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The increasing attention to the environmental and health impacts of industrial activities by govern-
mental regulations and by the growing awareness level in the society is forcing industrialists to reduce
the use of mineral oil-based metalworking fluids as cutting fluid. Cutting fluids have been used
extensively in metal cutting operations for the last 200 years. In the beginning, cutting fluids consisted
of simple oils applied with brushes to lubricate and cool the machine tool. As cutting operations
became more severe, cutting fluid formulations became more complex. There are now several types of
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cutting fluids in the market and the most common types can be broadly categorized as cutting oils or
water-miscible fluids. In this review, the applicability of vegetable oil-based metalworking fluids in
machining of ferrous metals has been undertaken. The advantages of metalworking fluids and its
performances with respect to the cutting force, surface finish of work piece, tool wear and temperature

Lubrication at the cutting zone have been investigated. It has been reported in various literature that metalworking
fluids, which are vegetable oil-based, could be an environmentally friendly mode of machining with
similar performance obtained using mineral oil-based metalworking fluids.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Metalworking fluids (MWFs) are one of the types of lubricants,
which are extensively used in machining operations. There are
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several types of MWFs which may be used to carry out such
tasks [1]. Most of the MWFs are mineral oil-based fluids and these
fluids increase productivity and the quality of manufacturing
operations by cooling and lubricating during metal cutting and
forming processes [2]. Due to their advantages, the consumption of
MWEFs is increasing in machining industry. It is reported that the
European Union alone consumes approximately 320,000 tonnes
per year of MWFs out of which at least two-thirds need to be
disposed [3]. Despite their widespread use, they pose significant
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health and environmental hazards throughout their life cycle. It is
reported that about 80% of all occupational diseases of operators
were due to skin contact with cutting fluids [4-8]. Estimation
shows that in the USA alone about 700,000 to one million workers
are exposed to MWFs [9]. As cutting fluids are complex in their
composition, they may cause irritation or allergy. Microbial toxins
are also generated by bacteria and fungi present, particularly in
water-soluble cutting fluids [10], and they are very harmful to the
operators. To overcome these challenges, various alternatives to
petroleum-based MWFs are currently being explored by scientists
and tribologists. Such alternatives include synthetic lubricants,
solid lubricants and vegetable-based lubricants.

The growing demand for biodegradable materials has opened
an avenue for using vegetable oils as an alternative to petroleum-
based polymeric materials [11,12], most especially in machining
operations. The public awareness in environmental issues has
been constantly growing [13]. Lubricants are used in many
diverse areas; therefore, their environmental acceptability has
become increasingly important. As a result, research on biode-
gradable functional fluids emerged as one of the top priorities in
lubrication in the early 90s, which led to a lot of growing number
of environmentally friendly fluids and lubricants in the market
[14]. Vegetable oils, especially rapeseed [15] and canola [16] are
some of the more promising candidates as basestocks for the
biodegradable lubricants. They are readily biodegradable and less
costly than synthetic basestocks. They often show quite accep-
table performance as lubricants [17]. Cutting fluids are normally
classified into three main groups; that is; (i) neat cutting oils (ii)
water-soluble fluids and (iii) gases. The water-soluble fluids can
be classified as emulsifiable oils (soluble oils), chemical (syn-
thetic) fluids or semi-chemical (semi-synthetic) fluids, as shown
in Fig. 1. Fluids within these classes are available for light,
medium and heavy duty performance [18].

In general, vegetable oils are highly attractive substitutes for
petroleum-based oils because they are environmentally friendly,
renewable, less toxic and readily biodegradable [19,20]. Conse-
quently, vegetable-based oils are more potential candidates for use
in industry as lubricants/MWFs. Many investigations are in pro-
gress to develop new bio-based cutting fluids from various vege-
table oils available around the world. Because of environmental
concerns and growing regulations over contamination and pollu-
tion, the increase in need for renewable and biodegradable
lubricants is highly expected. An annual growth rate of 7-10% for
environmentally favourable lubricants is expected in the US
market over the next few years compared to a rate of only 2% for
the overall lubricant market [21]. Vegetable oils are a viable and

renewable source of environmentally friendly oils. The majority of
vegetable oils consist primarily of triacylglycerides, which have
molecular structure with three long chain fatty acids attached at
the hydroxyl groups via ester linkages. The fatty acids in vegetable
oil triglycerides are all of similar length, between 14 and 22
carbons long, with varying levels of unsaturation [22,23]. Fig. 2
shows a typical chemical structure of triglyceride of vegetable oil,
where R;, R, and R; are long chains of carbons and hydrogen
atoms, sometimes called fatty acid chains.

