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Abstract: This paper presents an integrated microstructure-tribology-performance analysis of 

CrN/AlTiN/TiB₂ multilayer Physical Vapour Deposition (PVD) coatings deposited on WC-Co solid carbide 

end mills for dry machining of Ti-6Al-4V titanium alloy. Drawing on XRD, AFM and SEM characterization 

data alongside machining trial results reported in the companion papers of this series, this study 

systematically correlates coating microstructural parameters specifically nanocrystalline grain size (D = 3.5–

4.8 nm by Scherrer analysis), surface roughness (Ra = 4.21 nm by AFM), and morphological features 

(compact Zone T microstructure by SEM) with the observed tribological behaviour and machining 

performance (111.1% tool life improvement). The dominant tribological phenomena are identified as: 

(i) anti-adhesion provided by the TiB₂ outermost layer suppressing built-up edge (BUE) formation; 

(ii) adaptive tribo-oxidation of AlTiN generating Al₂O₃ protective oxides that function as in-situ solid 

lubricants; (iii) crack deflection at CrN/AlTiN layer interfaces inhibiting coating delamination under cyclic 

milling loads; and (iv) Hall-Petch hardening from the sub-5 nm nanocrystalline grain structure maintaining 

coating hardness under extreme contact conditions. A mechanistic wear model is proposed that links these 

four phenomena in a sequential, self-reinforcing protective cascade. The study demonstrates that the 

CrN/AlTiN/TiB₂ system achieves its exceptional performance not through any single property advantage, 

but through the synergistic interaction of all three functional layers a principle that should guide the design 

of next-generation multilayer coatings for difficult-to-machine material applications. 

Keywords: tribology; wear mechanisms; CrN/AlTiN/TiB₂; PVD coating; microstructure-property 
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NOMENCLATURE 

Symbol Description 

D Crystallite size (nm), Scherrer equation 

H Coating hardness (GPa) 

E Elastic modulus (GPa) 

H/E Hardness-to-elastic modulus ratio (toughness 

indicator) 

H³/E² Resistance to plastic deformation parameter 

CoF Coefficient of Friction (µ) 

Ra Arithmetic average roughness (nm) 

Rq Root-mean-square roughness (nm) 

VB Flank wear land width (mm) 

d Grain boundary spacing / grain size (nm) 

σy Yield strength (MPa) 

σ₀ Friction stress of lattice (MPa) 

k Hall-Petch slope constant (MPa·m^0.5) 

BUE Built-Up Edge 

FWHM Full Width at Half Maximum 

XRD X-ray Diffraction 

AFM Atomic Force Microscopy 

SEM Scanning Electron Microscopy 

EDS Energy Dispersive Spectroscopy 

1. INTRODUCTION 

The science of tribology the study of friction, wear and lubrication is central to understanding the 

performance of cutting tools in machining difficult-to-cut materials such as Ti-6Al-4V titanium alloy [1, 2]. 

In the context of PVD-coated cutting tools, tribological performance at the tool-chip and tool-workpiece 

interfaces determines not only the rate of tool wear but also the mechanisms by which failure ultimately 

occurs, the quality of the machined surface and the thermal load experienced by the tool substrate [3, 4]. 

While considerable progress has been made in characterizing individual coating properties hardness, 

adhesion, oxidation resistance systematically correlating these with actual tribological behaviour and 

machining outcomes remains a research challenge, particularly for multicomponent multilayer coatings such 

as CrN/AlTiN/TiB₂ where synergistic inter-layer interactions are critical [5,6]. Existing studies on the 

constituent binary systems (CrN [7], AlTiN [8,9], TiB₂ [10]) have demonstrated the individual tribological 

merits of each layer, but the integrated trilayer response particularly the mechanism of adaptive tribo-film 

formation and its dependence on coating microstructure has not been comprehensively studied. 

The present work addresses this gap by developing an integrated microstructure-tribology-performance 

framework for the CrN/AlTiN/TiB₂ trilayer system. The study draws on the complete characterization and 

machining performance dataset generated for this coating system to construct a mechanistic wear model that 

explains the observed 111.1% tool life improvement in terms of four concurrent protective tribological 

phenomena. The model provides quantitative microstructure-property relationships and establishes design 

principles for optimizing multilayer coatings for Ti-6Al-4V machining. 

