 

0  0 01]  crystal  band axes exhibit  a vertical  orientation  relationship.  

he crystal  band axes in  different  directions  appear simultaneously  

ue to  the  rotation  of crystal  grains under  high  stress, resulting  in  

ltered  crystal  orientation.  Fig. 11(e) illustrates  the  grain  bound-  

ry formed  by the  parallel  [  ̄2 110]  and [10  ̄1 1]  crystal  band axes 

n  high-resolution  mode. Under  complex  stress states, externally  

pplied  stress induces lattice  distortion  within  the  crystal,  caus- 
ng  crystallographic  zone axes in  various  directions  to  appear si-  

ultaneously.  Fig. 11(f)  shows typical  {01  12 } twins  in  the  duc-  

ile  layer.  Twin  boundaries,  highlighted  by red lines, as well  as 

he  traces of the  matrix  and twins,  marked  by yellow  and green 

ashed lines, respectively,  are observed. A mutually  perpendicu-  

ar  relationship  between  the  matrix  and the  twins  is noted.  At 

his  point,  the  basal planes and prismatic  planes of the  grains on 
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