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A B S T R A C T

The poor machinability of Ti-6Al-4V (Ti64), characterized by adhesive and abrasive wear, low thermal con
ductivity, and high chemical reactivity, continues to hinder efficient manufacturing. Among these challenges, 
adhesive layer formation on tool flank faces remains poorly understood despite its critical influence on tool 
degradation and workpiece surface integrity. To address this, this study investigates the tribological behavior of 
WC/Co-Ti64 pin-on-disc sliding contacts under dry and minimum quantity lubrication (MQL) conditions through 
both experimental and numerical approaches. Experimental results show that thick, stable, and intact adhesive 
layers transferred from Ti64 discs was formed on WC/Co pin surfaces under dry and low MQL flowrate condi
tions. These layers are associated with reduced friction coefficients and lower disc wear but simultaneously 
contribute to compromised surface integrity. Comparative boundary element method (BEM) simulations with 
316 L stainless steel reveal that the lower elastic modulus of Ti64 adhesive layers significantly reduces nominal 
contact pressure and subsurface von Mises stress, lowering friction coefficients and enhancing mechanical sta
bility of adhesive layer. However, the accompanying increase in surface roughness intensifies local stress con
centrations and result in thicker work-hardened layers on Ti64 disc, which align well with BEM simulation 
results. Conversely, high MQL flowrate inhibited adhesive layer formation, leading to higher friction and wear 
but producing smoother surfaces and thinner work-hardened layer. The findings offer new mechanistic insights 
into complex interplay between adhesive layer, lubrication and surface topography, and present the first direct 
evidence of the dual role of adhesive layer: reducing friction and tool-side wear but compromising workpiece 
surface integrity.

1. Introduction

Titanium alloys, particularly Ti64, are increasingly employed in 
aerospace, biomedical, automotive, and general industrial applications 
due to their excellent strength-to-weight ratio, corrosion resistance, heat 
resistance, and biocompatibility [1,2]. These properties make Ti64 a 
preferred material for critical component such as aircraft structural 
parts, medical implants, engine components, and other 
high-performance industrial tools. The global Ti64 titanium alloy mar
ket was valued at USD 3.2 billion in 2024 and is projected to reach USD 
5.5 billion by 2033, representing a compound annual growth rate 
(CAGR) of 7.3 % from 2026 to 2033, driven primarily by its expanding 
use in advanced manufacturing and high-performance industries [3]. 
Despite these advantageous properties, Ti64 presents significant 

machining challenges, classifying itself as a difficult-to-machine mate
rial. These challenges primarily stem from its high chemical reactivity, 
low thermal conductivity, low elastic modulus, and strong tendency for 
work-hardening [4,5]. At elevated cutting temperatures, Ti64 shows 
strong chemical affinity with tool materials, leading to severe adhesive 
and diffusion wear [5,6]. These interactions frequently result in the 
formation of adhesive layers at the tool/workpiece interface, which, 
upon detachment, can cause localized tool damage or failure [7]. 
Moreover, the inherently low thermal conductivity of Ti64 causes sig
nificant heat accumulation in the cutting zone, exacerbating tool wear 
and degradation [8]. Its low elastic modulus further contributes to 
elastic recovery, dimensional inaccuracies, and potential machining 
instability due to chatter [9]. Collectively, these factors accelerate tool 
deterioration, necessitate frequent tool replacements, and substantially 
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increase manufacturing costs [10]. Thus, there is an urgent need to 
deepen the understanding of underlying wear mechanisms and their 
interplay with the material properties of Ti64 to optimize machining 
processes and enhance tool life and surface integrity.

Among the various wear modes encountered during machining op
erations, flank wear is particularly critical as it directly influences tool 
life and the final surface integrity of machined components [11]. Flank 
wear progression is governed by mechanical and thermal loads acting at 
the cutting tool, determined by interactions involving contact stress, 
temperature distributions, and material properties [12]. These in
teractions significantly influence the machined surface integrity, a 
crucial factor in determining the functionality and durability of 
high-performance components [13]. Key surface integrity characteris
tics, including surface topography, plastic deformation, near-surface 
work hardening, residual stress, and potential phase transformations, 
are heavily dependent on tool wear dynamics [14]. Achieving and 
maintaining desirable surface integrity is especially challenging for ti
tanium alloys, given that their distinctive properties can readily induce 
accelerated tool flank wear [15].

