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Abstract 
The paper details experimental and optimisation results for the effect of cutting fluid 
concentration and operating parameters on the average surface roughness (Ra) and tool flank 
wear (VB) when flooded turning of Ti-6Al-4V using water-miscible vegetable oil-based cutting 
fluid. Cutting fluid concentration, cutting speed, feed rate and cutting tool were the control 
variables. Response Surface Methodology (RSM) was employed to develop an experimental 
design and optimise Ra and VB using linear models. The study revealed that cutting fluid 
concentration has a little influence on Ra and VB performance while Ra was strongly affected 
by feed rate and cutting tool type. The developed empirical model also suggested that the best 
parameters setting to minimise Ra and VB are 5%, 58 m/min, 0.1 mm/rev for cutting fluid 
concentration, cutting speed and feed rate, respectively, using H13A tool. At this setting, the 
predicted surface roughness and tool wear were 0.48 and 30 µm, respectively. In the same vein, 
tool life and micro-hardness tests were performed at the suggested optimum cutting condition 
with different cutting speeds. A notable decrease in tool life (82.3%) was obtained when a 
higher cutting speed was used. 
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1. Introduction 
Cutting titanium is more demanding than other materials such as steel and stainless steel. 
Titanium-based alloys offer high strength-to-weight ratios (i.e., 40% lighter than steel alloys), 
high strength, high operating temperatures and exceedingly corrosion resistance, making them 
desirable materials to use mainly in aerospace applications. However, the same properties that 
give the alloys superior qualities also make them notoriously difficult to cut, owing to their low 
thermal conductivities, high dynamic shear strength and high hardness (e.g. up to 360 HV for 

Nomenclature 

RSM Response Surface Methodology 

CFs Cutting Fluids  

VOs Vegetable Oils 

LN2 Cryogenic liquid nitrogen  
MQL Minimum quantity lubricant 
MQLNF Nanofluid aluminium oxide nanoparticles 
VMQL Vortex tube-assisted MQL 
LAM Laser-assisted milling 
xi Process variables or input parameters 

b0, b1, b2, b3 

  

 

 

Model coefficients, also written as b0, bi, bii, and bij 

 Ra Average surface roughness 

VB Tool flank wear 

PCR Percentage Contribution Ratio 

ANOVA Analysis of Variance  

HV Hardness Vickers 

CVD  Chemical Vapour Deposition  

PVD Physical Vapour Deposition  

W/Co Tungsten cemented Carbide with cobalt content  

𝜅𝜅𝑟𝑟 Cutting edge angle  

𝛾𝛾 Tool rake angle 

𝜆𝜆𝑠𝑠 An inclination (oblique) angle 

rε Insert nose radius 

ℇ Tool point (included) angle 

α Tool clearance angle 

𝑣𝑣 Cutting speed (m/min) 

𝑓𝑓 Feed rate (mm/rev) 

TL Tool life 
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Ti-6Al-4V), high chemical reactivity at elevated temperatures [1,2]. Low thermal conductivity 
(e.g. 7.3 W/m⋅K for annealed Ti-6Al-4V) causes accumulation of generated heat on the tooltip 
resulting in low surface quality and high tooling costs. The relatively low elastic modulus of 
titanium alloys (114 GPa) allows deflection of slender parts under high cutting force, 
promoting chatter and geometry problems. Additionally, in the absence of coolants, titanium 
alloys may have a great tendency to react with cutting tool materials in an atmospheric 
environment, negatively affecting the mechanical properties [3,4]. Thus, cutting fluids (CFs) 
are crucial when machining titanium alloys. They are applied to the machining zone to 
minimise tool wear, improve surface finish and increase tool life [5]. Typically, mineral oil-
based, synthetic, and semi-synthetic coolants are the most common fluids used in shop floors 
due to their chemical stability and reuse. However, the use of such fluids presents hazards to 
the environment and the operator (e.g. skin and respiratory systems diseases) due to the high 
amounts of hydrocarbons existent in these fluids [6-8]. Recently, more attention was given to 
biodegradable fluids [9-12]. The increase in global ecological consciousness and the niche 
market of biodegradable lubricants (7-10 % in US markets) allowed ecological friendly 
lubricants including vegetable oil (VO) based fluids to replace conventional cutting fluid 
counterparts in machining industry [13-15]. Biodegradability with a high degradation rate of 
VOs based cutting fluids is one of the main virtues over conventional cutting fluids [16,17]. 
Additionally, an adequate understanding of cutting fluid supply methods and techniques in 
machining operations is vital if the quantities of the supplied metalworking fluids are to be 
controlled. As a such, several cutting fluid supply systems have been developed to reduce 
cutting fluid use, such as minimum quantity lubricant (MQL), oil mist, and cryogenic and 
gaseous cooling [18]. Gupta et al. [19] compared the performance of three cooling strategies 
including dry, mono-jet, dual-jet of cryogenic liquid nitrogen (LN2) during turning Ti-6Al-4V 
at different cutting speeds ranging from 80 to 140 m/min. The minimum specific energy 
consumption, temperature, and surface roughness were obtained when cryogenic LN2 dual-jets 
cooling was used. Traditional MQL cooling method was evaluated against upgraded vortex 
tube-assisted MQL (VMQL) when turning grade 2 pure titanium alloy with different 
evolutionary techniques including bacteria foraging, particle swarm and teaching learning-
based optimisations techniques (BFO), (PSO), (TLBO) respectively. The research highlighted 
that VMQL technique improved surface quality by nearly 15% when compared with the 
traditional MQL cooling method. TLBO method was found to be a superior optimization 
technique, with a success rate of 90% and an average time of 1.09 s.[20].  In another work by 
Abbas et al. [21], three cooling techniques, including MQL using nanofluid aluminum oxide 
nanoparticles (MQLNF), dry and conventional flood cooling have been also examined when 
turning of AIS 1045.  The study was conducted at different cutting speeds, feed rates, and depth 
of cut using an uncoated carbide tool. The results revealed that MQLNF outperformed others 
cooling techniques in terms of surface finish and low power consumption at optimal cutting 
condition (cutting speed of 116 m/min, depth of cut 0.25 mm, and feed rate of 0.06 mm/rev). 