The triglyceride structure of vegetable oils provides qualities
desirable in a lubricant. Long, polar fatty acid chains provide high
strength lubricant films that interact strongly with metallic
surfaces, reducing both friction and wear. The strong intermole-
cular interactions are also resilient to changes in temperature
providing a more stable viscosity, or high viscosity coefficient. The
similarity in all vegetable oil structures means that only a narrow
range of viscosities are available for their potential use as
lubricants. The strong intermolecular interactions whilst provid-
ing a durable lubricant film also result in poor low-temperature
properties. The fluid also remained biodegradable with low
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Fig. 2. Chemical structure of triglyceride of a typical vegetable oil [24].

Table 1
Advantages and disadvantages of vegetable oils as lubricants [36].

Advantages Disadvantages

High biodegradability

Low pollution of the environment
Compatibility with additives

Low production cost

Wide production possibilities
Low toxicity

High flash points

Low thermal stability
Oxidative stability

High freezing points
Poor corrosion protection

Water — Soluble Fluids

(Water —Miscible)

Emulsifiable Chemical Semi-chemical
Oils (Synthetic) (Semisynthetic)
Fluids
| Fluids

Clear -Type Fatty Soluble
Soluble Oils  Oils

General Purpose
Soluble Oil

EP Soluble Oils

Surface —Active
Chemical Fluids

True Solutions

Fig. 1. Classification of water-soluble fluids [18].
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toxicity at all stages of its life. Lubricant formulations are being
developed based on the benefits and limitations of vegetable oils.
Without additives, vegetable oils out performed mineral base-oils
in antiwear and friction [22,25], scuffing load capacity [26] and
fatigue resistance [27]. Fully formulated vegetable oil lubricants,
in comparison to mineral oil counterparts, display a lower
coefficient of friction, equivalent scuffing load capacity and better
pitting resistance, but also poorer thermal and oxidative stability
[28-33]. At extreme loads, vegetable oil-based lubricants become
significantly less effective [34]. Vegetable oils are particularly
effective as boundary lubricants as the high polarity of the entire
base oil allows strong interactions with the lubricated surfaces.
Belluco and De Chiffre [35] evaluated the performance of a range
of mineral and vegetable oil-based cutting fluids in a wide range
of machining operations and found that vegetable-based oil
formulations displayed equal or better performance than the
reference commercial mineral oil in all operations. In summary,
vegetable oils do display many desirable characteristics, which
make them very attractive lubricants for many practical applica-
tions. Table 1 shows the advantages and disadvantages of vege-
table oils as metalworking fluids.

The major performance issues such as low temperature prop-
erties and low resistance to oxidative degradation are addressed
by various methods such as (i) reformulation of additives, (ii)
chemical modification of vegetable-based oils and (iii) genetic
modification of the oil seed crop [37,38]. In this study, the
application of vegetable oil-based metalworking fluids in machin-
ing various grades of steel have been reviewed in details and their
applications as an alternative to mineral based oil are highlighted.

2. Application of vegetable oil-based MWFs in machining
ferrous metals

The machinability of ferrous alloys is sometime a difficult task;
some of the characteristics that make them difficult are high strength,
low thermal conductivity, high ductility and high work hardening
tendency. Poor surface finish of the work materials, high cutting force
and high tool wear are generally observed when machining these
materials. Hence, vegetable oil-based MWFs are used to eliminate the
effect of heat and friction, provide lubrication between chip tool
interfaces and flush away chips from machining of steel alloys and
improve surface finish of the work material. The machinability of
various ferrous metals with vegetable oil-based MWFs as cutting
fluids is discussed in the subsections that follow.

2.1. AISI 304 austenitic stainless steel

Xavior and Adithan [39] investigated the influence of cutting
fluids on tool wear and surface roughness during turning of AISI
304 austenitic stainless steel with carbide tool using three
different types of cutting fluids (coconut oil, emulsion and a neat
cutting oil-immiscible with water). The experimentation work
was based on Taguchi’s design of experiment (DOE) with L, (3)*
orthogonal array using cutting speed, depth of cut, feed rate and
types of cutting fluids as critical input parameters. The levels of
these parameters are presented in Table 2.

Table 2
Critical parameters and their levels [39].

