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ABSTRACT

Cutting fluids of various types are usually employed to control the heat generated in machining. The
continued application of conventional petroleum based metal working fluids is being challenged by the need
to reduce overall volume of fluids, minimize health risks and bio-contamination. Bio-oils assisted machining
is an environmental bio-compatible technology for desirable control of temperature. This paper investigates
the effect of some vegetable based oils on cutting force during cylindrical machining of mild steel,
aluminium and copper.

The results indicated that bio oils are suitable for metal working fluids but the effects of the bio-oils
on cutting force are material dependent. Groundnut oil exhibited the highest reduction in cutting force when
aluminium was being turned at a speed of 8.25m/min and feeds of 0.10, 0.15 and 0.20mm/rev, respectively.
Palm kernel oil had the best result when copper was turned at feeds lower than 0.15 mm/rev. However, at
higher feeds, groundnut oil had the best result for copper. Coconut oil recorded the highest cutting force in all
the three materials machined followed by shear butter and as such are very mild in reducing cutting force
during cylindrical machining.

It is concluded that groundnut and palm kernel oils are effective in reducing cutting force during
cylindrical turning. Though, the lubricating and cooling action is material dependent, groundnut oil is the best
among the four bio-oils investigated.

Keywords: biological oils, cutting force, cylindrical turning.

1 INTRODUCTION

Machining is widely used in a variety of industries such as automotive, textile, aerospace and other
manufacturing industries as a material finishing operation prior to actual deployment in service. In these
industries, there are close restrictions on tolerance for proper fit of the component. In the recent past, there
has been a greater demand for reducing the errors in machining operation. These errors arose primarily due to
defect in the machine tool, cutters and the machining itself [1]. Of these, the error due to cutting force is one
of the major problems for precision machining. The amount of cutting force applied during machining is
dependent on the frictional characteristics of the machining process. In most machining processes, a great
deal of frictional behavior is encountered, leading to the generation of high heat energy.

During a machining process, a substantial part of the energy is converted into heat energy through
the friction generated between the tool and the work piece and the plastic deformation of the work material in
the machining zone. The rapidly accumulated heat causes the temperature of the tool and workspace contact
zone to rise at a fast rate, directly affecting the surface finish of the product. The resulting high temperature
induces metallurgical transformation such as softening in the work piece. The transformation may lead to
structural breakdown in the work piece and tool material (warping may result). This may adversely affect the
quality of the machined products in terms of dimensional accuracy and surface finish. The heat generated
during machining process is therefore critical in terms of product quality. It is therefore imperative that
effective control of heat generated in the cutting zone during metal removal is crucial to ensuring good work
piece surface quality [2].

Besides controlling the heat generated during machining process, cutting speed, feed rate, depth of
cut and tool geometry are other process parameters that influence the process to a great extent. Among the
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various variables of tool geometry, radial rake angle is one of the most importants, which determines the tool
and chip contact area and, hence, affects the power consumption.

Lubrication during machining offers great potentials in solving this problem. Lubrication not only
reduces frictional force and enhance tool-life, it equally help cool the tool and work piece sufficiently and
maintain them at ambient condition. This ensures that error of size resulting from thermal expansion is
eliminated, metallurgical transformation is prevented and thus, dimensional accuracy and good surface finish
is guaranteed. The reduction in frictional force brought about by Iubrication leads to decrease in cutting force
and ultimately reduction in manufacturing cost [3].

Cutting fluids have been used to deal with the problem of high heat generation and reduction of
frictional force during machining operations. Cutting fluids are introduced in the machining zone to improve
the tribological characteristics of the machining process and also to dissipate the heat generated. Several
options of cutting fluids have been explored. Some of these are universal solvent, petroleum based metal
cutting fluid and vegetable oil base metal cutting fluid. Conventional cutting fluids are essentially petroleum
based, the continued application of which creates some techno-environmental problems, such as
environmental pollution and biological problems to the operators [4].

Besides, the cutting fluids also incur a major portion of the total manufacturing cost [5]. These
factors have combined to propel the need for prompt investigations into the use of bio-degradable coolants
and lubricants.

Some researchers had investigated the possibility of using solid lubricants in machining process [6 -
8]. The use of graphite as solid lubricant to reduce heat at the grinding zone has been investigated [8, 9]. The
result of the experiment clearly indicated that the tangential force and surface roughness and normal force are
higher compared to those in conventional grinding.