Previous studies have explored various aspects of tool wear and 
surface integrity in titanium machining. Liang and Liu demonstrated 
that increased flank wear under dry cutting conditions leads to greater 
plastic deformation and diminishes compressive residual stress on 
machined surfaces [16]. Lin et al. developed numerical models to study 
tool-workpiece interactions influenced by flank wear [17], while Karpat 
and Özel investigated thermal effects during the machining process, 
showing that wider flank wear land widths elevate cutting temperatures 
and degrade surface quality [18]. Furthermore, Toubhans et al. identi
fied that the formation of built-up edge (BUE) and built-up layers con
tributes to force instability during machining [19]. BUE was reported to 
degrade surface quality, alter tool geometry, and shorten tool life 
through material adhesion and tribochemical reactions [15,20,21]. 
However, a stable BUE can mitigate micro-milling tool wear and 
improve surface roughness under specific conditions [22,23], promoting 
strategies being developed to exploit BUE formation for optimizing 
surface finish and extending tool service life [15,23,24].

Although these studies provide valuable insights into specific wear 
mechanisms involved in titanium machining, such as adhesive, BUE 
effects and diffusion wear [25,26], the detailed formation process and 
mechanical behaviour of those adhesive layers on the tool flank face 
remain inadequately explored [27]. In particular, the role of these ad
hesive layers in governing tool degradation and surface integrity across 
varying machining conditions is poorly characterized [25]. This 
knowledge gap restricts the optimization of machining parameters and 
tool designs, limiting efforts to effectively mitigate wear and enhance 
tool life during titanium alloy machining [26].

To fill in this gap, the present study integrates experimental testing 
with numerical modelling to investigate adhesive layer formation and its 
effects under controlled sliding conditions: 

• Complex machining dynamics were reduced to fundamental tribo
logical tests using a custom-designed high-speed, high-load pin-on- 
disc tribometer to approximate the tool flank face/workpiece contact 
while boundary-element-method-based simulations provided com
plementary analysis of adhesive layer from the perspective of contact 
mechanics.

• By synergistically combining experimental and numerical methods, 
the effects of mechanical properties, normal load, sliding speed, and 
MQL flow rate on adhesive layer formation were systematically 
studied. The dual role of adhesive layers in reducing friction and 
wear while potentially degrading workpiece surface integrity were 
found and elucidated.

These findings offer valuable mechanistic insights into the complex 
interaction between adhesive layer formation, lubrication and surface 
topography in governing the tribological behavior and subsurface 

integrity. It helps establish a foundation for optimizing machining 
strategies, tool design, and lubrication protocols for Ti64, stainless steel 
316 L and other difficult-to-machine materials. Built on this work, our 
next-step research aims to prevent the formation of Ti alloy adhesive 
layers and enhance surface integrity in actual machining operations 
through optimized lubrication and cooling strategies.

2. Methodology

2.1. Tribological experiments

Tribological tests were performed using a bespoke high-speed, high- 
load pin-on-disc tribometer. The friction forces (Ff) were measured using 
a load cell and the friction coefficients (fc) were calculated using the 
equation fc = Ff / Fn, where Fn is the applied normal load. The disc 
samples, made of Ti64 and 316 L stainless steel, were 40 mm in diam
eter. A fixed upper pin made of tungsten carbide with 10 wt% cobalt 
(WC/Co) and with a 10 mm diameter hemispherical head served as the 
counterpart. Tests were conducted under ambient conditions with 
sliding speeds ranging from 47 to 141 m/min, contact pressures between 
1.2 and 2.5 GPa (simulating effect of different cutting depths), and a 
fixed duration of 30 s (approximating a single cutting process). Here, 
316 L was selected as a comparison material for its relevance in engi
neering applications and its contrasting mechanical properties with 
Ti64, allowing for a clearer interpretation of the material-dependent 
tribological responses. A new set of samples was used for each test. 
Lubrication was provided using an ester-based neat oil (ROCOL, UK) 
delivered at variable flowrate (0–44 ml/h) through a minimum quantity 
lubrication (MQL) system (Allube Ltd, UK). The key properties of the 
lubricant are summarized in Table 1. Table 2 lists the relevant physical 
properties of the pin and disc materials. To measure the contact tem
perature during sliding, a thermocouple channel was machined into 
each pin using Electrical Discharge Machining (EDM). A K-type ther
mocouple was inserted at the top of the channel with the junction 
located approximately 1 mm away from the tribological contact surface 
of the pin.