A model calculation using multiple linear regression models
were developed to determine the tool wear and surface rough-
ness; while, ANOVA was used to determine the significant
parameters that influenced the tool wear and surface roughness.
The results obtained as shown in Fig. 3 indicated that coconut oil
had greatest influence on the surface roughness and tool wear
(1.91, 2.06 and 2.11 um and 0.045, 0.055, 0.071 mm), followed by
straight cutting oil (2.25, 2.50 and 2.43 pum and 0.098, 0.095 and
0.104 mm) and soluble oil had the least effect (2.68, 2.92 and
2.92 pm and 0.076, 0.094 and 0.10 mm) at a constant depth of cut
of 0.5 mm, feed rate of 0.2, 0.25 and 0.28 mm/rev and cutting
speed of 38.95, 61.35 and 97.38 m/min. The authors observed that

(i) feed rate had greater influence on surface roughness with
61.54% contribution and cutting speed has greater influence on
tool wear with 46.49% contribution for all the cutting fluids;

(ii) the relative performance of the effectiveness of the cutting
fluids in reducing the tool wear and improving the surface
finish was better when coconut oil was used compared to
conventional mineral oil.

Kuram et al. [40], studied the effect of cutting fluid types and
cutting parameters on surface roughness and thrust force with
three different vegetable-based cutting fluids developed from raw
and refined sunflower oil and two commercial types (vegetable
and mineral based cutting oils) during drilling of AISI 304
austenitic stainless steel with high speed steel E-grade (HSS-E)
tool. The vegetable oil-based cutting fluids were formulated with
various additives to meet the specifications such as resistance to
bacterial growth, corrosion, antifoaming agent and antiwear
characteristics [41]. Table 3 shows the characterization of vege-
table-based cutting fluids developed for the study.

They considered spindle speed, feed rate and drilling depth as
input parameters with two sets of experimental design. In the
first set of experimental design, they studied the effect of spindle
speeds (520, 620 and 720rpm) at a constant feed rate of
0.12 mm/rev and depth of 21 mm., while in the second set, they
studied the effect of feed rates (0.08, 0.12, 0.16 mm/rev) at a
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Fig. 3. Feed rate vs. surface roughness. (1) Coconut oil (2) soluble oil (3) straight
cutting oil; depth of cut (d): 0.5 mm (constant); cutting speed (V,): 38.95 m/min,
61.35 m/min and 97.38 m/min at the three points a, b and c, respectively [39].

S/No. Machining parameters Unit Level 1 Level 2 Level 3

1 Cutting speed, V. m/min 38.95 61.35 97.38

2 Depth of cut, d mm 0.5 1.0 1.2

3 Feed rate, f mm/rev 0.2 0.25 0.28

4 Type of cutting fluids, D - Coconut oil Soluble oil Straight cutting oil
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Table 3
Characterization of vegetable-based cutting fluids [40].

MWEFs?* pH value Density Viscosity (40 °C) mm?/s Flash point (°C) Refractive index
(emulsion 8%) (g/ml)
Without additive Emulsion 8%
CSCF-1 8.70 0.970 71 14 218 1.475
SCF-1 9.10 0.980 74 2.0 199 1474
SCF-II 9.00 0.975 75 1.9 170 1.475
CVCF 9.32 0.960 85 1.5 205 1.476
CMCF 9.40 0.906 29 14 175 1.482

@ CSCF-I: Crude sunflower cutting fluid; SCF-I: Sunflower cutting fluid; SCF-II: Sunflower cutting fluid (a mixture of two surfactants); CVCF: Commercial vegetable

cutting fluid; CMCF: Commercial mineral cutting fluid.

Table 4
Characterization of vegetable-based cutting fluids [49].

MWFs? pH value Density Viscosity (40 °C) mm?/[s Flash point (°C) Refractive index
(emulsion 8%) (g/ml)
Without additive Emulsion 8%
SCF-II (8% EP) 8.92 0.96 91 4.1 217 1.4775
CCF-II (8%EP) 9.00 0.97 110 3.9 232 1.4770
CSSF 9.18 0.98 75 1.7 235 1.4825

2 SCF-1I (8%EP): sunflower cutting fluid with 8% EP additive; CCF-II (8%EP): canola cutting fluid with 8% EP additives; CSSF: commercial semi-synthetic cutting fluid.

constant spindle speed of 620 rpm and drilling depth of 21 mm.
From the analysis, the following observations were made:

(i) an increase in the spindle speed and change of cutting fluid
type decreased the thrust force at the feed rate of 0.12 mm/
rev and drilling depth of 21 mm, which was consistent with
the literature [42-44];

(ii) with sunflower cutting fluid (SCF-I), the thrust force was lower
and it was minimum when the spindle speed was 720 rpm;

(iii) when the spindle speed was 620 rpm, and drilling depth was
21 mm, the thrust force decreased as the feed rate decreased
and this was consistent with previous findings [43,45,46];

(iv) at a feed rate of 0.12 mmy/rev and drilling depth of 21 mm, an
increase in spindle speed improved surface finish and this was in
agreement with findings from other researchers [42,43,47,48].

