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Abstract: The lubrication capacity and penetration ability of the minimum quantity cooling lubrica-
tion-based strategy is linked with lubrication specific parameters (oil flow rates and air pressure), 
cutting conditions, and chip formation. It points out the complex selection involved in the MQCL-
assisted strategy to attain optimal machining performance. Lubrication during metal cutting oper-
ations is a complex phenomenon, as it is a strong function of the cutting conditions. In addition, it 
also depends on the physical properties of the lubricant and chemical interactions. Minimum Quan-
tity Lubrication (MQL) has been criticized due to the absence of cooling parts; MQCL is a modified 
version where a cooling part in the form of sub-zero temperatures is provided. The aim of this paper 
was to investigate the influence of different lubrication flow parameters under minimum quantity 
cooling lubrication (MQCL) when machining aeronautic titanium alloy (Ti6Al4V) using Titanium 
Aluminum Nitride – Physical Vapor Deposition (TiAlN-PVD) coated cutting inserts. The machining 
experiments on the MQCL system were performed with different levels of oil flow rates (70, 90, and 
100 mL/h) and the performance was compared with the conventional dry cutting and flood cooling 
settings. A generic trend was observed that increasing the oil flow rate from 70—mL/h to 100 h/h 
improved the surface finish and reduced thermal softening at a low feed of 0.1 mm/rev. The results 
revealed that many tool-wear mechanisms such as adhesion, micro-abrasion, edge chipping, notch 
wear, built-up edge (BUE), and built-up layer (BUL) existed.  
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1. Introduction 
The manufacturing sector is considered as a backbone of economy, and metal re-

moval processes have played a vital role in the manufacturing sector. Nowadays, due to 
excessive market competition and stiffer environmental safety rules and regulations, com-
panies are stressed to manufacture higher-quality products with a low environmental im-
pact. Titanium alloys are referred to as heat-resistant alloys due to their inherent charac-
teristics of low thermal conductivity and high hot-hardness [1]. Due to the previously 
mentioned problems, these are referred to as difficult-to-cut alloys. Due to the cyclic na-
ture of forces, segmented chip formation, and excessive chatter, the machining of such 
alloys is more difficult [2]. Due to the negative environmental impact of cutting fluids, the 
metal cutting sector is experiencing a lot of pressure to adopt different environmentally 
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friendly machining strategies [3]. These machining strategies either deal with this by com-
pletely replacing the hazardous cutting fluid or proposing to minimize their usage. For 
the green and sustainable machining of difficult-to-machine materials, minimum quantity 
lubrication (MQL) is qualified as a potential solution method that can be a substitute for 
traditional flood-assisted cooling [4]. Green solutions based on vegetable oil also have a 
high potential to improve machinability [5]. MQL is a lubrication-based method that con-
trols heat generation in machining by reducing the friction at the cutting interface with 
oil-based mist, convection of compressed air, and evaporation of the oil mist. The litera-
ture points out at the limitations associated with MQL because of its low cooling proper-
ties [6]. Better temperature control during the machining process improves tool life by 
reducing the rate of tool wear [7]. 

Nowadays, there are several advanced MQL approaches such as minimum quantity 
cooling lubrication (MQCL) [8], hybrid MQL+ CO2 lubrication [9], solid-lubricant-assisted 
MQL [10], MQL with nano-fluids [11], oil on water droplet MQL [12], and electrostatic 
minimum quantity lubrication (EMQL) [13]. MQCL has gained popularity in the metal 
cutting industry, but the performance is very sensitive to the MQL-specific parameters 
such as droplet size, air flow, and the distance of the nozzle from the cutting zone [14]. 
Pervaiz et al. [8] investigated the performance of minimum quantity cooling lubrication 
using uncoated cutting tools. The study revealed that there is a strong link between the 
lubrication capacity and penetration ability as a function of sub-zero temperature air. Pe-
reira et al. [9] proposed a solution to address the disadvantage of poor cooling in the con-
ventional MQL strategy by combining a cryogenic cooling system with it. Sartori et al. [10] 
investigated solid lubrication (SL)-assisted minimum quantity lubrication (MQL) and 
minimum quantity cooling (MQC) for machining Ti6Al4V ELI titanium alloys. The study 
revealed that SL-assisted MQC provided the best performance. 