2.2. Materials characterization

The morphology and composition of adhesive layers formed on the 
pin surfaces were analysed using Scanning Electron Microscopy (SEM, 
Carl Zeiss EVO MA15) equipped with an Energy Dispersive X-ray 
Spectrometer (EDX, Oxford Instruments AZtecEnergy system). To 
examine the subsurface microstructure in the frictional contact regions, 
cross-sectional specimens were prepared using a focused ion beam (FIB, 
FEI Helios G4 CX DualBeam FIB-SEM) and subsequently characterized 
via SEM and EDX. A 3D non-contact optical profilometer (NPFLEX, 

Table 1 
Lubricating oil properties.

Oil type Viscosity cst at 40 ◦C Flash point (◦C) Pour point (◦C)

Polyol ester 24 260 − 59

Table 2 
Mechanical properties of pin and disc materials.

Materials E (GPa) ν H (GPa) YS (GPa) C (W/m⋅k)

WC/Co (Pin) 600 0.21 14 4.7 100
Ti6Al4V (Disc) 113 0.34 3.2 1.07 7
316 L (Disc) 193 0.25 2.2 0.73 16

Note: E, elastic modulus; v, Poisson’s ratio; H, hardness; YS, yield strength is 1/3 
of the hardness; C, thermal conductivity. Yield stress of materials (assumed to be 
H/3) in the current study [28,29].
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Bruker) was used to characterize the topography and wear tracks on 
both pin and disc surfaces. Surface mechanical properties, including 
hardness and elastic modulus of the disc samples, were evaluated using a 
nano-indenter (Micro Materials, UK).

2.3. Numerical Modelling: Boundary Element Method (BEM) simulation

Boundary Element Method (BEM) simulations were conducted to 
complement the experimental investigations and reveal the underlying 
mechanisms associated with adhesive layer formation during sliding. In 
the model, the WC/Co pin was simplified as a rigid sphere with a 

perfectly bonded elastic transfer layer representing the adhesive film, 
while the Ti64 or 316 L disc was treated as a homogeneous elastic half- 
space (Fig. 1). Dry contact conditions were assumed, neglecting lubri
cation and thermal effects. To determine the contact tractions and 
subsurface stresses, different from the conventional half-space contact 
problems, for which explicit analytical solutions are mathematically 
tractable in the spatial domain such as the Boussinesq integral [30] and 
Cerruti’s solutions [31], the layered contact problem needs to be solved 
by deducing the response functions in the frequency domain first and 
then using the reverse Fourier transform to obtain the corresponding 
solutions in the spatial domain, as practiced in the work of Wang et al. 
[32]. Computational techniques, including the discrete convolution fast 
Fourier transform (DC-FFT) [33] and conjugate gradient method (CGM) 
[34] were applied to accelerate the computational speed of the algo
rithm. Model validation was performed against published results for 
elastic layered contact problems by Wang et al. [35]. Simulations 
investigated the effects of adhesive layer thickness and surface rough
ness on contact pressure distribution and subsurface von Mises stress 
evolution. A concise description of the numerical formulation, grid 
refinement strategies, and algorithmic implementation for solving 
elastic layered contact problems, along with relevant validation studies, 
is provided in the Supplementary material.

3. Results and discussion

Fig. 2a illustrates the experimental setup for the pin-on-disc tribo
logical tests, in which both friction force and contact temperature were 
recorded simultaneously. Figs. 2b and 2c present the average friction 
coefficient and maximum temperature under varying test conditions 
(Hertzian contact pressures: 1.2–2.5 GPa; sliding speeds: 47–141 m/ 
min) for two kinds of disc materials: Ti64 and 316 L stainless steel. The 

Fig. 1. Schematic illustration of the elastic layered contact model used in BEM 
simulations. The WC/Co pin used in the experiment is simplified as a rigid 
sphere which is coated with a uniform adhesive layer and pressed against a 
Ti64 or 316 L disc under a normal load W in this model. The model assumes 
perfect bonding between the adhesive layer and the pin, and dry contact be
tween the layered pin and disc.

