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Abstract

This study focuses on investigating the manufacturing, characterization, and assessment
of palm kernel nut oil as a cutting fluid (CF) in the machining of aluminium 6061 alloy.
Cutting fluids are vital in machining operations as they reduce friction, dissipate heat,
and prolong the lifespan of tools. Palm kernel nut oil, derived from the fruit of a palm
kernel, has attracted attention due to its environmentally friendly and readily biodegradable
characteristics. This study involved the extraction, refinement, and characterization of palm
kernel nut oil for its potential application as a cutting fluid. An experimental investigation
was conducted to evaluate the performance of palm kernel nut oil (PKNO) as a CF through
turning operations on aluminium 6061 alloy. The experimental parameters included the
cutting speed, feed rate, and depth of cut, while the effectiveness of the CF was assessed
based on key performance indicators such as surface roughness and cutting temperature.
The findings demonstrated that the PKNO-CF exhibited favourable physical properties,
including optimal viscosity, density, and pH levels. Furthermore, a detailed chemical
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licenses /by /4.0/).

surface after various methods have been used [1,2]. Metal cutting converts almost all of
the energy consumed to heat [3]. Heat at the cutting point is generated from three primary
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sources: (i) the main cutting zone, where most of the energy is transformed into heat; (ii) the
secondary deformation zone at the tool-chip interface, where additional heat is produced
through friction and shearing; and (iii) the flank zone, where abrasion between the tool and
the machined surface induces thermal stress [2,4]. Metal cutting is a type of operation of
employing a cutting instrument to remove unwanted material from a piece of metal in the
form of chips. The main elements in this operation are as follows: (i) a metallic block (work
piece); (ii) a cutting instrument; (iii) a tool for machining; (iv) a fluid for cutting; (v) the
cutting rate (speed); (vi) input secondary motion (feed); (vii) shards (chips); (viii) fixturing
and securing the work; (ix) dissipated force and energy; and (x) surface treatment. For a
successful metal cutting job, keep the following in mind: (i) work and cutting instruments
should have relative movement; (ii) the content used for tooling must be tougher than
the content being worked on; (iii) jigs and fixtures must hold the work and tool in place;
(iv) the sharpness of the cutting tool’s cutting edge; (v) primary movement (cutting speed);
and (vi) secondary movement (cutting feed).

Furthermore, the heat generated during metal cutting causes tool wear, resulting in
increased workpiece surface roughness [5]. Thermal cracking caused by expansion and
cracking caused by severe temperatures is another cause of cutting tool failure [6-8]. Wear-
ing (crater and flank) on the surface lowers the mass of the cutting instrument with time [9].
Thermal distortion and the expansion—contraction effects caused by high temperatures dur-
ing machining can damage the workpiece surface, leading to dimensional inaccuracy [10].
Coolants are responsible for transporting the heat generated during the process of metal
deformation, whereas lubricants serve to reduce friction and prevent wear between the
tool and the workpiece [11,12]. Choosing and applying a CF is nowadays considered a
technique for reducing heat in the cutting zone [13,14]. Researchers posit that cutting fluids
infiltrate the boundary between the tool and chip by seeping out from the edges of the chip
through the capillary action of the interlocking surface roughness network.

Lubricants minimize the resistance and damage caused by friction between the tool
and the workpiece, while coolants dissipate the heat generated during metal deforma-
tion [15,16]. The CF also enhances surface quality and dimensional control [17]. It de-
creases the energy consumption required for substance removal. Additionally, it serves
the purpose of preventing heated chips from entering the cutting region [18-20]. Conse-
quently, chips start to break into tiny fragments. Furthermore, cutting fluids serve the
purpose of safeguarding the machined surface against any harm caused by the environ-
ment [11]. Diverse types of cutting fluids are available for use in performing machining
operations [13,17,18,21]. Mineral oil-based cutting fluids (MOCFs) are widely used and
highly preferred in industrial operations for shaping and cutting processes due to their
ability to enhance efficiency and quality. Abegunde et al., Jeevan et al. and Liu et al. [22-24]
report that factory workers face a potential danger of developing allergies and illnesses
due to their exposure to mineral oil in the workplace.

The potential health risks associated with contact between machine tool operators and
cutting fluids are a significant concern [25]. The inhalation of CF fumes, smoke, mist, and
smells can lead to severe respiratory complications and allergies, particularly when mineral
oil contains chemical components such as biocides, phosphorus, sulphur, hydrocarbon,
chlorine, and other additives. Alaba et al. [26] reports that almost 80% of employment
hazards faced by operators are associated with the direct contact of their skin with cutting
fluids. Xu and Liu et al. [27,28] concluded that the tool insert in their study did not show
any signs of tool wear. However, significant tool degradation was seen in both flooded and
dry states. The utilization of MQL derived from canola led to a decrease in friction and the
provision of robust lubrication at the interface between the workpiece and the tool. Abbasi
et al. [29] demonstrated that an increase in the fluid flow rate led to an increase in tool life,



Lubricants 2025, 13, 279

30f25

causing a consistent decrease in surface roughness characteristics and having a minimal
impact on burr length. Abrasion was identified as the predominant form of wear observed
in all mill cutters examined in the studies.

The term “cutting fluid” can also be referred to as “cutting o0il”, “cutting compound”,
“coolant”, or “lubricant”, depending on the circumstances and the specific kind of CF that
is being discussed. It is possible to use CF in virtually all metalworking and machining
procedures; however, this is contingent upon the composition of the individual work piece.

Today, businesses have access to a wide variety of CFs and have a variety of alternative
means for applying them. Nevertheless, the economic basis and right selection of these
fluids are not quite as logical as they could be. This study outlines the various classes of
CFs and their basic behaviours, laying the groundwork for selection techniques. Cutting
fluids have indeed been known for decades to have three fundamental effects that can alter
the cutting process. They are as follows: (i) friction reduction (lubrication); (ii) cooling; and
(iii) work material shear strength reduction. Initially, CFs were supposed to serve largely
as coolants. Traditional cooling lubricants used in most machining operations have been
re-evaluated because of growing cost demands on industrial organizations and a shift in
environmental concern [30].

Vegetable-based cutting fluids (VBMCFs) in different machining processes such as
grinding, turning, drilling, and milling have become well-established lubricating oils used
to increase tool life and achieve the required workpiece surface smoothness, decreased
cutting forces, and so forth. These VBMCFs, which were originally developed for the
turning process, have been commonly employed for drilling, and their capability is being
investigated for cutting with a non-geometrically defined tooltip, such as in milling and
grinding, as described in previous research. Though dry cutting is the preferred method
for environment-conscious machining and low machining costs, its use may not be possible
in all cutting situations [31]. In comparison to MBMCFs, which are non-biodegradable
and cause harmful effects to operators, dry machining has paved the path for the use
of VBMCFs. For its application in diverse machining processes, VBMCFs are constantly
being developed and changed. The physics of metal cutting under various lubrication
and cooling environments has been the subject of intense research. A critical analysis of
research advances in the machining of engineering components under VBMCEF settings is
attempted in this project report. A VBMCF can be quite successfully used for cutting metal
and non-metals with carbide and coated carbide tools, according to a study conducted by
several experts [32].

