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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 (V) 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 Vg using linear models. The study revealed that cutting fluid
concentration has a little influence on Ra and Vg 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 Vg 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 pm, 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.

Keywords: Cutting fluid concentration; Vegetable oil-based cutting fluid; Ti-6Al-4V;
RSM; Optimisation
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Nomenclature

RSM Response Surface Methodology

CFs Cutting Fluids

VOs Vegetable Oils

LN: 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

bo, b1, b2, b3  Model coefficients, also written as by, b;, bii, and bj;

Ra Average surface roughness
Vs 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
Ky Cutting edge angle

Y Tool rake angle

As An inclination (oblique) angle
Te Insert nose radius

€ Tool point (included) angle

o Tool clearance angle

v Cutting speed (m/min)

f Feed rate (mm/rev)

T Tool life

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
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Ti-6Al1-4V), 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 LN» 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
Abbeas 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 um and
MQL/LAM about 50 um, while others achieved tool wear levels higher than 200 um.

Khanna et al. [23] experimentally compared three different cooling techniques (dry, flood
(VOs based fluid), and cryogenic Liquid (LNz) 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 LNz 63%, 46%, 16% respectively. The cryogenic LN>
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 (38°) compared to mineral-
based cutting fluid (50°).

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 um 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-6Al1-4V 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 AIN 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]:

Y = by + X bix; + X byx? + X bijx; x [1]

where Xx; are the process variables or input parameters, the terms bo, b;, bi;, 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.



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 ﬂl}ld o 5 10 15
concentration
Cutting speed m/min 58 91 146
Feed rate mm/rev 0.1 0.15 0.2
Tool type - H10A GCl1115 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-6A1-4V (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 SAGI12 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 HIOA 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

Kr = 95° rake angle ¥ = -6 °, nose radius I, = 0.8 mm, an inclination (oblique) angle As = -6°,
clearance angle o = 0, and tool point (included) angle € = 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.



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 1/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 (0) C A\ Ti
Min 5 3
Max 6 04 0.05 0.015 0.2 0.08 4 Balance

/ AN
X
d \ N

“ Tool holggr

Ti-6A-4V bar

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 TRS Grain size  Hardness
(Kgm’)  (MPa) (pm) (HRA)
HI13A W/Co uncoated carbide 15000 2690 >3.5 93
Hard metals/PVD
GCIIS - ated carbide (TiAIN)) 14750 2550 <1 93
HI10A W/Co uncoated carbide 15100 2695 <1 94




H13A GC1115

Fig. 2 Images of various tool materials utilised in the experiments

WF ] «HFW

OHX KAPR

Tool edge angle (KAPR) 95deg Functional length (WF) |25 mm
Functional length (LF) 150 mm_Shank height (H) 25 mm
Functional length (HF) 25 mm  Shank height (B) 25 mm
Maximum overhang (OHX) 32 mm

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 um 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 @ 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
um interval between two consecutive measurements.

Ra measurement \

V-blocks positions Ti-6Al-4V sample
Jigs

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) R? is used to describe the model fit. RSM method suggested that both the surface
roughness and tool wear fit linear models with relatively high R? 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.

Response = by + by(c) + b,(v) + b;3(f) [2]



Table 4. Matrix building parameters with the measured values of Surface roughness and tool

wear
Run CO:::;:)“(I;;:;O" Cutting tool Cugri:/llgnisll:)eed f:ﬁg /:::; Ra (um) Vs (um)
1 5 HI13A 58 0.1 0.52 29.71
2 5 HI13A 58 0.1 0.51 28.88
3 5 HI13A 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 HI3A 91 0.2 0.88 52.57
11 10 HI3A 91 0.2 0.85 53.14
12 10 HI3A 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 HI3A 146 0.2 0.78 87.81
20 15 HI3A 146 0.2 0.77 86.23
21 15 HI3A 146 0.2 0.71 88.16
22 15 GCl1115 58 0.2 1.57 44.12
23 15 GC1115 58 0.2 1.55 45.61
24 15 GCl1115 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
Surface Surface Surface
Coefficient roughness roughness roughness
model model model
be +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
bs +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 Tool wear Tool wear
model model model
be +14.06408 +2.57963 -9.13259
b1 +0.15178 +0.15178 +0.15178
b +0.62489 +0.62489 +0.62489
bs +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 Surface roughness Tool wear
PCR PCR
Parameter F-value p-value F-value p-value
% %
Cutting fluid 2.98 0.0987 0.9 533 0.0313 0.1
concentration
Cutting speed 2791 < 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 HI0A cutting
tool, caused the surface roughness to rise from 1.03 to 1.86 pm. 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 pum. 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 um and 30 pm.