Bermingham et al. [22] evaluated five different cutting strategies, including dry, flood (mineral 
oil-based), minimum quantity lubricant (MQL) VOs, laser-assisted milling (LAM), and 
MQL/LAM during milling of  Ti-6Al-4V alloy at a cutting speed of 69 m/min. Higher tool life 
of 28 minutes was reported when MQL/LAM and MQL were used compared to flood (9 min), 
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dry (4 min) and LAM (5 min). MQL using VOs also produced lower tool wear of 40 µm and 
MQL/LAM about 50 µm, while others achieved tool wear levels higher than 200 µm. 

 
Khanna et al.  [23] experimentally compared three different cooling techniques (dry, flood 
(VOs based fluid), and cryogenic Liquid (LN2) based on cutting energy consumption and 
ecological impacts for drilling VT-20, a Titanium alloy.  Higher values of cutting energy 
recoded for dry, flood, and cryogenic LN2 63%, 46%, 16% respectively. The cryogenic LN2 
cooling has been found as the most ecological cutting condition next to dry machining, while 
flood coolant has 94-99% of a total impact considering all cutting conditions.  In another work 
by Gaurav et al. [24], the VO-based fluid (jojoba oil) was benchmarked against mineral oil-
based fluid (LRT 30) when MQL turning of Ti–6Al–4V alloy. The cutting performance in 
terms of tool wear, cutting force, and surface finish was assessed under five cooling strategies, 
namely, dry turning, MQL LRT 30, nanofluid MQL (VO + nMoS2). The latter was evaluated 
under different concentrations of nanoparticles (0.1, 0.5, and 0.9% by weight). The MQL 
turning with VO + nMoS2 (0.1% concentration) is found to have a reduction in cutting force, 
surface roughness, and tool wear in the range of 35 - 47% compared to MQL mineral oil-based 
fluid (LRT 30). Choudhury et al. [25] examined the performance of formulated VO-based oil 
using MQL and conventional mineral-based cutting fluids under flood cooling when turning of 
AISI 431 stainless steel. The study conducted under identical cutting conditions. The results 
showed that the formulated vegetable-based cutting fluid was able to outperform the mineral 
based fluid by 31% in terms of surface finish. Additionally, the tested formulated VO based 
fluid presented better wettability as produced a low wetting angle (38o) compared to mineral-
based cutting fluid (50o). 
 Surface roughness was also evaluated when turning Ti-6Al-4V using different cutting fluid 
application methods, including dry, palm oil VOs and a mixture of palm oil with boric acid 
[26]. The minimum surface roughness of 1.42 µm was obtained using palm oil and chemical 
vapour deposition (CVD) coated tool at cutting speed of 79 m/min, a feed rate of 0.206 mm/rev 
and a depth of cut of 1 mm. The cutting energy consumption of five cooling strategies, 
including minimum quantity lubricant  (MQL) cooling mode using vegetable oils based fluid, 
flood, cooled air, cryogenic and dry cooling methods, have also been investigated when turning 
Ti-6Al-4V at different cutting speeds (90 and 120 m/min) and feed rates (0.1 and 0.2 mm/rev) 
utilising uncoated carbide cutting tool [27]. The results revealed that the use of MQL with VOs 
was associated with the least average cutting energy consumption in all cutting conditions of 
0.012 kWh compared to flood (0.023 kWh), cooled air (0.022 kWh), cryogenic cooling (0.020 
kWh) and dry condition (0.024 kWh). This was attributed to its superior lubricity property, 
which significantly reduced the cutting energy consumption. VOs based cutting fluids have 
also been examined when cutting other metallic materials such as steels. The performance of a 
formulated water-miscible VO-based cutting fluids at five different concentrations ratios 
including 5%, 10%, 15%, 20% and 25% was evaluated when turning heat-treated AISI 1040 
[6]. In the same vein, The VO cutting fluids were benchmarked with dry cutting and the 
conventional mineral oil-based cutting fluid under constant cutting conditions of an average 
cutting speed of 62 m/min, a feed rate of 0.4 mm/rev and a depth of cut of 1 mm. The results 
showed that average surface roughness was reduced by 25% for the water-miscible VOs fluid 
with 10% concentration than dry machining and mineral oil-based cutting fluid.  
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Statistical modelling represents an inexpensive means for analysing key factors influencing 
parts’ quality in different manufacturing processes. The use of techniques such as design of 
experiments (DoE), RSM, and ANOVA helped study the impact of parameters in many 
manufacturing processes [28,29]. When a combination of several variables and their 
interactions affect desired outputs, RSM is beneficial for quantifying the relationship between 
such variables and the obtained response surfaces to optimise the process. RSM applied an 
experimental design to fit a model by least squares technique, and to subsequently examine  the 
proposed model's adequacy [30-33]. ANOVA) was utilised to study the relationship between 
the input and output parameters, and to identify the most significant parameters. Finally, the 
response surface plots are employed to locate the optimum setting of the studied variables. 
Process optimisation by RSM is faster for analysing experimental research results than other 
techniques such as the conventional one factor at a time technique. RSM has different designs 
such as Central Composite, Box-Behnken and One Factor design. In contrast to these schemes, 
Historical data design offers a unique advantage as it allows the user the opportunity to depict 
configuration focuses utilizing all or a portion of the current trial information. In other words, 
there is no impediment to the quantity of configuration factors that can be given in the historical 
data design [34]. In an earlier study, Said et al. [35] had utilized RSM to optimise the milling 
parameters during machining AlN reinforced Al-Si alloy matrix composite, based on historical 
data. Other researches had also reported the application of Historical Data Module of RSM for 
the analysis and optimisation of different metal cutting operations [36,37].   
This research was carried out to cover a research gap and study the effect of VO-based cutting 
fluids concentration and operating conditions on surface roughness and tool wear during 
flooded turning of Ti-6Al-4V. Statistical analysis has been adopted to optimise the machining 
parameters aiming to minimise both responses. Progression of Ra and tool wear with cutting 
distance and micro-hardness at different cutting speeds were also evaluated.  