VBMCFs have been shown to increase machining performance in comparison with
MO-based CFs (MBMCFs) and synthetic CFs by many writers. A VBMCEF regulates not just
the temperature rise in a workpiece but also the temperature of the tool surface and cutting
boundary. Frictional heat is greatly reduced when the lubrication is optimal. The ability
and potential breadth of VBMCFs have been demonstrated by their application in various
machining procedures. The effects of SR have been investigated in a dry-cutting setting.
Because the feed rate was maintained all through the trial, changing the cutting speed did
not affect SR. Because of average flank wear, the wear rate was visible after every machining
cut [30,31]. The impact of developed CFs on the cutting force and SR when turning AISI
4340 steel with coated carbide using the Taguchi method was explored and compared with
traditional emulsified CFs [10,32]. The design of the experiments (Ly7) consisted of four
variables and three stages. The feed rate, cutting speed and cut depth, and CF types were
all used as input variables. The feed rate (32.19 percent) and cutting speed (64.64 percent)
have profound impacts on the SR, while the DOC (33.1 percent) and type of CFs (51.1
percent) have major impacts on the cutting force, according to the ANOVA results.
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Researchers have embraced the use of the MQL procedure with a VO-based CF in
the milling of TC4 [33-35]. Additionally, graphene as nanoparticles was scattered into the
VO-based CF to enhance lubricating and cooling behaviour. To assess their capacities, a
sequence of machining tests was conducted under four lubricating/cooling environments
(gas, dry, unadulterated MQL, and MQL with graphene). The milling attributes of TC4
regarding the machining force, temperature of the cutter, wear of tool, and surface quality
were compared. The results showed that the graphene chemical was efficient in further
improving the machining. The outcomes suggest that the graphene chemical could im-
prove the lubrication and cooling behaviour of the oil film framed in the machining zone.
According to the literature, tests have been conducted on milled EN8 steel in three distinct
lubricating scenarios: water-soluble oil, dry conditions, and a VO-based nano CF [36,37].
The nano CF was developed using modified corn oil as a base fluid and CuO nanoparticles
were distributed using an ultrasonicator at a wt% of 0.3 percent. The Taguchi and ANOVA
methodologies were utilized in this study to determine the best process conditions for
milling grooves in EN8 steel. The surface finish and wear rate of tool results obtained
during cutting using typical machining variables were evaluated, and it was discovered
that the machining efficiency of VO-based nano CFs is superior to dry conditions and
MO-based CFs.

The synergistic impact of titanium dioxide (TiO;) and graphene (GnP) nanoparticle
additions on the cutting qualities of biodegradable VO has been explored by several
researchers [12,36,38,39]. Rice bran oil was used in the MQL process to turn M2 steel. The
impacts of various concentrations of hybrid (rice bran oil/TiO, / graphene) nanofluids (0.5
and 1 wt. percent) and mono (rice bran oil/TiO;) oils were investigated. The fluidity
of hybrid and mono oils improved as the nanoparticle content increased, according to
tribological experiments. Moreover, at elevated temperatures, hybrid fluids demonstrated
significant improvement in fluidity. When contrasted with the TiO,-based lubricant used
alone, the trials demonstrated that the hybrid and nano lubricants reduced SR and flank
wear by 11 and 38 percent, respectively. Compared to the base oil, tool wear fell by
around 29 and 32 percent, equivalent to 500 and 1200 rpm, respectively, in the case of
the hybrid fluid (1 wt. percent TiO, + graphene), which significantly increased tool life.
The processes of tool wear at crater and flank faces were investigated using SEM. The
suitable chips were subjected to microscopic analysis, which included examining the
structure and colour of the chips and estimating generated heat via the workpiece-tool
interface. The findings show that combining GnP and TiO, improves tribological qualities,
resulting in a more environmentally friendly and efficient lubricating system. Jamaluddin
et al. [40] investigated the use of chemically modified jatropha (MJO) oils as a CF in an
orthogonal cutting operation without or with the addition of hBN nanoparticles. The
characteristics being assessed were cutting force, oil viscosity, CT, and chip—tool contact
length. MJO + 0.05 wt. percent hBN had a high viscosity index, which was correlated with
a low cutting temperature, cutting force, and contact length according to the findings.

Vegetable oils are now widely used as lubricants when machining AA6061. This is
because vegetable oils are unsaturated carbon compounds, which are harmless to both the
environment and the operators working with it. Several studies on AA6061 have found
that vegetable oils might efficiently substitute traditional mineral oil as metal working
fluids. Mineral oil is non-biodegradable and hazardous, posing risks to operators [41].
Mineral oil is exhaustible and cannot be renewed. Research into the use of vegetable oil
as a cutting lubricant has been motivated by the recent economic reality in most nations
due to the high pricing of petroleum supplies. In Nigeria, for instance, a legislative body
recently announced the complete elimination of oil subsidies, which resulted in increasing
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petroleum product costs and highlighted the need for an alternative supply of cutting
fluids [42].

