
International Journal on Interactive Design and Manufacturing (IJIDeM) (2024) 18:4031–4058
https://doi.org/10.1007/s12008-024-01908-w

ORIG INAL ART ICLE

Investigating the effects of vegetable oil-based cutting fluids
with minimum quantity lubrication onmachining performance
of low-alloyed carbon steels: an optimization study

Olanrewaju M. Adesusi1 ·Olayide R. Adetunji2 · Adekunle I. Musa3 ·Queeneth A. Kingsley-Omoyibo1 ·
Abiodun A. Yussouff4 · Adediran I. Adeleke5 · Thoeeb A. Quadri2

Received: 11 June 2023 / Accepted: 14 May 2024 / Published online: 30 May 2024
© The Author(s), under exclusive licence to Springer-Verlag France SAS, part of Springer Nature 2024

Abstract
This work investigated the influence of Spindle Speed (N), Cutting Feed (CF), Depth of Cut (DC), Workpiece Type (WP)
and Fluid Types (FT) on MQL-assisted turning of low-alloyed steels. Core interest in fluid types employed is the fatty acid
unsaturation difference. Machining was conducted using Taguchi L27 design of experiment with N, CF, DC, WP and FT
defined in the range of 435–870 rpm, 0.08–0.18 mm/rev, 0.3–0.7 mm, 84.00–109.00 HRB, and Rubber-Seed-Oil (RSO),
Neem-Seeds-Oil (NSO) and Jatropha-Seeds-Oils (JSO) respectively. Response parameters measured are surface roughness,
cutting temperature, chip thickness ratio and metal removal rate. Measured parameters were subjected to Analysis of Variance
(ANOVA) at 5% significance, Taguchi analyses and Technique for Order Preference by Similarity to Ideal Solution (TOPSIS).
Results obtained showed WP was statistically significant with 48.77% contribution on surface roughness while difference in
fluid types unsaturated fatty acid compositions has no significant effect on surface roughness. However, JSO having linoleic
acid, thermal resistivity and viscosity values 27.87–34.87%, 664.40 ± 14.35 and 140.0 cP respectively, gave optimum value
of surface roughness. All factors except N had significant effect on chip thickness ratio with WP having the most dominant
with 50.91% contribution and RSO with lowest viscosity value of 125.5 cP gave rise to optimum chip thickness ratio due to
the most efficient flowability occasioned by high linoleic acid (34.70–37.45%) present. N and CF were the only statistically
significant factors on metal removal rate. TOPSIS proved that 870 rpm, 0.18 mm/rev, 0.5 mm, RSO and LAMCS-109 HRB
optimized the MQL-assisted turning.
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CCi Closeness coefficients of alternatives
CF Cutting feed
ChT Chip thickness
CTR Chip thickness ratio
CT Cutting temperature
DC Depth of cut
FT Fluid type
JSO Jatropha seed oil
LAHCS Low-alloy high carbon steel
LALCS Low-alloy low carbon steel
LAMCS Low-alloy medium carbon steel
MiWNV Minimum weighted normalized value
MaWNV Maximum weighted normalized value
MQL Minimum quantity lubrication
MRR Metal removal rate
N Spindle speed
NIS Negative ideal solution
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NSO Neem seed oil
OES Optical emission spectroscope
PIS Positive ideal solution
RSO Rubber seed oil
D+ & D− Separation measure
SR Surface roughness
TOPSIS Technique for order preference by similarity to

ideal solution
WP Workpiece type

1 Introduction

The in-service performances of materials most especially
steels, are solely reliant on processing parameter sets. It is
note-worthy to say that various methods have been devel-
oped to control response parameter measures that affect
performances of components produced via machining, one
of which is Minimum Quantity Lubrication (MQL). The
MQL technique is one method that has proven to be a sus-
tainable machining method as disadvantages associated with
conventional wet, dry, high pressure cooling and cryogenic
machining are eliminated. Kumar et al. [1] expressed that
conventional flood cooling system does not meet expected
outcome as much as MQL because coolant is restricted from
reaching the tool/chip interface. MQL provides both cool-
ing and lubrication to the cutting tool/workpiece and cutting
tool/chip interfaces by penetrating these interfaces in mist
condition. Cooling via MQL occurs in two modes which are
convective and evaporative [2]. A study by Kedare et al. [3]
showed that the cooling effect of MQL oil resulted in bet-
ter surface finish of End-Milled bright mild steel over the
conventional wet system at 225 rpm and it was attributed to
lubricating capacity of the oil. Besides high cutting speed,
high depth of cut and low feed rate that produced high-
est degree of chip formation in the work of Darsin et al.
[4], it was also recorded that cutting fluid application mode
had greater influence. Consequently, the authors showed that
MQL oil application mode produced lower chip serration
degree and this means lower plastic deformation or shear-
ing stress occurred at the workpiece/tool interface. However,
Bhosetty et al. [5] made it known that the quantity of fluid
dispensed through MQL nozzle orifice has little effect on
milling response parameters whereas the type of fluid was
most influential. Lisowicz et al. [6] corroborates Bhosetty
et al. [5] statement that oil/fluid type in MQL system has
much influence on response parameters and stated further
that MQL assisted turning using oil made by mixing veg-
etable oil and diester performed better than two other pure
vegetable oil types in terms of surface roughness. Similarly,
Yuan et al. [7], Sen et al. [8] and Liu et al. [9] reported that

castor oil-ethanol blend (31–69%), castor-palm oil blend and
castor oil-ethanol blend (1:2) respectively, performed better
than respective individual base fluid inMQLassisted turning.
In another study by Sadeghifar et al. [10], it was established
that MQL flow rate during turning operations has influence
on response parameters such as surface roughness where it
was noted that lower flow rates of 3.5 and 10.0 ml/min gave
the least surface roughness values at low feed rate. They also
noted that flow rate had no effect on chip forms generated.
Increase in flow rate from 70 to 100 ml/h was rather recorded
by Pervaiz et al. [11] as a contributory factor to decreased
surface roughness and thermal softening for a MQL variant
which incorporated both cooling and lubrication, at low turn-
ingoperation feed rate of 0.1mm/rev.Gurbuz et al. [12] report
thatMQLflow rate had no significant effect on surface rough-
ness has been refuted by earlier stated studies by Sadeghifar
et al. [10] and Pervaiz et al. [11], though the authors [12]
claimed it had effect on main cutting forces tool flank wear.
According to the work of Ghuge et al. [13], MQL has the
capability to reduce surface roughness by average of 47%
and 3% compared to dry and flood cooling respectively. The
authors as well gave value for cutting temperature reduction
by average of 16% and 5% in the respective order of cutting
condition stated previously. Same decline in surface rough-
ness valueswas recorded inHossain andAbedin [14] over the
entire depthof cut range and cutting timeconsidered forMQL
assisted turning operation, against that obtained for dry and
flood cooling. Yildirim et al. [15] in their turning experiment
conducted revealed the preference of MQL over Cryogenic
assisted MQL cooling-lubrication system such that MQL
reduced surface roughness and tool wear by 13.8 and 50.67%
respectively, contrary to what was stated in Urmi et al. [16].
Kumar et al. [17] comparatively studied the performances of
coconut and castor oils applied viaMQL and emulsifiedmin-
eral oil in flood cooling for turning of Aluminium AA 150
and found that bothMQLoilswhich are vegetable based, out-
performed mineral counterpart by generating better surface
finish. Nguyen et al. [18] opined that increasing feed rate or
cutting speed leads to increase inmetal removal ratewhile the
surface quality is compromised for milling process aided by
MQL. Feed ratewas found byMumtaz et al. [19] andNguyen
et al. [20] to be themost significant process parameter for sur-
face roughness in milling operation. It was further explained
by Mumtaz et al. [19] that increase in feed rate led to cor-
responding increase in surface roughness while increase in
spindle speed and depth of cut resulted in decrease in surface
roughness. Increasing machining speed has direct influence
on decrease in surface roughness as a result of prevention in
built-up-edge formation [21]. According to the study by Mia
et al. [22], minimum surface roughness can be attained when
machining is done at medium cutting speed, low feed rate
and high depth of cut under dry cutting condition relative to
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Table 1 Fatty acid compositions
of fluid type Fluid

type
Saturated fatty acid Unsat. fatty acid Total Unsat.