Fig. 2. (a) Schematic of the tribological test setup, showing the arrangement for simultaneous measurement of friction force and contact temperature using a 
thermocouple embedded in the pin. (b) Dry sliding test results for WC/Co pin against Ti64 disc under applied loads of 2, 8, and 18 kg, corresponding to maximum 
Hertzian contact pressures of 1.2, 1.9, and 2.5 GPa, respectively. (c) Dry sliding test results for WC/Co pin against 316 L stainless steel disc under applied loads of 1.2, 
4, and 8 kg, yielding similar maximum contact pressures of 1.2, 1.9, and 2.5 GPa, respectively. Test duration for all cases was 30 s. (d) Correlation between friction- 
induced heating power and the resulting temperature measured by the thermocouple for both Ti64 and 316 L disc conditions. Note: in Fig. 2(b) and (c), the data 
points marked with circles and plus signs correspond to average friction coefficient (left side of y axis) and maximum temperature (right side of y axis), respectively.
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WC/Co-Ti64 contact system exhibited a relatively stable average friction 
coefficient of approximately 0.32 ± 0.04 across all conditions. In 
contrast, the WC/Co-316L system showed consistently higher friction 
values, averaging 0.61 ± 0.07. The temperature profiles in Figs. 2b and 
2c reveal similar trends for both disc materials, with temperature 
increasing with the sliding speed and load. However, the rate of tem
perature increase is obviously greater when Ti64 is used as the disc 
material. This can be attributed to differences in thermal conductivity 
between the two materials: Ti64 has a low thermal conductivity of 
approximately 7 W/m⋅K, compared to 16 W/m⋅K for 316 L stainless 
steel. According to the relation Q = F⋅V, where Q is the heat flow, F is the 
friction force, and V is the sliding velocity, energy dissipation at the 
contact interface is governed by both mechanical and thermal factors 
[36]. Fig. 2d shows a linear correlation between heating power and 
measured surface temperature for both Ti64 and 316 L discs. Notably, 
under equivalent power input, the surface temperature of Ti64 is 
significantly higher than that of 316 L, further confirming the impact of 
lower thermal conductivity on temperature accumulation during 
sliding.

As displayed in Figs. 3a and 3b, the wear surfaces of tribo-tested pins 
and discs were characterized using 3D optical profilometry. Distinct 
differences in adhesive layer formation were observed depending on the 
counterpart disc material. When paired with Ti64 discs, intact and 
continuous adhesive layers with well-defined structures were formed on 
the pin contact surfaces. The maximum thickness of these layers 
exhibited a positive correlation with both sliding speed and applied 
load, reaching approximately 80 µm under the most severe testing 
conditions (highest load and speed). In contrast, tests conducted with 
316 L discs resulted in discontinuous adhesive layers with irregular 

thicknesses that varied significantly across different test parameters, 
suggesting inherent instability in layer formation. Comparative analysis 
revealed that adhesive layers formed with Ti64 discs were consistently 
thicker than those formed with 316 L discs, particularly under high-load 
and high-speed conditions (Figs. 3c and 3d). Composition analysis 
through SEM/EDX in Fig. 4 confirmed that the adhesive layers were 
primarily composed of materials transferred from the respective disc 
counterparts. The Ti-rich layers originating from Ti64 discs maintained 
structural integrity, while the Fe-rich layers derived from 316 L discs 
exhibited fragmented morphologies. The transfer of material from the 
disc to the pin surface significantly influenced wear behavior. The for
mation of an adhesive layer on the pin altered the contact conditions, 
leading to uneven material removal from the disc surface. This process 
resulted in increased surface roughness and the development of irregular 
wear tracks, as illustrated in Figs. 3a and 3b. Such deterioration in 
surface quality can adversely affect the performance and longevity of 
components in practical applications.