It is essential to know which vegetable oil is the most plentiful and efficient to use as
a cutting lubricant when making your choice. One of the most popular vegetable oils in
the world is palm kernel oil. According to Tan et al. [43], Nigeria was expected to produce
393 thousand metric tons of palm kernel oil in 2023. The nation’s palm kernel oil harvest
increased by 88 thousand metric tons between 2010 and 2023. The output volume increased
by over 10.4% in 2021 compared to the previous year, which was the biggest rise ever
recorded. From 2021 to 2023, the production volume was unchanged [44]. The application
of palm kernel oil as a lubricant or CF in machining has been studied by a number of writers.
Using a complete factorial Lig (2%) design, Abutu et al. [45] characterized and formulated
palm kernel oil. Using GRA and Behnken'’s L5 (3%) design technique, the MRR, CT, and
SR were examined in order to assess the efficacy of the mineral and established cutting
fluids. The outcomes showed that palm kernel 0il’s characteristics were within the range
that is ideal for vegetable oils, according to published research. The GRA results indicated
that for palm kernel oil, a speed of 600 rev/min, FR of 0.3 mm/rev, and DOC of 1.5 mm
were the ideal turning conditions. Using an MQL technique, Alaba et al. [26] assessed the
functioning of palm kernel oil as a lubricant in AISI 1039 steel turning. For the experiment,
a Taguchi L9 method was utilized. During the turning procedures, various parameters
were measured, including the chip thickness ratio, SR, MRR and CT. When compared to
MO, palm kernel oil’s CT and SR increased by 12% and 44%, respectively. Kazeem et al. [46]
used the MQL approach to study the influence of palm kernel oil and MO on AISI 304
steel turning. The Taguchi Lg (3)> matrix was used in this study. The response variables
were SR and CT, while the cutting parameters were the feed rate, depth of cut, and spindle
speed. According to the test results, MO outperformed palm kernel oil by 48.2% in terms
of SR. In comparison to MO, palm kernel oil enhanced CT by around 0.89%. Ojolo and
Ohunakin [42] investigated the effects of the cutting speed, DOC, feed, and rake angle on
major cutting forces during the turning of mild steel, brass and aluminium rods using palm
kernel oil and a high-speed steel tool. Palm kernel oil was more effective on aluminium
than mild steel and brass. Ojolo et al. [47] investigated the effect of different vegetable oils
on cutting force when turning mild steel, aluminium, and copper workpieces. The findings
indicated that natural oils are suitable as cutting fluids; nevertheless, their effects on cutting
force differ based on the material. While turning, groundnut oil lowered the cutting force
most substantially. Palm kernel oil performed effectively, while copper was machined
at FRs lesser than 0.15 mm/rev. It was discovered that palm kernel and groundnut oils
were effective at reducing the cutting force. Though the cooling and lubricating action
differed depending on the substrate, groundnut oil beat the other four bio-oils tested.
Abegunde et al. [22] studied the significance of palm kernel, neem, and MOs on AISI
1045 steel turning using the MQL approach. Cutting temperature and SR were assessed
at various stages of the machining procedure. According to the trial results, neem oil
outscored the other oils in terms of SR, but MO surpassed them all in terms of CTs. Mahadi
et al. [48] investigated the operating characteristics of palm kernel oil with boric acid over
traditional oil in machining AISI 431 with MQL. A 2% complete factorial DOE was carried
out, including the FR, cutting speed, DOC, and lubricant types as input process parameters.
Surface finish was assessed in each of the machining scenarios. The variety of lubricants
and feed have been found to be key variables affecting surface finish [49], with a boric
acid-assisted lubricant outperforming regular lubricants. The average improvement in
surface finish using boric acid powder-assisted vegetable oil is 7.21%.

According to the literature reviewed thus far, all researchers have investigated the
applicability of vegetable oils in their research. Some of the vegetable oils considered in
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studies are Kapok oil, groundnut oil, castor oil, sunflower oil, cottonseed oil, palm oil, palm
kernel oil, watermelon oil, jatropha oil, rapeseed oil, coconut o0il, mustard oil, canola oil,
shea butter oil, etc. Generally, the performance of vegetables in comparison with mineral
oil equivalents was superior in most machining scenarios. By paying close attention to
this review, it will be noticed that the use of African seed oil as cutting fluids in machining
has not been fully explored. This study, therefore, aims to employ African seed oil as a
CF in the turning operation of AISI 1034 steel. Surface roughness and cutting fluids will
be examined, and the results will be compared to conventional cutting fluids under dry
and flood cooling environments. The experimental result of the two cutting fluids will be
optimized using the Taguchi grey relational approach. It can be seen from the literature
review that aluminium alloy 6061 has not been harmed by the use of palm kernel oil as a
lubricant during machining. With a tungsten carbide tool, this study examines the efficacy
of palm kernel oil during the MQL turning of aluminium alloy 6061.

2. Materials and Method
2.1. Sample Collection and Processing

Palm kernel nuts were collected in an Afe Babalola University compound, Ado-EKkiti,
Ekiti State, the south-western part of Nigeria. The weight of the palm kernel nut collected
was 30 kg. The seeds were firstly sun-dried to remove the moisture contents in them.
Afterwards, the fibre surrounding the dried palm kernel nuts was removed. The next step
was to separate the palm kernels from their shells. The kernels were cleaned to remove
any foreign materials or debris. The cleaned kernels were crushed into smaller pieces to
increase the surface area for better oil extraction. The crushed kernels were then steamed to
reduce moisture content and improve oil yield. The processing pictorial procedures are
depicted in Figure 1.

(a) (b) (c) (d) (e)

Figure 1. (a) Palm kernel seed. (b) Peeled palm kernel seed. (c) Palm kernel shell. (d) Dried palm
kernel nut. (e) Ground palm kernel nut.

2.2. The Procedure for the Extraction of Palm Kernel Seed Oil

The dried seeds are ground using a laboratory mill. Then, we measure 400 mL of
N-hexane in a round-bottom flask and then 50 g of ground palm nut powder. The extraction
process is performed with the solvent apparatus following an already established standard
procedure. The heater is switched on to warm the hot plate, after which the round-bottom
flask containing the solvent, along with the sample holder and condenser, is placed on the
heated surface. The water is syphoned through the condenser and the solvent is allowed to
boil at 60 °C; the solvent is called N-hexane.

The solvent vapor rises from the round-bottom flask and passes through the sample
holder containing the dissolved sample particles. It then reaches the condenser, where it
condenses and drips back into the thimble. The condenser is covered to prevent contamina-
tion. The oil produced is collected and drops back into the round-bottom flask.

In this research, oil from the palm kernel nut is extracted and then converted to a bio
lubricant, which is further used for the machining of an aluminium alloy on a lathe. The oil
is extracted, evaluated, and carefully kept for subsequent testing at room temperature. The
yield is further evaluated.
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2.3. Physio-Chemical Properties of Palm Kernel Nut Oil
2.3.1. Density and Specific Gravity

The density of the palm kernel nut oil is determined using a density bottle and an
electronic weighing balance. An empty density bottle was weighed using an electronic
weighing balance, and then the bottle was filled with distilled water, sealed, and weighed
once more. Before being weighed once more on the computerized scale, the density
container was likewise closed and filled with palm kernel nut oil. Simply dividing the mass
of palm kernel nut oil by the mass of water yields the palm kernel nut oil specific gravity,
and multiplying the palm kernel nut oil specific gravity by the reference density (water)
yields the palm kernel nut oil density. In Equation (1), the formula is displayed.

The specific gravity:

So — M,i1 — Empty density bottle
8= Mupater — Empty density bottle

1)

NB. The density, p poii = Sg X Pwater

2.3.2. Viscosity

A rheometer was used to calculate the palm kernel nut oil’s viscosity. The palm kernel
nut oil was heated with an electric heater to a temperature greater than 40 °C before being
filled to the level specified on the rheometer cup. After the rheometer was turned on and
calibrated, a spindle and thermometer were placed inside the rheometer cup that was
filled with heated palm kernel nut oil. The spindle was turned on at 40 °C to measure the
dynamic viscosity (Equation (2)) of the palm kernel nut oil. Kinematic viscosity can be
estimated by multiplying the computed dynamic viscosity by the spindle factor.