Equally, research on the possibility of replacing petroleum-based metal working fluids based on
biological oils has become intense in recent years [10, 11]. Biological oil based metal working fluids
sometimes refer to as vegetable oil based are plant-based products. They are cultivated and refined for
specific performance properties and technical requirements. The successful application of bio-oils in metal
cutting operation has been restricted to few percentages. Bio oils provide instrinsically strong and lubricious
lubricating film and as such possess higher lubricating than conventional mineral oil metal working fluid.
Biological oil cutting fluid has some superior features compared to the petroleum-based cutting fluids. These
are reduced overall volume of fluids due to higher viscosity, minimized health risk to workers and minimized
bio-contamination [12]. Skerlos & Hayes [13] studied canola, soybean and rape seed vegetable oil as cutting
fluids. Their work demonstrated that in certain machining operations, the performance of vegetable based
cutting fluids is comparable or better than the performance of the traditional petroleum based metal working
fluids. The work has progressed so far enough that their current developed metal working fluids have been
applied to a variety of manufacturing operations. Attempt is being made to pilot them soon in manufacturing
environment.

During cylindrical turning operation, heat is generalized at both the primary deformation and
secondary deformation zones. The temperature developed becomes maximum at the tool/chip interface. The
heat is essentially generated from the frictional effect of the work piece on the cutting tool thereby leading to
excessive cutting force with attendant increase in machining cost [14]. Machining forces are one of the
important criteria by which the quality of any machining process is evaluated. In the published work of
Bhattacharya [15], the relative contribution of different parameters on the cutting force was found to depend
upon the type of work material, tool material and the presence of cutting fluid. The intensity of heat
generation depends on this force and it is essentially significant as far as machining temperature and
ultimately surface quality of the products are concerned.

The high temperature generated at the tool/chip interface invariably leads to softening of the work
piece which may involve metallurgical transformation of the work piece. This affects the quality of turned
work. There is need for controlling cutting zone temperature within permissible limit for achieving good
machining performance. The application of conventional cutting fluid may not effectively guaranteed control
of heat generated because it losses its cooling effect upon films boiling coupled with the fact that fluid
boiling temperature of conventional fluid is lower than that of bio-degradable fluid. Hence, in this present
work, four different agro-based oils-coconut oil, groundnut oil, palm kernel oil and shea butter oil, having
higher viscosity relative to conventional cutting fluid, were used as metal cutting fluid and their effect on
cutting forces on turning 3-different commonly machined metals at different feed rate and speed is evaluated.

The machining operation adopted with the four bio oils experimental cutting fluids is cylindrical
turning operation of aluminum copper and mild steel. The driving force for the study is the desire to
contribute to the growing effort at utilizing vegetable based oil as alternative cutting fluid during machining
operation and assist in environmental conservation via the reduction or elimination of the pollution associated
with conventional mineral oil based cutting fluid.
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2 MATERIALS AND METHODS

2.1 Materials & Experimental Set-up

The material requirement for the study are Hommel 600 lathe machine, a tungsten carbide cutter,
four biological oils — groundnut oil, coconut oil, palm kernel oil and shear butter oil, mild steel, aluminium
and copper metal rods of 30mm diameter and 100mm long. The experimental conditions are given in Table
1. The vegetable oils were obtained from Vegetable Oil Mill (VOM), Ojota, Lagos, Nigeria while the
metallic alloys were obtained from Owode metal market, Lagos, Nigeria.

2.2 Test Procedure

Cutting forces were obtained during cylindrical machining of three different metallic rods-mild
steel, aluminium and copper. The cutting variables considered were cutting speed, feed rate and depth of cut.
The experiment was conducted using a Hommel 600 lathe machine as shown in Figurel.

The work pieces were firmly held in a 3-jaw chuck Hommel 600 lathe machine for orthogonal
turning. The cutting tool (tungsten carbide) was mounted on the tool holder on the cuttin tool strain gage
based dynamometer and fixed to the cross slide of the lathe. The graduated scales (the vertical and horizontal
force meters) were zeroed as reference point and air resistance was assumed negligible.

Cylindrical turning operations were carried out on each 30mm diameter metal rods with each of the
oils as cutting fluid at different cutting speeds, feed rate and depth of cut.

Varying spindle speeds of 250, 330, 450 and 550 rpm were investigated at a constant feed of
0.15mm/rev and 2mm depth of cut. The cutting speed in m/min is evaluated from the spindle speed by using
equation 1[16]

_ rpmxd
4

CS (D

Where CS is the cutting speed in m/min, rpm is the spindle speed in rev/min and d is the tungsten
carbide cutter diameter (see Table 1)

Varying feed rate was equally investigated at constant speed of 330 rpm and 2mm depth of cut.
Thereafter, the depth of cut was varied (1.0, 1.5, 2.0 and 2.5mm) whilst the speed and feed rate were kept at
330rpm and 0.15/rev respectively.