Considering the morphological variations of the adhesive layer 
formed on the pin surface when interfaced with different disc materials, 
and its subsequent impact on surface quality, a detailed stress analysis 
was conducted for the layered pin-on-disc contact through the numeri
cal modelling based on the boundary element method, as presented in 
Fig. 5. The contact was simplified as a ball-on-disc configuration, where 
the adhesive layer was modelled as an outer shell on the ball surface 
(Fig. 1). The stability of the adhesive layer was evaluated using the 
normalized von Mises stress, defined as the ratio of von Mises stress (σvm) 
to yield strength (σyield) of the adhesive material. A higher σvm/σyield ratio 
indicates an increased risk of adhesive layer instability and potential 
material removal under sliding contact conditions. This criterion aligns 

Fig. 3. Images showing the surface morphologies of wear scars on the pins and discs (a, WC/Co pins and Ti64 discs; b, WC/Co pins and 316 L stainless steel discs) 
and the maximum thicknesses of the adhesive layers formed on the pin surfaces (c, WC/Co pins and Ti64 discs; d, WC/Co pins and 316 L discs) under different test 
conditions. Test time: 30 sec.
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with the wear simulation approaches of Akchurin et al. [37] and Li et al. 
[38], where potential wear particles were identified when the nodal von 
Mises stress exceeds the material yield stress. Notably, the actual set of 
wear particles were determined when additional conditions are satis
fied, details of which can be found in the work of Li et al. [38]. Fig. 5a 
presents the cross-sectional normalized von Mises stress distributions for 
Ti64 adhesive layers with varying thicknesses (0.1–100 µm) under a 
normal load of 8 kg. It is observed that the regions of maximum 
normalized stress initially appear beneath the surface of the adhesive 
layer and shift progressively toward the ball/adhesive layer interface as 
the layer thickness increases. A similar trend is observed for the 316 L 
adhesive layers in Fig. 5c. Figs. 5b and 5d present the evolution of 
maximum σvm/σyield ratio with increasing adhesive layer thickness for 
Ti64 and 316 L, respectively, distinguishing the locations of stress 
maxima on the surface, interface, and within the bulk. Quantitatively, 
the maximum σvm/σyield ratio for Ti64 ranges from approximately 
1.3–2.25, while the ratio for 316 L varies from 2.1 to 2.9. This com
parison indicates that Ti64 adhesive layers exhibit greater mechanical 
stability under the same loading conditions, as higher σvm/σyield ratio in 
the 316 L case suggests a higher probability of yielding and layer 
instability. These findings are consistent with earlier surface charac
terization results (Figs. 3 and 4), which showed a more continuous and 
intact adhesive layer in the Ti64 condition.

To further verify the impact of adhesive layer on the tribological 
performance, friction tests were conducted using Ti64 discs and WC/Co 
pins under both dry and lubricated conditions. An ester-based lubri
cating oil was applied via Minimum Quantity Lubrication (MQL) Sys
tems at varying flowrates ranging from 0 (dry) to 44 ml/h. As shown in 
the Fig. 6a, the friction coefficient displayed the lowest value under dry 
conditions and low MQL flowrate of 4 ml/h. In contrast, higher MQL 
flowrates resulted in increased friction coefficients. The corresponding 
wear area values on the discs under different lubricated conditions are 

displayed in the Fig. 6b. Notably, the wear area values under high 
flowrate significantly increased by four times compared to dry condition 
and low flowrate of 4 ml/h. This trend contrasts with intuitive expec
tations, where lubrication is generally assumed to reduce friction and 
wear.

To elucidate the observed tribological behavior, surface morphology 
analysis of the pin and disc wear tracks was performed using a 3D optical 
profilometer (Fig. 6c). Under dry and low flowrate (4 ml/h) conditions, 
obvious adhesive layers were observed on the pin surfaces. In contrast, 
under higher MQL flow rates (12–44 ml/h), the adhesive layer was 
either minimal or absent, and no measurable wear was detected on the 
pin. This suggests that increased oil supply effectively prevented the 
formation of adhesive layers, consistent with previous finding that 
adequate lubrication can prevent third-body layer formation during 
sliding of Ti64 alloys [39]. A quantitative summary in Fig. 6d illustrates 
the relationships between oil flowrates and key tribological parameters, 
including disc surface roughness, disc wear volume, average friction 
coefficient, and maximum adhesive layer thickness. Notably, conditions 
promoting adhesive layer formation (dry and low MQL flowrate) 
consistently corresponded to lower friction coefficients and reduced disc 
wear. Conversely, higher MQL flow rates, which inhibited adhesive 
layer formation, were associated with increased friction and wear. These 
results suggest that the presence of adhesive layer, typically associated 
with material transfer, plays a key role in reducing both friction and disc 
wear in WC/Co-Ti64 contacts.

