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 The feasibility of four vegetable oils was studied in drilling AISI 316 stainless steel 

using HSS drill tool through assessment of surface integrity and surface roughness. In 

particular, the performance of palm, sesame, olive and coconut oils were compared 

under minimum quantity lubrication (MQL) technique. Temperature of the cutting 

zones as well as their surface roughness and surface integrity using these vegetable oils 
were compared for the same spindle speed (rev/min), feed rate (mm/rev) and depth of 

cut (mm). The results reported that the use of coconut oil in this experiment has 

achieved better surface roughness and surface integrity. This was followed by palm, 
olive and sesame oil. Viscosities of the fluids also have been analyzed, and the coconut 

oil has the lowest average viscosity value. This shows that coconut oil possesses better 

fluidity and faster cooling capacity than the other oils tested. Based on these results, 
coconut oil are recommended as viable alternative lubricants during machining of AISI 

316 stainless steel. 
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INTRODUCTION 

 

 Machining of stainless steel is becoming increasingly important in manufacturing industries. Stainless steels 

are very unique in that they offer a wide range and combination of resistance to corrosion, resistance to 

oxidation at high temperature and good mechanical properties at room temperature. With rapid industrialization 

all over the world, these properties have lead to extensive use of stainless steels in different industries (Inder 

Singh, 1997). However, the high production machining of steel inherently generates high cutting zone 

temperature. Such high temperature causes dimensional deviation and premature failure of cutting tools. It also 

impairs the surface integrity of the product by inducing tensile residual stresses and surface, and subsurface 

microcracks in addition to rapid oxidation and corrosion (Khan, 2006). Therefore, the utilization of metal 

working fluids (MWFs) in the machining processes are intended to reduce friction, dissipate the heat and flush 

away the metal chips or swarf from the cutting zone. As well as its benefit enhances the process stability, leads 

to better workpiece quality and prolongs the tool life, MFWs can be used in improving the process efficiency in 

relation to technological, economic and ecological aspects (Winter et al, 2012). It is reported that, nearly 38 

million metric tons of lubricants were used globally in 2005, with a projected increase of 1.2% over the next 

decade (Kline, 2006). It is also approximated that 85% of lubricants being used around the world are petroleum-

based oils (Salimon et al. 2013). Due to their advantages, the consumption of MWFs is increasing in machining 

industry. Reports indicate that European Union alone consumes approximately 320,000 tonnes per year of 

MWFs of which at least two thirds need to be disposed (Abdalla et al., 2007). However, the widespread use of 

MWFs for centuries has made the cutting fluid becomes more complex in composition and poses significant 

health and environmental effect throughout their life cycle. During machining operation, the exposure of MWFs 

can occur by inhalation and skin contact. Estimation shows that in the USA alone about 700,000 to one million 

workers are exposed to MWFs (Lawal et al., 2012). To overcome these severe circumtances, various 

alternatives to MFWs are currently being explored by scientist and tribologist. Such alternatives include the 

application of vegetable-based lubricant through mist coolant application (Khan et al., 2006: Boubekri et al., 

2012). Vegetable oils are viable and renewable sources of environmentally oil, which consists primarily of 

tricylglycerides structure that serves the best function as lubricant. The characteristics of long, polar fatty acid 
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chains provide high strength lubricant films that interact strongly with metallic surfaces, aims to reduce both 

friction and wear. (Sharafadeen et.al., 2013: Lawal et.al., 2012). Minimum Quantity Lubrication (MQL), also 

known as “Microlubrication” is a current technique used in delivering metal cutting fluid to the tool/work 

interface. In conventional operation utilizing flood coolant, cutting fluids are selected mainly on the basis of 

their contribution to cutting performance. In MQL however, secondary characteristics are important. These 

include their safety, biodegradability, oxidation and storage stability (Boubekri, 2012). Attanasio et. al., (2006) 

also acknowledged that MQL reduces the induced thermal shock and helps to increase the workpiece surface 

integrity in situations of high tool pressure. Previous research has shown good result of surface roughness in 

drilling process through MQL technique. Anthony Xavior and Adithan (2009) investigated the influence of 

cutting fluids on tool wear and surface roughness during turning of AISI 304 with carbide tool. An attempt has 

been made to identify the influence of coconut oil in reducing the tool wear and surface rough-ness during 

turning process. The researchers found that coconut oil performed better than the other two cutting fluids. 

