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Abstract – Lubrication plays an important role in increasing efficiency of a machining operation when high
temperature and friction are two major issues. In the current study, two various types of lubricant SAE10
oil and vegetable oil were tested in end milling of a steel St60 block and the results were compared with dry
condition. To have a clear understanding of the lubrication effects, three different concentrations for each
lubricant using proper solvent were made and surface roughness (Ra), machining power and tool wear were
compared in three distinct machining conditions. These conditions differ in depth of cut and machining
speed (in a constant feed rate) according to real application. Among the lubrication environments, SAE10
assisted machining in low spindle speed showed better results. Moreover, it was observed that dry machining
and machining in presence of vegetable oil especially in the cases of cutting fluids with lower oil content
in fairly high tool velocity lead to process productivity improvement. Finally, dry machining resulted in
more wear on cutting tool.
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1 Introduction

For as long as people cut metals, they have utilized a
fluid to aid the process. May be water was the first fluid
used, followed by animal fats, vegetable oils, mineral oil,
etc. [1]. The main goal in manufacturing is to minimize
production time, cost, energy and resources while main-
taining or even improving performance [2]. By this way
metal cutting fluids are important. Fluids provide a lu-
bricated layer between the tool-workpiece adjacent sur-
faces and help to reduce interfacial friction [3]. Cooling
feature of a fluid could help to decrease undesirable and
uncontrollable workpiece, tool and chip temperature [4].
In addition, due to intrinsic mobility feature, fluids could
flush away the produced chips during machining [5]. Metal
working fluid has some main roles; such as:

– Transportation of the chip.
– Rewelding arrest.
– Corrosion protection.
– Power reduction.
– Tool life extension and productivity increasing.
– Creation of a certain type of chip.

a Corresponding author: Ehsan.Shekarian@gmail.com

– Cooling.
– Lubrication [1].

There are several researches dealt with the effects of
different lubrication environment [6–8], fluid concentra-
tion [9, 10] and viscosity [11] on lubrication performance
and machining efficiency. Krishna and Rao [9] evaluated
the performance of solid lubrication in turning EN8 steel.
They used SAE 40 as the base oil and mixed it with two
solid lubricant graphite and boric acid in five proportions
ranged from 5 to 40% by weight. Results of cutting forces,
tool wear, tool temperature and surface roughness were
compared with wet and dry conditions. They revealed
that by increasing the ratio of solid content, the kine-
matic viscosity increased but the results did not show a
specific trend toward these changes. A low and a moderate
viscosity depicted a better performance for graphite and
boric acid lubrication assisted machining, respectively.

Vegetable oils demonstrated to be as a potential
source of environmentally favorable lubricants, due to
a combination of biodegradability, renewability and ex-
cellent lubrication performance [12]. These oils, refering
to [13] are nontoxic to the environment and biologically
inert and do not produce significant organic disease and
toxic effect.
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There are several researchers dealing with use of veg-
etable oils in machining operations [3,10,11,14,15]. Vasu
and Reddy [10] studied the effect of Al2O3 nanoparti-
cles in two concentrations in vegetable based oils. The
observations showed that surface finish and temperature
dissipation of the workpiece raised with different volume
fractions of Al2O3 nanoparticle addition. It is also possi-
ble to observe a decrease in cutting forces and tool wear
rate and a reduction in the negative environmental effects,
owing to Al2O3 nanoparticle addition to MQL in machin-
ing. For example reduction in surface roughness values
when using MQL + 6% Al2O3 nanofluid compared with
MQL and MQL + 4% Al2O3 nanofluids was observed.
Gunerkar and Kuppan [11] formulated two different veg-
etable based cutting fluids; rapeseed oil and sunflower oil
in form of emulsion. A variety of nonionic surfactants were
used in turning SS316L. They investigated the fluids with
different viscosities. In the sunflower based oil emulsion,
tool wear was considerably less compared to soluble oil
emulsion. Siniawski et al. [14] investigated the tribologi-
cal characteristics of soybean and sunflower vegetable oils
in comparison with a base mineral oil. A 440 ◦C stain-
less steel ball-on-disc test was conducted for each lubri-
cant. The vegetable-based lubricants make up the lower
abrasion rate and friction coefficient when compared to
the mineral oil. With determination of fatty acid com-
positions, the authors proposed that the lower abrasion
rate and coefficient of friction for the soybean oil are at-
tributed to its smaller percentages of linoleic oleic acids.
Cetin [15] evaluated the vegetable based cutting fluids
with extreme pressure in turning AISI 304L. They investi-
gated the function of extreme pressure (EP) and different
surfactants in surface roughness, cutting and feed forces.
They illustrate that viscosity of a cutting fluid is one of
the parameters determining the effectiveness of cutting
fluids. Results show CCF-II (canola based cutting fluids)
and SCF-I (sunflower based cutting fluids) for surface
roughness, SCF-II and CCF-II for cutting forces. CCF-
II and SCF-II for feed forces show greater performances
than CMCF (commercial mineral based cutting fluid) and
CSSCF (commercial semi-synthetic cutting fluid). Higher
rate of EP in cutting fluids gives better machining perfor-
mance for decreasing cutting and feed forces. However, it
affects surface roughness values negatively due to chem-
ical interaction with the machined surface. According to
Kuram et al., the EP additive concentration is critical be-
cause the reaction with the metallic surfaces is a form of
mild corrosion [16].