At each situation of process variables-depth of cut, feed rate cutting speed and type of lubrication
during the turning process - the horizontal (F;) and vertical (F,) components of the cutting forces were read
from the strain gage based lathe dynamometer. The generated resultant cutting force is estimated from the

relation
Fr=+/(F.>+F,) &)

Where,
= F, =horizontal component of cutting force
» F, =vertical component of cutting force

The coefficient of friction which is a measure of the frictional force is given by the equation

_ R +Ftanp

i F, - F tan g G
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Table 1: Experimental Conditions

Variable Conditions

Hommel 600 lathe machine
Machine Tool
Cutter tool Tungsten carbide

Cutter diameter

10mm
Overall length

78mm
Tool geometry
Clearance angle

: 12°

Side clearance angle .

8
Approach angle

90’
Plan angle

10°
Side rake angle

50

Cutting conditions

Cutting speed- 6.25, 8.25, 11.25,
13.75m/min

Feed rate - 0.10, 0.15, 0.20mm/rev
Depth of cut - 1.0, 1.5, 2.0, 2.5 mm

Environment: wet metal cutting fluid
- groundnut oil

- coconut oil

- palm kernel oil

- shear butter oil

Work pieces: Aluminium alloy
Copper alloy

Mild steel

3 RESULTS

The results of the experiments are presented in Figures 1 — 4.
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Figure l1a: Variation of cutting force with feed rate on aluminium at 2mm depth of cut using the four

lubricants
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Figure 1b: Variation of cutting force with feed rate on copper at 2mm depth of cut using the four lubricants
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Figure 1c: Variation of cutting force with feed rate on mild steel at 2mm depth of cut using the four

lubricants
250 -
200 -
P
=
g 150
o
[T
(@]
S 10 -
=
o
50 -
0
245 330 450 575
Cutting speed (rpm)
—&— coco oil —*— gnut oil —¢— pko —&— sh butter

Figure 2a: Variation of cutting force with speed on aluminium at 2mm depth of cut using the four lubricants
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Figure 2b: Variation of cutting force with speed on copper at 2mm depth of cut using the four lubricants
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Figure 2c: Variation of cutting force with speed on mild steel at 2mm depth of cut using the four lubricants
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Figure 3a: Variation of coefficient of friction with feed rate for aluminium at 2mm depth of cut using the
four lubricants
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Figure 3b: Variation of coefficient of friction with feed rate for copper at 2mm depth of cut using the four
lubricants
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Figure 3c: Variation of coefficient of friction with feed rate for mild steel at 2mm depth of cut using the

four lubricants
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Figure 4a: Variation of coefficient of friction with feed rate for aluminium using the four lubricants
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Figure 4b: Variation of coefficient of friction with feed rate for copper using the four lubricants
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Figure 4c: Variation of coefficient of friction with cutting speed for mild steel using the four lubricants

4  DISCUSSION

Figures la-c show the variation of cutting force with feed rate in the 3-machined materials. Figure
la show that the cutting force increases as the feed rate increases. This is due to the fact that as the feed rate
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is increased, more material will have to be cut per revolution, consequently more energy is required. This
causes an increase in the cutting force. The Figure revealed that when aluminium was being turned, coconut
and palm kernel oils had low initial cutting force of (put the value of the force here? ) at 0.1mm/rev feed rate.
Whereas groundnut oil and shear butter display high cutting force of at this instance. Though the cutting
force increases as the feed rate increases this was more pronounced in groundnut oil, coconut oil and shears
butter at feed rate beyond 0.15mm/rev. With the use of palm kernel oil, however, the increase was more
gradual than with the other three agro based oils. The comparative analysis of the four bio-oils when
aluminum was being turned revealed that irrespective of the feed rate, groundnut oil as cutting fluid produced
the least cutting force. This implies that the lubricity effect of groundnut oil is most efficient when aluminum
is being turned.

In Figure 1b, when copper was being turned, the response of the cutting force to feed rate in the four
bio-oils followed similar trend as was observed when aluminum was turned, except for the case of groundnut
oil in which the cutting force tend to decrease as feed rate is increased beyond 0.15mm/rev.

The variation in cutting force with feed rate when mild steel was being turned is not discernible for
the four oils at feed rate less than 0.15mm/rev (Figure 1c). At this instance, the variation appears equal
irrespective of the lubricant used. However, beyond 0.15mm/rev the difference in the cutting force began to
manifest. The apparent difference is not however very wide unlike in Figures 1a & b respectively.