2. Materials and Methods  
2.1 Design of Experiments (DoE) 

The RSM and ANOVA statistical tools were employed to generate the experimental plan, 
develop the relationship between the input and output parameters, identify the most significant 
parameters, and find the optimal setting of those parameters to achieve the intended objective 
function. The response surface, or process yield, “Y” can be expressed by the following second-
order polynomial (regression) equation [38]: 
 

𝑌𝑌 =  𝑏𝑏0 + ∑𝑏𝑏𝑖𝑖𝑥𝑥𝑖𝑖 + ∑𝑏𝑏𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖2 + ∑𝑏𝑏𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖 𝑥𝑥𝑗𝑗                                                 [1] 
 
where xi are the process variables or input parameters, the terms b0, bi, bii, and bij are the model 
coefficients that depend on the process parameters' main and interaction effects. The method 
of least squares was used to determine these constant coefficients. Design-Expert Software 
Version 7.0.0 (Stat-Ease Inc., Minneapolis, USA) was used to perform the analysis.  
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In this research, four variables (process parameters) were examined: the concentration of the 
cutting fluid, cutting speed, feed rate and the type of cutting tool. Since the nonlinear 
relationship among the process parameters, if it exists, can only be revealed if more than two 
levels of the parameters are considered. Thus, each parameter was varied over 3 levels, as 
shown in Table 1. In this study, The Historical Data Module of RSM was considered, as it 
allows the use of less number of parametric combinations. 27 combinations (machining trials) 
were used in the current study. It should be emphasised that to perform a DoE containing 3 
numeric and 1 categoric factors, and considering 5 centre point using Box-Behnken or Central 
Composite designs, 51 and 57 parametric combinations respectively, would be required. The 
Historical data of fluid concentration, cutting speed, feed rate and tool type are listed in Table 
4. A depth of cut of 0.75 mm was maintained for all trials. Two output responses were 
considered in this study: the machined surface's roughness and tool wear.    
 