Hegab et al. [11] studied the machinability of difficult-to-cut materials using MQL 
with nano-cutting fluids. The main advantage of using nano-cutting fluids is linked with 
the improved thermal and frictional behaviour at the cutting interface. The study utilised 
multi-walled carbon nanotubes and aluminium oxide gamma nanoparticles as additives 
with the MQL strategy to machine Inconel 718. In the case of higher concentrations of 
nano-additives, an evident increase in nano-additives-induced wear was observed that 
can affect tool life significantly. Yuan et al. [12] utilised a novel MQL-based approach, 
where super-critical carbon dioxide and oil-on-water droplet systems were combined for 
the high speed machining of stainless steel 316L. The study revealed that a combined su-
per critical carbon dioxide and oil-on-water droplet system approach provided low cut-
ting forces and improved surface finish as compared to other stand-alone approaches. Lv 
et al. [13] utilised an electrostatic minimum quantity lubrication (EMQL) approach using 
graphene nano-lubricants. The study was focused on measuring the penetration ability 
and deposition property of the system, and the machining performance was investigated 
with a conventional MQL strategy. The study revealed that the proposed EMQL approach 
lowered the coefficient of friction and worn-scar diameter. 

Several studies have also revealed the encouraging potential of advanced cutting 
tools with novel tool materials as a feasible option when machining these difficult-to-cut 
materials. Fernandes et al. [15] investigated the influence of Cr addition to the 
Ti(Al)N/Cr(Al)N multi-layered cutting tools. The study utilised these multi-layer coated 
tools in the drilling operation and the performance was compared with monolayer 
Ti0.47Al0.46N. The studied revealed that Cr-rich film performed better at higher cutting 
speeds when the cutting temperature was above 650 °C. The good performance is linked 
with lubricious properties due to formation of a Cr-O tribolayer at the cutting interface. 
Rabinovich et al. [16] inspected the performance of TiAlCrSiYN/TiAlCrN-coated tools. 
The study utilised scanning electron microscopy (SEM) to investigate the tool wear failure 
modes and mechanisms. The study pointed out that better wear performance is linked 
with the formation of tribo-oxide films. 
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Pervaiz et al. [17] conducted a study using PVD-coated tools to machine Ti6Al4V 
using an MQCL arrangement. In this study, an MQCL strategy was employed using ex-
ternal settings and internal settings with specially designed cutting tools having internal 
passages to facilitate the approach at the rake and flank faces. The study revealed that an 
internal MQCL arrangement was more efficient for a higher cutting speed of 150 m/min. 
In another study [8], the machinability of Ti6Al4V was inspected using uncoated carbide 
tools by using an MQCL setup with internal channels. The study utilised different oil flow 
rates for the development of the internal MQCL strategy. It has been revealed that oil flow 
rates of 60–70 mL/h provided the best performance. A superior tool life was observed in 
the case where the oil flow rate was 70 mL/h. This revealed the concept of an optimized 
flow rate in an MQCL setting. The optimized oil flow rate provides desirable oil penetra-
tion and lubricity. 

Khanna et al. [18] incorporated a life-cycle analysis (LCA) to investigate the sustain-
ability components during machining if Ti6Al4V using liquid CO2 -cryogenic cooling, 
flood cooling, and minimum quantity lubrication. The study revealed that, due to high 
tool wear, MQL was not as sustainable when compared with the cryogenic cooling 
method. This is because in MQL, a cooling part is missing. Pereira et al. [19] in another 
study provided a more detailed analysis of the system where both cryogenic and MQL 
methods were combined using a specially designed adapter. The study performed theo-
retical calculations in combination with CFD (computational fluid dynamics) simulations 
and experimental runs. The proposed solution was found to be a good balance between 
machining and sustainable performance. Yang et al. [20] performed a numerical study on 
the proposed model for the minimum chip thickness under different lubrication schemes. 
The study incorporated the influence of different lubrication schemes by using different 
frictional angles. The study revealed a trend that by increasing the friction angle, the min-
imum chip thickness decreases. Yang et al. [21] in another study investigated the mini-
mum chip thickness for zirconia ceramics using different lubrication schemes. Yin et al. 
[22] investigated the physiochemical properties of different vegetable-based oils in a min-
imum quantity lubrication arrangement. The study was composed of the following oils: 
cottonseed, palm, castor, soybean, and peanut. The study revealed that the lowest cutting 
force, friction coefficient, and surface roughness was obtained using palm oil. 

It is important to recognize the efforts being made in the area of artificial intelligence 
applications in the metal cutting sector. Several experimental, numerical, and analytical 
methods are available in the literature [23] to study the residual stresses in metal cutting. 
El Sheikh et al. [24] conducted a study to compare the performance of a traditional artifi-
cial neural network (ANN), an artificial neural network (ANN) combined with a Pigeon 
Optimization Algorithm (POA), and an artificial neural network (ANN) combined with 
particle swarm optimization (PSO) when predicting residual stresses. The study revealed 
that machine-learning-based ANN models outperformed the traditional ANN and pro-
vided accurate results. In another study, El Sheikh et al. [25] developed a temperature-
field-reconstruction (TFR)-based model to study the thermal dynamics of a continuous 
cutting turning process. The approach was found to be compatible with providing online 
sensing and real-time monitoring of the cutting process. Khoshaim et al. [26] studied the 
performance of an ANN in combination with particle swarm optimization (PSO) and 
flower pollination algorithm (FPA) optimization methods. The study revealed that ma-
chine-learning-based ANN models outperformed the traditional ANN and provided ac-
curate results. Padhan et al. [27] investigated the MQL performance when machining Ni-
tronic 60 steel using ceramic cutting tools. The results revealed that MQL improved life 
by 11% when compared with a flood cooling method. 

