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Abstract: Multilayer Physical Vapour Deposition (PVD) hard coatings comprising chromium nitride (CrN), 

aluminium titanium nitride (AlTiN) and titanium diboride (TiB2) were deposited on WC-Co solid carbide end mills by 

DC magnetron sputtering. The structural, morphological and surface characteristics of the deposited coatings were 

investigated using X-ray diffraction (XRD), atomic force microscopy (AFM) and scanning electron microscopy (SEM). 

XRD analysis revealed a predominantly nanocrystalline/amorphous structure with broad diffraction peaks 

corresponding to CrN (FCC), AlTiN, TiB2 and WC-Co substrate phases. The Scherrer equation was applied to estimate 

crystallite sizes of 4.8 nm, 4.1 nm, 3.5 nm and 4.2 nm for CrN (111), AlTiN (111), TiB2 (001) and CrN (220) reflections, 

respectively. AFM surface analysis over a 10 x 10 micron scan area yielded arithmetic average roughness Ra = 4.21 

nm, root-mean-square roughness Rq = 5.34 nm and maximum roughness height Rmax = 25.6 nm, confirming an 

exceptionally smooth coating surface. SEM micrographs exhibited a compact, uniform granular morphology with 

closely packed growth nodules and minimal macroparticle defects, characteristic of high-quality magnetron-sputtered 

coatings. Machining trials on Ti-6Al-4V alloy demonstrated that the coated tool achieved a tool life of 69.82 minutes 

compared to 33.07 minutes for the uncoated tool, representing a 111.1% improvement. The correlation between the 

refined nanocrystalline microstructure, smooth surface topography and enhanced machining performance is 

systematically discussed. Results confirm that the CrN/AlTiN/TiB2 trilayer architecture offers synergistic structural 

and tribological benefits for high-performance machining of titanium alloys. 

 

Index Terms - CrN; AlTiN; TiB2; multilayer PVD coating; XRD; AFM; SEM; surface roughness; tool life; Ti-6Al-

4V; DC magnetron sputtering; Scherer equation. 
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Nomenclature 

Symbol Description 

2θ Bragg angle (degrees) 

λ Wavelength of X-ray (Cu Kα = 1.5406 Å) 

β Full width at half maximum (FWHM) of diffraction peak (radians) 

D Crystallite size (nm) 

K Scherrer shape factor (= 0.94 for spherical grains) 

Ra Arithmetic average roughness (nm) 

Rq Root-mean-square roughness (nm) 

Rmax Maximum roughness height (nm) 

AFM Atomic Force Microscopy 

DC Direct Current 

EDS Energy Dispersive Spectroscopy 

FCC Face-Centred Cubic 

FWHM Full Width at Half Maximum 

HiPIMS High-Power Impulse Magnetron Sputtering 

PVD Physical Vapour Deposition 

SEM Scanning Electron Microscopy 

WC-Co Tungsten Carbide-Cobalt 

XRD X-ray Diffraction 

Vc Cutting speed (m/min) 

fz Feed per tooth (mm/tooth) 

ap Axial depth of cut (mm) 

ae Radial engagement (mm) 

 

1. Introduction 

Titanium alloys, particularly Ti-6Al-4V (Grade 5), occupy a pivotal role in aerospace, biomedical and automotive 

industries owing to their exceptional strength-to-weight ratio, corrosion resistance and high-temperature mechanical 

stability [1, 2]. However, Ti-6Al-4V is widely recognized as a difficult-to-machine material due to its low thermal 

conductivity (~6.7 W/m K), high chemical reactivity with tool materials at elevated temperatures and pronounced 

tendency to form built-up edge (BUE), resulting in excessive tool wear, short tool life and compromised workpiece 

surface integrity [3,4]. 

Among the various strategies developed to mitigate these challenges - including optimized cutting geometries, 

cryogenic cooling, minimum quantity lubrication (MQL) and advanced substrate materials - Physical Vapour 

Deposition (PVD) hard coatings have emerged as one of the most industrially effective solutions [5,6]. PVD coatings 

can be engineered to provide superior hardness, oxidation resistance and tribological performance without substantially 

altering the tool geometry or substrate toughness [7]. 

Single-layer PVD coatings such as TiN, TiCN and AlTiN have demonstrated measurable improvements in tool life 

for general machining applications; however, their performance in the thermo mechanically severe regime of Ti-6Al-

4V machining remains limited [8, 9]. In particular, adhesive wear due to the chemical affinity between titanium and 

cobalt-containing substrates, and the resulting BUE formation, continues to pose significant challenges [10]. 