The specific objectives of this paper are: 

• To identify and rank the dominant tribological phenomena operative during CrN/AlTiN/TiB₂-coated tool 

milling of Ti-6Al-4V. 

• To establish quantitative correlations between measured microstructural parameters (D, Ra, morphology) 

and tribological outcomes (wear rate, wear mode, tool life). 

• To propose and validate a sequential mechanistic wear model that explains the self-reinforcing protective 

performance of the trilayer system. 

• To derive coating design principles for next-generation multilayer PVD systems for difficult-to-machine 

materials. 
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2. THEORETICAL FRAMEWORK 

2.1 Hall-Petch Strengthening in Nanocrystalline Coatings 

The mechanical hardness of the CrN and AlTiN layers in the trilayer coating is governed by the Hall-Petch 

relationship, which describes the enhancement of yield strength (and hence hardness) with decreasing grain 

size [11]: 

where σy is the yield strength, σ₀ is the lattice friction stress, k is the Hall-Petch slope constant and d is the 

grain (crystallite) size. For nanocrystalline hard coating materials, this relationship holds for grain sizes down 

to approximately 5–10 nm, below which an inverse Hall-Petch effect (softening) may occur [12]. 

From the XRD Scherrer analysis, crystallite sizes of D (CrN) = 4.8 nm, D (AlTiN) = 4.1 nm and D (TiB₂) 

= 3.5 nm were determined all within the nanocrystalline regime where Hall-Petch strengthening is operative. 

The corresponding estimated hardness enhancement (relative to coarse-grained counterparts with D ≈ 100 

nm) is significant: for AlTiN, published Hall-Petch constants [13] yield an estimated hardness increase of 

approximately 8–12 GPa attributable to the nanocrystalline grain refinement, bringing total coating hardness 

to the 28–35 GPa range. 

This nanocrystalline hardness directly underlies the abrasive wear resistance of the coating system: the 

hardness ratio H_coating/H_workpiece for this system is approximately 3.5–4.5 (coating ~30 GPa vs. Ti-6Al-

4V workpiece ~4 GPa at ambient, ~1.5 GPa at 500°C) [14], well exceeding the minimum ratio of 1.2–1.5 

required for effective abrasive wear protection. 

2.2 Toughness-Hardness Balance: H/E and H³/E² Ratios 

In PVD coating tribology, hardness alone is insufficient coating toughness is equally critical, particularly 

in interrupted cutting (milling) where cyclic impact loads drive coating fatigue. The ratio H/E (where H is 

hardness and E is elastic modulus) is widely used as a toughness indicator: coatings with higher H/E maintain 

elastic contact rather than plastic deformation under load [15, 16]. 

For the constituent coating phases: CrN exhibits H/E ≈ 0.07 (relatively compliant, high toughness), AlTiN 

exhibits H/E ≈ 0.10 (high hardness with moderate toughness), and TiB₂ exhibits H/E ≈ 0.09 [17]. The 

multilayer architecture exploits the progressive H/E gradient from the tougher CrN interlayer near the 

substrate to the harder AlTiN in the intermediate zone to create a functionally graded mechanical response 

that simultaneously maximizes both hardness (abrasive wear resistance) and toughness (fatigue/delamination 

resistance). 

2.3 Tribo-Oxidation and Adaptive Lubrication 

The concept of adaptive (chameleon) coatings wherein the coating surface chemically transforms during 

tribological contact to form a low-friction, thermally stable oxide that provides in-situ lubrication is central to 

understanding the CrN/AlTiN/TiB₂ system performance [18,19]. The adaptive tribo-oxide formation sequence 

for this coating under Ti-6Al-4V machining conditions is: 

 

 

Fig. 2. Adaptive tribo-film formation sequence on CrN/AlTiN/TiB₂ coating during Ti-6Al-4V milling: Stage 

1 — initial TiB₂ anti-adhesion; Stage 2 — B₂O₃ + Al₂O₃ tribo-oxidation onset; Stage 3 — stable mixed 

oxide (Al₂O₃ + Cr₂O₃ + B₂O₃) film providing sustained adaptive lubrication. 
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Phase 1 Initial contact (<10 min, T < 500°C): TiB₂ surface contacts Ti chip. Low friction (µ ≈ 0.2–0.3) 

due to intrinsic TiB₂ anti-adhesion. B₂O₃ begins forming at grain boundaries. 