Another important trend in MQL-assisted machining is the usage of nano-fluids in 
the MQL arrangement. El Sheikh et al. [28] utilised biodegradable rice bran vegetable oil 
mixed with CuO and Al2O3 nano-particles. The study compared the performance of dif-
ferent models such as an experimental data model, a random vector functional link 
(RVFL) model, a random vector functional link with a political optimizer (RVFL-PO), and 
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a random vector functional link with a particle swarm optimizer (RVFL-PSO). The study 
showed that RVFL-PO outperformed the others. Nouzil et al. [29] reviewed the nano-
MQL technology with respect to their toxicity-related issues. The study revealed that tran-
sition metal dichalcogenides (MoS2 and WS2) provided low toxicity as compared to other 
nanoparticles and also provided lower surface roughness and forces. Ibrahim et al. [30] 
utilised MQL machining using rice bran vegetable oil (RBO) mixed with Zinc Oxide (ZnO) 
nanoparticles to machine AISI D3 Steel. It was found that the machining performance was 
better in case of RBO-ZnO compared to only RBO oil. 

It is very rarely found in the literature where the performance of TiAlN-coated tools 
was investigated for the machining of Ti6Al4V using MQCL under internal delivery ar-
rangements. In this proposed current study, the use of TiAlN-PVD-coated tools to ma-
chine Ti6Al4V was investigated under an internal MQCL strategy. In addition to the 
coated tools, numerous oil flow rates, altering from 70mL/h–100 mL/h, were employed 
during the study. 

2. Minimum Quantity Cooling Lubrication Mechanisms 
MQCL consists of a traditional MQL method mixed with sub-zero temperature air. 

Benjamin et al. [30] points out at the benefits of MQCL by considering two major parts. 
The first benefit is linked with the effect of enhancement in the lubrication at the cutting 
interface due to the increase in the viscosity of the lubricant because of the sub-zero-cooled 
air interaction with the oil droplets [8,30]. The second benefit was linked with the im-
proved convective heat transfer at the cutting interface due to sub-zero temperature air 
[30]. Figure 1 represents the schematic illustration of the MQCL mechanisms. 

 
Figure 1. Schematic illustration of the MQCL mechanisms (redrawn with kind permission from 
[31]). 

The literature [31,32] associates that effective cooling on the free surface of the chip 
can improve the chip up-curling and separation at the chip–tool interface due to the Re-
hbinder effect. As per the Rehbinder effect, active substances can diffuse in to the micro-
cracks at the newly machined surface and prevent re-welding [33]. Smith et al. [34] inves-
tigated using cutting fluid as a liquid, viscous vapour and free-molecular-flow vapour in 
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the cutting zone where imaginary fissures/micro-cracks were created during the machin-
ing process. It is also understood that lubrication during metal cutting is very complex in 
nature due to the associated physical properties and the related chemical interactions. 
Physical properties can be associated with the viscosity, Marangoni effect, and capillary 
flow etc., whereas chemical interactions can be linked with the chemical reactions and 
adsorption involved during the process [33]. As per the Marangoni effect, the lubricant 
will try to move away from the regions of higher cutting temperatures resulting in re-
duced efficiency and wettability. 

3. Experimental Investigations 
3.1. Material Preparation 

This study utilised titanium alloy (Ti6Al4V) as a workpiece material for the current 
research work. Ti6Al4V is very popular in the aerospace sector due to its superior prop-
erties. The raw workpiece material was obtained as per American Society of Testing Ma-
terials (ASTM B381). The dimensions of the cylindrical shape of the raw material were 100 
mm and 300 mm in diameter and length, respectively. 

3.2. Machine and Cutting Tool 
Turning experiments were conducted on a rigid CNC turning center (Excel BNC-

21437, Santa Clara, CA, USA; Controller: Fagor800T, Elk Grove Village, IL, USA). The 
study utilised TiAlN-PVD-coated inserts with an ISO designation code of 
CCMT120404MM1105. The cutting insert has corner radius of 0.4 mm and the rake angle 
was positive. Usually, TiAlN-coated inserts are recommended for machining titanium al-
loys due to their high wear resistance that results in improving tool life and the overall 
machining performance. The study also utilised a specialized version of the cutting tool 
holder with internal flood delivery channels focusing at the rake and flank faces. The cut-
ting tool holder was manufactured by Mircona under the designation SCLCR2525M12-
EB. A new cutting edge was employed for every machining trial. Each machining trial 
was conducted for a flank-tool-wear value of 0.3 mm. A schematic illustration of the ex-
perimental setup is shown in Figure 2. The strength-based properties are reported in Table 
1. 