To overcome these limitations, multilayer PVD architectures have been developed that combine complementary 

functional layers: a CrN adhesion interlayer providing toughness and chemical barrier properties, an AlTiN intermediate 

layer for high hardness (30-38 GPa) and oxidation resistance up to 900 degrees C, and a TiB2 top layer offering low 

coefficient of friction (CoF ~ 0.2-0.3) and anti-adhesion characteristics [11-14]. The multilayer architecture exploits 

synergistic interactions between layers - impeding crack propagation across interfaces, promoting adaptive tribo-film 

formation (e.g., Al2O3 and Cr2O3 oxides) and providing sequential functional gradients - to yield superior composite 

properties that no single-layer coating can achieve alone [15,16]. 

Despite the growing body of literature on binary and ternary PVD coatings, systematic structural and surface 

characterization studies specifically targeting the CrN/AlTiN/TiB2 trilayer system deposited on WC-Co tools for Ti-

6Al-4V machining remain scarce. The correlation between XRD-derived microstructural parameters (crystallite size, 

phase identification), AFM surface metrics (Ra, Rq) and actual machining performance requires thorough investigation. 

This study addresses this gap by presenting a comprehensive characterization of CrN/AlTiN/TiB2 multilayer PVD 

coatings using XRD, AFM and SEM, corroborated by end milling trials on Ti-6Al-4V. The objectives are to: (i) identify 
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the crystallographic phases and estimate crystallite sizes using the Scherrer equation; (ii) quantify surface roughness 

parameters from AFM line profiles; (iii) characterize surface morphology by SEM; and (iv) correlate the microstructural 

findings with observed machining performance improvements. 

2. Materials and Methods 

2.1 Substrate Material and Pre-Treatment 

Solid carbide (WC-Co, 10 wt. % Co) end mills of 10 mm diameter were used as substrates. Prior to deposition, the 

tools underwent a rigorous pre-treatment protocol: ultrasonic cleaning in acetone for 15 minutes, followed by 

isopropanol rinsing and drying under nitrogen gas. Tools were subsequently sputter-etched inside the deposition 

chamber under Ar plasma at -400 V bias for 20 minutes to remove surface oxides and ensure maximum adhesion 

between the coating and the WC-Co substrate [17, 18]. 

2.2 PVD Deposition Process 

The CrN/AlTiN/TiB2 multilayer coating was deposited sequentially using DC magnetron sputtering in a multi-target 

PVD chamber. The three-layer deposition sequence and key process parameters are summarized in Table 1. 

Table 1. PVD Deposition parameters for CrN/AlTiN/TiB2 Multilayer coating 

Parameter CrN Layer AlTiN Layer TiB2 Layer 

Target material Cr (99.9%) AlTi alloy (67:33 at. %) TiB2 (99.5%) 

Deposition method DC Magnetron Sputtering DC Magnetron Sputtering DC Magnetron Sputtering 

Base pressure (Pa) < 5 x 10-4 < 5 x 10-4 < 5 x 10-4 

Working pressure (Pa) 0.4 0.4 0.3 

N2/Ar flow ratio (sccm) 30/70 25/75 0/100 (pure Ar) 

Substrate temperature (°C) 350 350 350 

Substrate bias voltage (V) -80 -80 -60 

Target power density (W/cm²) 5.0 6.0 4.5 

Nominal layer thickness (µm) ~0.5 ~1.5 ~0.5 

 

The total nominal coating thickness was approximately 2.5 micron. The deposition sequence followed the 

architectural principle illustrated in Fig. 3 - CrN was deposited first (adhesion layer), followed by AlTiN 

(structural/hardness layer) and finally TiB2 (anti-adhesion/friction-reducing top layer). 

2.3 X-ray Diffraction (XRD) Analysis 

Structural characterization was performed using a Bruker D8 Advance X-ray diffractometer in the thin-film grazing 

incidence configuration with Cu Kα radiation (λ = 1.5406 Å). Diffraction patterns were collected over a 2θ range of 10 

degrees to 80 degrees at a step size of 0.1 degrees and a counting time of 1 second per step. Phase identification was 

carried out by comparison with the International Centre for Diffraction Data (ICDD) PDF-2 database. Crystallite sizes 

(D) for each identified phase were calculated using the Scherrer equation [19]: D = Kλ / (β cosθ), where K = 0.94 

(spherical grain shape factor), λ = 0.15406 nm (Cu Kα wavelength), β is the FWHM of the diffraction peak in radians, 

and θ is the Bragg angle. 