However, the minimum surface roughness was achieved at
spindle speed of 720 rpm with commercial vegetable cutting fluid
(CVCF) as lubricant. SCF-I was found to be the most effective in
reducing surface roughness at higher spindle speeds. It was
observed that by increasing the spindle speed from 520 rpm to
720 rpm, the surface roughness decreased by up to 32% for SCF-I.
Sunflower cutting fluid—a mixture of two surfactants (SCF-II) and
CVCF resulted in lower surface roughness at feed rate of 0.08 mm/
rev. SCF-II lubricant resulted in minimum surface roughness at
feed rates lower than 0.12 mm/rev.

Kuram et al. [49] performed extensive research on two
different vegetable oil-based cutting fluids developed from
refined canola and sunflower oil and a commercial type semi-
synthetic cutting fluid to determine the optimum conditions for
tool wear and forces during milling of AISI 304 austenitic stainless
steel with carbide tool material (Iscar HM90 APKT 100304PDR IC
908). Taguchi Lg (34) orthogonal array was used for the experi-
mental plan. Cutting speed, feed rate, depth of cut and types of
cutting fluids were considered as input machining parameters.
Mathematical models for cutting parameters and cutting fluids
were obtained from regression analyses to predict tool wear and
forces. S/N ratio and ANOVA were also performed to identify the
significant parameters influencing tool wear and forces. Table 4

Table 5
Machining parameters and their levels [49].

Level Cutting speed Feed rate Depth of cut  Cutting
(m/min) (mm/rev) (mm) fluids

1 150 0.20 0.2 SCF-II

2 175 0.25 0.3 CCF-II

3 200 0.30 0.4 CSSF

shows the characterization of vegetable oil-based cutting fluids
used for the research.

The tool wear and force model equations developed in the
study are shown in Egs. (1)-(3).

The tool wear model:

VB =0.216—-0.00618V—0.33f +4.42a, +0.0598CF 1)
The force model:

Fx =—11040.113V +210f +877a,—0.2CF 2)

Fy =—-754-0.007V +83f +-843a,+ 1.0CF 3)

where VB=tool wear in mm, V=cutting speed in m/min, f=feed
rate in mm/rev, a,=depth of cut in mm and CF=cutting fluid,
where the numerical values for CF are 1, 2 and 3 for SCF-II, CCF-II
and CSSF, respectively, as shown in Table 5.

The multiple linear regression analysis used for the modelling
agreed with the result obtained for tool wear, which were
between the range of 0.010 and 0.980 mm for cutting speed
(150, 175 and 200 m/min); feed rate (0.20, 0.25 and 0.30 mm/
rev); depth of cut (0.2, 0.3 and 0.4 mm) for various cutting fluids
used. The S/N ratio analysis to determine the optimal machining
conditions for various cutting fluids were investigated as follows:

(i) the tool wear was investigated at 200 m/min cutting speed,
0.30 mm/rev feed rate, 0.2 mm depth of cut for sunflower
cutting fluid with 8% extreme pressure additive (SCF-II, 8%EP);

(ii) the horizontal cutting force was investigated at 150 m/min
cutting speed, 0.20 mm/rev feed rate, 0.2 mm depth of cut for
canola cutting fluid with 8% extreme pressure additives (CCF-
11, 8% EP);
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(iii) the vertical force was investigated at 150 m/min cutting speed,
0.20 mm/rev feed rate, 0.2 mm depth of cut and SCF-II (8%EP);

(iv) the depth of cut was found to have a greater influence on the
tool wear and force components.

2.2. AISI 1040 steel

Krishna et al. [50], investigated the performance of nanoboric
acid suspensions in SAE-40 and coconut oil during turning of AISI
1040 steel with cemented carbide tool (SNMG 120408). The
variation of cutting tool temperatures, average tool flank wear
and the surface roughness of the machined surface with cutting

speed were studied using nonsolid lubricant suspensions in
lubricating oil. The experiments were conducted under the
following conditions; cutting speed (60, 80 and 100 m/min); feed
rate (0.14, 0.16 and 0.2 mm/rev); depth of cut (1.0 mm). Solid
lubricants of boric acid with particle size of 50 nm, lubricating oil
SAE-40 and coconut oil with flow rate of 10 ml/min were used for
lubrication. The temperature was measured by the embedded
thermocouple placed at the bottom of the tool inserted in the tool
holder. They reported that the cooling action of the lubricant with
nanosolid lubricant suspensions was evident from the measure-
ment of the cutting tool temperatures. Fig. 4a shows that cutting
temperatures increased with cutting speed irrespective of the
lubricant, and cutting temperatures were less with coconut oil