In this study the effect of different cutting fluids on
end milling performance of St60 steel will be investigated.
The aim is to make diverse lubrication conditions out of
two primary vegetable-based and chemical-based oils by
utilizing a suitable solvent namely n-Hexane. Different
provided concentrations of oils allow to precisely analyse
the effects of concentration of cutting fluids on the qual-
ity of machining. Furthermore milling in dry condition
is included in the study to make a better comparison.
Applying these lubrication conditions on three real com-
binations of cutting speed and depth of cut besides the

dry milling which assembles various machining conditions
is the outstanding features of this study.

2 Experimental procedure

2.1 Lubrication

Two oils namely sunflower oil and SAE10 oil are
used as basic substances of different vegetable-based and
chemical-based cutting fluids with various concentrations.
The vegetable oil includes 7% linoleic acid, 1% erucic acid
and no fatty acid content. The concentrations of the oils
were decreased by using n-Hexane solvent. This solvent
has reasonable price and good solvency blends easily with
oil, makes a steady solution and does not make any foam.
The cutting fluids are made in three concentration levels
with proportion of solvent to oil 1:20, 5:20 and 9:20. These
combinations of lubricants were set based on some prelim-
inary tests. Refering to Sharma et al. [17] the lubricating
and cooling features of cutting fluids have a dominant role
on the cutting quality at low and high cutting speeds, re-
spectively. So the objective was to keep the fluid mixture
inside a reasonable range by changing the solvent content.

To do lubrication action, fluids are carried to the cut-
ting zone by using a small centrifugal pump. The nozzle
tip is positioned just in front of the cutting tool move-
ment. The nozzle is fixed in a proper position refer to
Yan et al. [18]. They suggested setting relative nozzle feed
position at 120◦, angle elevation of 60◦ and nozzle tip
distance from cutting zone at 20 mm. Machining is then
performed to evaluate the effects of concentration and lu-
brication types on surface quality of machined zone and
machining power as well as tool wear.

2.2 Cutting elements

Experiments are carried out in a FP4M Machine Sazi
Tabriz universal milling machine. For any lubrication
state, an HSS end mill tool with four flutes is mounted
onto the spindle chuck and the tests are done. Machining
operation is performed on a structural steel block namely
St60. It is used extensively for making riveting, bolting,
welding and any purpose needs good welding properties
and guaranteed strengths. The steel is supplied in hard-
ness range of about 3–34 HRc with tensile strength be-
tween 590 and 770 MPa.

2.3 Milling condition

Two machining stages were considered in this work.
According to real application, the first stage is comprised
of different combinations of tool velocity and depth of cut
in a constant tool feed rate. Three states of machining are
chosen as following:

I. Low velocity and high depth of cut.
II. Medium velocity and low depth of cut.
III. High velocity and low depth of cut.
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Fig. 1. Machining set up: workpiece clamping and nozzle tip
position.