Comparative analysis of the effect of the four bio oils on cutting force in the three turned materials
revealed that the effect was more pronounced in the mild steel work piece compare to aluminum and copper.
The implication of this is that, irrespective of the lubricant used, mild steel offers lower cutting force relative
to aluminum or copper. It can be inferred that mild steel is likely to incur least cost compared with the other
two work pieces.

Figure 2a-c show comparative illustration of the variations in cutting force with speed of cutting in
different lubricating media for the three turned work pieces. Each curve of the graphs represents the response
from each of the individual tested bio oils. A preliminary comparative analysis of the three work pieces
revealed that all the four bio oils lead to decreases in cutting force as cutting speed increases in aluminum
and copper but the opposite is the case in mild steel. Although, the reduction did not follow a general trend,
the effect was most noticeable in Figure 2a where the least cutting force was achieved at around 105N at
cutting speed of 14.38m/min using shea butter as metal working fluid. The trend of decrease in cutting force
with increase in cutting speed should be expected because as cutting speed increases, machining becomes
adiabatic and the heat generated in the shear zone can not be conducted away during the very short time in
which the metal passes through this zone. The transient temperature rise softens the material aiding grain
boundary dislocation and as such reducing cutting force as can be seen from Figures 2a and b. However, in
Figure 2a shea butter was the most effective in reducing cutting force as speed increases while in Figure 2b,
coconut oil was the most effective.

The very sharp sudden increase in cutting force as cutting speed increased between 8.25m/min and
11.25m/min as shown in Figure 2c can be explained in terms of the strain hardening tendency of mild steel.
In the case of mild steel, unlike both aluminum and copper, the transient heat generated at the shear zone is
not high enough to cause recrystallization of the dislocated grains; hence strain hardening result. The effect
of strain hardening is to increase resistance to further plastic deformation which continuous chip removal
represent; and as such, further chip removal is possible only at higher cutting force threshold. Beyond
11.25m/min, however, the heat generated is enough to cause recrystallization. This leads to softening of the
work piece, therefore cutting subsequently maintain a steady value.

The graphical illustrations of the frictional curves resulting from the four bio oils in the three work
pieces studied are presented in Figures 3a-c. Figure 3a revealed a progressive decrease in coefficient of
friction as the feed rate is increased up to 1.5mm/rev for aluminum. There is a turning point at 0.15mm/rev,
beyond which the coefficient of friction rises again. This is the pattern for three of the four considered bio
oils — coconut, palm kernel and shear butter. However, unlike the other three oils, groundnut oil behaviour
was completely opposite. That is, increasing in the early feed rate, reach a peak and then decreases at feed
rate beyond 0.15mm/rev.

The trend during the turning of copper cylindrical work piece is presented in Figure 3b. Through the
analysis of the figure, it becomes clear that Figure 3b, did not differ appreciably from Figure 3a except
probably for groundnut oil as metal working fluid which display progressive decrease in coefficient of
friction as the feed rate increases unlike what was observed in Figure 3a. It is evident from analysis of
Figures 3a and b that it seems certain that the performance of the bio oils as metal working fluid is material
dependent. For instance, when aluminium was being turned, coconut oil has the least value of coefficient of
friction at feed rate of 0.15mm/rev. However, when copper was being turned, coconut oil now has the highest
coefficient of friction. This implies that while coconut oil is the best when turning aluminum, it is probably
the worst when copper is being turned. In this instance, palm kernel is the best.
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The situation that results when mild steel was turned is presented in Figure 3c. The figure revaled
that groundnut and palm kernel oil are not desirable as metal working fluid when mild steel is being turned.
These two fluids both had initial increase in coefficient of friction and later reduction beyond 0.15mm/rev
feed rate. The reductions afterward were not compelling enough to recommend their use, coconut and shear
butter had a better coefficient of friction but shear butter had the least irrespective of the feed rate. The figure
revealed that when mild steel is being turned, shear butter is metal working fluid of choice. Figure 3¢
confirms the observation in Figures 3a and b that the performance of the bio oils is material dependent.