(a) ert® Software . Ra (um) (b) ert® Software » Tool wear (um)
=
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E E —
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X2 = B: Cutting speed (m/min) X2 = B: Cutting speed (m/min) JBedction 30
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C: Feed rate (mm/rev) = 0.10 C: Feed rate (mm/rev) = 0.10
D: Cutting tool type = H13A A: Fluid concentration (%) D: Cutting tool type = H13A A: Fluid concentration (%)

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 HI3A 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 pm and 30 pum, respectively.

Table 8. Results of confirmation experiments

Experiment Surface Roughness (um) Tool Wear (um)
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 um 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 um achieved recently in
Nath et al. [43] when 1.5 1/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.
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Fig. 8 Ra results versus cutting length at different cutting speeds
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(a) H13A (b) GC1115 (c) H10A

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-6A1-4V 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.
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Fig. 10 Tool wear results versus cutting length at different cutting speeds
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Fig. 11 Images of flank wear on HI3A 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 HI3A 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 (VBs 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:

Tool life = =2 [3]

Fm

were CD is total Cutting Distance to reach flank wear criterion of 0.3 mm and F, 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 pm), 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].

19



) 120 mm cutting length
() 1080 mm cutting lenth
500 4 | ace-- Nominal Micro-hardness

450 -+

400 -

30 { ¢
[ )

300 .88'°-:--0" e__2

250 -
200 -+
150 A

Micro-hardness ( HV,4)

100 A
50 -

0 T T T
0 100 200 300 400 500

Distance below of machined surface (um)

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-6Al1-4V 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-6A1-4V [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 HI13A 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 HI3A 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.
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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

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 HI3A tool type. At these values, the predicted
surface roughness and tool wear would be 0.48 pm and 30 pm. 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.

DECLARATIONS:

Ethical Approval: This paper does not contain any studies with human participants or animals
performed by any of the authors.

Consent to Participate: Authors agree to the authorship order.

Consent to Publish: All authors have read and agreed to the published version of the manuscript.
Authors Contributions: All authors contributed equally.

Funding: The authors would like to acknowledge the support from the Libyan Ministry of Higher
Education & Scientific Research and Northumbria University.

Competing Interests: Authors declare no conflict of interest.

Availability of data and materials: The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable request.

REFERENCES

. Ezugwu E, Da Silva R, Sales W, Machado A (2017) Overview of the machining of titanium

alloys. In: Reference Module in Earth Systems and Environmental Sciences. Elsevier.
doi:https://doi.org/10.1016/B978-0-12-409548-9.10216-7

2. Benedicto E, Rubio EM, Carou D, Santacruz C (2020) The Role of Surfactant Structure on the

Development of a Sustainable and Effective Cutting Fluid for Machining Titanium Alloys. 10
(10):1388

3. Veiga C, Davim P, Loureiro A (2013) Review on machinability of titanium alloys: the process

perspective. Reviews on Advanced Materials Science 34 (2):148-164

. Castellanos S, Cavaleiro A, Jesus Ad, Neto R, Alves JL (2019) Machinability of titanium

aluminides: A review. 233 (3):426-451. doi:10.1177/1464420718809386

5. Sharif S, Rahim E, Sasahara H (2012) Machinability of titanium alloys in drilling. In: Titanium

Alloys-Towards Achieving Enhanced Properties for Diversified Applications. InTech,

. Srikant R, Ramana V (2015) Performance evaluation of vegetable emulsifier based green

cutting fluid in turning of American Iron and Steel Institute (AISI) 1040 steel — an initiative
towards sustainable manufacturing. Journal of Cleaner Production 108, Part A:104-109.
doi:http://dx.doi.org/10.1016/].jclepro.2015.07.031

7. Kuram E, Ozcelik B, Demirbas E (2013) Environmentally friendly machining: vegetable based

cutting fluids. In: Green Manufacturing Processes and Systems. Springer, pp 23-47

22


https://doi.org/10.1016/B978-0-12-409548-9.10216-7
http://dx.doi.org/10.1016/j.jclepro.2015.07.031

8. Wickramasinghe K, Sasahara H, Abd Rahim E, Perera GJJoCP (2020) Green Metalworking
Fluids for sustainable machining applications: A review. 257:120552

9. Vegetable-oil based metalworking fluids research developments for machining processes:
survey, applications and challenges (2014) Manufacturing Review. Accessed 15/6/2016

10. Osama M, Singh A, Walvekar R, Khalid M, Gupta T, Yin W (2017) Recent developments
and performance review of metal working fluids. Tribology International 114:389-401.
doi:https://doi.org/10.1016/].triboint.2017.04.050