Coconut has been used because of its thermal and oxidative stability which is comparable to other vegetable-

based cutting fluid used in the metal cutting industry. Gurpreet et.al., (2013) also reported similar performance 

between vegetable oil and mineral oil lubricant through MQL. Experimental investigations showed that 

vegetable oil has some times better results than mineral oil in terms of surface finish. Besides, they also claimed 

that MQL by vegetable oil also protects environment pollution by discharging minute amounts of fumes, mist, 

oxides as compared to mineral oil, which is non-biodegradable. This work presents a study of drilling AISI 316 

with different types cutting fluid through MQL technique. The main goal was to study the characteristics of 

surface roughness and surface integrity using different types of vegetable oil-based lubricant, namely of 

coconut, palm, olive and sesame oils.  

 

MATERIALS AND METHODS 

 

Workpiece: 

 The workpieces for drilling test AISI 316 stainless steel, which known to have good corrosion resistance. 

This steel is frequently used in the manufacture of ball bearing, chains, and many other steel wares. The 

workpiece dimensions were 50 x 200 x 30 mm. The chemical composition is given in Table 1.  

 
Table 1: Chemical composition of AISI 316 steel (percentage in weight, %wt.,). 

C Mn Si S P Cr Ni Mo 

0.08 2.0 1.0 0.03 0.045 16.0 10.01 2.45 

 

Experimental Parameters: 

 The tools used in the experiments were uncoated high-speed steel (HSS). The diameter of the drill tool is 

8.5 mm. The cutting parameters used in this experiment were a cutting speed of 12.2 m/min and a feed of 0.12 

mm/rev. The hole depth used was three times the diameter of the tool (25.5 mm). 

 

Preparation of Vegetable Oil Cutting Fluids: 

 The experiment was carried out with four different types of vegetable oil-based lubricants: (1) coconut oil, 

(2) palm oil, (3) olive oil, and (4) sesame oil. These lubricants were prepared with additives in order to improve 

the performance of the lubricant. The additives were mixed in the proportion shown in Table 2. The additives 

used was propyl 3,4,5-trihydroxybenzoate, silicon oil and extracted lemon juice. 

 
Table 2: Constituents of vegetable-oil based cutting fluids. 

Vegetable Oil % Base Oil %Additives Total (%) 

Coconut 85 15 100 

Palm 85 15 100 

Olive 85 15 100 

Sesame 85 15 100 

 

 The vegetable oil-based lubricant prepared in this experiment was 500 ml each. Propyl 3,4,5-

trihydroxybenzoate was used to serve as possible antioxidant, whereas silicon oil functions as heat reduction 

agent in cutting tool. The mixing was carried out in the hot plate magnetic stir at temperature 55
o
C in the 

rotation of 6 RPM. Juice was extracted from lemon fruits and the extract was added immediately to the prepared 

sample. The purpose of adding lemon fruit is because of its high vitamin C, which serves as possible antioxidant 

(Sharafadeen, 2013). The mixing was carried out using a magnetic bar and takes around 30 minutes to properly 

mixed. In order to ensure the mixture reached its desired assortment, it was then left in the room temperature for 

three days.  
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Determination of viscosities: 

 Viscosity measures the fluids property, which prevents it from flowing when subjected to an applied force 

(Krahenbuhl, 2002). The relationship and behavior of different cutting fluids were examined using the 

mathematical expression according to the equation 1(Salete and Joao, 2008): 

Ƞ= t (ρ1 – ρ2) k                           (1) 

 where Ƞ is dynamic viscosity, ρ1is the ball density , ρ2 is the lubricant density , t is the time that the ball 

takes to fall and k is the ball constant and 0.13 Pa cm
3
/g was used. Density for the ball was determined by a 

formula of mass/volume. The mass was 46.2 g and the volume was calculated using formula 4/3 r
3
. The 

volume that gained was 47.71 cm
3
. Thus, the density of ball was 0.964 g/cm

3
. The overall results for the 

viscosities are shown in Table 3. Coconut oil has the lowest viscosity followed by palm, olive and sesame oil. 