The higher the coefficient of friction, the higher the amount of energy required to initiate plastic
deformation and shearing of the material. This therefore increases the cost of machining as machining force
is increased. The requirement for machining therefore is to adopt metal working fluid that guarantee low-
coefficient of friction. The coefficient of friction against cutting speed for the three work pieces in the four
bio fluids are presented in Figures 4a-c. It is seen from the figures that the behaviour of the coefficient of
friction versus cutting speed curves did not follow a particular pattern in all the working fluid investigated for
all the work pieces. For instance, in Figure 4a, during the turning of aluminum, the behaviour of the four bio-
oils did not reflect a predictable pattern. Apart from shear butter oil which had a coefficient of friction of
around 0.28, the other three bio-oils coefficient of friction are sufficiently above 0.3. Though, groundnut oil
and coconut oil tend to have a lower coefficient as cutting speed increases beyond 8.25m/min. Figure 4a
revealed that palm kernel oil has the highest coefficient of friction among the four bio-oils irrespective of the
cutting speed. The implication of this is that chips removal will require high cutting force thereby increasing
the cost of machining. Therefore, when aluminum is being turned shea butter is not preferable rather palm
kernel oil is.

The coefficient of friction against cutting speed when copper was turned is presented in Figure 4b.
The Figure revealed that the coefficient of friction reduces as cutting speed increases when shear butter is
used as metal working fluid. Though groundnut and palm kernel oils show initial decrease in coefficient of
friction as cutting speed increases, the coefficient however increases sharply at cutting speed above
11.25m/min. Coconut oil was steady at 0.24 at cutting speed between 6.13m/min and 8.25m/min, beyond
which it equally rises sharply before decreasing at cutting speed of 11.25m/min.

Figure 4c is the curve produced when mild steel was turned. From the graph, it is evident that shear
butter had the least coefficient of friction of the four biological oils used. Coconut and groundnut oils were
particularly poor recording a very high coefficient of friction greater than 0.40. The coefficient of friction
recorded when mild steel was turned was the highest in all the three work pieces irrespective of the biological
oils used. This is apparently due to the strain hardening tendency of the mild steel as explained. The strain
hardening increase resistance to deformation and hence increases the coefficient of friction which translates
to higher cutting force and ultimately higher machining cost. However, there is a phenomenon associated
with turning operation known as built-up-edge (BUE), particularly in ferrous materials, which represents the
attachment of portion of the chip to the tool face. It is reported [17] that the phenomenon becomes relevant at
cutting speed < 18m/min and progressively decreases afterwards and disappears at cutting speed >72m/min.
The BUE effect is maximum at cutting speed of 18m/min. The effect of the presence of BUE is to produce
unusual high friction stress and at the same time probably increase the rake angle. The unexpected increase in
friction stress due to the presence of BUE effect increases the inertia to continuous chip formation and
removal, hence higher cutting force. In the present investigation, the cutting speed range was between 6.25
and 13.75m/min; a range within the 18m/min cutting speed in which the BUE effect is relevant. Thus, it
might be possibly explained that the increase observed in cutting force as cutting speed increases during mild
steel turning in the current investigation is essentially due to the built-up edge (BUE) effect though the
contributory influence of strain hardening could not be ruled out.

The highly lubricating properties of vegetable oils are made possible by the fundamental
composition of the vegetable oil molecules as well as the chemical structure of oil itself. Lubricity of
vegetable oils arises from the intrinsic oiliness of its constituents; and its properties are the direct result of the
vegetable oil’s smart molecules. These molecules are long, heavy and dipolar in nature. The polar heads of
the molecules have great chemical affinity for metal surfaces and attach themselves to the metal like magnets
[9]. The result is a dense, homogenous alignment of vegetable oil molecules, perpendicular along the metal
surface that creates a thick, strong and durable film layer of lubricant. This strong lubricating film gives the
bio-oils a greater capacity to absorb pressure. The higher the molecular weight and flash point of the bio-oils
the greater the lubricity. This apparently explains why groundnut oil presents itself as the best metal working
fluid at varying depth of cut and constant speed in this study.

5 CONCLUSIONS

The use of biological oils as metal cutting fluids in reducing cutting force and improve product
quality at different feed rates and cutting speeds during cylindrical turning operation has been investigated.
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The study revealed that bio-oils are good materials as metal cutting fluids during machining and that their
relative effects in improving product quality and reducing cutting force is material dependent. Groundnut oil
exhibited the highest reduction in cutting force/coefficient of friction irrespective of the feed rates at cutting
speed of 8.25m/min when aluminum was being turned. Palm kernel oil had the best result when copper was
turned at feeds lower than 0.17mm/rev. However, coconut oil recorded the highest cutting force in all the
three materials machined followed by palm kernel and as such are very weak in reducing cutting force and
improving product quality. It is concluded that groundnut oil and shear butter are effective in reducing
cutting force during cylindrical machining due to enhanced lubricating ability of the oils on account of their
high molecular weights.
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