11. Kumar Gajrani K, Ravi Sankar M (2017) Past and current status of eco-friendly vegetable oil
based metal cutting fluids. Materials Today: Proceedings 4 (2, Part A):3786-3795.
doi:https://doi.org/10.1016/].matpr.2017.02.275

12. R S, N RJH, J SK, Krolczyk GM (2021) A comprehensive review on research developments
of vegetable-oil based cutting fluids for sustainable machining challenges. Journal of
Manufacturing Processes 67:286-313. doi:https://doi.org/10.1016/j.jmapro.2021.05.002

13. Debnath S, Reddy M, Yi Q (2014) Environmental friendly cutting fluids and cooling
techniques in machining: a review. Journal of Cleaner Production 83 (0):33-47.
doi:http://dx.doi.org/10.1016/j.jclepro.2014.07.071

14. Vegetable-oil based metalworking fluids research developments for machining processes:
survey, applications and challenges (2014) Manufacturing Review. Accessed 15/6/2016

15. Rapeti P, Pasam VK, Gurram KMR, Revuru RSJJoCP (2018) Performance evaluation of
vegetable oil based nano cutting fluids in machining using grey relational analysis-A step
towards sustainable manufacturing. 172:2862-2875

16. Katna R, Suhaib M, Agrawal NJM, Processes M (2020) Nonedible vegetable oil-based cutting
fluids for machining processes—a review. 35 (1):1-32

17. Cecilia JA, Ballesteros Plata D, Alves Saboya RM, Tavares de Luna FM, Cavalcante CL,
Rodriguez-Castellon EJP (2020) An overview of the biolubricant production process:
Challenges and future perspectives. 8 (3):257

18. Sharif M, Pervaiz S, Deiab I (2017) Potential of alternative lubrication strategies for metal
cutting processes: a review. The International Journal of Advanced Manufacturing Technology
89 (5):2447-2479. do0i:10.1007/s00170-016-9298-5

19. Mia M, Gupta MK, Lozano JA, Carou D, Pimenov DY, Krélczyk G, Khan AM, Dhar
NRIJJoCP (2019) Multi-objective optimization and life cycle assessment of eco-friendly
cryogenic N2 assisted turning of Ti-6Al-4V. 210:121-133

20. Singh G, Pruncu CI, Gupta MK, Mia M, Khan AM, Jamil M, Pimenov DY, Sen B, Sharma
VSIM (2019) Investigations of machining characteristics in the upgraded MQL-assisted
turning of pure titanium alloys using evolutionary algorithms. 12 (6):999

21. Abbas AT, Gupta MK, Soliman MS, Mia M, Hegab H, Lugman M, Pimenov DYJTIJoAMT
(2019) Sustainability assessment associated with surface roughness and power consumption
characteristics in nanofluid MQL-assisted turning of AISI 1045 steel. 105 (1):1311-1327

23


https://doi.org/10.1016/j.triboint.2017.04.050
https://doi.org/10.1016/j.matpr.2017.02.275
https://doi.org/10.1016/j.jmapro.2021.05.002
http://dx.doi.org/10.1016/j.jclepro.2014.07.071

22. Bermingham M, Sim W, Kent D, Gardiner S, Dargusch M (2015) Tool life and wear
mechanisms in laser assisted milling Ti-6Al-4V. Wear 322-323 (0):151-163.
doi:http://dx.doi.org/10.1016/j.wear.2014.11.001

23. Khanna N, Shah P, Wadhwa J, Pitroda A, Schoop J, Pusavec FJPC (2021) Energy
Consumption and Lifecycle Assessment Comparison of Cutting Fluids for Drilling Titanium
Alloy. 98:175-180

24. Gaurav G, Sharma A, Dangayach G, Meena MJJoCP (2020) Assessment of jojoba as a pure
and nano-fluid base oil in minimum quantity lubrication (MQL) hard-turning of Ti—6Al-4V:
A step towards sustainable machining. 272:122553

25. Mahadi M, Choudhury I, Azuddin M, Yusoff N, Yazid A, Norhafizan A Vegetable oil-based
lubrication in machining: issues and challenges. In: IOP Conference Series: Materials Science
and Engineering, 2019. vol 1. IOP Publishing, p 012003

26. M. VENKATA RAMANA GKMR, D. HANUMANTHA RAO (2013) Effect of Process
Parameters on Surface Roughness in Turning of Titanium Alloy under Different Conditions
of Lubrication. Recent Advanced in Robotics, Aeronautical and Mechnical Engineering:83-91