2.4 Atomic Force Microscopy (AFM) 

Surface topography and roughness measurements were performed using an AFM system in tapping mode over a 10 

x 10 micron scan area. Line profiles were extracted at mid-section of the scan area to obtain 1D roughness data. The 

arithmetic average roughness (Ra), root-mean-square roughness (Rq) and maximum roughness height (Rmax) were 

computed from the raw profile data after subtraction of the mean plane. Both 2D (plan view) and 3D topographic maps 

were captured and analysed. 

2.5 Scanning Electron Microscopy (SEM) 

Surface morphology of the as-deposited coating was examined using a scanning electron microscope at an 

accelerating voltage of 20 kV and working distance of 10.2 mm. Images were acquired at magnifications ranging from 

2,000x to 10,000x. Energy dispersive X-ray spectroscopy (EDS) was performed concurrently to confirm elemental 

composition of the coating surface. 

 

 

 

 

http://www.ijcrt.org/


www.ijcrt.org                                                        © 2026 IJCRT | Volume 14, Issue 8 August 2026 | ISSN: 2320-2882 

IJCRT2608098 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org a862 
 

2.6 Machining Trials 

End milling trials were conducted on Ti-6Al-4V alloy work pieces (115 x 40.5 x 5 mm) using both uncoated and 

CrN/AlTiN/TiB2-coated WC-Co solid carbide end mills (10 mm dia., 4-flute). Machining conditions were fixed as 

follows: cutting speed Vc = 44 m/min, spindle speed = 1,400 rpm, feed per tooth fz = 0.03 mm/tooth, axial depth of cut 

ap = 5 mm, radial engagement ae = 0.5 mm, dry machining environment. Tool life was determined by the ISO 8688 

criterion: flank wear VB >= 0.3 mm or catastrophic failure. 

3. Results and Discussion 

3.1 XRD Phase Analysis and Crystallite Size 

The XRD diffraction pattern of the CrN/AlTiN/TiB2 multilayer coating is presented in Fig. 1. The diffractogram 

reveals a characteristically broad, diffuse hump centred in the 2θ range of 20-28 degrees, superimposed with several 

distinguishable diffraction peaks. This broad amorphous-like envelope is a hallmark of nanocrystalline thin films 

deposited by magnetron sputtering at moderate substrate temperatures, where the adatom mobility is insufficient for 

complete crystallization [20, 21]. 

 

Fig. 1. XRD pattern of CrN/AlTiN/TiB2 multilayer PVD coating deposited on WC-Co substrate (Cu Kα, λ = 1.5406 Å, 2θ = 10-80 

degrees). Broad amorphous hump centred at 2θ ~ 22 degrees confirms nanocrystalline microstructure. Phase assignments: CrN 

(111) at 21.5 degrees, TiB2 (001) at 34.4 degrees, WC (101) at 35.6 degrees, AlTiN (111) at 37.6 degrees, CrN (220) at 62.5 

degrees. 

Phase identification confirmed the presence of the following reflections: CrN (111) at 2θ ~ 21.5 degrees, consistent 

with face-centred cubic CrN (JCPDS card No. 11-0065), confirming the successful deposition of the CrN adhesion 

layer; TiB2 (001) at 2θ ~ 34.4 degrees, matching the hexagonal TiB2 phase (JCPDS card No. 35-0741), indicative of 

the top anti-adhesion layer; WC (101) at 2θ ~ 35.6 degrees, arising from the WC-Co substrate, consistent with 

penetration of X-rays through the thin film into the substrate; AlTiN (111) at 2θ ~ 37.6 degrees, corresponding to the 

metastable FCC (Al,Ti)N solid solution phase (JCPDS card No. 46-1200); and CrN (220) at 2θ ~ 62.5 degrees, a 

secondary CrN reflection confirming the cubic CrN crystal structure. 

The absence of sharp, intense peaks and the dominance of the broad hump confirm a predominantly 

nanocrystalline/amorphous microstructure. This is consistent with reports by PalDey and Deevi [22] who demonstrated 

that high Al content in (Ti, Al) N systems promote nanocrystalline grain refinement, and with studies by Hovsepian et 

al. [23] on CrN-based multilayer systems showing amorphous-like character under moderate deposition temperatures. 