After making the experimental setup and clamping the
workpiece (Fig. 1), the machining is done through differ-
ent paths with specified cutting length for all milling and
lubrication conditions.

To obtain reliable information, each experiment was
repeated three times and an average of Ra and power in-
dex was reported. The concentrations which result in the
best surface roughness are selected as the cutting fluids
to be used in the second machining stage which is done
in about 15 min. This stage is planned to reveal the effect
of cutting fluids on tool wear.

Details of experimental conditions are shown in
Table 1.

2.4 Measuring devices

A Marsurf-Ps1 at 10 mm cut-off value from four dif-
ferent positions and a Lutron ammeter were utilized to
measure surface roughness and electrical current, respec-
tively. The relation between electrical current and power
in three- phase induction motor is:

P =
√

3V I cos(ϕ) (1)

where V is Inner Voltage (V), I shows electrical current
(A) and Cos (ϕ) is power factor (in this work P.F is about
0.79, measured by HIOKI Cos (ϕ) meter). Since V and
Cos (ϕ) are constant in all states in this work, electrical
current is presented as the index of power consumption.

Scanning electron microscope (SEM) was employed to
observe the wear on the cutting tools. To show the tool
wear, SEM images were taken from the bottom view of
tools as shown in (Fig. 2).

3 Results and discussion

The influences of lubrication on surface roughness,
machining power and tool wear will be discussed. Table 2

Fig. 2. Cutter edge selection for taking SEM images from the
worn tool to indicate amount of flank wear:(a) end mill tool,
(b) bottom view of the tool and (c) a SEM image sample.

illustrates the data for surface roughness and machining
power.

Assessment of various lubrication conditions is shown
in the following bar chart figures and the average effects of
the fluids are represented with dashed line. Additionally,
the machining fluids were distinguished with their concen-
trations so that the first level corresponds to the highest
concentration of oil (1:20). To figure out the values of the
levels, dynamic viscosity of the fluids was measured with
viscometer and the results are shown in Table 3.

3.1 Surface roughness

One of the major factors that influence the workpiece
quality of the machined parts is surface roughness. Sur-
face quality affects the functional characteristics of the
workpiece such as compatibility, fatigue resistance and
surface friction. The factors which influence the surface
roughness during the end milling process, include tool ge-
ometry, process parameters and heat generated in ma-
chining operation [3]. Figure 3 shows surface finish values
in a hard machining situation where there is a combina-
tion of low tool velocity (V) and high depth of cut (DOC).
Different responses from variation in lubrication and cool-
ing characteristic of the cutting fluids were observed.

SAE10 oils especially in lower concentrations, show
better results compared with the vegetable oil and dry
cutting. For SAE10 oil, a significant drop in surface rough-
ness is visible as the concentration decreases, owing to low
viscosity. In low cutting speeds, fluid has enough time to
penetrate into tool-workpiece interface and could make
a cushion to avoid direct metal to metal contact. This
lowers the frictional forces and helps improvement of sur-
face finish. Poor surface roughness resulted from the first
concentration of SAE10 oil could be interpreted as its
high viscosity which impairs the penetration ability espe-
cially in high depth of cuts. In the case of vegetable based
fluids, second level brings about better finished surface.
Suitable composition of oil and solvent gives good heat
transfer ability and proper viscosity to the fluid to pen-
etrate easily into the cutting zone. It should be noted
that produced heat during machining negatively effects
the surface quality of final workpiece in the form of met-
allurgical transformations, oxidation, etc. [19]

In higher cutting speeds, penetration of fluids into the
cutting zone is reduced and so impairs their lubrication
action. Moreover, because of higher chip removal rate,
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Table 1. End milling conditions.