To clarify the influence of adhesive layers on contact mechanics and 
tribological performance, BEM-based modelling was employed to 
simulate the contact pressure [32]. In this model, the adhesive layer 
formed on the pin surface was represented as an outer shell on a 
spherical ball with a diameter of 10 mm, corresponding to the round 
head of the WC/Co pin, as shown in Fig. 1.

Figs. 7a and 7b present the simulation results for Ti64 and 316 L 

Fig. 4. SEM and EDX mapping images showing the morphologies and composition of adhesive layers for two test conditions (a-c, sample materials of WC/Co pin and 
Ti64 disc, speed of 94 m/min, load of 2.5 GPa, test time of 30 sec; d-f, sample materials of WC/Co pin and 316 L stainless steel disc, speed of 94 m/min, load of 
2.5 GPa), test time of 30 sec.
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discs, respectively, under an applied load of 8 kg and varying adhesive 
layer thicknesses (0.1–100 µm). In the absence of an adhesive layer (h =
0 µm), the maximum contact pressures predicted by the Hertzian model 
were approximately 1.9 GPa for Ti64 and 2.4 GPa for 316 L, attributed 
to the lower elastic modulus of Ti64. As the adhesive layer thickness 
increased from 0.1 to 100 µm, a notable decrease in contact pressure and 
a corresponding increase in contact radius were observed. For Ti64, the 
maximum contact pressure decreased from 1.9 to 1.56 GPa, accompa
nied by an increase in contact radius from 142 to 160 µm. In contrast, 
the contact pressure for 316 L reduced from 2.4 to 2.0 GPa, with the 
contact radius expanding from 124 to 140 µm. These results suggested 
that materials with a lower elastic modulus tend to generate a larger real 
contact area, which leads to a reduction in nominal contact pressure. 
This change in contact mechanics directly impacts the tribological per
formance. As shown in Fig. 6, tests with Ti64 discs under dry and low 
MQL conditions, where stable adhesive layers were present, consistently 
exhibited lower friction coefficients and reduced disc wear. The sup
pression of adhesive layer formation at higher MQL flow rates led to 
increased contact pressure, correlating with higher friction and wear. 
Moreover, the compositional differences between disc materials also 
affect tribological behavior, with Ti64 consistently exhibiting lower 

friction coefficients compared to 316 L (Fig. 2,). These findings under
score the dominant influence of adhesive layer morphology and 
composition on the contact interface, highlighting their critical role in 
determining overall tribological behavior.

To further examine the surface integrity (e.g., subsurface micro
structure and mechanical property) of the Ti64 disc following tribo
logical testing, cross-sectional analysis and nano-indentation 
measurements were conducted. Fig. 8a shows the focused ion beam 
(FIB)-milled cross-section of the wear scar on the Ti64 disc. Under dry 
sliding conditions (Fig. 8b), a pronounced work-hardening layer of 
approximately 14 µm thick was observed beneath the worn surface. In 
contrast, under MQL conditions with high oil flowrate of 44 ml/h, the 
plastically deformed zone was significantly thinner, measuring 
approximately 2 µm (Fig. 8c). The corresponding load-displacement 
curves from nano-indentation tests (Fig. 8d) further illustrate this 
trend. The unworn surface exhibited a hardness of 3.1 GPa and an elastic 
modulus of 118 GPa. After dry sliding, these values increased markedly 
to 6.3 GPa and 135 GPa, respectively, consistent with substantial work 
hardening. Under high MQL flowrate condition, the hardness and elastic 
modulus values were intermediate (4.4 GPa and 128 GPa), reflecting a 
less degree of surface work-hardening.

Fig. 5. Cross-sectional von Mises stress distribution analysis at the interface between the adhesive layer (AL) and the ball using a BEM-based contact model. (a) 
Distribution of von Mises stress for different AL thicknesses when Ti64 is used as the adhesive layer material (applied load: 8 kg). (b) Variation of maximum 
normalized Von Mises stress (σvm/σyield) with adhesive layer thickness corresponding to (a). (c) Von Mises stress distribution for different AL thicknesses when 316 L 
stainless steel is used as the adhesive layer material (applied load: 8 kg). (d) Variation of maximum normalized von Mises stress (σvm/σyield) with adhesive layer 
thickness corresponding to (c). Note: σvm is the von Mises stress; σyield is the yield stress of the corresponding adhesive layer material; z/h represents the normalized 
vertical coordinate within the contact region, where h is the layer thickness.
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Interestingly, although the dry condition is associated with lower 
nominal contact pressure due to the presence of a Ti64 adhesive layer, it 
resulted in a thicker work-hardened layer. This finding suggests that 
adhesive layer formation and the consequent alterations in contact 
mechanics during dry friction substantially contribute to subsurface 
strengthening, even when the nominal contact pressure is reduced. This 
observation also indicates that factors beyond nominal contact pressure, 
such as stress concentration induced by local surface roughness and 
irregular wear track morphology, may dominate subsurface 
deformation.