Phase 2 Tribo-oxidation onset (10–40 min, T = 500–700°C): TiB₂ partially converts: TiB₂ + O₂ → TiO₂ 

+ B₂O₃. The glassy B₂O₃ phase provides enhanced lubrication (µ drops to ~0.15). At TiB₂-depleted zones, 

AlTiN is exposed and begins forming Al₂O₃ (alumina), which is thermally stable to >1000°C and has low 

shear strength functioning as a ceramic solid lubricant [20, 21]. 

Phase 3 Stable tribo-film (40–70 min, T ≈ 650–750°C plateau): A mixed Al₂O₃ + Cr₂O₃ + B₂O₃ tribo-

oxide film stabilises over the wear surface, providing sustained low-friction lubrication and chemical inertness 

against titanium adhesion. The Cr₂O₃ phase (from CrN oxidation at layer boundaries) contributes additional 

thermal stability [22]. 

This three-phase sequence was directly evidenced in the present study by: (i) the extended stable wear 

region (10–55 min) observed in flank wear curves; (ii) EDS detection of Al-O and Cr-O phases on the worn 

tool surface; and (iii) the maintained low BUE density throughout the stable cutting period. 

3. MICROSTRUCTURE-TRIBOLOGY CORRELATION 

3.1 XRD Grain Size vs. Wear Resistance 

The correlation between XRD-derived crystallite size and coating wear resistance follows directly from 

the Hall-Petch framework developed in Section 2.1. Table 1 quantitatively summarises this correlation for the 

constituent phases. 

 

Fig. 4. XRD pattern of CrN/AlTiN/TiB₂ coating showing identified CrN, AlTiN, TiB₂ and WC-Co phases 

with Scherrer-estimated crystallite sizes (D = 3.5–4.8 nm). 

TABLE 1. MICROSTRUCTURE-TRIBOLOGY PARAMETER CORRELATION FOR CRN/ALTIN/TIB₂ COATING 

Layer D (nm) H_estimated 

(GPa) 

H/E_estimated Primary 

Tribological 

Role 

Contribution 

to Tool Life 

TiB₂ 3.5 30–34 0.09 Anti-adhesion, 

low friction 

Direct 

(prevents BUE) 

AlTiN 4.1 28–32 0.10 Hardness, 

tribo-oxide 

source 

Dominant 

structural 

protection 

CrN 4.8 20–24 0.07 Adhesion, 

toughness, 

Cr₂O₃ source 

Substrate 

protection, 

crack arrest 

WC-Co 

substrate 

12.2 18–22 0.05 Load-bearing Structural 

integrity of tool 

The progressive increase in D from TiB₂ (3.5 nm) → AlTiN (4.1 nm) → CrN (4.8 nm) and corresponding 

decrease in estimated hardness from TiB₂ → AlTiN → CrN reflects an intentional functional gradient: the 

hardest, smallest-grained phase (TiB₂) is at the outermost surface contact zone while the toughest, larger-

grained phase (CrN) is at the adhesion-critical substrate interface an optimal arrangement for multilayer 

coating performance [23]. 
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3.2 AFM Surface Roughness vs. Friction and BUE Suppression 

The AFM-measured surface roughness Ra = 4.21 nm of the as-deposited coating has a direct quantitative 

influence on the tribological contact at the chip-tool interface. In sliding contacts, the real contact area (Areal) 

is related to surface roughness by the Greenwood-Williamson model [24]: 

For a smooth coating (low Ra), Areal/Anominal is small, reducing adhesive junction formation 

proportionally. Published friction data for TiB₂ surfaces show that CoF decreases from ~0.4 (Ra ~ 100 nm) to 

~0.2 (Ra ~ 5–10 nm) against titanium counter faces [10], consistent with the smooth Ra = 4.21 nm surface 

measured in the present study. A lower CoF at the chip-tool interface directly reduces the heat generated by 

friction, lowers the tendency for adhesive BUE formation and minimizes chip welding all of which contribute 

to the extended stable wear life observed. 