    
Table 3: Lubricant Viscosity. 

Lubricant 
t 

(ms) 
Mass 
(g) 

Volume 
(cm3) 

ρ 
(g/cm3) 

Ƞ 
(Poise) 

Palm oil 30.67 305 350 0.871 0.371 

Coconut oil 19.33 310 350 0.886 0.196 

Sesame oil 35 300 350 0.857 0.487 

Olive oil 40.33 315 350 0.957 0.336 

 

Experimental Methods: 

 The drilling process was carried out using Computer Numeric Control (CNC) milling machines at an 

ambient temperature of 29̊C. 9 holes were drilled for each type of lubricant, hence 36 holes were drilled as a 

whole on a workpiece as shown in Figure 1. The cutting fluids were applied through MQL system with the flow 

rate of 10 ml h
-1

. Surface roughness was then measured by Mitutoyo Surftest SJ-301 portable surface roughness 

tester for the 1
st
 and 9

th
 holes under one type of lubricant. The workpiece was cross-sectioned by the cutter 

machine and the surface roughness of the holes was measured. Then, the 1
st
 and 9

th
 holes sectioned were hot 

mounted in mounting press machine and they are 8 samples in overall. The samples were grinded using silicon 

carbide paper with thickness 200, 600 (roughing process) and 1000 µm (finishing process). The sample were 

polished and etched in oxalic acid for around 10 seconds each. The samples were examined on scanning 

electron microscope over wide range of magnification to identify the white layers and micro cracks that will 

occurr in the machined surface. The data is recorded and compared with the different samples, which use 

different lubricant. 

 

Data analysis: 

 The surface roughness of the drilled hole was measured using Mitutoyo Surftest SJ-301. The test taken four 

times per hole and total 144 times for 36 holes that uses different vegetable oils as lubricants. Then, the average 

was calculated and it is compared with every result to find the smoothest surface. Meanwhile for surface 

integrity, white layer and micro cracks need to be observed. The observation was carried out on scanning 

electron microscope (SEM). After the measurement is done, the results were compared to examine which 

lubricant gives the best result. 

 

 
 

Fig. 1: Drilling process with MQL system. 

 

RESULTS AND DISCUSSION 

 

Viscosity effect on machining process: 
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 Viscosity is the vegetable oil property that has an important effect on machining production. If the 

lubricating oil is too thick or too thin, the wear on cutting tool can increased substantially. The higher viscosity 

index of vegetable oil ensures that the oils provide more stable lubricity across the operating temperature range 

(Krahenbuhl, 2002). Figure 2 shows the comparison of viscosities between the four different lubricants. It shows 

that coconut oil has the lowest viscosity followed by palm oil, olive oil and sesame oil.  

 

 
 

Fig. 2: Dynamic viscosities of lubricant. 

 

 It is well understood that lubricants viscosity has the direct effect on the heats generated during the drilling 

process. In this experimental study, coconut oil, which has the lowest viscosity, recorded the lowest temperature 

during the drilling operation. On the other hand, sesame oil has the highest temperature recorded in the drilling 

process. It is then followed by olive oil and palm oil. As mentioned by Anil (2012), high temperature in drilling 

process aggravates the wearing of cutting edges. This is due to high friction between the tool and workpiece. 

Based on the current result, coconut oil competes favorably well compared to other oils in the area of heat 

dissipation because it has a lower viscosity. In addition, the low viscosities of coconut oil makes the oil has the 

capabilities of spreading faster than other fluids. The spreadability of oils can be correlated with viscosity, 

which may be inferred that, the greater the viscosity of oil, the lower the spreadability and vice versa (Naveed, 

2009). High viscosity value denotes the ability of cutting fluid to prevent metal-to-metal contact (Sharafadeen, 

2013). It can be concluded that coconut oil and the other vegetable oils have the same wettability at lower 

cutting speeds, but there is better perceived thermal stability of coconut oil due to its higher viscosity index.  