Kinematic Viscosity = dynamic Viscosity x Spindle factor )

2.3.3. Moisture Content

To calculate the moisture content, the palm kernel nut oil’s weight before and after an
hour of heating in a 100 °C oven was simply subtracted. The [250 mL] beaker used was
weighed. Once emptied, it was then filled with palm kernel nut oil before being put into an
oven that was preheated to 100 °C. The moisture content of the palm kernel nut oil was
determined by comparing the measurements taken before and after an hour in the oven.
The following mathematical formula, Equation (3), was used.

Moisture Content = [PU — EP| — [PUH — EP] 3)

where EP is the empty pan, PU is the beaker with palm kernel nut oil and PUH is the beaker
with palm kernel nut oil after heating.

2.3.4. Acid Value

The ASTM-D664 method was used to determine palm kernel nut oil’s acid value [50].
First, 5.61 g of KOH pellets was dissolved in 1000 mL of distilled water to produce 0.1 mol
of KOH. Then, 25 mL of diethyl ether and 25 mL of toluene were prepared in one beaker,
and 2 g of palm kernel nut oil was added in another. The prepared liquid was mixed with
two drops of phenolphthalein indicator before being poured into the 2 g of palm kernel nut
oil. Then, it was titrated using the prepared KOH as the titrant until the solution turned
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pink. The amount of KOH used was recorded and used to calculate the acid value. The
formula required to calculate the acid value is given in Equation (4).
mass of KOH

Acid value = ————— x volume of KOH consumed 4)
sample weight

2.3.5. Free Fatty Acid Weight Percent

The free fatty acid (FFA) content, expressed as a weight percentage, can be determined
by dividing the acid value by two. The FFA weight percent must be less than 3 weight
percent in order to use the transesterification method. Simply put, this shows that the palm
kernel nut oil has a low acid value. In order to remove the substantial quantity of acid
in the palm kernel nut oil, esterification must be performed prior to transesterification if
the FFA weight % is greater than 3 weight percentage, resulting in a two-step biodiesel
production process. To calculate the FFA weight %, one should use Equation (5).

Acid Value

FFA W% = ————— x 100% (5)

2.3.6. Saponification Value

To start, 0.5 mol of KOH was produced by dissolving 28.06 g of KOH pellets in 1000 mL
of distilled water. Then, 18.25 mL of concentrated HCL was diluted in 250 mL of distilled
water to provide 0.5 mol of HCL. Then, a milky solution was created by mixing 50 mL
of HCL and 50 mL of ethanol in a beaker before adding it to the 2 g of palm kernel nut
oil. Then, 2 g of palm kernel nut oil was added in a beaker. The milky mixture was then
warmed by an electric heater while stirring at regular intervals to saponify the palm kernel
nut oil. Two drops of phenolphthalein were added to the heated milky solution, and the
mixture instantly became pink. It was back-titrated to produce a clear solution using the
diluted HCL as the titrant. We calculated how much HCL was saponified using the amount
that was consumed. The formula for saponification is shown in Equation (6).

Titre Value x Molarity of HCL
Sample Weight

Saponification value =

(6)

2.4. Machining Operations

The experiments were conducted using a jet GH-1640 geared head precision lathe, as
depicted Figure 2. The CF was delivered at a consistent flow rate of 2.7 mL/h. Each oil was
introduced into the machining process using a new workpiece material and cutting tool.
The technique of machining utilized ISO 513 K10 (N10) grade for tungsten carbide inserts
tools as cutting tools [51].

2.4.1. Determination of Surface Roughness and Cutting Temperature

The use of SRT-6200 (a surface roughness tester) can be applied to determine the
surface roughness of a workpiece or to obtain the average roughness (Ra). In the present
study, each sample was taken in triplicate for consistency. The cutting temperature was
determined using a PeakTech Infra-red thermometer. This was accomplished by directing
the thermometer’s probing towards the interface between the chip and the tool while the
cutting process was taking place. The infrared thermometer was carefully positioned at a
spacing of 5 cm from the chip—tool interface. Each sample was measured three times, and
the resulting average value was obtained and recorded.
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Figure 2. GH-1640 precision lathe machine.

2.4.2. Determination of Optimal Cutting Parameters

The optimization strategy in machining procedures plays an essential part in continu-
ously improving the quality of output in both products and processes. The task involves
creating a model that represents the data point for input and output parameters, as well
as the interaction between process variables. Additionally, it requires identifying the best
cutting conditions. The search for the best combination of cutting parameters was based on
the average values of surface roughness and cutting temperature. The Minitab16 statistical
analysis software was used to optimize the surface roughness, cutting temperature, and
the impact of cutting parameters for each specific type of CF or lubricant.

The analysis was conducted utilizing the following tools: (i) Taguchi’s robust method-
ology design; (ii) an analysis of variance; (iii) the signal-to-noise ratio (5/N ratio); and
(iv) grey relational analysis (GRA). The Taguchi robust design technique was effectively
used to determine the most effective process parameters for reducing surface roughness
and cutting temperature in the machining of a part using dry machining, palm kernel oil,
and mineral oil lubrication. An analysis of variance (ANOVA) was conducted to determine
the impact and effectiveness of each cutting variable in cutting. The analysis of variance
(ANOVA) was conducted using Minitab software.

2.4.3. Evaluation of Signal-to-Noise (5/N) Ratio and Grey Relational Analysis for
Turning Workpiece

The signal-to-noise ratio estimates for both surface roughness and cutting temperature
were determined and optimized. The investigation utilized a combination of surface
roughness and cutting temperature values, as given in Equation (7), where a lower S/N
(dB) ratio was considered more favourable.

S/N = —10log Il—l (Zy?) 7)

Grey relational analysis classifies scenarios with missing data and circumstances with
all available data as black and white, respectively. However, in real-world scenarios, neither
of these idealized answers materializes. Situations that fall within the spectrum between
these two extremes and include only incomplete information are commonly known as
ambiguous, indeterminate, or unsure.

The grey relational grade is used as the foundation for assessing the various process
responses. The cutting variable corresponds to the grey relational rank with the highest
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grade. The cutting temperature and surface roughness found in the current study were
evaluated utilizing Equation (8) [52].

(1) = maxy;(k) — y;(k)
xik) = max y; (k) — min y, (k) ®)

In this context, xj(k) denotes the values obtained after the generation of the grey
relational model, while y;(k) represents the minimum value of y;(k) for the kth response,
and max kth indicates the maximum value of yj(k) for the same response. The ideal
sequence is denoted as xo(k)xo(k) fork =1,2,...,9; k=1,2,...,9, which pertains to surface
roughness and cutting temperature. The grey relational grade, a key concept in grey
relational analysis, quantifies the degree of the relationship between the nine sequences
[Xo(k) and x;(k),i=1,2,...... ,95k=1,2,...... ,9].