The crystallite sizes estimated by the Scherrer equation are presented in Fig. 7 and summarized in Table 2. CrN 

(111) yielded D = 4.8 nm, AlTiN (111) yielded D = 4.1 nm and TiB2 (001) yielded D = 3.5 nm. These nanometric grain 

sizes (all < 5 nm) are consistent with the theoretical basis of Nano composite coating design, wherein grain boundaries 

act as barriers to dislocation propagation, thereby enhancing hardness beyond the rule of mixtures - a phenomenon 

described as the Hall-Petch strengthening mechanism [24,25]. 
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Table 2. Summary of XRD peak parameters and Scherrer crystallite size 

Phase Peak (hkl) 2θ (°) FWHM (°) D (nm) 

CrN (111) 21.5 1.80 4.8 

AlTiN (111) 37.6 2.10 4.1 

TiB2 (001) 34.4 2.50 3.5 

WC-Co substrate (101) 35.6 0.80 12.2 

CrN (220) 62.5 2.20 4.2 

Note: D calculated using Scherrer equation: D = Kλ/(β cosθ), K = 0.94, λ = 0.15406 nm 

3.2 AFM Surface Roughness Analysis 

The AFM 1D line roughness profile extracted from the mid-section of the 10 x 10 micron scan is presented in Fig. 

2, while the 3D surface topography map is shown in Fig. 5. The computed surface roughness parameters are as follows: 

Ra = 4.21 nm (arithmetic average roughness), Rq = 5.34 nm (root-mean-square roughness) and Rmax = 25.6 nm 

(maximum height). 

 

Fig. 2. AFM surface roughness 1D line profile of CrN/AlTiN/TiB2 multilayer coating (10 x 10 micron scan area, mid-section 

extraction). Dashed red lines indicate +/-Ra boundaries. Ra = 4.21 nm, Rq = 5.34 nm, Rmax = 25.6 nm. 

These values confirm an exceptionally smooth coating surface. The low Ra value of 4.21 nm is significantly below 

the threshold of 50-100 nm commonly reported for conventionally ground WC-Co substrates prior to coating [26], 

indicating that the PVD deposition process itself produced a smooth, conformal film that faithfully replicated the 

polished substrate surface while introducing minimal additional roughness from film growth mechanisms (coalescence, 

grain growth, shadowing effects). 

The 3D topographic map (Fig. 5) reveals a uniform surface with evenly distributed asperities of sub-100 nm height 

across the entire 10 x 10 micron scan area. Occasional bright spots (height spikes up to ~127 nm) are identifiable, 

consistent with macroparticle inclusions typical of DC sputtering processes, which can be largely eliminated by 

transitioning to HiPIMS deposition [27,28]. The rms-to-Ra ratio (Rq/Ra = 1.27) is close to the theoretical value of 1.25 

for a Gaussian height distribution, indicating that the surface height distribution of the as-deposited CrN/AlTiN/TiB2 

coating approaches Gaussian statistics - a desirable characteristic for tribological contact where a symmetric height 

distribution minimizes stress concentration [29]. 

The smooth surface topography observed here has direct implications for machining performance. In Ti-6Al-4V 

machining, the coating surface directly contacts the workpiece chip at the rake face; a smoother coating surface reduces 

chip adhesion, thereby suppressing BUE formation and improving chip flow, as documented by Fox-Rabinovich et al. 

[30] for AlTiN-based coatings and by Chowdhury et al. [31] for CrN coatings machining Ti-6Al-4V. 
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3.3 SEM Surface Morphology 

The SEM micrograph of the as-deposited CrN/AlTiN/TiB2 coating surface at 10,000x magnification is presented in 

Fig. 6. The surface exhibits a uniform, compact granular morphology characteristic of high-quality DC magnetron-

sputtered hard coatings [32]. The growth nodules are closely packed, dome-shaped and typically 50-150 nm in diameter, 

consistent with the Zone T (transition zone) or Zone II microstructure in the Thornton structure zone model applicable 

to the deposition conditions (T_substrate/T_melting ~ 0.18, working pressure ~ 0.4 Pa) [33]. 

Occasional macroparticle defects (bright spots, diameter ~ 200-500 nm) are visible across the surface, arising from 

target material ejection during the DC sputtering process. These macroparticles can act as stress concentration sites 

under cyclic loading during machining; however, their low surface density in the present coating indicates effective 

control of sputtering parameters [34]. No evidence of columnar void zones, delamination or cracking was observed in 

the as-deposited state, confirming good coating cohesion and adhesion. 