Table 1. The range of matrix building parameters 

Parameter Units 
Levels 

1 2 3 
Cutting fluid 
concentration % 5 10 15 

Cutting speed m/min 58 91 146 
Feed rate mm/rev 0.1 0.15 0.2 
Tool type - H10A GC1115 H13A 

 
2.2 Experimental Work  

Round bars of 24 mm diameter and 160 mm length were used as workpiece materials. These 
bars were made of Ti-6Al-4V (ASTM B348 Grade 5). Titanium Metal Limited, UK, supplied 
the workpiece materials. The chemical composition of the alloy is shown in Table 2. All turning 
trials were performed on a Graziano SAG12 Centre lathe, as shown in Fig. 1. Each trial 
involved a cutting length of 120 mm, and a new insert tip was used. Three different indexable 
cutting tools materials (coarse grain uncoated carbide H13A, fine grain PVD coated GC1115 
and medium to coarse grain uncoated carbide H10A were supplied by Sandvik Coromant. 
Table 3 shows the cutting tools materials and their properties used in the turning trials. All 
inserts have a similar rhombic shape, ISO designation (CNMG120408), and chip breaker 
geometry (SM). All tools had the following cutting tip oblique geometries; cutting edge angle 

𝜅𝜅𝑟𝑟 = 95º, rake angle 𝛾𝛾 = -6 º, nose radius rε = 0.8 mm, an inclination (oblique) angle 𝜆𝜆𝑠𝑠 = -6º, 
clearance angle α = 0, and tool point (included) angle ℇ = 80˚. The inserts were mounted on a 
Sandvik tool holder with the ISO designation (DCLNR 2525M12). Fig. 2 provides images of 
the cutting inserts, and Fig. 3 illustrates the geometry of the tool holder used in these 
experiments.  
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A water-miscible vegetable oil-based cutting fluid (Vasco1000) containing 45% pure vegetable 
oil was used in all tests. Three concentration ratios were tested (5%, 10% and 15%) with a 
constant flow rate of 0.7 l/min. The bulk flood cooling mode was chosen to deliver the cutting 
fluid to the cutting zone through a single flexible hose. The intensity of the fluids was regularly 
monitored using a portable refractometer. 
 
Table 1 Chemical composition of supplied Ti-6Al-4V (ASTM B348 Grade 5) [39] 

Weight (%) Al Fe N H    O    C V      Ti 

Min 5      3  
Max 6 0.4 0.05 0.015 0.2 0.08 4  Balance 

 
 

 
Fig. 1 Experimental set-up for Ti-6Al-4V turning trials 

 
 
 
      Table 2 Properties of cutting tool materials used in the experiments [40] 

Tool Elements Density 
(Kg/m3) 

TRS 
(MPa) 

Grain size 
(µm) 

Hardness  
(HRA) 

H13A W/Co uncoated carbide    15000   2690 ≥3.5     93 

GC 1115 Hard metals/PVD 
coated carbide (TiAlNi)    14750 2550 <1 93 

H10A W/Co uncoated carbide    15100 2695     <1 94 
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Fig. 2 Images of various tool materials utilised in the experiments 

 

 

Fig. 3 Schematic view of tool holder and its geometry [40] 

 
 
 

2.3 Measurement Equipment 
The average surface roughness (Ra) of the machined surface was measured using a Taylor 
Hobson Surtronic 3 surface roughness tester, as shown in Fig. 4. Ra test was conducted 
according to ISO 4287 and ISO 4288 and using 0.8 mm cut-off and an evaluation length of 4 
mm.  
Alicona Infinite Focus G4 optical microscope was also utilised to measure and capture the tool 
flank wear (VB) images. In the mainstream experiments (i.e. 27 turning tests), tool flank wear 
is measured after each cutting trial (each trial involved a cutting length of 120 mm), the insert 
tip was removed and a new cutting edge was used in order to maintain reference (zero) tool 
wear condition. All worn cutting inserts were fixed on to a customised 3D printed tool holder, 
the best image quality was obtained at 365.54 nm and 11.25 µm vertical (Z direction) and 
lateral (X and Y) resolutions respectively. 
Following 27 tests, tool life trials were conducted at the optimised setting and at the three 
cutting speeds (i.e. 58, 91 and 146 m/min). After each 120 cutting length, the operation was 
stopped and the tool flank wear was measured. Then, the turning steps were replicated until the 
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maximum allowable tool flank wear, VBmax = 0.3 mm, was reached. All tool wear 
measurements and tool life testing were accomplished in accordance with ISO 8688-2 and 3685 
respectively. Additionally, micro-hardness trials were also performed at optimised cutting 
conditions and at the lowest and highest cutting speeds. Circular samples of Ø 22.5 x 5 mm in 
thickness were cut, mounted, and ground to analyse the machined surface's micro-hardness. 
Micro-hardness was measured using BUEHLER Micromet II micro-hardness tester at the 30 
µm interval between two consecutive measurements.  
 