FA
References

Palmitic Stearic Oleic Linoleic

RSO 9.10–13.78 7.49–12.63 22.18–25.31 34.70–37.45 73.94–82.67 [40–43]

NSO 15.12–25.36 11.40–27.65 34.09–48.12 9.37–20.56 40.41–64.18 [44–48]

JSO 13.07–16.69 5.15–7.67 40.39–52.27 27.87–34.87 74.29–80.59 [49–52]

Unsat. FA � unsaturated fatty acid

other conditions considered. Low surface roughness is usu-
ally characterized by low feed rate and high cutting speed
[2, 23] but the work of Mia et al. [24] showed that mini-
mum surface roughness and maximum metal removal rate
can be achieved with MQL technique at maximum cutting
speed, feed rate and depth of cut set; tool flank wear became
minima at the minimum cutting parameters settings with cut-
ting speed having most influence on surface roughness. The
work of Martowibowo [25] showed that surface roughness
can be reduced by a factor of 5.3 while metal removal rate
can be increased by multiple of 6.6 when MQL technique
is employed than dry machining. More efficient heat trans-
fer is attainable using MQL as demonstrated by Mia et al.
[22], where oil droplets from MQL spray reduced cutting
zone temperature than other techniques of dry, flood and
solid lubricant with compressed air respectively. Singh et al.
[26] noted that percentage temperature reduction by MQL is
dependent on nozzle distance from the cutting zone. Nozzle
position (rake and flank faces), workpiece hardness and tool
type has also been reported by Masoudi et al. [27] to be of
significant influence on output turning parameters. Benkai
et al. [28] made it known that the higher viscosity vegetable
oils for MQL possess the capability to lower cutting force
but becomes non beneficial in terms of heat exchange capac-
ity as it reduces heat exchange potentials of vegetable oils.
Also, the authors propounded that saturated fatty acids in oils
are more efficient in their lubricating influence than unsat-
urated fatty acids. Strain hardening or phase transformation
of titanium alloy material machined under MQL condition
is eliminated due to cooling effect offered by the technique
[29]. Revankar et al. [2] reported that machining results in
increased surface hardness higher than the as-received speci-
men due to strain hardening effect but below the top surface,
reduced hardness was obtained as a result of aging. However,
specimen subjected to MQL had lower hardening effect than
dry machining. Results from Revankar et al. [2] corrobo-
rates that obtained in Kaynak et al. [29] who observed that
MQL had the least hardening effect on specimen among the
three methods of cutting fluids application systems consid-
ered. Commonly used MQL fluid types by researchers are
of plant seeds sources making this technique environment
friendly, cost effective and poses no health hazard. These

oils offer promising alternative to petroleum based oil as they
are less toxic, renewable and eco-friendly [30]. It has been
recorded that vegetable oils possess polar atoms and groups
such as S, O, N, –COOR, –COOH and OH which have high
affinity for metals, bonding on surface of workpiece to form
a molecular film layer that enhances lubrication at the cut-
ting point [31]. Lubricating properties of vegetable oils are
determined by their molecular structure and chemical com-
positions [31]. Best lubricating performance from vegetable
oil can be obtained from oil with higher straightness and
longer carbon chain length [33]. Joshy et al. [34] confirmed
that the oleic acid in vegetable oils produced lowest coef-
ficient of friction at lower load as the unsaturation caused
adsorption that allowed formation of thin lubricating film.
Contrarily, Xu et al. [35] established a correlation index of
0.83 between coefficient of friction and degree of fatty acid
unsaturation with the assertion that the greater the degree of
fatty acid unsaturation, the greater the coefficient of friction.
As noted inWang et al. [36] and corroborated by the results of
Yin et al. [37], palm oil contains high level of saturated fatty
acid (80%)whichmakes it better than other oils but as pointed
out in Joshy et al. [34], this assertion is only true when it is
operating at high load condition. Jatropha curcas oil as metal
working fluid, has better friction coefficient than palm oil and
palm fatty acid fraction under extreme pressure condition as
reported in Zhang et al. [31], in respective of fatty acid satu-
ration of palm oil. In this work, the influences of three pure
vegetable oils i.e., Rubber Seed Oil (RSO), Neem Seed Oil
(NSO) and Jatropha Seed Oil (JSO) with varying degree of
fatty acid unsaturation, are evaluated in application as cutting
fluids using MQL technique for turning operation. The fatty
acid compositions of the oils are as defined in Table 1 where
RSOand JSOcanbe seen to possemore unsaturated fatty acid
than NSO. However, RSO has more of Linoleic than Oleic,
compared to other fluid types and this means RSO is most
fluidic as increase in Linoleic content of vegetable oil leads
to decrease in viscosity[38, 39]. Other machining parameters
also considered include spindle speed, cutting feed, depth of
cut and workpiece type; the workpiece type is defined by the
composition and hardness value. It is noteworthy that to the
best of our understanding, this is probably the first time such
work will be conducted as previous works have only carried
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out study using pure vegetable oil, synthetic oil and mixture
of pure vegetable oil and ethers. Also, the fatty acid compo-
sitions of vegetable oil types employed in MQL machining
are rarely studied for their effects on machining processes.

2 Materials andmethods

2.1 Characterization of specimens

Specific gravity of each fluid type was determined using
a density bottle and measurement made against distilled
water as a standard liquid in conformity with ASTM D1217
[53]. The thermal resistivity measurement was conducted
using thermal property analyzer by Decagon Devices Inc
and followed procedure contained in KD2 Pro [54]. Oil was
poured in a tube, thermal needle sensor KS-1 inserted in the
oil, knob was rotated to on position while the needle sup-
plied heat to the liquid for 10 min before the process was
stopped for each reading to be taken. Dynamic viscosity of
each fluid type was measured using a Brookfield viscometer
(Model No.: RVDVE230) with a rotary disc marked spin-
dle 2. Measurement of dynamic viscosity was carried out in
accordance with ASTM D2983-09 [55] by filling the beaker
up to the marked point on the disc spindle and the spindle
rotated at speed of 60 rpm. The pH measurement was per-
formed using a digital pH meter after re-calibration using
distilled water as reference. The elemental compositions of
the low-alloyed carbon steel samples, categorized as Low-
Alloyed Low Carbon Steel (LALCS), Low-Alloyed High
Carbon Steel (LAHCS) and Low-Alloyed Medium Carbon
Steel (LAMCS) were determined using Arc Spark Optical
Emission Spectroscope (OES) in accordance with ASTM
E415 [56] while the hardness of the samples was determined
according to ASTM E18 [57] via Rockwell Hardness tester.

2.2 Experimental setup and turning operation

The turning operation was conducted on the three differ-
ent grades of low-alloyed carbon steel materials designated
as LALCS, LAMCS and LAHCS, with chemical composi-
tions presented in Table 2. Each of the turned pieces was of
diameter 25mm.Controllable turning parameters applied are
spindle speed, cutting feed, depth of cut, cutting fluid type
and workpiece type at three different levels as coded in Table
2. The experimental design for the turning operation was
based on Taguchi L27 Orthogonal Array, determined using
Minitab 7, a statistical analysis software. At different level of
parameters settings as defined by in the L27 orthogonal array,
individual fluid type was applied using MQL technique.
The controllable machining parameters employed are spin-
dle speed, cutting feed, depth of cut, fluid type andworkpiece
type while the response parameters measured are surface

roughness, tool temperature, chip thickness/thickness ratio
and metal removal rate. The machining operation was plain
turning on center lathe “Graziano Tortona” (Model No.: SAG
508) using carbide tool of 6° rake angle, fed to the workpiece
at an approach angle 90°. Oil was delivered to cutting zone
at flow rate 50 mL/hr through a nozzle of orifice diameter
0.2 mm positioned at an angle 45° and distance 70 mm from
the tool cutting point, driven by air pressure 2 bar from a
pneumatic compressor, nozzle position angle and air pressure
are adopted from the work of Krishman et al. [58]. Basis for
selection of the spindle speed, cutting feed and depth of cut
ranges is that the presentMQL turning experiment conducted
considering rough turning operation.