 
Figure 2. Experimental setup used in the current study. 
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Table 1. Mechanical properties of Ti6Al4V at room temperature [8]. 

Type of Property Value 
Tensile strength 993 MPa 
Yield strength 830 MPa 

Elongation 14 
Poisson’s ratio 0.342 

Modulus of elasticity 114 GPa 
Hardness (HRC) 36 

Cutting Tool Information 

 

CCMT CoroTurn®107 Turning Inserts feature an 80° rhombic 
shape ideal for external and internal machining. 

• Cutting edge count: 2 
• Inscribed circle diameter (IC):12.7 mm 
• Insert shape code (SC): C 
• Cutting edge effective length: 12.496 mm 
• Corner radius (RE): 0.397 mm 
• Grade (GRADE): 1105 
• Substrate (SUBSTRATE): HC 
• Coating (COATING): PVD TiAlN 
• Insert thickness(S): 4.762 mm 
• Major clearance angle (AN): 7 degrees 

3.3. Responses and Measurement 
To compare the machinability of the different cutting environments such as dry, 

flooded, and MQCL with the various oil flow rates, output parameters such as surface 
finish, tool life, cutting forces, and associated tool wear mechanisms were measured and 
analysed. The surface finish was measured by the SJ-210 surface roughness tester (Mi-
tutoyo, Kawasaki, Japan) with a cut-off length of 2.5 mm. The cutting forces were meas-
ured using Kistler 9129 AA dynamometer (Kistler, Winterthur, Switzerland). To monitor 
tool life using flank wear, a TM 510 optical microscope (Mitutoyo, Kawasaki, Japan) was 
employed. To investigate the related wear mechanisms, a Tesla SEM scanning electron 
microscope (Tesla, Brno, Czech Republic) was utilised. 

3.4. MQCL System Details 
The study employed an MQL system where low sub-zero temperature compressed 

air was mixed with an oil mist. The MQCL system was capable of spraying a mixture of 
oil and air at the cutting interface. The MQCL system had pumps that were controlled 
using a Programable Logic Controller PLC [35]. A booster system was utilised to achieve 
sub-zero (−4 C) temperatures in the MQL system. In this study, machining experiments 
on the MQCL system were performed with different levels of oil flow rates (70, 90, and 
100 mL/h) and their performance was compared with the conventional dry cutting and 
flood cooling settings. The study utilised vegetable-based rapeseed oil (Eculubric E200L). 
Table 2 represents the different specifications of the vegetable oil utilised in this study. 

Table 2. Specifications of Eculubric E200L [35]. 

Chemical Description 
Ignition 

Point 
Flash 
Point Density 

Dynamic  
Viscosity 

A fraction of natural 
triglycerides, easily 

biodegradable substances 
365 °C 325 °C At 0 °C = 0.9273 g/cm3 

At −4 °C = 0.9297 g/cm3 
At 0 °C = 2.881 Ns/m2 
At −4 °C = 3.652 Ns/m2 
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3.5. Design of Experiment 
The design of the experiments in this work utilised a full-factorial design. The study 

utilised different levels of associated machining and lubrication-based parameters such as 
cutting speed (vc), feed rate (fr), and oil flow rates for the MQCL-based lubrication. The 
study utilised a constant depth of cut (DoC). The selection of these cutting parameters was 
in accordance with the metal cutting literature and as per the recommendations of the 
cutting tool manufacturer. Table 3 represents the cutting conditions and parameters uti-
lised in this work. Figure 2 represents the schematic configuration of the equipment em-
ployed in this work. 

Table 3. Machining/lubrication parameters and their levels. 