The grey relational coefficient &;(k) can be computed using Equation (9).

Amin + éAmax

GiF) = 30iK) +

)
where the following applies:
Api = ||xo(k). — x;(k).||= the difference in the absolute value between xg (k) and x; (k);
& = the distinguishing coefficient (0 ~ 1);
min.||xo (k). —x; (k)

Amin ”min is the smallest value of A;;

Amaxma (-~

max 1 the largest value of A;.
The grey relational grade, y;, can be computed by using Equation (10) after obtaining

the mean of the grey relational coefficients.

Y=y e i) (10)

where n = No. of procedure responses. A greater value of the grey relational grade
indicates a more robust level of correlation between the reference order, xg(k), and the
provided sequence, x;(k). The contrasting grey relational grades of the differences provide
a ranking of the choices, where a higher value signifies a superior choice. As mentioned
earlier, the ideal reaction of the experimental setup is represented by reference sequence
xo(k). The higher the grey relationship grade, the more optimal the corresponding cutting
parameter is [53].

3. Results and Discussion
3.1. Characterization of Palm Kernel Nut Oil (PKNO)

The results from the characterization of palm kernel nut oil can be seen in Table 1.

Table 1. Physiochemical results of palm kernel nut oil-based cutting fluid.

Property Reported Value

Specific gravity (g) 0.913
Density (g/cm?) 0.913
Kinematic viscosity (cP) 0.264
Cloud point (°C) -2

Pour point (°C) -5
Moisture content (%) 0.42

Acid value (mgKOH/g) 9.81

FFA (wt, %) 0.04908

Saponification value (mgKOH/g) 8.22

PH value 8.63
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3.2. Discussion on Analysis of Experimental Data

The response parameters analysed in this study are the surface roughness and cutting
temperature. The experimental data are displayed in Tables 2—4 and were later transformed
into charts using Phyton software to enhance the visualization of the link between the
response and process parameters. The experiments were conducted in triplicate, and the
mean values of surface roughness and cutting temperature were determined for each
machining condition (dry machining, mineral oil, and palm kernel nut oil). These findings
were appropriately analysed and explained. The cutting temperature is abbreviated as CT
and the surface roughness as Ra.

Table 2. Experimental results for palm kernel nut oil machining.

Exp. No. Ra; (um) Ra; (um) Rajz (um) Average Ra (um) CTy (°Q) CT, (°Q) CT; (um) Average CT (°C)
1 0.230 0.189 0.221 0.213 28.40 28.40 30.00 28.9
2 0.240 0.290 0.155 0.228 28.70 28.60 27.70 28.3
3 0.280 0.265 0.278 0.274 30.40 29.80 29.50 29.9
4 0.181 0.196 0.140 0.172 28.80 29.20 29.30 29.1
5 0.159 0.188 0.190 0.179 29.60 29.80 29.90 29.8
6 0.103 0.098 0.150 0.117 29.00 29.20 29.70 29.3
7 0.080 0.077 0.089 0.082 30.10 29.50 29.90 29.8
8 0.087 0.076 0.069 0.077 29.30 29.30 30.00 29.5
9 0.090 0.087 0.094 0.090 29.70 29.60 29.30 29.5

Table 3. Experimental results for mineral oil machining.

Exp. No. Ra; (um) Ra; (um) Rajz (um) Average Ra (um) CT; (°O) CT, (°Q) CT; (um) Average CT (°C)
1 0.590 0.670 0.642 0.634 32.80 31.80 29.90 31.5
2 0.650 0.576 0.579 0.602 3240 31.90 30.40 31.6
3 0.680 0.660 0.651 0.664 32.20 31.70 30.30 314
4 0.555 0.580 0.662 0.599 32.80 32.40 30.90 32.0
5 0.683 0.407 0.502 0.531 32.00 31.80 31.10 31.6
6 0.623 0.598 0.554 0.592 33.10 32.70 30.90 322
7 0.540 0.493 0.569 0.534 31.80 31.60 31.10 315
8 0.574 0.590 0.650 0.605 32.90 32.60 31.70 324
9 0.580 0.403 0.576 0.520 32.50 32.30 31.20 32,0

Table 4. Experimental results for dry machining.

Exp. No. Raj (um) Ra; (um) Raz (um) Average Ra (um) CT; (°O) CT, (°Q) CT3 (um) Average CT (°C)
1 2.021 1.986 2.059 2.022 36.90 35.40 34.20 35.5
2 1.890 1.748 1.988 1.875 37.10 36.50 35.50 36.4
3 1.503 1.345 1.601 1.483 37.00 36.10 34.80 35.9
4 1.240 1.275 1.303 1.273 38.20 37.90 36.70 37.6
5 1.230 0.945 1.230 1.135 35.70 35.30 34.90 35.3
6 0.850 0.940 1.020 0.937 37.20 36.70 35.50 36.5
7 0.770 0.690 0.740 0.733 36.90 35.40 34.80 35.7
8 0.890 0.790 0.750 0.810 37.50 36.40 35.70 36.5
9 0.780 0.980 0.880 0.880 38.30 37.90 36.00 374

The surface roughness results for PKNO, mineral oil, and dry machining environments
are shown in Tables 2—4 and contrasted in Figure 3. The surface roughness values measured
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for the dry condition range from 0.733 to 2.022 um, whereas the range for mineral oil is
0.520 to 0.664 pm, and the range for PKNO is 0.077 to 0.274 um. Upon calculating the mean
and standard deviation of the surface roughness measurements, it was determined that
the average surface roughness for the dry condition was 1.327 £ 0.509 um, for mineral oil,
it was 0.584 £ 0.049 um, and for PKNO, it was 0.164 &+ 0.070 pm. As previously stated,
a lower surface roughness rating suggests a surface that is smoother. An examination of
the experimental data revealed that palm kernel oil consistently yielded lower surface
roughness values, whereas dry machining consistently yielded greater surface roughness
values in comparison to mineral oil across all nine experiments. The increased surface
roughness observed during dry machining may be due to unregulated heating occurring
between the contact surfaces of the work—tool and chip—tool. This issue frequently arises
due to inadequate lubrication or a lack of cutting fluids.

2.25

_} Dry Machining
{F Bl Vineral Oil

B Paim Kernel Qil

2.00 ~

1.75

1.50-. {_

1.25 1

1.00

0.75

0.50

Surface Roughness (um)

0.25

0.00 .
0 1 2 3 4 5 6 7 8 9

Experiment Number

Figure 3. Surface roughness analysis results.