2.3 Response parameter measurement

Cutting temperature at the tool cutting point for each
experimental run was measured using a handheld infrared
thermometer. The laser target of the thermometer enabled
accurate targeting of laser beam to the cutting zone. Maxi-
mum temperatures attained during each turning experiment
was displayed on the LED screen and recorded accordingly.
Average surface roughness (Ra) of each machined piece was
measured using surface profilometer (Model: SRT-6200) at
a cut-off point of 0.8 μm and taken at three distinct points
on each sample. Chips collected during cutting process for
each experimental runwasmeasured for their thickness using
micrometer screw gauge. Subsequently, chip thickness ratios
were determined based on Eq. 1.

r � to
t

� F sin θ

t
(1)

where to is uncut chip thickness; t is cut chip thickness; F is
cutting feed; θ is approach angle.

Metal removal rates, generally defined mathematically as
in Eq. 2 [59], were determined bymeasuring the initial diam-
eter of each workpiece before commencement of turning
operation and the final diameter measured as well after each
cutting operation and Eq. 3 [60] was applied.

MRR � Volume of metal removed

Cutting time
(2)

(3)

MRR � πL(D2 − d2)
4L
FN

� π

4
(D2 − d2)FN

� π

2
Dm(D − d)FN mm3/min

where L is workpiece length; F is Cutting Feed; N is Spindle
Speed; D is Initial workpiece diameter; d is Final workpiece
diameter; Dm is Mean workpiece diameter.
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Table 2 Controllable parameter
value level and level codes Controllable Factors Unit Level

1 2 3

Spindle speed rev/min (rpm) 435 620 870

Cutting feed mm/rev 0.08 0.12 0.18

Depth of cut mm 0.3 0.5 0.7

Fluid type – RSO NSO JSO

Workpiece type HRB LALCS-84.00 LAHCS-89.23 LAMCS-109.00

2.4 Response data analysis

Response data obtained based on factor level settings in the
Taguchi orthogonal array experimental designwere analyzed
using Analysis of Variance (ANOVA) at significance level of
5%, Taguchi signal-to-noise ratio (S/N) and mean-of-means.
The ANOVA was conducted in order to test significance
and obtain contributions of input machining parameters on
response parameters. Furthermore, Taguchi signal-to-noise
ratio and mean-of-means analysis were conducted to rank
influence of input machining parameter on response param-
eter and obtain optimal value of each input parameter.
The parameters’ response data generated were checked for
their normal distribution at confidence interval of 99% by
employing normal probability plots. Since minimum surface
roughness, minimum cutting temperature, high chip thick-
ness/thickness ratio and high metal removal rate are desired
in any machining processes, objectives set for the Taguchi
signal-to-noise ratio (S/N) and mean-of-means analysis are
‘Smaller is Better’, ‘Smaller is Better’, ‘Lager is Better’ and
‘Lager is Better’ respectively. These objective set for S/N
are as defined mathematically in Eqs. 4 and 5 [61]. A multi-
criteria optimization scheme known as Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS) was
adopted in order to obtain single optimummachining param-
eter rather than the individual optimum parameter based on
each response. Employing the scheme, the response param-
eters were made into a single response parameter. TOPSIS
is based on the idea that alternatives should possess the least
distance to the ideal positive solution while having the far-
thest distance to the ideal negative solution and it has been
executed in the present work according to Parida and Routara
[62]. Decision matrix formulated according to the number
of experimental runs by number of response parameters,
was normalized using vector normalization [63] as in Eq. 6.
Weights were applied to these normalized values (Eq. 7) to
obtainedweighted valueVij. Positive and negative ideal solu-
tions were evaluated by employing scheme in Eqs. 8 and 9.
Consequently, the distances of the weighted values to ideal
solutions were obtained in accordance with Eqs. 10 and 11.
Finally, the coefficients of closeness for each distance to ideal

solutions were determined using Eq. 12 and the value closest
to unity was found as the optimum.

S/N � −10 log

(
1

n

n∑
i = 1

1

y2i

)
(Larger is Better) (4)

S/N � −10 log

(
1

n

n∑
i = 1

y2i

)
(Smaller is Better) (5)

where yi is performance characteristics value; n is number of
yi values

xij � yij√∑m
i = 1 y

2
ij

(6)

vij � wi × xij (7)

(8)

I+ � {V+
1, V

+
2 . . . . . . . . . . . . . . . . . . . . . , V+

m}
� {(Max Vij

∣∣ j ∈ J), ( Min Vij
∣∣ j ∈ J′)}

(9)

I− � {V−
1 , V

−
2 . . . . . . . . . . . . . . . . . . . . . , V−

m}
� {(Min Vij

∣∣ j ∈ J), ( Max Vij
∣∣ j ∈ J′)}

D+
i �

√∑n

j�1
(vij − v+j )

2 (10)

D−
i �

√∑n

j�1
(vij − v−

j )
2 (11)

CCi � D−
i

D+
i + D−

i

(12)

where i is 1, . . . . . . , m; j is 1,…….., n; yij is actual
value of ith value of jth experimental run; xij is corresponding
normalized value of ith value of jth experimental run; Wi is
weigth of jth criteria; Vij is weigthed normalized value of
ith value of jth experimental run; I+ is positive ideal solution
(PIS); I− is negative ideal solution (NIS); D+

i is distance from
PIS; D−

i distance from NIS; CCi is closeness coefficients of
alternatives.
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Table 3 Physiochemical properties of rubber, neem and jatropha seeds
oils

Fluid
type

Specific
gravity

Thermal
resistivity
(oC−cm/w)

Dynamic
Viscosity
at 25 °C
(cP)

pH

RSO 0.896 ± 0.01 700.23 ± 33.94 125.5 6.67

NSO 0.902 ± 0.01 668.63 ± 15.28 176.0 5.57

JSO 0.904 ± 0.01 664.40 ± 14.35 140.0 6.91

Table 4 Elemental compositions of low-alloyed carbon steel samples

Element (wt %) Steel sample

LALCS [68] LAHCS LAMCS [67]

Fe 98.1000 97.6000 96.8800

C 0.0724 0.5440 0.3182

Si 0.1820 0.2320 0.1537

Mn 0.9790 1.1100 0.7130

P 0.0102 0.0121 –

S 0.0051 0.0262 –

Cr 0.1160 0.1130 1.0580

Ni 0.1240 0.0816 0.0870

Mo 0.0425 0.0160 0.3278

Cu 0.2440 0.1130 0.0896

Al 0.0188 0.0262 0.0472

V 0.0027 0.0024 0.0020

Co – – 0.0063

W – – 0.2215

Sn 0.0087 0.0122 –

Zn 0.0045 0.0026 –

As 0.0054 0.0053 –

Sb 0.0023 0.0027 –

Se 0.0031 0.0027 –

Te 0.0043 0.0039 –

Ta 0.0717 0.0509 –

Bold in this table is to stress the classification assigned to each material
as contained in each column

3 Results and discussion

3.1 Some physicochemical properties of rubber,
neem and jatropha seeds oils; composition
and rockwell hardness of low-alloyed steel