Parameters Level 1 Level 2 Level 3 Level 4 Level 5 
Cooling/Lubrication 

method 
MQCL-70 

mL/h 
MQCL-90 

mL/h 
MQCL-100 

mL/h 
Dry Flood 

Cutting Speed, vc 

(m/min) 90 120 150 -- -- 

Feed, f (mm/rev) 0.1 0.2 0.3 -- -- 
Depth of cut, DoC 

(mm) 0.8 mm -- -- -- -- 

4. Results and Discussion 
4.1. Cutting Force and Surface Roughness 

This section describes the cutting forces and surface roughness for the experiments 
conducted at numerous values of cutting speed and feed using dry, flood, and the various 
oil flowrates under the MQCL arrangements. Figure 3a–f represents the cutting force and 
surface roughness for the three different values of cutting speeds, i.e., 90, 120, and 150 
m/min. A generic trend was observed for all the cutting environments in that increasing 
the feed rate increased the surface roughness and cutting force simultaneously. In the 
metal cutting literature, it is a well-known phenomenon that a higher feed rate increases 
the surface roughness. A likely reason is that higher cutting forces with increasing the feed 
rate can be linked with the aggressive nature of the shearing operation. The higher relative 
movement did not allow the MQCL strategy to reduce the friction at cutting interface. At 
the cutting speed of 90 m/min and low feed rate of 0.1 mm/rev, the lowest cutting force 
was observed for the MQCL (70 mL/h) as compared to the other lubrication methods. At 
a feed value of 0.1 mm/rev, the surface roughness was found to be very similar in all the 
methods, but a lower value was associated with the MQCL (90 mL/h). This revealed the 
better performance of the MQCL (90 mL/h) towards the surface integrity of the workpiece 
at a cutting speed of 90 m/min and a low feed rate 0.1 mm/rev. The fluctuation of the 
MQCL performance with respect to the various oil flow rates at different cutting condi-
tions was linked with the ability of the mist to penetrate and reach the cutting zone. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3. (a) Cutting forces at 90 m/min, (b) surface roughness at 90 m/min, (c) cutting forces at 120 
m/min, (d) surface roughness at 120 m/min, (e) cutting forces at 150 m/min, and (f) surface rough-
ness at 150 m/min 

The presence of a high cutting temperature at the cutting interface evaporates mist 
and dissipates heat from the cutting interface. At a cutting speed of 120 m/min, the MQCL-
100 and MQCL-70 provided a better performance compared to the flood cooling method 
at feed rates of 0.1 and 0.2 mm/rev, respectively, as reported in Figure 3c,d. When the 
cutting forces were compared between 120 and 150 m/min, at 150 m/min the cutting force 
for all the lubrication methods was found to be lower than at 120 m/min. At this point, 
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there was a trend that a higher cutting speed resulted in elevated cutting temperatures, 
activating the thermal softening phenomenon. Higher forces in the flood cooling and 
MQCL arrangements point out a better heat dissipation that lowered thermal softening. 
The MQCL-70 arrangement provided comparatively better machining performance com-
pared with the other cooling/lubrication methods. The variation in the MQCL perfor-
mance was associated with the ability of the oil to penetrate and the resulting capacity to 
provide lubrication. The penetration ability and the associated lubrication capacity is a 
complex function based on cutting conditions and MQCL-associated parameters. Keeping 
in view the complexity of surface roughness and cutting-force-based data observed in Fig-
ure 3a–f, it was plotted again, as shown in Figures 4 and 5, to identify the influence of the 
MQCL strategy with an increasing oil flow rate. The trendlines observed for surface 
roughness at a low feed rate of 0.1 mm/rev showed the common trend of decreasing sur-
face roughness at all cutting speeds of 90, 120, and 150 m/min when the oil flow rate was 
increased from 70 mL/h to 100 mL/h. It revealed that a higher oil flow rate in the MQCL 
at a low feed rate provided effective lubrication. A possible reason can be linked with the 
effective penetration of lubricant particles that facilitated chip up-curling and provided 
improved separation of chips with the workpiece, whereas the surface roughness trend 
was found to increase with an increasing oil flow rate at higher feed levels of 0.2–0.3 
mm/rev for all cutting speeds of 90, 120, and 150 m/min. As shown in Figure 5, at a cutting 
speed of 90 m/min and low feed level of 0.1 mm/rev, the cutting forces increased when 
the oil flow rate in the MQCL strategy was increased. This is linked with the effective 
cooling and activation of the related material hardening mechanism. For the same feed of 
0.1 mm/rev, higher cutting speeds provided no significant influence on the cutting forces 
with a trend of a slight decrease in the forces, which could be due to the thermal softening 
of the material. 
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Figure 4. Comparison of surface roughness (µm) trends for the different cutting speeds, feed rates, 
and oil flow rates in MQCL strategy. 

Analysis of variance was employed to assess the significance of a parametric effect. 
A confidence interval of 95% was defined to rate a parametric effect as significant for a 
particular response attribute. Analysis of Variance (ANOVA) was performed for both the 
responses, namely the surface roughness and cutting forces. Based on ANOVA, a signifi-
cance of control variables for surface finish and cutting forces is mentioned in Tables 4 
and 5, respectively. Figure 6a,b shows the mean effect plots for surface roughness and 
cutting force. 
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Figure 5. Comparison of cutting force (N) trends for the different cutting speeds, feed rates, and oil 
flow rates in MQCL strategy. 