EDS analysis (not shown separately) confirmed the elemental presence of Cr, Al, Ti, B, N on the coating surface, 

consistent with the intended CrN/AlTiN/TiB2 trilayer composition. No iron, oxygen or contaminant elements were 

detected above the EDS detection limit (> 0.1 at. %), verifying the cleanliness of the deposition process. 

3.4 Coating Architecture and Functional Layer Design 

The cross-sectional schematic of the trilayer coating architecture is shown in Fig. 3. The functional design of each 

layer was deliberately selected based on established materials science principles: 

 

Fig. 3. Cross-sectional schematic of CrN/AlTiN/TiB2 multilayer PVD coating architecture on WC-Co solid carbide end mill 

substrate showing nominal layer thicknesses and functional property gradients. 

CrN interlayer (~0.5 micron): Provides a chemically compatible interface between the WC-Co substrate and the 

overlying AlTiN layer. The hexagonal Cr2N to cubic CrN transition provides a gradual lattice parameter transition 

(a_CrN = 4.14 Å vs. a_WC = 2.91 Å), reducing residual biaxial stress at the substrate-coating interface [35]. CrN also 

exhibits superior toughness (H/E ratio ~ 0.07) compared to harder single-phase coatings, enabling crack deflection at 

the interface [36]. 

AlTiN intermediate layer (~1.5 micron): The thickest and mechanically dominant layer. Metastable FCC 

(Al0.67Ti0.33)N provides Vickers hardness of 28-34 GPa and outstanding oxidation resistance due to the formation of 

a dense Al2O3 protective scale at temperatures >= 700 degrees C [37]. The high Al content (67 at. %) approaches the 

solubility limit of Al in the FCC AlTiN lattice, maximizing solid-solution strengthening [22]. 

TiB2 top layer (~0.5 micron): The outermost contact layer in machining. TiB2 exhibits an intrinsically low 

coefficient of friction (mu ~ 0.15-0.25) in metallic tribological contacts due to the formation of a boron oxide (B2O3) 

tribofilm during sliding [38,39]. This dramatically reduces adhesive interaction with the titanium chip during Ti-6Al-

4V machining, suppressing BUE formation [40]. 
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3.5 Machining Performance and Correlation with Microstructure 

The tool life comparison between uncoated and CrN/AlTiN/TiB2-coated WC-Co end mills during dry milling of Ti-

6Al-4V is presented in Fig. 4. The coated tool achieved a tool life of 69.82 minutes, compared to 33.07 minutes for the 

uncoated tool - representing a 111.1% improvement under identical machining conditions (Vc = 44 m/min, fz = 0.03 

mm/tooth, ap = 5 mm, ae = 0.5 mm). 

 

Fig. 4. Tool life comparison between uncoated WC-Co and CrN/AlTiN/TiB2 PVD-coated WC-Co solid carbide end mills in dry 

milling of Ti-6Al-4V (Vc = 44 m/min, fz = 0.03 mm/tooth, ap = 5 mm, ae = 0.5 mm, n = 1,400 rpm). Tool life criterion: VB >= 

0.3 mm (ISO 8688). 

This substantial enhancement can be directly attributed to the microstructural characteristics revealed by XRD, AFM 

and SEM: the nanocrystalline structure (D = 3.5-4.8 nm) of the CrN, AlTiN and TiB2 phases provides a high density 

of grain boundaries that hinder dislocation propagation, thereby maintaining coating integrity under the high contact 

stresses experienced at the tool-chip interface during Ti-6Al-4V machining [41]; the smooth surface topography (Ra = 

4.21 nm) minimizes real contact area at the chip-tool interface, reducing frictional heat generation and adhesive wear 

susceptibility - comparable smooth coating surfaces (Ra < 10 nm) have been correlated with superior tool performance 

by Bouzakis et al. [42] in their systematic study of TiAlN coatings; the TiB2 outermost layer detected in XRD (JCPDS 

35-0741) directly provides the low-friction interface that prevents Ti6Al4V chip welding to the tool surface - the 

primary cause of rapid BUE-driven tool failure in uncoated carbide tools [43]; and the CrN adhesion layer confirmed 

by the CrN (111) and CrN (220) reflections ensures that the coating remains mechanically bonded to the WC-Co 

substrate under the cyclic mechanical loading of milling, preventing delamination-type failure modes [44]. 