Contained in Table 3 are the results of specific gravity, ther-
mal resistivity, dynamic viscosity and pH for the respective
raw vegetable oil. It can be seen that rubber seed oil has
the least of specific gravity value while jatropha seed oil has
the highest. Based on the average values of specific gravity

Table 5 Rockwell hardness of low-alloyed carbon steels

Low alloy steel type Rockwell hardness value (HRB)

LALCS 84.00 ± 0.50

LAHCS 89.23 ± 0.40

LAMCS *109.00 ± 0.00

* converted from C scale

obtainedwhichmaynot be significantly different and in order
RSO < NSO < JSO, JSO has highest density. This indicates
presence of higher Oleic fatty acid in JSO as shown previ-
ously in Table 1 and closely followed by NSO, as higher
degree of unsaturation resulting from increased Oleic acid
means higher density [64]. Unsaturated fatty acid contributes
to enhanced lubricity by forming adherent thin film to prevent
metal-to-metal contact [65], making JSO of higher potential
to improve machinability when used as MQL oil. Highest
thermal resistivity possessed by rubber seed oil showed that
it is least conductive, may not be able to effectively cause
cooling at the tool cutting point as the other two. Dynamic
viscosity measured for the oils as indicated in Table 3 shows
that value obtained for RSO < JSO < NSO and this indi-
cates best spread-ability and penetration of RSO from the
MQL nozzle into tool/chip interface and cutting zone [66].
This assertion as relating to RSO is supported by value of
Linoleic acid presented previously in Table 1. The pH values
of these non-edible vegetable oils are below neutral, though
jatropha and rubber seeds oils tend to be close to being neutral
in pH which may quite favourable for use as cutting fluids.
Nevertheless, it has been confirmed in the work of Adesusi
et al. [67] that these oils contain free fatty acids whose con-
stituents are of carbonyl and hydroxyl groups that contributed
to enhancement in corrosion resistance of low-alloyed steel
in corrosive solution by acting as active centres. Hence, the
respective pH value obtained may not be a thing of concern,
even as rubber seed and jatropha seeds oils are near being
neutral. Tables 4 and 5 show elemental compositions and
Rockwell hardness values respectively, of low-alloyed steels
as obtained.

3.2 Response data and normal probability plots
of response data

Contained in Table 6 are the results of Taguchi L27 experi-
mental design showing input parameters variables combina-
tions with their corresponding response parameters. These
input parameters are spindle speed, cutting feed, depth of cut,
fluid type and workpiece type differentiated by their compo-
sitions and Rockwell hardness value as given in Tables 4
and 5 respectively, as presented above. The abbreviations to
these parameters are as defined in footnote of Table 6. Prob-
ability plots of response parameters SR, CT, CTR and MRR
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Fig. 1 Normal probability plots of a surface roughness, b cutting temperature, c chip thickness ratio, d metal removal rate

are presented in Fig. 1a–d, for checking distribution of the
data generated from response parameters at confidence level
of 99%. Data shown on the plotted probability distribution
showmeans of each response parameter, standard deviations
(StDev), Anderson–Darling values (AD) and p values. The
StDev indicates departure of response data from their mean
values and these data points are approximately aligned with
the individual mean value lines of normal distribution plot
(middle lines). The p values of 0.021, 0.163, 0.154 and 0.346
for SR, CT, CTR andMRR respectively are greater than 0.01

significance while AD values are small, all these are indica-
tions that response data obtained are reliable and useful for
optimization of the turning process assisted by three veg-
etable oil based MQL system.

3.3 Analysis of variance for response parameter data

The analysis of variance conducted at significance level of
5% (0.05) on data obtained from machining operation under
MQL condition are as given in Tables 7, 8, 9 and 10 for
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Table 7 ANOVA for surface
roughness Source DF Adj SS Adj MS F-value P value % contribution

Spindle speed 2 0.7173 0.3587 0.77 0.522 1.88

Cutting feed 2 1.4125 0.7062 1.51 0.324 3.70

Depth of cut 2 0.3006 0.1503 0.32 0.742 0.79

Fluid type 2 1.1846 0.5923 1.27 0.374 3.11

Workpiece type 2 18.5927 9.2963 19.94 0.008 48.77

Spindle speed*Workpiece 4 2.2827 0.5707 1.22 0.425 5.99

Cutting feed*Workpiece 4 2.6797 0.6699 1.44 0.367 7.03

Depth of cut*Workpiece 4 9.0903 2.2726 4.87 0.077 23.84

Error 4 1.8649 0.4662 – – 4.89

Total 26 100.00

R2 � 95.11%

* interaction between

Table 8 ANOVA for cutting
temperature Source DF Adj SS Adj MS F-value P value % contribution

Spindle speed 2 2455.0 1227.70 10.65 0.079 36.32

Cutting feed 2 290.62 145.31 1.26 0.590 4.30

Depth of cut 2 60.47 30.23 0.26 0.885 0.89

Fluid type 2 116.45 58.23 0.51 0.796 1.72

Workpiece type 2 429.32 214.66 1.86 0.479 6.35

Cutting feed*Workpiece 4 1304.21 326.05 2.83 0.169 19.29

Depth of cut* Workpiece 4 679.76 169.84 1.47 0.358 10.05

Fluid type* Workpiece 4 963.41 240.85 2.09 0.246 14.25

Error 4 460.97 115.24 – – 6.82

Total 26 100.00

R2 � 93.18%

* interaction between

Table 9 ANOVA for chip
thickness ratio Source DF Adj SS Adj MS F-value P value % contribution

Spindle speed 2 0.05457 0.027285 5.40 0.073 2.83

Cutting feed 2 0.17204 0.086021 17.03 0.011 8.93

Depth of cut 2 0.07102 0.035510 7.03 0.049 3.69

Fluid type 2 0.13285 0.066427 13.15 0.017 6.89

Workpiece type 2 0.98093 0.490467 97.13 0.000 50.91

Spindle speed*Workpiece 4 0.15126 0.037815 7.49 0.038 7.85

Cutting feed*Workpiece 4 0.14457 0.036143 7.16 0.041 7.50

Fluid type*Workpiece 4 0.19945 0.049863 9.87 0.024 10.35

Error 4 0.02020 0.005060 – – 1.05

Total 26 – – – – 100.00

R2 � 98.95%

* interaction between
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Table 10 ANOVA for metal
removal rate Source DF Adj SS Adj MS F-value P value % contribution

Spindle speed 2 12,821,940 6,410,970 15.35 0.013 23.11

Cutting feed 2 14,720,575 7,360,288 17.62 0.010 26.53

Depth of cut 2 2,504,654 1,252,327 3.00 0.160 4.51

Fluid type 2 3,658,400 1,829,200 4.38 0.098 6.59

Workpiece type 2 5,703,529 2,851,765 6.83 0.051 10.28

Spindle speed*Workpiece 4 2,237,449 559,362 1.34 0.392 4.03

Cutting feed*Workpiece 4 9,841,213 2,460,303 5.89 0.057 17.74

Fluid type *Workpiece 4 2,329,137 582,284 1.39 0.378 4.20

Error 4 1,671,124 417,781 – – 3.01

Total 26 – – – – 100.00

R2 � 96.99%

* interaction between

surface roughness, cutting temperature, chip thickness ratio
and metal removal rate respectively. Resulting p values of
machining parameters and their interactions showed that
workpiece type characterized by hardness and composition is
significant (p < 0.05) in effect on the surface roughness gen-
erated under MQL condition (Table 7). The other machining
input parameters have their p-values higher than 5% signif-
icance level, which render these parameters of no statistical
significant effect on surface roughness. That is, the change
in value of surface roughness obtained as a result of change
in these parameters value whose effects are non-significant
statistically, only happened by chances. Most especially, the
effect of cutting fluid type was not felt in the result of sur-
face roughness value because p-value associated is greater
than 5% significance level. Hence, the type of vegetable oil
adopted in this work does not have a significant effect on
surface roughness of machined pieces which is in accor-
dance with the assertion made in the work of Tuan et al.
[69] who compared pure soybean oil and emulsion oil as
against three pure vegetable oil considered herein. Similarly,
the percentage contribution and F-value of workpiece type
is the highest with values 48.77% and 19.94 respectively,
followed by interaction effect of depth-of-cut and workpiece
type having 23.84%contribution atR2 �95.11%.This shows
thatworkpiece type has the dominant effect on surface rough-
ness values obtained and it is statistically significant. Results
obtained in the work of Jeevan and Jayaram [70] which did
not considerworkpiece type, affirms the order of factors’ con-
tribution in this current work based on spindle speed, cutting
feed, depth of cut and fluid type. However, is unlikely that
level of fatty acid unsaturation in the respective oils employed
affected change in surface roughness of the machined pieces
as evident from p value (p > 0.05) obtained; the lubricating
effect caused by thin film formation [34] is not a function of
oils’ unsaturation level. Similar to this is the work of Elewa
et al. [71] who engaged in rough turning with application