Machine tool
Type Vertical milling machine

Cutting tool
Type End mill

Material HSS
Diameter (mm) 10
Number of flutes 4
Nose radius (mm) 0.4

Workpiece
Material St60
Hardness 30-34RC

Milling parameters: First stage
Velocity (rpm) 315(Low),710(Medium), 1250 (High)

Depth of cut (DOC) (mm) 1 (Low), 2 (High)
Feed rate (mm/min) 50
Length of cut (mm) 150

Milling parameters: Second stage
Velocity (rpm) 710

Depth of cut (DOC) (mm) 1
Feed rate (mm/min) 50

Time of machining (min) 15
Lubrication

Environment Dry and wet
Cutting oil Sunflower oil, SAE10 oil

Position of nozzle tip
With respect to the tool In front

With respect to the front workpiece surface 60◦

Distance to the tool (mm) 20

Table 2. Surface roughness and electrical current consumption.

Machining Fluids level
Machining state # I Machining state # II Machining state # III
Ra* I∗∗ Ra I Ra I

1 3.76 3.11 3.4 3.14 2.28 3.15
SAE10 oil 2 1.52 3.01 2.95 3.07 1.95 3.08

3 1.72 3.04 3.15 3.06 2.12 3.10
1 5.4 3.05 2.18 3.09 1.64 3.10

Vegetable oil 2 4.62 3.02 2.13 3.04 2.03 3.04
3 4.81 2.94 2.15 3.03 1.52 2.99

Dry − 4.96 2.97 2.82 3.06 1.35 3.09

* Ra in (µm), ** I in (A).

Fig. 3. Effect of concentration of different lubricants on sur-
face roughness: V = 315 rpm, DOC = 2 mm.

Table 3. Dynamic viscosity values of fluids in temperature of
40 ◦C.

Fluid Level Viscosity (cSt)

SAE10 oil

1 30
2 22
3 16

Vegetable oil

1 23
2 14
3 10

cutting zone temperature rises. In such a condition the
cooling action becomes a predominant feature of cutting
fluid in improvement of machinability [17]. As Figures 4
and 5 depict, almost none of the coolants could penetrate
in the tool-workpiece interface. Inconsiderable differences
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Fig. 4. Effect of concentration of different lubricants on sur-
face roughness: V = 710 rpm, DOC = 1 mm.

Fig. 5. Effect of concentration of different lubricants on sur-
face roughness: V = 1250 rpm, DOC = 1 mm.

in surface roughness values produced in machining with
all lubrication environments in the third machining con-
dition support the above fact. Although, in the second
machining state, vegetable based cutting oil resulted in
better surface finish compared with SAE10 oil. This is
caused by lower viscosity and higher heat transfer coef-
ficient of vegetable oil which better its penetration abil-
ity and lower cutting temperature, respectively. Refering
to [19] fluids with low viscosity show better heat transfer
ability and better penetration into tool-workpiece inter-
face which efficiently decrease cutting temperature.

Furthermore, dry machining also results acceptable
surface finish. Depletion in surface roughness may refer
to increase in workpiece temperature up to a particular
level which softens the material and decreases undesirable
vibrations caused by cutting forces. Cutting temperature
increases with the rise in machining speed from 710 to
1250 rpm. In the higher speed, the best surface quality
is the result of dry machining (Fig. 5). Vegetable oil and
SAE10 oil followed the dry cutting, respectively.

Fig. 6. Effect of concentration of different lubricants on Power
consumption index: V = 315 rpm, DOC = 2 mm.

3.2 Machining power

The power consumed by machine tool in removing ex-
cess material from the workpiece is an important param-
eter in evaluating economical aspect and production ef-
ficiency of machining. In machining operation this factor
could be dependent on some agents such as: (1) machin-
ing condition (depth of cut, feed rate and cutting speed)
(2) metalworking fluids due to their direct effects on fric-
tional forces, generated heat and final machining temper-
ature and (3) tool wear that could change tool geometry
which alters contact surface between tool and workpiece.