~#-0.25% BA in SAE oil
——0.5% BA in SAE oil
== 1% BA in SAE oil

=#—0.25% BA in coconut
oil

—4—0.5% BA in coconut
oil

=~ 1% BA in coconut oil
110

=®~-0.25% BA in SAE oil
——0.5% BA in SAE oil
== 1% BA in SAE oil

=#—0.25% BA in coconut

oil

—4—0.5% BA in coconut
oil

=~ 1% BA in coconut oil

~0~0.25% BA in SAE oil
—0.5% BA in SAE oil
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Fig. 4. (a) Variation of cutting temperatures with cutting speed (feed rate=0.2 mm/rev, d.o.c=1 mm, time=15 min) [50], (b) variation of tool flank wear with cutting speed
(feed rate=0.2 mm/rev, d.o.c=1 mm, time=15 min) [50] and (c) variation of surface roughness with cutting speed (feed rate=0.2 mm/rev, d.o.c=1 mm, time=15 min) [50].
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compared to SAE-40 for identical cutting conditions. Also, cutting
temperatures increased with increase in feed rate at all the
lubricant conditions.

Tool flank wear was measured at different lubricating condi-
tions and at various cutting speeds. Flank wear increased gradu-
ally with increase in speed and feed rate. The combined effect of
solid lubricant and vegetable oil led to the reduction in flank wear
with 0.5% nanoboric acid particles suspensions in coconut oil
compared to the remaining conditions shown in Fig. 4b.

It was reported that surface roughness initially reduced and
then increased with increase in cutting speed at all the lubricating
conditions and increased with increase in feed rate. It was equally
observed that surface roughness reduced with coconut oil com-
pared to SAE-40 oil and within the coconut oil lubricants, 0.5%
nanoboric acid suspensions gave better results as depicted in
Fig. 4c.

In addition, they concluded that, cutting temperatures, tool
flank wear and surface roughness decreased significantly with
nanolubricants compared to base oil due to the lubricating action
of boric acid and that in all the cases, coconut oil-based nano-
particle suspensions showed better performance compared to
SAE-40 based lubricant. This was because of better lubricating
properties of the base oil.

2.3. AISI 420 steel

Sharif et al. [51] evaluated the feasibility of vegetable oil-based
palm oil as a cutting lubricant through the use of minimum
quantity lubricant (MQL) during end milling of hardened stainless
steel (AISI 420) using coated carbide tool materials (TiATN and
A1TiN). Cutting forces, tool life and surface roughness were
evaluated under the following machining conditions, cutting
speed (100, 130 and 160 m/min), feed rate (0.05 mm/tooth), axial
depth of cut (12 mm), radial depth of cut (1 mm). The end mill
cutter had 10 mm with 4 flutes. The cutting fluids and lubricants
used were fatty alcohol, palm olein, palm olein with additive A
and palm olein with additive B.

From the cutting test shown in Fig. 5, tool wear progression
was gradual for palm oil and fatty alcohol, while for the dry and
flood cutting, the tool wear progressed rapidly. Initial rates of tool
wear for palm oil and fatty alcohol showed similar trend and
increased drastically after the average wear reaching 0.1 mm
wear land. Three distinct stages of wear were observed namely,
the (i) primary wear, (ii) normal (secondary) wear and (iii) sharp
(tertiary) wear. The rate of wear was high with dry cutting and
cutting with flooded coolant. However, with palm oil and fatty

alcohol coolant, the rate of wear was rather low. The highest tool
life achieved was 160.27 min for palm oil lubricant, followed by
137.74 min for fatty alcohol, 39.86 min for flood cutting and
35.16 min for dry cutting. The surface roughness for palm oil
and fatty alcohol were 0.73 pm and 0.69 pm at initial stage and
finally improved to 0.31 pm and 0.48 pum, respectively. However,
for dry and flood coolant conditions, the surface roughness were
0.24 pm and 0.29 pum at initial stage and finally increased to
0.54 pum and 0.72 pm, respectively, as shown in Fig. 6.