Table 4. ANOVA for surface roughness. 

Source DF Seq SS Adj SS Adj MS F P Percentage 
Contribution 

Cutting Speed, vc (m/min) 2 0.642 0.642 0.321 2.11 0.136 1.0 
Feed, f (mm/rev) 2 54.08 54.08 27.04 177.6 0.000 88.8 

Cooling/Lubrication 
method 

4 0.727 0.727 0.182 1.19 0.330 1.2 

Error 36 5.483 5.483 0.152   9 
Total 44 60.93      

S = 0.390246 R-Sq = 91.00% R-Sq (adj) = 89.00% 
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(a) 

 
(b) 

Figure 6. (a) Main effect plots for surface roughness (µm), (b) main effect plots for cutting force. 
(N)—Lubrication methods. 1—MQCL 70 mL/h, 2—1 MQCL 90 mL/h, 3—MQCL 100 mL/h, 4—dry 
and 5—flood. 

Table 5. ANOVA for cutting force. 

Source DF Seq SS Adj SS Adj MS F P Percentage 
Contribution 

Cutting Speed, vc (m/min) 2 14918 14918 7459 13.66 0.000 2.8 
Feed, f (mm/rev) 2 496610 496610 248305 454.6 0.000 93.2 

Cooling/Lubrication 
method 4 1423 1423 356 0.65 0.630 0.2 

Error 36 19663 19663 546   3.8 
Total 44 532614      

S = 23.3710 R-Sq = 96.31% R-Sq (adj) = 95.49% 

ANOVA showed that the feed had a p-value lesser than the predefined alpha value 
(0.05) in the case of surface roughness, as shown in Table 4. In other words, the feed was 
the only significant control parameter for surface roughness during the MQCL-based cut-
ting of titanium alloy (Ti6Al4V). Moreover, the feed also held a leadingly high percentage 
contribution of 88.8% for the surface finish of the cut specimen. In the case of the cutting 
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force, two control variables, namely cutting speed and feed, had a p-value lower than the 
predefined alpha value. Thus, both the cutting speed and feed were the significant input 
parameters with respect to the cutting forces produced the during cutting of titanium al-
loy using the MQCL-based machining strategy. However, the feed proved to be the major 
contributing parameter (percentage contribution of 93.2%) towards the cutting force in 
comparison to the cutting speed (percentage contribution of 2.8%). This result was ex-
pected because the cutting parameters such as feed rate, cutting speed, and depth of cut 
are more dominant parameters compared to the cutting environment. A possible reason 
of this high dependency of cutting parameters with the cutting force can be directly linked 
with the chip load. 

4.2. Tool Wear and Observed Tool Wear Mechanisms 
Cutting tool life is directly linked with the cutting temperature and chip formation, 

as they can initiate different tool wear mechanisms, namely adhesion (sticking/sliding of 
workpiece materials resulting in BUE), abrasion (rubbing of hard particles), and diffusion 
(atomic mass transfer between workpiece and cutting tool), etc., at higher rates. The cut-
ting tool life at the various cutting speed levels of 90, 120, and 150 m/min at a feed rate of 
0.1 mm/rev is reported in Figure 7. At a cutting speed 90 m/min and a feed rate of 0.1 
mm/rev, the flood environment provided the best tool life, whereas the second best was 
MQCL at 90 mL/h. The cutting forces and surface roughness were also found to be in 
agreement for MQCL at 90 mL/h. For 120 m/min, the flood environment provided the best 
tool life, whereas the second-best tool life was MQCL at 100 mL/h. At a cutting speed 150 
m/min, almost all the cooling methods provided a very short tool life with minor varia-
tions. Dry cutting emerged as a good option with the highest tool life and was verified 
with lower cutting forces and better roughness. A possible explanation for this could be 
that the higher temperatures triggered thermal softening that reduced the cutting forces 
and extended the tool life. Figure 8a,b represents the scanning electron micrographs (SEM) 
of dry cutting and flood cooling at a cutting speed and feed rate of 90 m/min and 0.1 
mm/rev, respectively. 
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Figure 7. Progression of flank tool wear for the feed rate of 0.1 mm/rev and depth of cut of 0.8 mm, 
(a) cutting speed of 90 m/min, (b) cutting speed of 120 m/min, and (c) cutting speed of 150 m/min. 