 

Fig. 4 Image of Ra measurement set-up used for Ti-6A-4V machined bars 

3. Results and Discussion 
The measured values for surface roughness and tool wear along with the parametric 
combinations are presented in Table 4. In statistical analysis, Least Square Fitting (coefficient 
of correlation) R2 is used to describe the model fit. RSM method suggested that both the surface 
roughness and tool wear fit linear models with relatively high R2 of 92% and 99% respectively. 
The linear models representing the two responses can be described as functions of the cutting 
fluid concentration (c), cutting speed (v), feed rate (f) and cutting tool type, and are expressed 
as in equation [2]. The coefficients' values for the surface roughness and tool wear (for different 
tool types) are shown in Tables 5 and 6 respectively.  
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  𝑏𝑏0 + 𝑏𝑏1(𝑐𝑐) + 𝑏𝑏2(𝑣𝑣) + 𝑏𝑏3(𝑓𝑓)                                                      [2] 
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Table 4. Matrix building parameters with the measured values of Surface roughness and tool 
wear 

Run Concentration 
ratio (%) Cutting tool Cutting speed   

(m/min) 
Feed rate  
(mm/rev) Ra  (µm) VB (µm) 

1 5 H13A 58 0.1 0.52 29.71 
2 5 H13A 58 0.1 0.51 28.88 
3 5 H13A 58 0.1 0.54 30.61 
4 5 GC1115 91 0.2 1.05 64.19 
5 5 GC1115 91 0.2 1.02 65.43 
6 5 GC1115 91 0.2 1.08 64.23 
7 5 H10A 146 0.2 1.48 110.27 
8 5 H10A 146 0.2 1.47 109.31 
9 5 H10A 146 0.2 1.45 110.65 
10 10 H13A 91 0.2 0.88 52.57 
11 10 H13A 91 0.2 0.85 53.14 
12 10 H13A 91 0.2 0.83 53.08 
13 10 GC1115 146 0.1 0.47 96.14 
14 10 GC1115 146 0.1 0.51 95.79 
15 10 GC1115 146 0.1 0.49 95.22 
16 10 H10A 58 0.2 1.47 52.36 
17 10 H10A 58 0.2 1.52 53.16 
18 10 H10A 58 0.2 1.5 53.07 
19 15 H13A 146 0.2 0.78 87.81 
20 15 H13A 146 0.2 0.77 86.23 
21 15 H13A 146 0.2 0.71 88.16 
22 15 GC1115 58 0.2 1.57 44.12 
23 15 GC1115 58 0.2 1.55 45.61 
24 15 GC1115 58 0.2 1.58 44.87 
25 15 H10A 91 0.1 0.97 76.64 
26 15 H10A 91 0.1 0.98 77.48 
27 15 H10A 91 0.1 1.02 76.02 

 
Table 5. Response surface model coefficients for the values of surface roughness. 

Tool Type H10A GC1115 H13A 

Coefficient 
Surface 

roughness 
model 

Surface 
roughness 

model 

Surface 
roughness 

model 

bo +0.59048 +0.30825 -0.017302 

b1 +9.00000E-003 +9.00000E-003 +9.00000E-003 

b2 -3.09524E-003 -3.09524E-003 -3.09524E-003 

b3 +6.27778 +6.27778 +6.27778 
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Table 6. Response surface model coefficients for the values of tool wear 
Tool Type H10A GC1115 H13A 

Coefficient Tool wear 
model 

Tool wear 
model 

Tool wear 
model 

bo +14.06408 +2.57963 -9.13259 

b1 +0.15178 +0.15178 +0.15178 

b2 +0.62489 +0.62489 +0.62489 

b3 +19.03333 +19.03333 +19.03333 

 
 
Table 7 shows the analysis of variance (ANOVA) F-values, p-values and percentage 
contribution ratio (PCR) for each of the studied process parameters for the surface roughness 
and tool wear. In statistical significance testing, the p-value is the probability of obtaining a 
test statistic at least as extreme as the one that was observed, assuming that the null hypothesis 
is correct. The null hypothesis (which assumes that all parameters have no significant effect) 
is rejected when the p-value is less than the predetermined significance level (from 0.01 to 0.1) 
[41]. In the current study the p-value was set at 0.05 (95 per cent confidence level). This means 
that any factor has p-value less than 0.05 is considered to be a significant model parameter. 
This study indicated that the surface roughness was affected by the cutting speed, feed rate, 
and tool type, while the tool wear was affected by the fluid concentration, cutting speed, feed 
rate, and tool type. Also, the F-value gives a relative measure of the significance of the 
examined parameters. PCR is obtained for each parameter by dividing the squares term of this 
parameter by the total sum of squares and multiplying by 100. The higher the F-value and PCR, 
the stronger the effect of a given factor. It was clear that the feed rate had the most significant 
impact on the surface roughness among all the examined factors, owing to the largest F-value 
and PCR of 145 and 44%, respectively. 
Moreover, the tool type and cutting speed were of less significance (especially the latter), with 
F-values of 68 and 28, respectively, and PCR of 41% and 8%. Finally, the effect of cutting 
fluid concentration on the surface roughness was shown to be insignificant. The ANOVA 
results had also demonstrated a remarkable influence of the cutting speed on the tool wear (F-
value = 7140 and PCR = 85%). Tool type comes the second with F-value of 622 and PCR of 
15%. Lastly, and despite the model's significant factors, both the fluid concentration and feed 
rate had relatively trivial effects on the tool wear with F-values of 5 and 8, respectively and 
PCR of only 0.1% each. 
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Table 7. ANOVA results for the average surface roughness and tool wear 