of five vegetable oils types as cutting and was found that
four among the five produced surface roughness with no sig-
nificant difference in value (3.0–3.1 μm) and this supports
assertion in Kazeem et al. [72] that fluid type has lesser influ-
ence than feed rate in lowering surface roughness. Having
determined that workpiece type (classified based on hardness
and composition) to be the most contributing/significant fac-
tor in MQL turning for this case, it imperative to know that
this was not the case for dry hard turning by Khan et al. [73].
Khan et al. [73] in their case observed that workpiece hard-
ness has lesser significance and percentage contribution to
surface roughness than insert type and feed rate, the asser-
tion by the authors is also in contrast with work of Tuan et al.
[69].

The p values obtained for analysis of variance conducted
for machining parameters to determine statistical signifi-
cance of these parameters on cutting temperature measured
at tool/chip interface indicate that they are of no statistical
significance as all p values obtained are higher than 5% con-
fidence as seen in Table 8. Nevertheless, spindle speed has
the highest percentage contribution and F-value of 36.32%
and 10.65 respectively, which is conformitywith results from
the work of Kazeem et al. [74]. This is followed by interac-
tion effect of cutting feed and workpiece while the fluid-type
has second least percentage contribution of 1.72% at R2 �
93.18%. The highest percentage contribution obtained from
spindle is as expected as increase in spindle speed is estab-
lished to result into increase in deformation at the primary
shear zonewhich translates to increase in cutting temperature
measured at tool cutting point. Since all varied machining
parameters considered are of no statistical significance to the
recorded tool/chip interface temperature, the variation in cut-
ting temperature only happened by chances. Moreso, it has
been stated elsewhere in Salur et al. [75] and Kazeem et al.
[76] that feed rate has no significant effect on cutting temper-
ature but on tool life and power consumption. However, the
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Table 11 Surface roughness
response for mean
signal-to-noise ratio–smaller is
better

Level N CF DC FT WP

1 −8.686 #−6.725 −7.967 #−6.836 −11.104

2 −7.338 −7.722 #−7.516 −8.073 −7.566

3 #−7.202 −8.779 −7.742 −8.316 #−4.556

Delta 1.484 2.053 0.451 1.480 6.548

Rank 3 2 5 4 1

N spindle speed, CF cutting feed, DC depth of cut, FT fluid type,WP workpiece type, # optimal factor level

non-significant contributions made by all parameters consid-
ered for tool temperature measured is due to the low spindle
speed employed for rough turningoperationwhich is unlikely
to generate wide tool temperature differential.

This case of machining response parameter “chip-
thickness-ratio” seem quite different from the two previously
presented results for surface roughness and cutting temper-
ature. All the machining factors except spindle speed have
their p values less than 5% significance level (p < 0.05),
most especially “workpiece type” with least p value of 0.000
as shown in Table 6. This agrees with the assertion made by
Khan et al. [77] that almost all parameter involved inmachin-
ing have direct or indirect influence on chip thickening during
deformation. It can be seen that for “chip-thickness-ratio”,
the effects of these factors that have p < 0.05 are statis-
tically significant, including “fluid-type” with p value of
0.017. Factor “workpiece-type” has the highest percentage
contribution and F-value of 50.91% and 97.13 respectively,
which means “workpiece-type” is most influential on “chip-
thickness-ratio” and this influence is also most statistically
significant. The influence of “fluid-type” on “chip-thickness-
ratio” is not as pronounced as that of “cutting feed” as
obtained from F-value but more influential than all inter-
action effects of parameters considered, including “depth of
cut” and “spindle speed”. On the other hand, “fluid-type”
percentage contribution is only higher than that obtained
for “spindle speed” and “depth-of-cut”. Decrease in chip-
thickness-ratio ultimately leads to increase in chip thickness
thereby increasing chip load on tool rake face. This increase
in chip load leads to corresponding increase in the tempera-
ture at the primary and secondary shear zones [72]. Hence,
change in cutting feed, depth of cut, fluid type and workpiece
type either cause decrease or increase in chip load at the cut-
ting interface, resulting to increase in cutting temperature
which may be effectively dissipated by applied cutting fluid
depending on fluidity. It should be noted that the influence
of fluid type on chip load variation is dependent on thin film
formability of fluid type employed, dictated by molecular
structure [32].

Presented in Table 10 is the ANOVA results generated for
Metal Removal Rate (MRR) on turning the low alloy car-
bon steel under MQL condition involving three varieties of

vegetable oils, with other turning parameters varied accord-
ingly. It is evident from this table that “spindle speed” and
“cutting feed” are the onlymachining parameters which have
statistically significant effects on MRR with their respective
p-value less than 5% significance level (p < 0.05). These
two machining factors have their percentage contributions as
23.11% and 26.53% respectively, which shows that cutting
feed has the highest percentage contribution to MRR and
most influential of all factors based on its highest F-value
of 17.62. The “workpiece” and “fluid-type” in this case are
of no statistical significance in differences in value of MRR.
Since the relationship between machining Power Input (P),
Specific Power (Ps) and MRR is defined according to Eq. 13
[78], it is affirmed that workpiece type, fluid type and depth
of cut are not determinants of power inputs in this work.

P � Ps × MRR (13)

3.4 Taguchi signal-to-noise ratio analysis

The Taguchi signal-to-noise ratio employed here checks the
relative importance and optimal parameter set of machining
factors. In order to do this, themean signal-to-noise ratios and
mean-of-means are obtained for each of the factor’s levels
and differences between highest and lowest mean signal-to-
noise ratios andmean-of-means respectively are obtained for
each factor. These differences are denoted asDelta. TheDelta
value determined has been used to rank factors from highest
to lowest, that is “workpiece type” with Delta values 6.548
(mean signal-to-noise ratios) and 2.027 (mean-of-means) is
ranked 1st in relative importance for determination of surface
roughness under “smaller-is-better” objective set as set-out
in Tables 11 and 12, this follows in that order. It should be
noted that “fluid-type” ranked 4th, below “spindle-speed”
and “cutting-feed” in signal-to-noise ratio analysis. This indi-
cates that vegetable oil does not importantly effect surface
roughness value variation as much as workpiece type, spin-
dle speed and cutting feed for the MQL assisted turning
operation. The minimization of surface roughness is based
on “smaller is better” objective and in that wise, parameter
level with highest “signal-to-noise ratio” and lowest “mean”
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Table 12 Surface roughness
response for
mean-of-means–smaller is better

Level N CF DC FT WP

1 2.916 #2.394 2.705 #2.412 3.744

2 #2.561 2.712 #2.548 2.725 2.597

3 2.581 2.952 2.804 2.920 #1.717

Delta 0.355 0.558 0.256 0.509 2.027

Rank 4 2 5 3 1

N spindle speed, CF cutting feed, DC depth of cut, FT fluid type,WP workpiece type, # optimal factor level