 

Surface Roughness: 

 As mentioned earlier, surface roughness was measured for about four times in each hole using Mitutoyo 

Surftest SJ-301. Then, the average data were calculated to determine which lubricant represents the smoothest 

surface. The measured data is shown Table 4. 

 
Table 4: Average data of surface roughness for every drilled hole. 

Hole 
 

Lubricant 

1st 

hole Ra 

(µm) 

2nd 
hole Ra 

(µm) 

3rd 
hole Ra 

(µm) 

4th hole 
Ra 

(µm) 

5th 
hole Ra 

(µm) 

6th 
hole Ra 

(µm) 

7th 
hole Ra 

(µm) 

8th 
hole Ra 

(µm) 

9th 
hole Ra 

(µm) 

Average 
hole Ra 

(µm) 

Olive 2.03 2.2 2.7 2.8 2.7 3.5 3.09 3.43 3.45 2.88 

Coconut 1.02 1.05 1.074 1.17 1.15 1.22 1.21 1.28 1.282 1.16 

Palm 1.12 1.15 1.19 1.24 1.32 1.54 2.02 2.05 2.2 1.54 

Sesame 2.2 2.28 2.58 2.55 2.73 3.1 3.52 3.64 3.72 2.92 

 

 
 

Fig. 3: Average surface roughness for drilled hole. 

 

 Figure 3 shows the trend of average surface roughness measurement after drilling process under olive oil 

coconut oil, palm oil and sesame oil. It is evident that by using coconut oil in the drilling process, the surface 

becomes smoothest than the other oil as lubricant. The coconut oil presented the smoothest surface with value of 

1.16 µm. Palm and olive oils have roughness of 1.54 µm and 2.88 µm respectively. Sesame oil produces the 

roughest surface with 2.92 µm.  
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Fig. 4: Surface texture of 1
st
 drilled hole by using different types of  lubricant: a) coconut oil, b) palm oil, c) 

       olive oil, d) sesame oil. 

 

 
 

Fig. 5: Surface texture of 9
th

 drilled hole by using different types of lubricant:  a) coconut oil, b) palm oil, c) 

       olive oil, d) sesame oil. 

 

 Figure 4 and 5 show the surface texture of the first and ninth drilled hole for different types of lubricants 

respectively. The results qualitatively indicate that smoothness obtained when drilling under coconut oil.  The 

perceived mild roughness of other vegetable oil is also a function of its relative lower thermal conductivity. 

Xavior et al., (2009) have also found that coconut oil can perform better than other cutting fluid and improve the 

surface finish.  This leads to formation of chips at higher temperature making possible growth of larger side 

burns during each grain scratch (Sharafadeen, 2013). In the ninth hole surfaces of palm oil, olive oil and sesame 

oil, adhesion were found due to the effect of built up edge in cutting tool. The low thermal conductivity of these 

oils increases the friction of the cutting tool and workpiece and causes flank wear in the cutting tool. Increase in 

rate of flank wear is expected to cause built up edge on cutting tool lips.  

 The coconut oil influences the best surface finish because of its viscosity level. Coconut oil gives the lowest 

average viscosity value, which is slightly lower than the other three vegetable oils. Sharafadeen et al., (2013) 

have shown that the low viscosity value may determine its ability for heat dissipation. Low viscosity oil may 

flow quickly from the cutting tool to the workpiece and it takes a shortened contact length between the tools 

rake face and chip. This alleviated the contact length between tools rake and face and chip reduces the torque 

between the cutting tool and workpiece.  