The observed 111.1% tool life improvement is consistent with, and in some cases superior to, values reported in the 

literature: Chowdhury et al. [31] reported ~80% improvement with CrN coatings on Ti-6Al-4V; Sundaram et al. [45] 

reported ~65% improvement with TiB2 coatings; and Veldhuis et al. [46] demonstrated ~120% improvement with 

AlTiN adaptive coatings, all under comparable dry machining conditions. The combined trilayer architecture in the 

present study thus delivers a competitive and balanced performance improvement. 
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Fig. 5. AFM 3D surface topography map of CrN/AlTiN/TiB2 multilayer coating (10 x 10 micron scan area, z-scale: 0-127 nm). 

Colour bar: dark brown = low; bright yellow = high elevation. 

 

Fig. 6. SEM micrograph of CrN/AlTiN/TiB2 multilayer coating surface at 10,000x magnification (HV = 20 kV, WD = 10.2 mm). 

Compact, uniform granular morphology with dome-shaped growth nodules (50-150 nm) and occasional macroparticle defects. 
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Fig. 7. Crystallite size of identified phases in CrN/AlTiN/TiB2 multilayer coating estimated by the Scherrer equation (K = 0.94, 

Cu Kα radiation). Nanocrystalline grain sizes of 3.5-4.8 nm for coating phases confirm a high grain boundary density 

microstructure. 

4. Conclusions 

A systematic structural and surface characterization of CrN/AlTiN/TiB2 multilayer PVD coatings deposited on WC-

Co solid carbide end mills has been conducted using XRD, AFM and SEM. The following principal conclusions are 

drawn: 

1. XRD analysis confirmed the deposition of all three intended phases - CrN (FCC, 111 and 220 reflections), AlTiN 

(FCC, 111 reflection) and TiB2 (hexagonal, 001 reflection) - along with WC-Co substrate reflections, indicating 

successful sequential layer deposition with a total nominal thickness of ~2.5 micron. 

2. Scherrer crystallite size analysis revealed nanometric grain sizes: D (CrN 111) = 4.8 nm, D (AlTiN 111) = 4.1 

nm, D (TiB2 001) = 3.5 nm, all below 5 nm. The broad FWHM values confirm a predominantly 

nanocrystalline/amorphous microstructure, consistent with the high-density grain boundary structure expected from 

magnetron sputtering at moderate substrate temperatures (350 degrees C). 

3. AFM surface characterization yielded Ra = 4.21 nm, Rq = 5.34 nm and Rmax = 25.6 nm over a 10 x 10 micron 

scan area, confirming an exceptionally smooth as-deposited coating surface with near-Gaussian height distribution 

(Rq/Ra = 1.27). The smooth topography is attributed to compact Zone T/II microstructure formation under the selected 

deposition conditions. 

4. SEM morphology revealed a uniform, compact granular surface with closely packed growth nodules (50-150 nm), 

minimal macroparticle defects and no evidence of cracking or delamination, confirming high coating quality and inter-

layer adhesion. 

5. Machining trials demonstrated a 111.1% improvement in tool life (33.07 to 69.82 minutes) for the coated tool in 

dry end milling of Ti-6Al-4V, directly attributable to the synergistic effects of the nanocrystalline microstructure (high 

hardness), smooth surface (reduced friction/BUE) and TiB2 top layer (anti-adhesion). The CrN interlayer ensured 

coating adhesion integrity throughout the milling operation. 

6. The results establish that the CrN/AlTiN/TiB2 trilayer PVD system is a highly effective coating architecture for 

Ti-6Al-4V machining and warrants further investigation through systematic variation of deposition parameters (bias 

voltage, N2/Ar ratio, substrate temperature) and machining conditions (cutting speed, cooling strategy). 

5. Future Scope 

Future work will focus on: (i) Nano indentation testing to directly measure coating hardness (H) and elastic modulus 

(E), enabling H/E and H3/E2 ratio analysis for toughness assessment; (ii) scratch adhesion testing (critical load Lc 

determination) of the trilayer system; (iii) tribological pin-on-disk testing under Ti-6Al-4V representative conditions to 

quantify coefficient of friction and specific wear rate; (iv) TEM cross-section analysis to directly image layer interfaces 

and measure individual layer thicknesses; and (v) systematic Taguchi/DOE optimization of the deposition parameters 

to maximize coating performance. 
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