27. Deiab I, Raza S, Pervaiz S (2014) Analysis of lubrication strategies for sustainable machining
during turning of titanium Ti-6Al-4V alloy. Procedia CIRP 17 (0):766-771.
doi:http://dx.doi.org/10.1016/]j.procir.2014.01.112

28. Elsayed M, Ghazy M, Youssef Y, Essa K (2019) Optimization of SLM process parameters
for Ti6Al4V medical implants. Rapid Prototyping Journal

29. El-Sayed MA (2016) The behaviour of bifilm defects in cast Al-7Si-Mg alloy. PloS one 11
(8):¢0160633

30. El-Sayed MA, Essa K, Ghazy M, Hassanin H (2020) Design optimization of additively
manufactured titanium lattice structures for biomedical implants. The International Journal of
Advanced Manufacturing Technology:1-12

31. Hassanin H, Alkendi Y, Elsayed M, Essa K, Zweiri Y (2020) Controlling the properties of
additively manufactured cellular structures using machine learning approaches. Advanced
Engineering Materials 22 (3):1901338

32. Hassanin H, Modica F, El-Sayed MA, Liu J, Essa K (2016) Manufacturing of Ti—6Al1-4V
micro-implantable parts using hybrid selective laser melting and micro-electrical discharge
machining. Advanced Engineering Materials 18 (9):1544-1549

33. Del Re F, Dix M, Tagliaferri F (2019) Grinding burn on hardened steel: characterization of
onset mechanisms by design of experiments. The International Journal of Advanced
Manufacturing Technology 101 (9):2889-2905

34. Nookaraju BC, Sohail M, Karthikeyan R (2020) Experimental investigation and optimization
of process parameters of hybrid wick heat pipe using with RSM historical data design.
Materials Today: Proceedings. doi:https://doi.org/10.1016/j.matpr.2020.05.634

35. Said MSM, Ghani JA, Kassim MS, Tomadi SH, Hassan C, Haron C, Jaya T Comparison
between Taguchi method and response surface methodology (RSM) in optimizing machining

24


http://dx.doi.org/10.1016/j.wear.2014.11.001
http://dx.doi.org/10.1016/j.procir.2014.01.112
https://doi.org/10.1016/j.matpr.2020.05.634

condition. In: Proceeding of Ist International Conference on Robust Quality Engineering,
2013. pp 60-68

36. Mohan MM, Sagar N, Kumar ML, Goud EV (2015) MULTI-OBJECTIVE OPTIMIZATION
OF MACHINING PARAMETERS OF EN36 STEEL USING RSM. International Journal of
Scientific Research in engineering and Technology 4

37. Dureja J, Singh R, Bhatti MS (2014) Optimizing flank wear and surface roughness during
hard turning of AISI D3 steel by Taguchi and RSM methods. Production & Manufacturing
Research 2 (1):767-783

38. Kleinbaum D, Kupper L, Muller K (1988) Applied regression analysys and other nultivariable
methods. In: Applied regression analysys and other nultivariable methods. pp 718-718

39. Titaniummetals (2021) Ti-6Al-4V (ASTM B348 Grade 5). Titanium Metals UK Ltd.

https://www.titaniummetals.co.uk/contact_titanium_metals.html. Accessed Accessed on
7/01/2021 2021

40. Sandvik C (2021) Cutting tool materials. Sandvik coromant.
https://www.sandvik.coromant.com. Accessed Accessed on 06/01/2021

41. Montgomery DC (2017) Design and analysis of experiments. John wiley & sons,

42. Che-Haron C, Jawaid A (2005) The effect of machining on surface integrity of titanium alloy
Ti—6% Al-4% V. Journal of Materials Processing Technology 166 (2):188-192.
doi:http://dx.doi.org/10.1016/j.jmatprotec.2004.08.012

43. Nath C, Kapoor S, Srivastava A, Iverson J (2013) Effect of fluid concentration in titanium

machining with an atomization-based cutting fluid (ACF) spray system. Journal of
Manufacturing Processes 15 (4):419-425. doi:http://dx.doi.org/10.1016/].jmapro.2013.06.002

44.P. Zeman JM (2014) CUTTING TOOL DEVELOPMENT FOR EFFECTIVE MILLING OF
TI6AL4V Paper presented at the 11th International Conference on High Speed Machining
September 11-12, 2014

45. Ostwald K (1995) Technology of Machine Tools. Forth edn. McGraw-Hill,

25


https://www.titaniummetals.co.uk/contact_titanium_metals.html
https://www.sandvik.coromant.com/
http://dx.doi.org/10.1016/j.jmatprotec.2004.08.012
http://dx.doi.org/10.1016/j.jmapro.2013.06.002

	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 b...