The surface roughness of machined workpieces is affected by multiple factors, such as
the lubrication or CF employed during the machining procedure. Comparing the usage
of PKNO and mineral oil for machining, it was observed that employing PKNO as a
CF resulted in a significantly smoother surface finish compared to the use of mineral
oil. This could be attributed to the enhanced interaction between the work and tool,
leading to a decrease in the frictional forces between the contact surfaces of the work and
tool. The surface roughness measurements obtained from mineral oil machining under
various cutting settings are considerably greater than those obtained from palm kernel
machining, which have an average roughness of 0.164 £ 0.070 um. PKNO exhibits a surface
roughness improvement of 71.8% compared to mineral oil. Optimal temperature regulation
and the lubrication of contact surfaces in the designated cutting area using a CF can
have a significant impact on minimizing surface roughness during mineral oil machining.
The enhanced fluidity and accelerated lubricating capability of the produced oil, which
surpass those of mineral oil, are accountable for its improved performance. These findings
demonstrate that palm kernel oil meets the necessary criteria for lubricating qualities and
has great promise for application in machining processes. The cutting temperature, on
the other hand, is determined by several factors such as the depth of cut, feed rate, and
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spindle speed [53-55]. Consequently, the cutting temperature of PKNO and mineral oil
under various cutting settings is shown in Figure 4.

The process of optimizing complex multiple-procedural responses can be simplified
by optimizing a single grey relational grade. The results of the grey relational analysis are
illustrated in Tables 5-7.

Table 5. Grey relational analysis for palm kernel nut oil.

Normalized S/N Deviation

S/N Ratio . GRC
Exp. Ratio Sequence
. . . N GRG Order
Order Cutting Cutting Cutting Cutting
Ra Ra Ra Ra
Temp. Temp. Temp. Temp.
1 —4.502 —-21.357 0.146 0.387 0.854 0.613 0.369 0.449 0.362 9
2 —4.114 —-21.092  0.104 0.000 0.896 1.000 0.358 0.333 0.422 6
3 —-3.155 —-21.776  0.000 1.000 1.000 0.000 0.333 1.000 0.374 7
4 —-5.831 —21.430 0.291 0.494 0.709 0.506 0.413 0.497 0.707 3
5 —-5582 21719  0.264 0.916 0.736 0.084 0.404 0.857 0.369 8
6 —8.683 —21.517  0.601 0.621 0.399 0.379 0.556 0.569 0.531 5
7 —-11.798 —-21.747  0.939 0.958 0.061 0.042 0.892 0.923 0.635 4
8 —12.357 —21.618  1.000 0.769 0.000 0.231 1.000 0.684 0.761 2
9 —10.903 —21.618  0.842 0.769 0.158 0.231 0.760 0.684 0.807 1
Max. —3.155 —21.092 1.000 1.000
Min. —12.357 —-21.776 0.000 0.000
Delta
Table 6. Grey relational analysis for mineral oil.
S/N Ratio Normallz.ed S/IN Deviation GRC
Exp. Ratio Sequence
. . . 5 GRG Order
Order Cutting Cutting Cutting Cutting
Ra Ra Ra Ra
Temp. Temp. Temp. Temp.
1 —-0392 —-22449  0.152 0.101 0.848 0.899 0.371 0.357 0.364 8
2 —0.487 —22477  0.346 0.168 0.654 0.832 0.433 0.375 0.404 7
3 —-0.317 —22.408  0.000 0.000 1.000 1.000 0.333 0.333 0.333 9
4 —0.495 —22.668  0.363 0.636 0.637 0.364 0.440 0.579 0.509 6
5 —-0.757 —22.504  0.896 0.235 0.104 0.765 0.828 0.395 0.612 3
6 —-0.519 —22.750  0.412 0.835 0.588 0.165 0.460 0.752 0.606 4
7 —0.742 -22.449  0.866 0.101 0.134 0.899 0.789 0.357 0.573 5
8 —-0477 —22817  0.326 1.000 0.674 0.000 0.426 1.000 0.713 2
9 —0.808 —22.655  1.000 0.603 0.000 0.397 1.000 0.557 0.779 1
Max. —-0.317 —22.408 1.000 1.000
Min. —-0.808 —22.817 0.000 0.000

Delta
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Table 7. Grey relational analysis for dry machining.
S/N Ratio Normahz.ed S/N Deviation GRC
Exp. Ratio Sequence
. . . . GRG Order
Order Cutting Cutting Cutting Cutting
Ra Ra Ra Ra
Temp. Temp. Temp. Temp.

1 —0.935 —24.032  1.000 0.089 0.000 0.911 1.000 0.354 0.725 1
2 —-0.746  —24358  0.796 0.469 0.204 0.531 0.710 0.485 0.522 5
3 —-0.293 —24.208  0.307 0.295 0.693 0.705 0.419 0.415 0.710 2
4 -0.110 —24.812  0.110 1.000 0.890 0.000 0.360 1.000 0.428 9
5 —0.030 —23.956  0.024 0.000 0.976 1.000 0.339 0.333 0.598 4
6 —0.008 —24.395  0.000 0.513 1.000 0.487 0.333 0.507 0.451 8
7 —0.181 —24.108  0.187 0.177 0.813 0.823 0.381 0.378 0.652 3
8 —0.084 —24.420  0.082 0.542 0.918 0.458 0.353 0.522 0.518 6
9 —-0.031 24739  0.025 0.915 0.975 0.085 0.339 0.854 0.512 7

Max. —0.008  —23.956 1.000 1.000

Min. —0.935 —24.812 0.000 0.911

Delta

[ ] Dry Machining
- I Vvineral Oil
40 - [ Palm Kernel Oil

Cutting Temperature (°C)

4 5
Experiment Number

Figure 4. Cutting temperature analysis results.

6 7

The cutting temperature of palm kernel nut oil (PKNO) ranged from 29.9 °C to 28.3 °C,

that of mineral oil ranged from 32.4 °C to 31.4 °C, and that of dry machining ranged from
37.6 °C to 35.3 °C. When we calculated the mean and standard deviation of the cutting
temperature measurements, we found that the average cutting temperature for PKNO
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was 29.34 £ 0.59 °C, for mineral oil, it was 31.74 £ 0.53 °C, and for dry machining, it was
36.10 £ 0.69 °C. It is evident that PKNO generally exhibits lower cutting temperatures than
mineral oil across most cutting conditions. Comparatively, dry machining demonstrates
an even higher cutting temperature than mineral oil, as illustrated in Figure 4, where
mineral oil reaches a temperature of 31.74 °C and dry machining reaches 36.10 °C. The
improvement in mineral oil over dry machining is approximately 13.1%, while PKNO
exhibits the best performance in terms of heat removal in this study.