Fig. 2 Main Effect Plots for a Signal-to-Noise Ratio of Surface roughness, bMeans of Surface roughness
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Fig. 3 Interaction Plots for a Signal-to-Noise Ratio of Surface roughness, b Means of Surface roughness

values are selected. Hence, optimal parameter set for mini-
mizationof surface roughness are highest spindle speed (level
3—870 rpm), lowest cutting feed (level 1—0.08 mm/rev.),
mid depth-of-cut (level 2—0.5 mm), JSO (level 3 according

to L27 orthogonal array table but rearranged alphabetically
by the Minitab software to become level 1 while conducting
Signal-to-Noise Ratio analysis and Mean-of-Means, which
is also evident in the interaction and main effect plots as

123



4044 International Journal on Interactive Design and Manufacturing (IJIDeM) (2024) 18:4031–4058

Table 13 Cutting temperature
response table for signal to noise
ratio—smaller is better

Level N CF DC FT WP

1 #−33.24 −35.66 #−35.00 −35.37 #−34.57

2 −35.66 #−34.81 −35.28 −35.37 −34.97

3 −36.65 −35.09 −35.28 #−34.00 −36.02

Delta 3.41 0.86 0.28 0.54 1.45

Rank 1 3 5 4 2

N spindle speed, CF cutting feed, DC depth of cut, FT fluid type, workpiece type, # optimal factor level

Table 14 Cutting temperature
response table for
means—smaller is better

Level N CF DC FT WP

1 #46.67 63.82 #57.31 60.88 #55.61

2 61.98 #55.96 60.27 60.89 57.71

3 69.60 58.47 60.67 #56.48 64.92

Delta 22.93 7.87 3.36 4.41 9.31

Rank 1 3 5 4 2

N spindle speed, CF cutting feed, DC depth of cut, FT fluid type, workpiece type, # optimal factor level

shown in Figs. 2 and 3), workpiece-LAMCS (level 3 in
both orthogonal array table and Minitab alphabetical rear-
rangement. It should be noted that LAMCS has the highest
Rockwell hardness of 109 HRB). Workpiece type being the
only statistically significant factor in this case can be said
to have caused improvement in surface quality at highest
hardness value as explained in the work of Struzikiewicz and
Sioma [79] that at higher material hardness, workpiecemate-
rial adhesion to the cutting edge is limited. Consequently, the
formation of built-up edges that contributes to poor surface
finish is controlled by the hardness level of the workpiece
material. Hardest material generated lesser built-up edges
and resulted in lesser surface roughness. The highest hard-
ness value of workpiece materials producing optimal surface
roughness means that machinable hardness increased [69].
There exists a difference between optimal value in terms of
“spindle-speed” in signal-to-noise ratio and mean-of-means
where signal-to-noise ratio detected highest spindle speed
(level 3—870 rpm) as optimalwhilemean-of-means detected
mid spindle speed (level 3—620 rpm) as the optimal. The
difference in optimal values detected under signal-to-noise
ratio and mean has no difference in effect judging by result
frommain effect plot for mean in Fig. 2b where the line join-
ing both values seemed parallel to the mean-of-means line.
However, these optimal spindle speed conform with the gen-
eral knowledge that increase in spindle speed lowers surface
roughness in turning operation [80] as both spindle speeds are
higher than theminimum considered in this work. According
to Fig. 3a, b, there exist interactions between pairs of factors,
effect of a particular factor depended on the factor level of the
other because the plotted lines are no-parallel to one another
and optimal values obtainable from the interaction plots of

signal-to-noise ratio and mean correspond with that obtained
in effect plots in Fig. 2a, b, most especially with effect plot of
signal-to-noise ratio for spindle speed. The phenomenon of
obtainingminimum surface roughness can be explained from
the perspective of turning operation mechanics as indicated
in Eq. 14 [73] where surface roughness is directly propor-
tional to square of feed rate and inversely proportional to
tool nose radius. As stated in Kazeem et al. [76] and Kazeem
et al. [72], increase in feed rate results in greater feed load
on tool of which built-up edge is promoted with consequent
emergence of greater feed marks on machined piece and
vice-versa. Though not significant in effect, the cutting fluid
type that optimized surface roughness is that with minimum
thermal resistivity (JSO—664.40 °C−cm/W) and viscosity
value (JSO—140.0 cP) that is higher than RSO but lower
than NSO. The position of JSO viscosity value corresponds
with its linoleic acid content, making have better flowability
than NSO and its oleic acid content which is highest among
the fluid types contributes to its lubricating capability. This
means JSO has better capability to conduct heat away from
the tool cutting point and lubricated the tool/chip interface
best, thereby reducing risk of tool softening and eventual
wear that generates poor surface finish. This preferred fea-
ture of raw JSO in lowering surface roughness as also been
demonstrated in the work of Shashidhara and Jayaram [81]
for lowering cutting power during turning operation.

Ra � f2

32r
(14)

Presented in Tables 13 and 14 are Taguchi signal-to-noise
ratio and means values for cutting temperature considering

123



International Journal on Interactive Design and Manufacturing (IJIDeM) (2024) 18:4031–4058 4045

Fig. 4 Effect plots for c signal-to-noise ratio of cutting temperature, d means of cutting temperature
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Fig. 5 Interaction plots for a signal-to-noise ratio of cutting temperature, b means of cutting temperature
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Table 15 Chip thickness ratio
response for signal to noise
ratio—lager is better

Level N CF DC FT WP

1 −7.154 −9.203 −7.554 −8.318 #−3.223

2 −8.163 #−6.418 #−6.166 −7.630 −12.488

3 #−7.022 −6.717 −8.619 #−6.391 −6.628

Delta 1.140 2.785 2.453 1.927 9.265

Rank 5 2 3 4 1

N spindle speed, CF cutting feed, DC depth of cut, FT fluid type, workpiece type, # optimal factor level

Table 16 Chip thickness ratio
response for means—lager is
better

Level N CF DC FT WP

1 0.4770 0.3811 0.4796 0.4317 #0.7276

2 0.4494 #0.5506 #0.5628 0.4583 0.2607

3 #0.5556 0.5503 0.4397 #0.5920 0.4938

Delta 0.1061 0.1694 0.1231 0.1603 0.4669

Rank 5 2 4 3 1

N spindle speed, CF cutting feed, DC depth of cut, FT fluid type, workpiece type, # optimal factor level

smaller-is-better objective set. The Delta value ranking in
both tables show that spindle speed ranks 1st in effect on cut-
ting temperature, followed by workpiece. It is evident from
both tables that fluid type ranks 4th behind spindle speed,
workpiece and cutting feed. Since the objective is smaller-is-
better, determining optimal parameters values that minimize
cutting temperature will be based on highest signal-to-noise
ratio and lowest means. Hence, optimal parameters values as
obtainable from Tables 13 and 14 are lowest spindle speed
(level 1—435 rpm),mid cutting feed (level 2—0.12mm/rev),
lowest depth of cut (level 1—0.3 mm), fluid type—RSO
(level 1 according to L27 orthogonal array table but rear-
ranged alphabetically by the Minitab software to become
level 3 while conducting Signal-to-Noise Ratio analysis and
Mean-of-Means, which is also evident in the interaction and
main effect plots as shown in Figs. 4a, b and 5a, b) and work-
piece—LAHCS (level 2 according to L27 orthogonal array
table but rearranged alphabetically by the Minitab software
to become level 1 while conducting Signal-to-Noise Ratio
analysis and Mean-of-Means, which is also evident in the
interaction and main effect plots as shown in Figs. 4a, b and
5a, b). It is evident from Fig. 5a, b that effect of a particular
factor depended on the factor level of the other. As expected,
low spindle speed and cutting feed leading to minimized cut-
ting temperature is a result of lowered shear deformation
taking place at the primary shear zone. Also, RSO having
lowest viscosity value and highest thermal resistivity resulted
in minimization of cutting temperature due to its ability to
flow best into the interface between cutting tool and cut chip,
initiating cooling by convective and evaporative heat trans-
fers [82]. The flowability of RSO is made possible by the

higher presence of unsaturated linoleic acid which is respon-
sible for decrease in viscosity of the fluid as previously stated.