2.4. AISI 9310 alloy steel

Khan et al. [52] studied the effects of minimum quality
lubrication (MQL) by vegetable oil-based cutting fluid on turning
performance of AISI 9310 low alloy steel using uncoated carbide
tool and compared with completely dry and wet machining in
terms of chip-tool interface temperature, chip formation mode,
tool wear and surface roughness. The process parameters used
were cutting velocity (223, 246, 348 and 483 m/min), feed rate
(0.10,0.13, 0.16 and 0.18 mm/rev) and depth of cut (1.0 mm). The
average chip-tool interface temperature was measured using the
tool-work thermocouple technique and plotted against cutting
velocity for different feeds and environments undertaken. They
showed that, with increase in cutting velocity and feed rate,
average chip-tool interface temperature increased as depicted in
Fig. 7. They found that the form (shape and colour) and thickness

Surface roughness, Ra (um) at initial and final cutting

= Initial cutting
m Final cutting

0.73 0.72
0.69

Surface roughness, Ra (pum)

palm oil

fatty

flood dry

Fig. 6. Surface roughness at initial and final cutting for end milling stainless steel [51].

Tool Wear, Vb vs Machining Time
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Fig. 5. Tool wear, VB using different types of coolant conditions [51].
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Fig. 7. Variation in average chip-tool interface temperature with cutting velocity and feed rate in turning steel by uncoated carbide tool under dry, wet and MQL cooling

conditions at 0.16 and 0.18 mm/rev [52].
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Fig. 8. Growth of average auxiliary flank wear with time under dry, wet and MQL
by vegetable oil conditions at cutting velocity 334 m/min [52].

of the chips directly or indirectly indicated the nature of chip-tool
interaction influenced by the machining environment. This
depended on the mechanical properties of the work material,
tool geometry particularly the rake angle, levels of cutting
velocity and feed rate, nature of chip-tool interaction and cutting
environment.

They found that when machining with MQL, the form of these
ductile chips did not change appreciably, but their back surface
appeared much brighter and smoother. The colour of the chips
became much lighter i.e. blue or golden from burnt blue depend-
ing on the cutting velocity and feed rate, due to reduction in
cutting temperature by MQL. The gradual growth of average
principal flank wear, the predominant parameter to ascertain
the expiry of tool life were observed under all the environments
and it indicated steady machining without any premature tool
failure by chipping, fracturing, etc., establishing proper choice of
domain of process parameters as shown clearly in Fig. 8.

The variation in surface roughness observed during turning AlSI
9310 low alloy steel by uncoated carbide tool at a particular set of
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Fig. 9. Variation in surface roughness with progress of turning steel by SNMG
insert under different cooling conditions at cutting velocity 334 m/min and feed
rate 0.18 mm/rev [52].

cutting velocity, feed rate and depth of cut under dry, wet and MQL
conditions is shown in Fig. 9. As MQL reduced average auxiliary
flank wear and produced no notch wear on auxiliary cutting edge,
surface roughness increased very slowly under MQL conditions.
However, the surface roughness deteriorated drastically under wet
machining compared to dry, which might possibly be attributed to
electrochemical interaction between tool and workpiece. It was
observed from Fig. 8 that surface roughness increased quite fast
under dry machining due to temperature. MQL appeared to be
effective in reducing surface roughness.

One of the conclusions reported by Khan et al. [52] was a
significant increase in the machining of AISI 9310 low alloy steel
with carbide insert and this resulted in reduction of flank wear.
Higher cutting velocity of 334 m/min and feed rate of 0.18 mm/rev
were attained, which translated into improvement of metal removal
rate (MRR), that is, productivity as shown in Figs. 8 and 9.
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They argued that such reduction in tool wear was possible
because of retardation of abrasion, decrease or prevention of
adhesion and diffusion type thermal sensitivity wear at the flanks
and reduction of built-up edge formation, which accelerated wear
at the cutting edges by chipping and flaking. Krahenbuhl [53]
reported that vegetable oils-based cutting fluids were viable
alternative to petroleum-based metalworking fluids due to the
following reasons: (i) vegetable oil possess higher flash point,
which give opportunities for increase in MRR, because of reduc-
tion in smoke formation and fire hazard during machining
process, (ii) vegetable oils provide lubricating film layer, which
helps to improve workpieces quality and overall process produc-
tivity reducing friction and heat generation.

Krahenbuhl [54] reported an instance, where vegetable oil
technology made it possible to increase production volume by 10%,
because higher cutting velocity and feed rate were achieved and also
reducing tool cost by 50% in producing titanium and stainless steel
medical implants. He reported that vegetable oils lubrications made
possible a 15-fold increase in tool life, while tapping steel parts for an
automobile application. He concluded that coolants based on vege-
table oils had demonstrated an ability to deliver machining perfor-
mance that in most applications was significantly superior to that of
mineral oils and synthetic formulations.