Model 
Parameter 

Surface roughness Tool wear 

F-value p-value PCR 
% F-value p-value PCR 

% 
Cutting fluid 
concentration 2.98 0.0987 0.9 5.33 0.0313 0.1 

Cutting speed 27.91 < 0.0001 8.4 7140.16 < 0.0001 84.8 

Feed rate 145.23 < 0.0001 43.6 8.38 0.0087 0.1 

Tool type 68.18 < 0.0001 40.9 622.32 < 0.0001 14.8 

3.1 Analysis of surface roughness 

Fig. 5 shows the effect of fluid concentration, cutting speed and feed rate on the surface 
roughness of the machined components for different tool types using linear models as 
suggested by the RSM. Cutting fluid concentration was found to have a marginal impact on 
surface roughness irrespective of the employed cutting tool. Regardless of the tool type, surface 
roughness increased consistently with increasing feed rate and decreasing cutting speed. 
However, the feed rate effect was shown to be more considerable, confirming the ANOVA 
results shown in Table 7. Increasing the feed rate from 0.1 to 0.2 mm/rev, at constant fluid 
concentration and cutting speed of 10% and 102 m/min respectively, and using H10A cutting 
tool, caused the surface roughness to rise from 1.03 to 1.86 µm. Increased feed rate did not 
secure sufficient time for the cutting fluid to carry away the heat from the machining zone, 
leading to high material removal rate but an accumulation of chips in the tool-workpiece zone, 
resulting in higher surface roughness. 
On the other hand, increasing cutting speed from 58 to 146 m/min, at constant fluid 
concentration and feed rate of 10% and 0.15 mm/rev respectively, and using H10A cutting tool, 
resulted in a marginal drop of the surface roughness from 1.52 to 1.35 µm. This could be 
attributed to the higher cutting temperature that helps soften the workpiece material and 
minimises the cutting forces, leading to lower surface roughness. These findings coincide with 
Che-Haron et al. [42] for cutting Ti-6Al-4V, where the lower surface roughness was attained 
at higher cutting speeds. However, it is perceived that cutting speed should be controlled at an 
optimal level, as the impact of high cutting temperature would conspicuously influence the tool 
life, cutting force, chip formation and surface finish. Finally, the type of tool material was also 
significant. The lowest Ra was always associated with tool type H13A for the same fluid 
concentration, cutting speed and feed rate.  
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Fig. 5 Effect of machining parameters on surface roughness. (a) cutting fluid concentration, 

(b) cutting speed, and (c) feed rate 
 

3.2 Analysis of tool wear 

The effect of the three numeric process parameters (fluid concentration, cutting speed and feed 
rate) on the tool wear is shown in Fig. 6 (a) to (c). Tool wear was found to have a linear function 
of the three parameters. Nevertheless, the main numeric factor that was found imposing the 
most significant effect on the tool wear was the cutting speed, and the relationship was positive. 
The cutting tool type was also found to influence tool wear considerably and H13A had the 
lowest tool wear. H13A outperformed the other tool materials in terms of both tool wear and 
Ra owing to its superior combination of high hot hardness, high toughness, and high transverse 
rupture strength properties [40]. Higher cutting fluid concentration was also found to increase 
tool wear with only a few microns marginally.  
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Fig. 6 Effect of machining parameters on tool wear. (a) cutting fluid concentration, (b) 
cutting speed, and (c) feed rate 

3.3 Optimisation of process parameters 

According to the results detailed in sections 3.1 and 3.2, it can be seen that surface roughness 
and tool wear vary with the assessed parameters to different extents. Therefore, an optimisation 
study was carried out to explore the optimum setting of machining parameters. The desirable 
surface finish of the machined component can be achieved while prolonging the tool life. The 
objective function was set to minimise both the surface roughness and tool wear. The 
experimental data were analysed by design-expert software, and the genetic algorithm was used 
to predict the process parameters based on the set objective function. The response equations 
describing surface roughness and tool wear in terms of the critical process parameters (showed 
in Equation (2)) and the related coefficients listed in Tables 5 and 6) were solved 
simultaneously. 

Fig. 7 shows the contour plot for the optimisation function to obtain minimum values for 
surface roughness and tool wear for a range of fluid concentrations and cutting speeds. The 
model suggested that the best parameters setting to minimise average surface roughness and 
tool wear were 5%, 58 m/min, 0.1 mm/rev for cutting fluid concertation, cutting speed and feed 
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rate, using the tool type H13A. At this setting, the surface roughness and tool wear are predicted 
to be 0.48 µm and 30 µm.  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Predicted optimum fluid concentration and cutting speed (at a feed rate of 0.1 mm/rev 
and using a tool type H13A) that fulfil the desired surface finish and tool life; (a) minimum 

surface roughness and (b) minimum tool wear. 