3.3. Analysis on the Impact of Cutting Conditions on Surface Roughness

Figures 5-7 demonstrate the impact of cutting parameters—specifically the spindle
speed, feed rate, and depth of cut—on surface roughness under three distinct conditions:
dry machining, mineral oil lubrication, and palm kernel oil nut (PKNO). Figure 5 illustrates
the relationship between the material feed rate and the resulting surface unevenness. The
data indicate that dry machining results in the highest surface roughness at elevated spindle
speeds, whereas PKNO consistently yields the lowest surface roughness under the same
conditions. In contrast, the surface roughness when using mineral oil remains relatively
stable as the feed rate increases. When the feed rate transitions from low to medium, a slight
reduction in surface roughness is observed for the dry machining condition. However,
increasing the feed rate further from medium to high leads to a significant increase in
surface roughness. The slope of the line for PKNO is measured at 0.05, indicating a positive
correlation; thus, for each unit increase in the feed rate, the surface roughness increases by
0.05 units. This suggests that higher feed rates result in a rougher surface finish. Similarly,
the line representing mineral oil also displays a positive slope of 0.026, highlighting a direct
relationship where surface roughness increases by 0.026 units for every unit increment
in the feed rate. This indicates that, with rising feed rates, the surface tends to become
more refined.

Further analysis in Figure 5 regarding spindle speed reveals its relationship with
surface roughness. The average surface roughness was recorded for various spindle
speed settings. For PKNO, a diminishing correlation between spindle speed and sur-
face roughness was noted, suggesting that as spindle speed increases, the relationship
weakens. Additionally, for mineral oil, a slight reduction in surface roughness occurs
as spindle speed rises from low to high levels. In contrast, the surface roughness for
dry machining decreases significantly with increasing spindle speeds, indicating a more
favourable outcome in terms of surface finish under those conditions. It is worth not-
ing that the error bars for Figures 5-7 are taken at 5%. It was noted that under the
same cutting conditions of a spindle speed of 415 rev/min, the average surface rough-
ness values for PKNO, mineral oil and dry machining were, respectively, recorded as
0.238 £ 0.019 um, 0.633 + 0.03165 um and 1.793 + 0.08965 pum. Also, at a 660 rev/min ma-
chining rate, the average surface roughness values for PKNO, mineral oil and dry ma-
chining were 0.156 £ 0.0078 pm, 0.574 & 0.0287 um and 1.115 £ 0.05575 um, respectively.
Lastly, at the highest spindle speed of 870 rev/min, the average surface roughness val-
ues for PKNO, mineral oil and dry machining were estimated to be 0.083 £ 0.00415 pm,
0.553 £ 0.92765 um, and 0.807 4 0.04035 pum, respectively. The same values of surface
roughness as recorded above were noted under different feed rates of 0.1 inches/min,
0.15 inches/min and 0.2 inches/min. It can be inferred from the results above that a higher
speed produces a smoother surface with a lower depth of cut and feed rate and that there
is a significant effect caused by the use of the produced PKNO compared to the mineral oil
under the same cutting condition; this can be attributed to its favourable physicochemical
properties. PKNO possesses a higher viscosity index, better lubricity, and a higher flash
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point, which contribute to enhanced lubrication, reduced friction, and lower tool wear
during machining.
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Figure 5. Efficacy of feed rate on surface roughness showing error bars.
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Figure 6. Effect of spindle speed on surface roughness showing error bars.

Figure 7 depicts the fluctuations in surface roughness and the depth of cut under three
different conditions: dry, mineral oil, and PKNO. Surface roughness in the dry environment
rises continually when the depths of cut range from low to high. The surface roughness
remains roughly consistent as the depth of cut for PKNO increases. The line for PKNO
has a negative slope of —0.0133. This suggests that there is a minor drop of 0.0133 units
in surface roughness for each unit rise in depth. Put simply, as the depth increases, the
surface becomes smoother. The gradient of the line representing mineral oil is negative and
has a value of —0.016. For each incremental rise in depth, the surface roughness reduces
by 0.016 units. Put simply, as the depth increases, the surface experiences a slight increase
in smoothness.
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Figure 7. Effect of depth of cut on surface roughness showing error bars.

3.4. Effect of Cutting Parameters on Cutting Temperature

Figures 8-10 illustrate the influence of cutting parameters on the temperature at which
emulsion metal cutting fluids are used, each figure showing a standard deviation of 0.69 for
dry machining, 0.53 for mineral oil and 0.59 for PKNO. During machining with PKNO, the
cutting temperature remains generally constant regardless of the spindle speed, ranging
from 29.06 to 29.63 degrees Celsius. Similarly, the cutting temperature exhibits negligible
fluctuations across various feed rates, ranging from 29.21 to 29.58 degrees Celsius. The
depth of cut has a minimal impact on the cutting temperature during machining with
PKNO, since temperatures range from 29.21 to 29.63 degrees Celsius. When observing
mineral oil, it is evident that the cutting temperature experiences a modest increase as
the spindle speeds rise, ranging from 31.49 to 31.97 degrees Celsius. Similarly, the cutting
temperature exhibits a modest increase as the feed rates increase, ranging from 31.68 to
31.88 degrees Celsius. The depth of cut has little effect on the cutting temperature of
mineral oil, which ranges from 31.68 to 31.88 degrees Celsius. However, for dry machining,
the cutting temperature tends to rise with greater spindle speeds, ranging from 35.94 to
36.54 degrees Celsius. The cutting temperature exhibits a marginal increase as the feed rates
increase, ranging from 36.27 to 36.61 degrees Celsius. Unlike the lubricants, the depth of
cut has a minimal impact on the cutting temperature for dry machining. The temperatures
range from 36.27 to 36.61 degrees Celsius. From our experimental results, the average
cutting temperature under PKNO was 29.34 + 0.59 °C compared to 31.74 £ 0.53 °C for
mineral oil and 36.10 £ 0.69 °C under dry conditions. These values reinforce the thermal
performance advantages of PKNO. As recorded in the literature [22,26,53], the flash point of
PKNO was measured at >250 °C, indicating good thermal stability during high-temperature
operations. This makes it suitable for sustained cooling without rapid degradation, unlike
lower-flash-point synthetic fluids. It was further noted from the literature [46,52] that
PKNO possesses a high specific heat capacity (approximately 2.1 k] /kg-K), enabling it
to absorb and retain more heat energy, while its optimal viscosity (measured at 35-42 cSt
at 40 °C as reported in our previous study [26,52]) ensures good flow and coverage over
the tool and workpiece surface. This helps in both lubrication and heat removal. Though
vegetable oils typically have lower thermal conductivity than water-based coolants, PKNO
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exhibits moderate thermal conductivity (~0.17-0.22 W/m-K), which is sufficient to aid
heat dissipation when combined with its superior lubrication. For comparison, mineral
oil has a thermal conductivity in the range of 0.13-0.15 W/m-K, making PKNO relatively
more effective in dissipating heat. It is imperative to note that PKNO forms a stable
lubricating film between the tool and the workpiece, which significantly reduces friction.
The coefficient of friction for PKINO has been reported in the literature to range between
0.10 and 0.15, which is lower than many mineral-based oils (~0.17-0.22). This reduced
friction directly contributes to lower heat generation in the cutting zone.
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Figure 8. Effect of spindle speed on cutting temperature showing standard deviation for each
cutting condition.
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Figure 9. Effect of feed rate on cutting temperature showing standard deviation for each cutting condition.
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Figure 10. Effect of depth of cut on cutting temperature showing standard deviation for each
cutting condition.