Contained in Tables 15 and 16 are Taguchi signal-to-noise
ratio and means values for Chip-Thickness-Ratio consider-
ing Larger-is-better objective set. The Delta value ranking
in Tables 15 and 13 show that workpiece type ranks 1st in
effect on Chip-Thickness-Ratio, followed by Cutting-Feed.
Least ranked of the input parameters is spindle speed in 5th
position while fluid-type ranks 4th behind depth-of-cut. The
objective set being larger-is-better, optimal parameters val-
ues that maximize Chip-Thickness-Ratio is based on highest
signal-to-noise ratio and highest means. Therefore, optimal
parameters values as obtainable from Tables 15 and 16 are
highest spindle speed (level 3—870 rpm), mid cutting feed
(level 2—0.12 mm/rev), mid depth of cut (level 2—0.5 mm),
fluid type—RSO (level 1 according to L27 orthogonal array
table but rearranged alphabetically by the Minitab software
to become level 3 while conducting Signal-to-Noise Ratio
analysis and Mean-of-Means, which is also evident in the
interaction and main effect plots as shown in Figs. 6a, b and
7a, b) and workpiece—LAHCS (level 2 according to L27

orthogonal array table but rearranged alphabetically by the
Minitab software to become level 1 while conducting Signal-
to-Noise Ratio analysis and Mean-of-Means, which is also
evident in the interaction and main effect plots as shown
in Figs. 6a, b and 7a, b). It is revealing in Fig. 7a, b that
effect of a particular factor depended on the factor level of
the other. Optimal parameter values obtained in Figs. 7a, b
differ from that obtained in Fig. 6a, b and Tables 15 and 16
in terms of cutting feed and depth of cut which gave high-
est cutting feed (level 3—0.18 mm/rev) and lowest depth of
cut (level 2—0.3 mm) as optimal values respectively. The
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Fig. 6 Main effect plots of a signal-to-noise ratio of chip thickness ratio, b means of chip thickness ratio

ability of RSO to spread more effectively than other types
of oil as MQL oil chiefly gives it edge to be ranked as the
optimal, owing to its lowest viscosity value obtained [66].
It is this lowest viscosity value that enhances easier spread-
ability through theMQLnozzle and penetration into interface

between cutting tool and chip formed leading to better lubri-
cation performance [83]. It has been stated previously that all
machining parameters considered for this work did not have
statistical significant contribution towards cutting tempera-
ture variation. Hence, it can be affirmed that the lubricating
action of RSO occasioned by its ability to easily spread and
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Fig. 7 Interaction plots of a signal-to-noise ratio of chip thickness ratio, b means of chip thickness ratio
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Table 17 Metal removal rate
response for signal to noise
ratio—larger is better

Level N CF DC FT WP

1 64.04 64.25 65.28 #67.91 67.69

2 67.37 67.07 67.76 66.18 #68.58

3 #70.22 #70.31 #68.59 67.53 65.36

Delta 6.18 6.06 3.32 1.73 3.22

Rank 1 2 3 5 4

N spindle speed, CF cutting feed, DC depth of cut, FT fluid type, workpiece type, # optimal factor level

Table 18 Metal removal rate
response table for means—larger
is better

Level N CF DC FT WP

1 1864 1836 2252 2674 2580

2 2621 2565 #2948 2229 #3284

3 #3549 #3634 2834 #3131 2171

Delta 1685 1798 695 902 1113

Rank 2 1 5 4 3

N spindle speed, CF cutting feed, DC depth of cut, FT fluid type, workpiece type, # optimal factor level

penetrate cutting zone must have significantly resulted in
reducing shear at the cutting zone. This that could have led to
decrease in temperature through which chip thickness pro-
duced became comparatively lesser.

Presented in Tables 17 and 18 are Taguchi signal-to-noise
ratio and means values for metal-removal-rate considering
Larger-is-better objective set. The Delta value ranking as
contained in Table 17 show that spindle speed ranks 1st in
effect on metal-removal-rate, followed by cutting-feed and
depth-of-cut respectively. Least ranked of the input parame-
ters is fluid-type in 5th position. Optimal values are highest
spindle speed (level 3—870 rpm), highest cutting feed (level
3—0.18 mm/rev), highest depth of cut (level 3—0.7 mm),
fluid type—JSO (level 3 according to L27 orthogonal array
but level 1 based on Minitab software alphabetical arrange-
ment) and workpiece—LALCS (level 1 according to L27

orthogonal array but level 2 according to Minitab software
alphabetical arrangement). Contrarily, Delta values obtained
in Table 18 shows that cutting feed ranks 1st followed by
spindle speed which ranks 2nd, then workpiece, fluid type
and depth of cut rank 3rd, 4th and 5th respectively. Optimal
values obtained in this case of mean in Table 18 has high-
est spindle speed (level 3—870 rpm), highest cutting feed
(level 3—0.18 mm/rev), mid depth of cut (level 2—0.5 mm),
fluid type—RSO (level 1 according to L27 orthogonal array
table but rearranged alphabetically by the Minitab software
to become level 3 while conducting Signal-to-Noise Ratio
analysis and Mean-of-Means, which is also evident in the
interaction and main effect plots as shown in Figs. 8a, b and
9a, b) and workpiece—LALCS (level 1 according to L27

orthogonal array table but rearranged alphabetically by the
Minitab software to become level 2).Optimal values obtained

in Fig. 8a, b correspond with that obtained in Tables 17 and
18 respectively. According to Fig. 9a, b, effect of a particular
factor depended on the factor level of the other and optimal
parameter values obtained in these respective figures tally
with that obtained in Tables 17 and 18, same as Fig. 8a, b.

3.5 Multiple response optimization using technique
for order preference by similarity to ideal
solution (TOPSIS)

The multiple response parameter values obtained previously
in Table 6 are converted to a single equivalent response at
each experimental level using TOPSIS as contained in Table
19which showpreviously obtained raw response parameters,
normalized and weighted normalized values. Equal priori-
ties have been applied to all responses because it is assumed
that all these parameters contribute to features possessed by
components after machining equally and as such the weight
criterion of 0.25 was evaluated using Analytic Hierarchy
Process (AHP) with a consistency ratio 0.00 < 0.10. Desir-
ability for surface roughness and cutting temperature are
their minimum values while that of chip thickness ratio and
metal removal rate are their maximum values. Hence, Pos-
itive Ideal Solution (PIS) for surface roughness and cutting
temperature are theirMinimumWeightedNormalizedValues
(MiWNV) as denoted symbolically with superscript } while
chip thickness ratio and metal removal rate had their Max-
imum Weighted Normalized Values (MaWNV) as denoted
symbolically with superscript -|. The Negative Ideal Solution
(NIS) on the other hand, for surface roughness and cutting
temperature are their MaWNV denoted symbolically with
superscript -| and chip thickness ratio with metal removal
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Fig. 8 Means and main effect plots of c signal-to-noise ratio of metal removal rate, d means of metal removal rate
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Fig. 9 Interaction plots of a signal-to-noise ratio of metal removal rate, b means of metal removal rate

123



International Journal on Interactive Design and Manufacturing (IJIDeM) (2024) 18:4031–4058 4053

Table 19 Raw and normalized
values of machining response
parameters

Raw Values Normalized Values

S/N SR
(μm)

CT
(oC)

CTR MRR
(mm3)