2.5. Mild steel

Ojolo et al. [55], experimentally determined the effect of some
straight biological oils (groundnut oil, coconut oil, palm kernel oil
and shear butter oil) on cutting force during cylindrical turning of
three materials (mild steel, copper and aluminium) using tung-
sten carbide tool. The cutting variables considered during
machining process were cutting speed, feed rate and depth of
cut. Spindle speeds of 250, 330, 450 and 550 rpm were used at a
constant feed of 0.15 mm/rev and 2 mm depth of cut for each of
the workpiece. Their results showed that bio-oils were suitable
for metalworking fluids, but the effects of the bio-oils on cutting
force were material dependent. Groundnut oil exhibited the
highest reduction in cutting force when aluminium was turned
at a speed of 8.25 m/min and feeds of 0.10, 0.15 and 0.20 mm/rev,
respectively. Palm kernel oil had the best result when copper was
turned at feed 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 oil and as such, were very mild in
reducing cutting force during cylindrical machining. It was con-
cluded that groundnut and palm kernel oils were effective in
reducing cutting force during cylindrical turning of the three
workpieces. Lawal et al. [56] experimentally confirmed the con-
clusion of Ojolo et al. [55] when they studied the performance of
cutting fluids developed from four vegetable oils (groundnut oil,
palm oil, palm kernel oil and olive oil) and compared with soluble
oil and dry cutting in turning of mild steel. The following
parameters were used during the machining process; cutting
speed (58, 85, 125, 180 and 260 m/min), constant depth of cut

Table 6
Cutting fluid description: basic characteristics of tested fluids [57].

(2 mm) and feed rate (2 mm/rev). Temperature was considered to
evaluate the performance of the cutting fluid developed from
each of the vegetable oils. As expected, the highest temperature of
184.7 °C was recorded by dry machining at cutting speed of
260 m/min, followed by palm kernel oil (104.36 °C), palm oil
and olive oil (93.98 °C) and soluble oil (82.72 °C). The best
performance was recorded by groundnut oil with 71.39 °C for
the same cutting speed.

2.6. AISI 316L austenitic stainless steel

Belluco and De Chiffre [57] have studied the performance of
vegetable-based oils in drilling AISI 316L austenitic stainless steel
using conventional ‘High Speed Steel’ Cobutt (HSS-Co) tools. The
efficiencies of six cutting oils were evaluated by measuring tool
life, cutting forces and chip formation. They used commercial
mineral-based oil as reference product and five vegetable-based
(rapeseed oil) cutting fluids at different levels of additives for the
experiment as shown in Table 6. The analysis of variance (ANOVA)
[58] was performed to investigate the effect of different fluids on
all measured parameters. Tool life was not significant at 95%
confidence level for formulated fluid (D).

The thrust force was significant for both the whole life span of
the tool and the measurements performed at the beginning of the
tool life span. They concluded that there was relative increase in
tool life of 177% with the best fluid, whereas the decrease
of cutting thrust was less than 7% and that all vegetable-based
fluids performed better than the commercial mineral oil used as
reference product.

2.7. Mild steel (SAE 1020)

Alves and Oliveira [59] studied the mechanical performance
and environmental impact of a new cutting fluid developed for
grinding process using cubic boron nitride (CBN) tool on SAE 1020
mild steel. Two types of fluids (cutting oil and a semi-synthetic
fluid) along with new cutting fluid were tested to compare the
performance. The parameters evaluated were radial wheel wear,
and workpiece roughness. The grinding conditions applied in the
experiments were cutting speed (Vs)=33 m/s, workpiece speed
(V)=11.5mm/s, grinding width (b)=6.5 mm, grinding wheel
penetration (a)=25pum, the peripheral disk dresser velocity
(V;)=38 m/s and dressing depth of cut (a;)=10 um. Successive
dressing strokes of 10 um in diameter were performed until
uniform profile was obtained. The study showed that when
semi-synthetic cutting fluid with higher cooling ability and lower
lubricant properties was used, a higher wheel wear of approxi-
mately 8 pm in radius was achieved. The concentration of 21% of
the new formulated fluid showed similar performance with high
value of grinding ratio. At high concentration of 32%, the new
cutting fluid was not good because of chips agglomeration and
this increased the friction between workpiece and wheel leading
to increase in wheel wear. They reported high roughness values
for the two cutting fluids with high viscosity (cutting oil and the