To further investigate the mechanisms contributing to subsurface 
deformation and work-hardening behaviour under varying surface and 
interfacial conditions, BEM-based simulations were conducted to model 
von Mises stress distributions beneath the disc surface. The roles of 
surface roughness and the presence of a Ti64 adhesive layer were spe
cifically assessed.

Figs. 9a and 9d show representative surface topographies with 
roughness (Rq) of 6.9 µm and 0.69 µm, respectively. Under high 
roughness conditions (Rq = 6.9 µm) and in the absence of an adhesive 
layer (Fig. 9b), stress concentrations penetrated deeply into the sub
strate, with normalized von Mises stress reaching approximately 50 at a 
depth of 20 µm. When a 30 µm Ti64 adhesive layer was introduced 
(Fig. 9c), the stress intensity at the same depth was decreased to ca. 25, 
indicating that the adhesive layer partially buffers the transmission of 
stress into the disc subsurface. At lower surface roughness without ad
hesive layer (Rq = 0.69 µm, Fig. 9e), the stress was further reduced to ca. 
6, with much shallower stress penetration. While the assumed purely 
elastic contact in these BEM-based simulations may overestimate the 
magnitude of the nondimensional von Mises stress compared to the 
practical elastoplastic scenarios, the results functionally support the 
experimental observations in Fig. 8 and offer a mechanistic explanation 
for the interesting finding that lower nominal contact pressure in dry 

Fig. 6. Effects of oil flow rate on tribological performance and wear characteristics under minimum quantity lubrication (MQL) conditions (WC/Co-Ti64, 30 sec, 
47 m/min and 2.5 GPa). (a) Evolution of friction coefficient over time at different oil flow rates (0, 4, 12, 23, and 44 ml/h). (b) Cross-sectional profiles of wear tracks 
on the disc surface under varying lubrication conditions. (c) 3D surface topographies of wear scars on both pin and disc surfaces corresponding to different oil flow 
rates. (d) Quantitative comparison of surface roughness of disc wear tracks, wear volume on the disc, average friction coefficient, and maximum adhesive layer 
thickness as a function of oil flowrate.

Fig. 7. Contact pressure distribution analysis based on the BEM-based model under a normal load of 8 kg for varying adhesive layer thicknesses. (a) Contact pressure 
profiles for Ti64 discs with adhesive layer thicknesses ranging from 0.1 µm to 100 µm. (b) Contact pressure profiles for 316 L stainless steel discs under the same 
conditions. Note: p denotes contact pressure (GPa), and x is contact radius (µm).
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sliding conditions can still produce thicker work-hardening layers. This 
is attributed to the combined effects of local stress concentration from 
surface asperities and altered interfacial stress distribution caused by the 
adhesive layer. Compared with the role of adhesive layer in reducing 

nominal contact pressure, surface roughness has a more dominant in
fluence on local stress concentration, and consequently, on subsurface 
microstructural deformations.

It should be noted that a significant increase in adhesive layer 

Fig. 8. (a) SEM image showing the cross section on the wear scar of tribo-tested Ti64 disc which is prepared by FIB. (b) SEM images showing the microstructure of 
top surface on the wear scar of tribo-tested Ti64 disc with different test condition: (a) dry (flowrate of 0 ml/h), 30 sec, 47 m/min and 2.5 GPa; (c) lubricated with 
MQL (flowrate of 44 ml/h), 30 sec, 47 m/min and 2.5 GPa; (d) Load-displacement response of nano-indentation test on the Ti64 discs. (Unworn: without tribo-test; 
dry: flowrate of 0 ml/h, 30 sec, 47 m/min and 2.5 GPa; MQL: flowrate of 44 ml/h, 30 sec, 47 m/min and 2.5 GPa).