As depicted in the Figures 6 to 8, all the three combi-
nations of cutting speed and depth of cut exhibit almost
a same trend. The results reveal that changes in lubrica-
tion condition could affect the machining power. Almost
in all cases, machining in dry condition resulted in low
milling power. This may be because of difference in final
work material temperature. In absence of coolant, gener-
ated heat decreases material shear strength and provides
an easy situation for chip removal. This could lower the
resistant forces and so decreases the machine tool power
consumption. Ginta and his colleagues emphasized this
fact that an increase in temperature gives depletion in
cutting force [20]. Vegetable and SAE10 oils due to good
lubrication characteristic reduce frictional forces and as
a result lower milling power. The results generally illus-
trate better cutting performance in dry machining and
applying cutting oils in lower concentration.

3.3 Tool wear

To make an accurate decision on the effect of cut-
ting fluids on machining performance, as well as the sur-
face finish and machining power it is important to inves-
tigate the cutting tool failure. Tool wear describes the
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Fig. 7. Effect of concentration of different lubricants on Power
consumption index: V = 710 rpm, DOC = 1 mm.

Fig. 8. Effect of concentration of different lubricants on Power
consumption index: V = 1250 rpm, DOC = 1 mm.

gradual failure of cutting tools during a metal cutting
operation. Friction and wear of cutting tools often detri-
mentally limit the performance of cutting processes [21].
Several reasons cause tool wear; the most significant ones
are: abrasion, adhesion and diffusion. Shift from abrasion
mechanism to adhesion or even diffusion could result from
high tool-chip interface temperature [22]. In the present
work owing to machining in wet condition and cutting
with moderate spindle speed, adhesion and diffusion wear
is not taken into consideration. According to the results of
the second machining stage shown in Figure 9, maximum
wear refers to dry condition, SAE10 oil, and vegetable oil
respectively. Vegetable and SAE10 oils could better lu-
bricate the cutting zone and lessen direct contact of rake
surface of cutting tool and workpiece. The workpiece sur-
face rubs off the tool material and causes tool wear. This
is clear for dry cutting.

During milling in wet conditions, tool works in lower
temperature than in dry condition so lower friction coeffi-
cient and tougher tool material are the consequences. Ad-
ditionally, a thin layer of fluid that exists between tool and
workpiece prevents metal to metal contact, which could
reduce frictional forces more and more. Therefore, less
tool wear could be observed when applying cutting fluid.
In dry cutting, tool material would be affected from pro-
duced heat and causes tool softening so this can lead to
higher tool wear. Figure 9 displays that coolant preserves
the rigidity of tools and allows them to work in smooth
circumstance.

4 Conclusion

This study involved different lubrication environments
on milling a St60 block. The aim was to estimate the effect
of two types of cutting oil (i.e. sunflower oil and SAE10
oil) as well as various concentrations of them on machin-
ing performance. Two machining stages were planned. At
the first one, three distinct combinations of cutting speed
and depth of cut were set. The concentration of cutting
fluids resulted to the best surface roughness was selected
for the second machining stage to survey the tool wear.
From the total results it can be concluded that the type
and concentration of cutting fluids both affect directly
on efficiency of machining operation. Although, it is dif-
ficult to have an absolute conclusion but lowering the oil
content in the cutting fluids could better machining per-
formance. Based on the results, a development potential
of dry machining is observed. In this case, flank wear in-
creased; however, it was shown that in the absence of any
lubricant, surface finish and cutting power could be im-
proved in high spindle speed machining. In milling at a
low spindle speed, it is better to use a high viscous fluid
like SAE10 that resulted in a good surface finish and rea-
sonable power consumption and tool wear. Vegetable oil
displayed acceptable lubrication ability. Lower consuming
power in all cutting condition and minimum tool wear was
produced in this lubrication environment.

Result of this survey can be suitable for machine tool
operators to find the optimum situation which has the
best surface roughness and tool life according to the ma-
chining speed, depth of cut and type of cutting fluid.
Studying several work materials with different temper-
atures (pre-cooled and pre-heated) and variety of tools
could be the future scope of this work to earn more pre-
cise and functional outcomes.
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Fig. 9. Amount of tool flank wear in SEM observations (150 X): (a) Dry, (b) SAE10 oil and (c) and vegetable oil.
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