SR CT CTR MRR

1 2.200 37.2 0.195 683.30 0.144162 0.116436 0.069061 0.043255

2 4.587 50.7 0.615 1780.24 0.300577 0.158690 0.217807 0.112696

3 1.847 50.2 0.533 683.30 0.121030 0.157125 0.188766 0.043255

4 3.493 44.0 0.615 1639.91 0.228889 0.137719 0.217807 0.103812

5 3.167 41.6 0.453 2152.38 0.207527 0.130208 0.160434 0.136253

6 1.870 51.0 0.632 922.45 0.122537 0.159629 0.223828 0.058394

7 2.403 45.8 0.297 3997.28 0.157464 0.143353 0.105185 0.253042

8 4.887 34.8 0.261 2459.87 0.320236 0.108924 0.092435 0.155719

9 1.790 64.7 0.692 2459.87 0.117295 0.20251 0.245078 0.155719

10 1.430 46.2 0.242 1266.06 0.093705 0.144605 0.085706 0.080146

11 2.363 91.0 0.383 3019.07 0.154843 0.284829 0.135643 0.191118

12 1.777 68.9 0.404 1947.79 0.116443 0.215656 0.14308 0.123302

13 1.320 67.8 0.155 4674.69 0.086497 0.212213 0.054895 0.295925

14 5.327 52.1 0.571 3213.85 0.349068 0.163072 0.202225 0.203448

15 2.172 50.6 0.923 1460.84 0.142327 0.158377 0.326888 0.092476

16 3.520 66.1 0.257 3286.89 0.230659 0.206892 0.091019 0.208072

17 3.190 51.0 0.360 1095.63 0.209034 0.159629 0.127497 0.069357

18 1.947 64.1 0.750 3725.14 0.127583 0.200632 0.265619 0.235815

19 1.453 70.3 0.146 2733.19 0.095212 0.220038 0.051707 0.173021

20 4.400 55.6 0.421 2323.21 0.288323 0.174027 0.149101 0.147067

21 1.485 104.3 0.491 2186.55 0.097309 0.326458 0.173892 0.138416

22 3.667 64.0 0.203 4509.76 0.240291 0.200319 0.071894 0.285484

23 2.240 75.0 0.480 2869.85 0.146783 0.234749 0.169996 0.181672

24 1.150 57.5 0.923 1639.91 0.075357 0.179974 0.326888 0.103812

25 3.883 78.0 0.236 6764.77 0.254445 0.244139 0.083581 0.428234

26 3.533 48.7 0.900 4304.77 0.231511 0.15243 0.318743 0.272507

27 1.415 73.0 0.947 4612.25 0.092722 0.228489 0.335388 0.291972

Weighted normalized values

S/N SR CT CTR MRR

1 0.03604 0.02911 0.01727 0.01081

2 0.07514 0.03967 0.05445 0.02817

3 0.03026 0.03928 0.04719 }0.01081

4 0.05722 0.03443 0.05445 0.02595

5 0.05188 0.03255 0.04011 0.03406

6 0.03063 0.03991 0.05596 0.01460

7 0.03937 0.03584 0.02630 0.06326

8 0.08006 }0.02723 0.02311 0.03893

9 0.02932 0.05063 0.06127 0.03893

10 0.02343 0.03615 0.02143 0.02004

11 0.03871 0.07121 0.03391 0.04778

12 0.02911 0.05391 0.03577 0.03083

13 0.02162 0.05305 0.01372 0.07398

14
-|0.08727 0.04077 0.05056 0.05086

15 0.03558 0.03959 0.08172 0.02312
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Table 19 (continued)
Weighted normalized values

S/N SR CT CTR MRR

16 0.05766 0.05172 0.02275 0.05202

17 0.05226 0.03991 0.03187 0.01734

18 0.03190 0.05016 0.06640 0.05895

19 0.02380 0.05501 }0.01293 0.04326

20 0.07208 0.04351 0.03728 0.03677

21 0.02433
-|0.08161 0.04347 0.03460

22 0.06007 0.05008 0.01797 0.07137

23 0.03670 0.05869 0.04250 0.04542

24 }0.01884 0.04499 0.08172 0.02595

25 0.06361 0.06103 0.02090
-|0.10706

26 0.05788 0.03811 0.07969 0.06813

27 0.02318 0.05712
-|0.08385 0.07299

} � MiWNV;
-| � MaWNV

rate having their NIS obtained as MiWNV values as denoted
symbolically with superscript }. Separation measures (D+

and D−) of the alternatives are given in Table 20 which is a
measure of closeness to the PIS and NIS respectively. Close-
ness Coefficients (CCi) of the alternatives are graphed in
Fig. 10 where the value 0.719233 immerged as the closest
to unity, corresponding to parameter sets in experiment No.
27 having spindle speed-870 rpm, cutting feed-0.18 mm/rev,
depth of cut-0.5 mm, RSO and LAMCS. These are optimum
conditions for machining as the global solution for MQL
assisted turning process conducted.

4 Conclusion

The optimization of low-alloyed steel in turning operation
while applying vegetable oil-based cutting fluids via mini-
mum quantity lubrication technique has been conducted and
the following are conclusions drawnbasedonvalues obtained
from TAGUCHI, ANOVA and TOPSIS optimization tech-
niques:

• Workpiece type, classified based on hardness has domi-
nant effect on surface roughness value while the fluid type
employed as cutting fluid in minimum quantity lubrication
assisted turning has no significant effect.

• Workpiece typewhich happened to be the only statistically
significant factor influencing surface roughness showed
that hardest material of low-alloy medium carbon steel
gave the optimal surface roughness value.

Table 20 Separation measures of alternatives

S/N D+ D−

1 0.118306 0.073482

2 0.102040 0.062700

3 0.104320 0.078842

4 0.094698 0.071290

5 0.091444 0.070274

6 0.098117 0.082537

7 0.075672 0.085554

8 0.109904 0.062477

9 0.076217 0.086285

10 0.107566 0.079371

11 0.091307 0.065369

12 0.094556 0.071217

13 0.081771 0.095478

14 0.095563 0.068469

15 0.086509 0.096545

16 0.094178 0.059702

17 0.109676 0.058021

18 0.057573 0.096088

19 0.099486 0.076081

20 0.101044 0.054305

21 0.099338 0.073897

22 0.088519 0.073668

23 0.082571 0.0718

24 0.083057 0.10481

25 0.084324 0.10154

26 0.056351 0.102459

27 0.04553 0.116632
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Fig. 10 Closeness coefficients of
alternatives

• Jatropha seed oil having highest value of oleic acid which
contributed to lubricity of oil, gave optimum value of sur-
face roughness despite the none significant effect cutting
fluid type has on surface roughness.

• Most statistically influential factor on chip thickness ratio
is the workpiece type while being followed by cutting feed
and cutting fluid type respectively.

• Flowability of rubber seed oil occasioned by its highest
value linoleic acid with resulting lowest viscosity value
gave optimum value of chip thickness ratio.

• Three parameters that are statistically significant on chip
thickness ratio and optimized its value are low alloyed high
carbon steel, 0.12 mm/rev cutting feed and rubber seed oil.

• Spindle speed and cutting feed are the only influencing fac-
tors on metal removal rate while fluid type and workpiece
type are of no statistical significance.

• Highest values 870 rpm and 0.18 mm/rev spindle speed
and cutting feed respectively, gave optimal value of metal
removal rate.

• Global optimization conducted using TOPSIS approach
showed that irrespective of statistical significance,
870 rpm, 0.18 mm/rev, 0.5 mm, rubber seed oil and low-
alloy low carbon steel gave optimum values of response
parameters.

• Rubber seed oil which is an inclusive parameter in the
global optimization TOPSIS scheme is basically due to

its low viscosity value as a result of its relatively higher
linoleic acid content, making flow easily into cutting zone.
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