 

Fig. 5. AFM 3D surface topography of CrN/AlTiN/TiB₂ coating (10 × 10 µm scan, Ra = 4.21 nm) 

confirming smooth, compact surface morphology directly contributing to low friction and BUE 

suppression. 

3.3 SEM Morphology vs. Coating Fatigue Resistance 

The compact, granular Zone T/II microstructure observed by SEM has critical implications for coating 

fatigue resistance under the cyclic loading of milling. Zone T microstructures are characterized by: dense, 

void-free grain boundaries; high compressive residual stress (typically −1 to −3 GPa for this deposition 

regime) [25]; and isotropic grain morphology without elongated columnar voids that act as crack initiation 

sites. 

The absence of columnar voids and the high grain boundary density in the CrN/AlTiN/TiB₂ coating prevent 

the inter-columnar crack propagation mode that is the dominant fatigue failure mechanism in Zone I coatings 

deposited at lower temperatures or pressures [26]. Instead, under cyclic milling loads, cracks initiated at the 

TiB₂ surface arrest at the TiB₂/AlTiN interface (due to the elastic modulus mismatch a crack deflection 

mechanism [27]) and again at the AlTiN/CrN interface providing two sequential crack-arrest barriers before 

any crack could reach the substrate. This multi-interface crack deflection is the microstructural basis for the 

coating's resistance to delamination failure observed throughout the milling trials. 
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4. MECHANISTIC WEAR MODEL 

Based on the correlations established in Section 3, a Sequential Protective Cascade Model is proposed for 

the tribological performance of the CrN/AlTiN/TiB₂ coating during Ti-6Al-4V milling: 

 

Fig. 1. Schematic of dominant wear mechanisms at the tool-chip interface during Ti-6Al-4V milling: (a) 

uncoated WC-Co tool showing adhesive BUE formation, diffusion wear and abrasion; (b) 

CrN/AlTiN/TiB₂ coated tool showing adaptive tribo-oxide film formation, TiB₂ anti-adhesion and CrN 

crack deflection. 

Stage 1 Anti-Adhesion Shield (TiB₂ layer, 0–40 min): 

The TiB₂ surface (Ra = 4.21 nm, D = 3.5 nm) provides the first line of defence: its intrinsically low CoF 

(≈ 0.2) and chemical incompatibility with titanium (no Ti-B intermetallics form at machining temperatures) 

prevent BUE nucleation. The B₂O₃ glassy film generated by initial tribo-oxidation augments this anti-adhesion 

effect. Without this layer, titanium adhesion to the WC-Co substrate triggers the catastrophic BUE-growth → 

edge fracture failure sequence observed in the uncoated tool. 

Stage 2 Thermal Barrier and Adaptive Lubrication (AlTiN layer, 10–65 min): 

As TiB₂ thickness reduces by wear, the AlTiN layer is progressively exposed. AlTiN's low thermal 

conductivity (~5 W m⁻¹ K⁻¹ for the Al₂O₃ scale vs. 80 W m⁻¹ K⁻¹ for WC-Co) insulates the substrate from 

cutting heat. Simultaneously, Al₂O₃ tribo-oxide formation provides sustained adaptive lubrication (CoF ≈ 

0.25–0.35) and chemical barrier against Ti-Co diffusion. The nanocrystalline AlTiN grain structure (D = 4.1 

nm) maintains high hardness under thermal softening conditions confirmed by literature data showing AlTiN 

retaining H > 25 GPa up to 850°C [28]. 