 The minimum level of heat reduces the torque during cutting. Over-heat generation in the cutting tool cause 

thermal growth in both cutting tool and wokpiece, which increases the torque due to cutting tool penetrate into 

the workpiece. This condition creates high temperature in the tool-workpiece interface. The penetration of 

cutting tool in the workpiece in high temperature will affect the surface quality of the specimen. The specimen 

with sesame oil as the lubricant represents the roughest surface compared to other three vegetable oils. It is due 

to high temperature generated during drilling process. The tool has terribly worn in sesame oil and it influences 

the surface roughness become roughest compared to other specimens.  

 The surface quality, which is obtained through coconut oil, is based on its excellent lubricating properties.  

Ezugwu et al. (2004) reported that the excellent lubricity of vegetable oil is due to the trigycerol that attaches to 

the metal surface. This allows a monolayer film formation with non-polar fatty acid chains and consequently 

leads to an easy sliding contact. The effortless interaction on the surfaces workpiece and tool led to the plane 

and even surface geometry. Vegetable oil provides qualities as a lubricant with its triglyceride structure (Lawal, 

2012). The good composition of long, polar fatty acid reduces friction and wear, where both have a great 

influence in surface roughness. 

 

Surface Integrity: 

 Surface integrity is the condition of the material after its modification from a manufacturing process 

(Rodrigues, 2012). Topography characteristics and surface layer characteristics are two aspects in surface 

integrity. In this experiment, white layer and micro cracks under surface layer characteristics were observed 

under scanning electron microscope (SEM). The first and ninth holes using four different type of vegetable oils 

were observed. White layer is known as layer of untempered metal which is usually around 2-5 µm thick on the 

surface of the specimen. The etching process on the specimen is required before the white layer appears in the 

scanning electron microscope (SEM). The hardness of white layer is 12.85 ±0.80 GPa, is greater than 

untempered martensite produced by various heat treatment processes. Very often, white layer can be observed in 

machining process. The electrochemical properties of white layer may corrode more quickly. In this experiment, 

the white layer was unfortunately visible in the scanning electron microscope. It was due to wrong composition 

of oxalic acid in etching process. The correct mixing of oxalic acid with water will make the white layer to 

appear on the specimen in (SEM).  
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 Microcracks were observed in this experiment and presented in Table 5. It shows that the specimen which 

uses coconut oil produced the least amount of micro cracks compared to other vegetable oils. Large amount of 

micro cracks were found in the specimen which use sesame oil as the lubricant. The friction between the cutting 

tool and workpiece is the reason for micro cracks in the specimen. The micro- cracks were formed in the 

specimen surface due to increasing wear at the radial end of the cutting tool (Kivak, 2012). High temperature 

between the drilling process increases the friction. The friction causes the material being drilled build up on the 

cutting edge, which is known as build up edge. By continuously drilling the worn cutting tool, it has a bigger 

impact by affecting the surface quality of the material. Sesame oil has the highest temperature measured during 

drilling process, which produce the larger amount of micro cracks as shown in Table 6. The increment in the 

crack width and crack length of the sesame oil in the specimen of first hole and ninth hole is higher if compared 

to other three vegetable based lubricant.    

 
Table 5: Observation of micro cracks in specimen using four types of vegetable oil under SEM. 

 
 

 
 
Table 6: Temperature of workpiece during machining. 

 Coconut oil (o C) Olive oil (o C) Palm Oil (o C) Sesame Oil (o C) 

Before machining 26.4 26.4 26.4 26.4 

1st hole 27.1 28.4 28.7 29.2 

3rd hole 28.2 31.2 30.4 33.4 

9th hole 35.4 40.9 38.2 47.4 

 

Conclusion: 

 From this experiment, the viscosity of coconut oil is the lowest compared to palm, olive and sesame oils 

that were used in this experiment. The lowest viscosity lubricant reduces the heat generated in the machining 

process. The result of the surface roughness reported that, coconut oil lubricated drilled hole has the smoothest 

surface compared to other type of oil and the best performance at cutting speed (12.192 m/min), depth of cut ( 

23mm), feed rate (54.8 mm/rev) and spindle speed (456.56 rev/min). There were no white layers found in the 

specimen, however the micro cracks in the coconut oil was in the lowest amount compared to other three type of 

vegetable oil. 
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