As reported in Figure 8a, detail A, it was noticed that, in the case of dry cutting, ex-
treme edge chipping was observed at the flank face and closer to the nose radius of the 
cutting tool. The occurrence of elevated cutting temperatures also resulted in the adhesion 
or sticking of the workpiece material at the edge and the formation of a built-up-layer 
(BUL), as shown in Figure 8a, details B and C. Micro-abrasion was also observed on the 
flank face. As reported in Figure 8c, detail B, flank wear at the flank face was mainly com-
posed of edge chipping with a notch. The excessive adhesion of the workpiece material 
and built-up edge (BUE) development was noticed at the cutting edge close to the nose 
radius region, as reported in Figure 8a, detail A. Micro-abrasion was also observed at the 
cutting edge. Micro-abrasion occurs because of the rubbing of hard-phase particles on the 
tool surface. 
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Figure 8. SEM of flank tool wear at Vc of 90 m/min, f of 0.1 mm/rev and DoC of 0.8 mm. (a) Dry 
cutting, (b) flood cutting, and (c) MQCL 70 mL/h. 

Figure 8c represents the scanning electron micrograph of MQCL at 70 mL/h, ob-
served at a cutting speed and feed of 90 m/min and 0.1 mm/rev, respectively. It was ob-
served that the pattern of tool wear was very similar to the flood cooling in Figure 8b, 
with the presence of a big visible notch representing edge chipping or flaking. In Figure 
8c, the notch at MQCL-70 was larger than the one observed in flood cooling. The region 
closer to the nose radius had traces of workpiece material adhesion and BUE. However, 
the extent of BUE here was comparatively lower than the flood cooling. 

Figures 9 and 10 report the tool life at the various cutting speed levels of 90, 120, and 
150 m/min against the feed levels of 0.2 and 0.3 mm/rev. As shown in Figures 9 and 10, 
flood cooling outperformed other the cooling/lubrication methods. In Figure 9, as ex-
pected, dry cutting mostly performed the worst, pointing out that tool life was affected by 
the presence of high cutting temperatures and the associated tool life. As shown in Figure 
9 (90 m/min speed), MCQL at 100 mL/h performed comparatively closer to flood cooling. 
As shown in Figure 9 (120 and 150 m/min), MQCL at 70 mL/h performed second best, 
comparatively closer to flood cooling. Figure 11a reports the scanning electron micro-
graph of the MQCL at 70 mL/h cooling strategy for the cutting speed and feed of 150 
m/min and 0.2 mm/rev, respectively. It was clearly observed that the cutting insert was 
free from edge chipping or the presence of a resulting notch. There were small traces of 
workpiece material adhesion at the flank face, indicating the presence of the cutting tem-
perature. The major tool wear mechanism observed in the SEM was abrasion. This is be-
cause of the intensive rubbing of hard particles between the workpiece and the cutting 
tool materials, as shown in Figure 11a, detail A. At a similar speed of 150 m/min and feed 
level of 0.2 mm/rev, another cooling strategy of MQCL at 90 mL/h was analysed, as shown 
in Figure 11b. Figure 11b clearly shows a higher wear formation at the flank face. The 
dominant tool wear mechanism was found to be adhesion. The excessive adhesion 
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represented that the cutting temperature was not efficiently dissipated during the cutting 
test. The inefficient control of cutting temperature provided the development of built-up 
layers (BUE) and built-up edges (BUE), as reported in Figure 11b, detail A. Minor edge 
chipping was detected at the nose radius of the cutting insert. 

 
Figure 9. Progression of flank tool wear for the feed of 0.2 mm/rev and depth of cut of 0.8 mm, (a) 
cutting speed of 90 m/min, (b) cutting speed of 120 m/min, and (c) cutting speed of 150 m/min. 
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Figure 10. Progression of flank tool wear for the feed rate of 0.3 mm/rev and depth of cut of 0.8 mm, 
(a) cutting speed of 90 m/min, (b) cutting speed of 120 m/min and (c) cutting speed of 150 m/min. 

The flood environment provided the best tool life for the 90, 120, and 150 m/min cut-
ting speeds. The MQCL strategy with various oil flow rates performed without any re-
markable performance, clearly pointing out that MQCL was not suitable at higher speeds 
and higher feeds. A possible explanation for this could be the inefficient control of heat 
dissipation with the MQCL methodology, or the higher cutting forces for the MQCL meth-
odology. Surprisingly, the dry environment was not the worst among the cooling/lubri-
cation methods. This could be explained by the thermal softening behaviour that provided 
low cutting forces, as shown in Figure 3. 