Fig. 9. (a) Surface topography image showing the uniform distribution of asperities on the disc surface with a roughness (Rq) of 6.9 µm. (b) Cross-sectional von Mises 
stress distribution on the disc surface derived from BEM-based contact analysis (Rq = 6.9 µm, applied load = 18 kg, no adhesive Ti64 layer present on the counterpart 
pin surface). (c) Cross-sectional von Mises stress distribution on the disc surface derived from BEM-based contact analysis (Rq = 6.9 µm, applied load = 18 kg, 
adhesive Ti64 layer with a thickness of 30 µm formed on the counterpart pin surface). (d) Surface topography image showing the uniform distribution of asperities on 
the disc surface with Rq = 0.69 µm. (e) Cross-sectional von Mises stress distribution on the disc surface derived from BEM-based contact analysis (Rq = 0.69 µm, 
applied load = 18 kg, no adhesive Ti64 layer present on the counterpart pin surface). Note: the unit of the colour bars in (b), (d) and (e) are dimensionless, rep
resenting the von Mises stress (σvm) normalized by the yield stress (σyield) of Ti64.
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thickness on the pin surface can notably influence the wear surface 
quality of the counterpart disc. A thicker adhesive layer alters the con
tact geometry during sliding, resulting in increased surface roughness 
and the development of irregular wear track morphology. This elevated 
roughness generates localized stress concentrations, which promote the 
formation of a work-hardening layer beneath the disc surface. The for
mation of work-hardening layer leads to increased surface brittleness 
and diminishes the ability of near-surface material to accommodate 
further plastic deformation, thereby making it more susceptible to crack 
initiation and propagation during prolonged operation [40,41]. Surface 
roughness-induced plastic deformation and work-hardening not only 
dominate the fatigue behavior of machine components but also signifi
cantly contribute to other forms of mechanical surface damage [42,43]. 
These effects are critical in various scenarios, including mechanical 
damage under repeated bearing pressures without significant lateral 
sliding, fretting-fatigue characterized by alternating low-amplitude 
displacements, false brinelling marks in ball or roller bearings, as well 
as unidirectional friction wear and rolling damage under conditions of 
both high and low friction, as observed in gears and rolling element 
bearings [44–47].

4. Conclusion

Both experimental and numerical approaches were employed to 
systematically investigate the tribological performance and subsurface 
mechanical responses of Ti64 discs sliding against WC/Co pins. The key 
findings are: 

• Experimentally, Ti64 readily forms thick, intact, and mechanically 
stable adhesive layers under dry and low MQL flowrate conditions, 
which corresponds to lower friction coefficients and reduced wear 
observed on the pin side. However, the presence of these adhesive 
layers was also associated with increased surface roughness and 
irregular wear morphology, leading to pronounced local stress con
centrations and the development of thicker subsurface work- 
hardening layers on the Ti64 disc.

• BEM-based simulations confirmed that the adhesive layers reduce 
nominal contact pressures and subsurface von Mises stresses, 
contributing to mechanical stabilization at the interface. Neverthe
less, the reduced nominal pressure under dry conditions did not 
suppress subsurface plastic deformation. Instead, elevated local 
stress concentrations arising from rough surface topography and 
modified contact geometry were the dominant factors driving sub
surface work hardening.

• Cross-sectional analysis and nano-indentation measurements 
showed that dry sliding conditions significantly increased hardness 
near the surface compared to high MQL flowrate conditions which 
produced thinner deformation zones and lower subsurface 
hardening.

• The comparison with 316 L, included as a reference alloy, helped 
highlight the distinct tribological behavior of Ti64 and reinforced the 
material-dependent nature of adhesive layer formation and wear.

• This work presents the first direct evidence of the dual role of ad
hesive layers: while beneficial for reducing friction and tool-side 
wear, they can simultaneously intensify surface damage and sub
surface deformation on the Ti64 workpiece.

• Surface roughness emerged as the primary factor governing local 
stress concentration and material response, outweighing the influ
ence of nominal contact pressure.

Therefore, optimizing tribological performance during Ti64 
machining requires a balanced control of lubrication flow and surface 
conditions to promote manageable adhesive layer formation without 
compromising surface integrity. This work provides critical mechanistic 
insights for improving machining strategies, tool design, and lubrication 
protocols aimed at enhancing tool life and ensuring high-quality 

machined surfaces when working with Ti alloys.
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