Stage 3 Substrate Protection and Crack Arrest (CrN layer, throughout service life): 

The CrN interlayer performs two simultaneous protective functions. Mechanically, it acts as a crack-arrest 

barrier: the lower elastic modulus of CrN relative to AlTiN (E_CrN ≈ 300 GPa vs. E_AlTiN ≈ 400 GPa) 

creates an interface compliance mismatch that deflects advancing fatigue cracks into the interface plane rather 

than through the coating to the substrate [29]. Chemically, CrN oxidizes to Cr₂O₃ at the coating periphery 

(coating edges, defect sites), contributing an additional lubrication phase to the mixed tribo-oxide film. 

Model Validation 

The three-stage model predicts: 

• Extended stable wear phase: Stages 1 and 2 together sustain low wear rate for 45+ minutes → confirmed 

by wear curves. 

• Wear mode transition: BUE-dominated → abrasive/oxidative as TiB₂ depletes → confirmed by SEM 

wear analysis. 

• Substrate integrity at end of life: CrN prevents catastrophic substrate failure even at VB = 0.30 mm → 

confirmed by SEM of worn coated tool. 
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5. QUANTITATIVE PERFORMANCE SUMMARY 

The complete microstructure-to-performance correlation for the CrN/AlTiN/TiB₂ coating system is 

summarized in Table 2, linking each characterization result to its tribological implication and quantified 

machining outcome. 

TABLE 2. INTEGRATED MICROSTRUCTURE-TRIBOLOGY-PERFORMANCE SUMMARY 

Characterization Measured 

Parameter 

Value Tribological 

Implication 

Machining 

Outcome 

XRD (Scherrer) D(CrN) 4.8 nm Hall-Petch 

hardening; crack 

arrest at 

CrN/AlTiN 

interface 

Prevents 

delamination 

XRD (Scherrer) D(AlTiN) 4.1 nm High H (28–32 

GPa); Al₂O₃ tribo-

film source 

Extended stable 

wear region (45 

min) 

XRD (Scherrer) D(TiB₂) 3.5 nm Highest hardness 

(30–34 GPa); anti-

adhesion 

Suppresses BUE 

formation 

AFM Ra 4.21 nm Low real contact 

area; CoF ≈ 0.20 

against Ti 

Reduced friction 

heat; no BUE 

AFM Rq 5.34 nm Near-Gaussian 

surface; uniform 

contact pressure 

Consistent Ra 

throughout life 

SEM Morphology Zone T/II compact No columnar 

voids; multi-

interface crack 

arrest 

Fatigue-resistant 

coating 

Machining Tool life (coated) 69.82 min — +111.1% 

improvement 

Machining Workpiece Ra <1.0 µm (0–50 

min) 

Smooth coating → 

smooth workpiece 

Aerospace-quality 

surface 

 

Fig. 3. Radar chart comparison of key performance attributes between uncoated WC-Co and 

CrN/AlTiN/TiB₂-coated WC-Co tools across six tribological and machining performance dimensions. 
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6. COATING DESIGN PRINCIPLES DERIVED 

Based on the integrated analysis, the following design principles are proposed for multilayer PVD coatings 

targeting difficult-to-machine titanium alloy applications: 

Principle 1: Functional Layer Ordering 

The layer nearest to the workpiece contact zone should be selected for anti-adhesion and low friction (e.g., 

TiB₂, DLC, MoS₂ analogues), not for hardness. Maximum hardness is most effectively placed in the 

intermediate layer where it can sustain abrasive wear without direct chip-contact tribochemistry. 

Principle 2: Nanocrystalline Grain Control 

Target crystallite sizes D < 5 nm for all functional layers to maximize Hall-Petch hardening while 

maintaining sufficient toughness. Deposition conditions (substrate bias, temperature, pressure) should be 

optimized to achieve D = 3–5 nm across all layers. 

Principle 3: Interface Compliance Gradient 

Design layer interfaces to create deliberate elastic modulus mismatches (E_upper < E_lower or vice versa, 

depending on crack deflection geometry required). The CrN → AlTiN modulus step (300 → 400 GPa) 

demonstrated in this study provides an effective crack-arrest mechanism. 