3.4   Confirmation tests and the development of surface roughness and tool wear 

To validate the results predicted by the design-expert for the optimal levels of machining 
parameters, additional three machining trials were carried out using 5% cutting fluid 
concertation, 58 m/min cutting speed, 0.1 mm/rev feed rate and H13A cutting tool (suggested 
optimised parameters for minimum surface roughness and tool wear). Table 8 shows the 
measured values of surface roughness and tool wear. As shown, the average values of the three 
samples' surface roughness and tool wear were 0.52 µm and 30 μm, respectively.  
 

Table 8. Results of confirmation experiments 

Experiment Surface Roughness (µm) Tool Wear (µm) 

1 0.52 30 

2 0.51 29 

3 0.54 31 

Av. 0.52 30 

 
 
According to the confirmation tests, good agreement was found between the predicted and 
experimental values. The experimental results confirmed the applied RSM technique's validity 
for improving the machining performance and optimising the operating parameters.  
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Following the confirmation test, the progress of average surfaces roughness (Ra) and tool wear 
was evaluated as a function of cutting distance at the optimised fluid concentration, feed rate 
and tool type of 5% 0.1 mm/rev and H13A tool, with different cutting speeds. Tool life tests 
were also conducted at the same conditions. Fig. 8 shows the progression of average surfaces 
roughness (Ra) with cutting distance at different cutting speeds. Generally, Ra ranged from 
0.49 to 1.15 µm with the cutting length for different cutting speeds. This span was found lower 
and narrower than a corresponding Ra progression range of 0.8-2.5 µm achieved recently in 
Nath et al. [43] when 1.5 l/min conventional cutting fluid was flooded during turning Ti-6Al-
4V using uncoated microcrystalline carbide tool. The surface roughness at the first stage (up to 
240 mm) was independent of the cutting speed. After that, sharp increase in Ra was recorded 
at the higher cutting speed (146 m/min) with prolonging the cutting distance of up to 600 mm. 
This could be attributed to the precipitous tool wear due to the rise in temperature at the cutting 
zone. On the other hand, surface roughness values at the lower cutting speed (58 m/min) were 
found steadier. This tended to retain the geometry of the tool cutting edge for a more extended 
period. Fig. 9 shows tool edge wear for the three tools used in this study.  

 
Fig. 8 Ra results versus cutting length at different cutting speeds 
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Fig. 9 Images of abrasion marks on tested tips at 120 mm-cutting distance and at a cutting 

speed of 58 m/min, 0.1 mm/rev feed rate and 5% concentration ratio. 
 

Fig. 10 shows average flank wear results versus cutting distance at various cutting speeds. The 
results revealed that tool wear at cutting speed of 146 m/min had exhibited a remarkably higher 
rate than that at speeds of 58 and 91 m/min. This is due to  heat accumulation at the tooltip 
[44]. On the other hand, at a cutting speed of 58 m/min, flank wear increased steadily with 
prolonged cutting distance. It could be concluded that tool wear was significantly affected by 
the cutting speed when turning Ti-6Al-4V using VOs based cutting fluid regardless of the fluid 
concentration ratio. This is confirming the ANOVA results presented in Table 7. Fig. 11 
displays tool wear progress of H13A tool at a different cutting distance and 146 m/min cutting 
speed, 0.1 mm/rev feed rate and 5% concentration ratio. 
 

 
Fig. 10 Tool wear results versus cutting length at different cutting speeds 
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Fig. 11 Images of flank wear on H13A at 120, 360 and 600 mm cutting distance of 146 
m/min cutting speed, 0.1 mm/rev feed rate and 5% concentration ratio 

3.5 Tool life test 

Trials at the three cutting speeds were undertaken to perform extended tool life analysis. Tool 
life tests were accomplished at the optimised setting (0.1 mm/rev feed rate, 5% concentration 
ratio and H13A tool type). Tool rejection criteria were determined following ISO standards 
3685 and 8688-2 for tool life testing. The machining test was ceased if one or a combination 
of the following took place: maximum tool flank wear (VBB max of 0.3 mm), excessive 
chipping (i.e. flaking) or catastrophic fracture of the cutting edge. Tool life can be estimated 
with the relation: 
                                                   𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝐶𝐶𝐶𝐶

𝐹𝐹𝑚𝑚
                                                                      [3] 

were CD is total Cutting Distance to reach flank wear criterion of 0.3 mm and Fm is feed rate 
in mm/min [45]. Fig. 12 illustrates the comparison of tool life at cutting speeds tested. Optimum 
tool life of 12.13 minutes was associated with the least cutting speed of 58 m/min. This could 
be attributed to the reduction in temperature at the machining zone, which tended to preserve 
the insert tip's geometry for extended periods. Further, an argument could be made that if tool 
wear is of higher importance to the manufacturer than the surface roughness of the sample, a 
lower cutting speed could be used. However, this is unlikely as titanium alloys are often used 
for high precision parts where the quality, including surface finish, is paramount. In addition, 
the graph shows a dramatic drop in tool life at cutting speeds of 91 and 146 m/min. This 
indicates that the cutting speed has the most dominant effect on tool life regardless of the other 
process parameters used (i.e. feed rate, fluid concentration and tool type). 
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Fig. 12 Comparison of tool life obtained for different cutting speeds and at optimised cutting 
parameters (0.1 mm/rev feed rate, 5 % fluid concentration ratio and H13A tool type). 