Figure 11c represents the scanning electron micrograph of dry cutting at the speed 
150 m/min and feed rate of 0.3 mm/rev. It clearly shows the presence of excessive adhesion 
and built-up edges (BUE) at the cutting edge, as shown in Figure 11c, detail B. Similarly, 
on the flank face, the presence of several built-up layers (BUL) was clearly visible in Figure 
11c, detail A. Edge chipping or flaking was also detected on the cutting edge. In addition 
to these dominant tool wear mechanisms, micro-abrasion was also found at the flank face 
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of the tool. At the cutting speed of 150 m/min and feed rate of 0.3 mm/rev, the MQCL-
assisted method did not provide a better tool life, as shown in Figure 11d. In order to 
investigate the underlying wear mechanisms, a scanning electron micrograph for MQCL 
at 100 mL/h was examined. The major observation at the flank face was linked with the 
existence of a big notch and associated edge chipping or flaking. This was the main reason 
associated with the lower life of MQCL-100. Besides that, there were hints of adhesion at 
the cutting edge and flank face. Micro-abrasion was also found at the flank face. As com-
pared to dry cutting in Figure 11c, the cutting edge was found to be more deteriorated in 
the case of MQCL at 100 mL/h. 

 
(a) 
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(b) 

 
(c) 

 
(d) 

Figure 11. SEM of flank tool wear. (a) MQCL 70 mL/h at Vc of 150 m/min, f of 0.2 mm/rev (b) MQCL 
90 mL/h at Vc of 150 m/min, f of 0.2 mm/rev, (c) dry cutting at Vc of 150 m/min, f of 0.3 mm/rev, (d) 
MQCL 100 mL/h at Vc of 150 m/min, f of 0.3 mm/rev. 
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5. Conclusions 
This study evaluated the machining performance of Ti6Al4V using various oil flow 

rates under MQCL for TiAlN-coated cutting inserts. The following conclusions were 
drawn from this study: 
• Lubrication during the metal cutting process is a very complex phenomenon due to 

the physical characteristics and chemical interactions. The MQCL approach showed 
encouraging performance due to its ability to improve lubrication by increasing the 
viscosity and dissipate heat by effective convective heat transfer, but its optimal per-
formance at different oil flow rates highly fluctuated. this is because of the fact that 
when the machining interactive aspects (cutting conditions) varied, it became crucial 
for the lubricant to access the relevant locations of interactions. 

• At the cutting interface, the penetration ability of the MQCL-based strategy was 
linked with the lubrication-specific parameters such as oil flow rates and air pressure, 
whilst at the same time was a function of the relative tool–workpiece movement (cut-
ting conditions) and chip formation. This points out the complex selection involved 
in the MQCL-assisted strategy to attain optimal machining performance. 

• At the cutting speed of 90 m/min and feed rate 0.1 mm/rev, MQCL at 90 mL/h pro-
vided the optimum performance. For the cutting speed of 120 m/min and feed rate 
0.2 mm/rev, MQCL at 90 mL/h provided better performance. In both cases, said 
MQCL strategies were the second best behind flood cooling. A likely reason here can 
be linked with achieving an appropriate wettability using the MQCL method to dis-
sipate heat efficiently from the cutting zone. 

• At the higher cutting speed of 150 m/min, dry cutting emerged as a good option with 
the highest tool life and was verified with lower cutting forces and better roughness. 
A possible explanation could be that the higher temperature triggered thermal sof-
tening, which reduced the cutting forces and extended the tool life. 

• At a higher speed and feed of 150 m/min and 0.3 mm/rev, MQCL with various oil 
flow rates did not provide reasonable tool life. SEM-assisted examination of MQCL 
at 100 mL/h showed excessive edge chipping and the presence of a notch at the cut-
ting edge. 

• A generic trend was observed in the oil flow rate under the MQCL strategy. Increas-
ing the oil flow rate from 70mL/h to 100 mL/h improved surface finish and reduced 
thermal softening at a low feed rate of 0.1 mm/rev. For the feed rates, the effect of 
increasing the oil flow rate was not evident. this means that, at low feed rates, the 
possibility of lubricant particles reaching the cutting interface/chip fissures was 
higher, resulting in better chip up-curling and reduction in the contact length. How-
ever, more dedicated studies for chip formation and morphology are required to in-
vestigate this phenomenon. 

• When machining Ti6Al4V with TiAlN-coated cutting inserts, tool wear comprised 
different combinations of wear mechanisms such as edge chipping or flaking, adhe-
sion, BUE, and BUL can be found to be the dominant tool wear mechanisms. How-
ever, adhesion, BUE, and BUL were found in most of the cases. 

6. Future Recommendations 
• BUE formation is very complex in nature and can be affected by the experimental 

setup involved. In order to understand the BUE formation mechanism, there is a need 
to perform orthogonal machining on Ti6Al4v using a quick-stop device (QSD) setup. 

• Residual stress formation is an important parameter that can significantly control the 
functionality of the parts being machined. It is important to study the influence of 
residual stresses during MQCL-based machining. 

• MQCL-based machining simulation is an important tool, and the role of several 
MQCL-based parameters should be investigated further by developing a computa-
tional fluid dynamics (CFD)-assisted simulation model of MQCL. 
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