3.5. Main Effect Plot

The primary impact plot was employed to identify both significant and minor contrib-
utors to the outcomes of this study. This graphical representation illustrates the average
response values associated with specific parameters or input variables at each level, al-
lowing for a comparative analysis of the relative effects exerted by various factors. The
investigation concentrated on the combined influence of two control parameters: surface
roughness and cutting temperature, utilizing a strategically selected inner array, L9. To
highlight the potential trade-offs between the mean values of surface roughness and cutting
temperature, significant effect plots are presented side by side. This analysis formed part
of a broader multi-objective optimization effort. Figure 11 showcases the optimal param-
eter combinations derived from the dry machining performance studies, indicating that
the highest spindle speed (Level 2) is deemed ideal. Additionally, the best performance
outcomes were achieved by employing the lowest feed rate (Level 2) and the maximum
depth of cut (Level 2) in their optimal configurations. By fine-tuning the spindle speed,
feed rate, and depth of cut, one can effectively attain specific targets for surface finish and
cutting temperature. Figure 12 presents a graph detailing the primary impacts associated
with mineral oil. The primary effect plot revealed that the input parameters—the spindle
speed, feed rate, and depth of cut—were prioritized in that order. The results indicated
that spindle speed should be maintained at a low setting of 415 rpm. Similarly, the feed
rate should remain low at 0.10 mm/rev, while the depth of cut should be set at a higher
level of 0.75 mm. For palm kernel oil, the optimal parameter combinations identified for
achieving the desired performance criteria include a spindle speed of 415 rpm, a feed rate
of 0.15 mm/rev, and a depth of cut of 0.75 mm, as illustrated in Figure 13.
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Figure 11. Main effect plot for SN ratios (dry machining).
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Figure 12. Main effect plot for SN ratios (mineral oil).
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Figure 13. Main effect plot for SN ratios (Palm Kernel Oil).

3.6. Evaluation of Analysis of Variance

An analysis of variance (ANOVA) is a statistical method employed to determine which
machining parameters significantly influence performance evaluation. This technique is
widely used to assess the impact of individual components on experimental outcomes by
analysing the effects and errors associated with specific machining settings. The parameter
exhibiting the highest mean square value is identified as the most influential factor affecting
various behavioural aspects [52].

Table 8 presents the ANOVA results for dry machining, palm kernel oil, and mineral
oil lubricants. For mineral oil, the depth of cut emerges as the primary factor, accounting
for 54.8% of the overall results. The feed rate contributes 31.2%, while spindle speed has
a relatively minor effect, representing only 4.6% of the total influence on the trial out-
comes. The ANOVA analysis indicated an experimental error of 9.4%, which is considered
statistically acceptable.

In the case of palm kernel oil, the contributions of the input parameters are as follows:
the spindle speed (67.21%), feed rate (19.87%), and depth of cut (7.01%). The data suggest
that the feed rate significantly impacts the various responses observed during the turning
process. The influence of spindle speed on multiple responses is recorded at 25.5%, while
the effect of the depth of cut remains minimal [53,54].

For dry machining, the ANOVA results reveal that the cutting parameters—the spindle
speed (17.0%), feed rate (62.1%), and depth of cut (18.1%)—all exert a significant influence.
Notably, the feed rate is identified as the most critical factor affecting the multi-responses
in dry machining, followed by the depth of cut. In contrast, spindle speed has a negligible
effect on the overall responses. The confidence level established for this analysis is 95%,
ensuring a robust evaluation of the factors at play.
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Table 8. Analysis of variance for dry machining, palm kernel and mineral oils.

Environment.  Source DF Adj SS Adj MS F-Value %

A4 2 0.159098 0.079549 20.52 0.046
f 2 0.017069 0.008534 2.20 0.312
Mineral oil d 2 0.006384 0.003192 0.82 0.548
Error 2 0.007754 0.003877
Total 8 0.190305
v 2 0.183287 0.091643 10.35 0.088
f 2 0.005449 0.002725 0.31 0.765
Palm kernel oil d 2 0.051858 0.025929 2.93 0.255
Error 2 0.017706 0.008853
Total 8 0.258300
A4 2 0.038462 0.019231 4.53 0.181
f 2 0.005185 0.002593 0.61 0.621
Dry machining d 2 0.041318 0.020659 4.87 0.170
Error 2 0.008484 0.004242
Total 8 0.093449

4. Conclusions

Thus, this study successfully showcased the application of Taguchi and grey relational
analysis in optimizing the entire turning procedure by considering different performance
indicators. An analysis of variance was conducted to examine the impact of factors on
GRG. Below, you will find a summary of the analytical findings:

1. The superior machining performance of palm kernel nut oil (PKNO) compared to
mineral oil can be attributed to its favourable physicochemical properties. PKNO
possesses a higher viscosity index, better lubricity, and a higher flash point, which
contribute to enhanced lubrication, reduced friction, and lower tool wear during ma-
chining. Additionally, its biodegradable nature and polar functional groups improve
its ability to form an effective lubricating film, thereby reducing cutting forces and
improving surface finish.

2. The data obtained for surface roughness for dry machining, palm kernel oil, and
mineral oil lubricants were 0.164 + 0.070 pum, 1.327 £ 0.509 um, and 0.584 + 0.049 um,
respectively. In terms of surface roughness, palm kernel oil is the best with 71.8%
improvement over mineral oil. Dry machining was poor in performance, and this was
expected due to the absence of lubrication.

3. It can be inferred from the results and discussions that the cutting temperature results
for dry machining, palm kernel oil, and mineral oil lubricants were 36.10 & 0.69 °C,
21.34 £ 0.59 °C, and 31.74 £ 0.53 °C, respectively. This shows that machining with
PKNO cutting fluids reduced heat the most in the cutting zone.

4. The values obtained for the optimum spindle speed, feed rate, and depth of cut are
660 rpm, 0.15 mm/rev and 1.00 mm for dry machining, 415 rpm, 0.15 mm/rev and
0.75 mm for palm kernel o0il, and 415 rpm, 0.15 mm/rev and 0.75 mm for mineral oils,
respectively.

5. The ANOVA findings for GRG were used for estimating the percentage contribution
of the input variables. When considering response minimization, the feed rate has the
most impact on the grey relational grade for the turning process under MQL.
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