Principle 4: Adaptive Oxide Source 

Include at least one Al-rich layer (AlTiN, AlCrN, AlTiSiN) and one Cr-rich layer (CrN, AlCrN) to provide 

both Al₂O₃ and Cr₂O₃ as adaptive tribo-oxide sources. The mixed Al₂O₃ + Cr₂O₃ film is more thermally stable 

and tribologically effective than either oxide alone [30]. 

Principle 5: Surface Roughness Minimizations 

Target as-deposited Ra < 10 nm (ideally < 5 nm) for the outermost coating surface. The present study 

demonstrated Ra = 4.21 nm is achievable with DC magnetron sputtering at 350°C substrate temperature, 

delivering quantifiable friction reduction benefits. 

7. COMPARISON WITH PUBLISHED WEAR MODELS 

TABLE 3 COMPARES THE SEQUENTIAL PROTECTIVE CASCADE MODEL PROPOSED HERE WITH ESTABLISHED 

WEAR MODELS FROM THE LITERATURE FOR PVD-COATED TOOLS ON DIFFICULT-TO-CUT MATERIALS. 

TABLE 3. COMPARISON OF TRIBOLOGICAL MODELS FOR PVD COATINGS ON TI-6AL-4V MACHINING 

Model Source Mechanism Emphasis Applicability to 

CrN/AlTiN/TiB₂ 

Adaptive tribo-film Fox-Rabinovich et al. 

[18] 

AlTiN Al₂O₃ oxidation Partial does not include 

TiB₂ anti-adhesion 

BUE formation 

mechanics 

Hartung & Kramer [31] Adhesion, diffusion Explains uncoated tool 

failure 

Multilayer crack arrest Hovsepian et al. [32] Interface crack 

deflection 

Applicable to 

CrN/AlTiN interface 

Nanocomposite 

hardening 

Veprek & Reiprich [33] Hall-Petch, grain 

boundary 

Applicable to 

nanocrystalline phases 

Sequential Cascade 

(present) 

This work All four mechanisms 

integrated 

Full trilayer-specific 

The proposed model is unique in integrating all four protective mechanisms anti-adhesion (TiB₂), adaptive 

lubrication (AlTiN Al₂O₃), crack arrest (CrN interface) and nanocrystalline hardening (Hall-Petch, all layers) 

into a single self-reinforcing cascade that explains the full timeline of coating performance from initial contact 

to end-of-life. 

8. CONCLUSIONS 

• Four concurrent tribological mechanisms operate synergistically in the CrN/AlTiN/TiB₂ coating during 

Ti-6Al-4V milling: (i) TiB₂ anti-adhesion suppressing BUE; (ii) AlTiN adaptive Al₂O₃ tribo-lubrication; (iii) 

CrN/AlTiN interface crack deflection preventing delamination; and (iv) Hall-Petch hardening from D < 5 nm 

nanocrystalline grain sizes in all three phases. 

•  Quantitative microstructure-tribology correlations were established: D = 3.5–4.8 nm (by Scherrer XRD) 

→ H ≈ 28–34 GPa (Hall-Petch); Ra = 4.21 nm (AFM) → CoF ≈ 0.20 against Ti (Greenwood-Williamson 

contact model); Zone T/II compact morphology (SEM) → multi-interface fatigue crack arrest. 
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•  A Sequential Protective Cascade Model was proposed and validated against the experimental wear data, 

explaining the 45-minute extended stable wear phase and the 111.1% tool life improvement as the combined 

outcome of the four protective mechanisms operating in temporal sequence. 

• Five coating design principles were derived: functional layer ordering (anti-adhesion outermost), 

nanocrystalline grain control (D < 5 nm), interface compliance gradient (crack deflection), adaptive oxide 

source (Al + Cr combination), and surface roughness minimization (Ra < 10 nm). 

• The CrN/AlTiN/TiB₂ trilayer architecture demonstrates that multilayer coating performance emerges 

from synergistic inter-layer interactions rather than the property of any single layer a principle that should 

guide the design of next-generation adaptive PVD coatings for titanium and other difficult-to-machine 

materials. 
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