3.6. Analysis of micro-hardness results 

Micro-hardness tests were also performed at optimised cutting conditions and at the 
lowest and highest cutting speeds of 58 and 146 m/min. Fig. 13 shows the results of the 
micro-hardness measurements for 58 m/min cutting speed as a function of the distance 
below the machined surface (starting from 30 µm), where the dashed line stands for the 
nominal micro-hardness of the base material before the turning process. A notable 
increase in micro-hardness values was found near the surface (i.e., 330 HV at the 
beginning of the test, at 120 mm cutting distance, and 366 HV at the end of the test cutting 
1080 mm). The micro-hardness was gradually reduced towards the specimen's interior 
until reaching nearly the base material nominal hardness (i.e., 297 HV). This could be 
attributed to the plastic deformation resulting from the cutting stresses. When cutting 
temperature increases, there is a greater tendency for plastic deformation of subsequent 
workpiece layer and hence increased micro-hardness [30]. It was suggested in an 
investigation by [31] that a hardening effect is usually occurred during the cutting 
process, most probably due to the high compressive stresses at the cutting edge. 
Additionally, abrupt heating and cooling might have contributed to the work hardening 
effect during machining [32]. A noticeable increment in the micro-hardness was observed 
when comparing the values obtained after the first and final cuts (330 and 366 HV, 
respectively) [42]. 
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Fig. 13 Micro-hardness results beneath the machined surface at cutting speed of 58 m/min, 

0.1 mm/rev feed rate, 5% concentration ratio and H13A tool type 
 
Fig. 14 shows the micro-hardness results for the first and last cut at 146 m/min cutting speed. 
In general, micro-hardness dropped from 376 HV to 297 HV in the base metal at the end of the 
test (600 mm cutting length), while a drop from 350 HV to 270 HV was found at the beginning 
of the cutting test. It was noted that these values were within the acceptable hardness range for 
Ti-6Al-4V aerospace parts (i.e. 419.6 HV max and 284.4 HV min). The use of a worn tool is 
anticipated to increase the cutting temperature due to heat accumulation at the tooltip, leading 
to an increase in the work hardening effect during the machining process. However, the 
material below the top layer of the machined surface was softer, which might be attributed to 
the high-temperature and tempering effect at the cutting interface when turning Ti-6Al-4V [26]. 
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Fig. 14 Micro-hardness results beneath the machined surface at cutting speed of 146 m/min, 
01 mm/rev feed rate, 5% concentration ratio and H13A tool type. 

 
Fig. 15 shows micro-hardness results after different cutting distances in all investigated 
conditions at two different cutting speeds of 58 m/min and 146 m/min. Similarly, a rise of 
micro-hardness values with increased the cutting distance was seen. However, the highest 
micro-hardness measured was 376 HV when machining at the higher cutting speed of 146 
m/min after the uncoated carbide H13A tool has failed. In contrast, at the lower cutting speed, 
a micro-hardness of 366 HV was recorded. It was also observed that when longer cutting was 
carried out with higher flank wear, the machined surface's disturbed layer's hardness increased 
significantly under all cutting conditions. 
 
 

 
Fig. 15 Micro-hardness results versus cutting distance at cutting speeds of 58 and 146 m/min, 

0.1 mm/rev, 5% concentration ratio and H13A tool type 

4. Conclusions 

From the results obtained after flooded turning of Ti-6Al-4V at different operating 
parameters and cutting fluid concentrations using RSM, the following conclusions can 
be drawn: 

• Fluid concentration has minimal or no impact on key machining indicators such as 
surface roughness and tool wear when machining titanium alloys using VO-based cutting 
fluid. 

• Feed rate was suggested to be the main contributing factor for Ra having a PCR of 44%, 
followed by cutting tool type and cutting speed with PCR of 41 % and 8.4 %. 

• Cutting speed was a critical factor affecting tool wear, with the highest PCR of 85%.  
• Turning Ti-6Al-4V at a higher cutting speed produced slightly higher surface roughness 

with prolonging cutting distance.  
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• RSM indicated that the optimum combination of machining parameters required to 
minimise surface roughness and tool wear are cutting speed of 58 m/min, feed rate of 0.1 
mm/rev, 5% fluid concentration and H13A tool type. At these values, the predicted 
surface roughness and tool wear would be 0.48 µm and 30 µm. This outcome is more 
beneficial to the machining industry; it encourages manufacturers to use less fluid 
concentration (i.e. less amount of raw soluble oil in water) that has a low impact on the 
environment. 
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