Name Type Description S-add P-add
RM (ref. oil) Commercial oil mineral oil-based, general purpose, 20 cSt at 40 °C - -

RV Commercial oil vegetable oil-based, general purpose, 19 cSt at 40 °C - -

A Formulated oil Blend of rapeseed oil and ester oil, general purpose, 20 cSt at 40 °C + +

B Formulated oil Blend of rapeseed oil, ester oil and meadowfoam oil, general purpose, 20 cSt at 40 °C - +H

C Formulated oil Blend of rapeseed oil and ester oil, mild duty, 20 cSt at 40 °C + +

D Formulated oil Blend of rapeseed oil, ester oil and meadowfoam oil, mild duty, 20 cSt at 40 °C + +

S-add and P-add columns represent amount of sulphur and phosphor containing additives, at the levels low (+), middle (++) and not available (-).
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new cutting fluid), which was attributed to chips agglomeration.
At low concentration of 15% and 21%, the new cutting fluid caused
a decrease in the roughness value and the best performance was
observed when a concentration of 21% of the new cutting fluid
had a roughness value lower than 0.60 pm. The new cutting fluid
at 32% and the cutting oil presented a similar behaviour as there
were increases in the roughness values (ranged around 0.90 pm)
as well as in the volume of material removal. The semi-synthetic
fluid presented good results with roughness around 0.60 pm. The
study investigated the biodegradability of the new cutting fluid
using the ‘Ready Biodegradability’ test and concluded that the
cutting fluid was environmental friendly.

2.8. 100Cr6 Alloy (hardened bearing steel)

Herrmann et al. [60] investigated the technical, ecological and
cost assessment from a life cycle perspective of coolants made of
native ester. The research involved carrying out technical tests of
different coolants including screening of relevant physical proper-
ties and grinding tests on pilot station and on industry scale using
hardened bearing steel (100Cr6, 62 HRC) workpiece material and
CBN grinding wheel. The grinding process parameters used were:
cutting speed (V.)=60 m/s, wheel diameter (ds)=40 mm, width of
cut (a,)=10 mm, workpiece diameter (d,,)=110 mm and specific
material removal rate (Q,/)=2 mm?>/(mm s). Technical assess-
ment, life cycle assessment and life cycle costing were considered
to evaluate the cutting fluids. The flash point and viscosity of the
developed esters were observed to meet the general requirements
for cutting fluids. Grinding forces obtained as shown in Fig. 10
indicated that a stable grinding process was possible with all the
tested ester oils. It was observed that the tendency to lower the
cutting force as long as the test lasted was caused by sharpening
grinding wheel topography, but not by the change from one ester
oil to another.

The quality of workpiece surface was reported not to have
been influenced negatively by the developed native coolant as the
measured values fluctuated in a normal range for a grinding
process under the chosen conditions. The mass and energy fluxes
throughout the life cycles of five coolants were compared using
the life cycle analysis ( LCA) methodology according to ISO 14040
family [61]. A system output of 1000 workpieces processed with
the respective lubricant to determine the environmental burdens
was employed. The used cooking oil product followed by the
animal fat product caused the lowest potential impact on the
environment as shown in Fig. 11.

It was observed that the main disadvantage of native products
based on plant seed oil is their relatively high market price as
shown in Table 7. The authors noted the market prices in relations
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Fig. 10. Grinding forces using methyl esters as coolant [59]; 9104 (reference
product—vegetable), F (animal fat methyl ester), G (used cooking oil methyl
ester), K (suet methyl ester), ] (lard methyl ester), H (oleic fraction methyl ester).
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Table 7
Market prices for different types of coolant [59].
Coolant based on Market price [€/kg]
Mineral oil 135
Plant seed ester 3.30
Animal fat ester 2.26
Used cooking oil ester 2.18
|
low ~ _
" used cookKin
i oil este
fat ester
E palr;r oil
n ester B
— y \‘.
8
c
Q
£
1= \
-
g N ra;_:le steed mineral oil [~
Oll estel pI‘Qd_I.ICt
high
| |
high low

market price

Fig. 12. Market price/environmental impact portfolio [58].

to the potential environmental impact and concluded that
mineral oil product offered cheapest price while causing the
biggest potential harm to the environment as shown in Fig. 12.

2.9. AISI 4340 steel

Avila and Abrao [62] investigated the performance of three
types of cutting fluids (fluid A=emulsion without mineral oil;
fluid B=emulsion synthetic and fluid C=emulsion with mineral
oil) in dry cutting when continuous turning of hardened AISI 4340
steel (49HRC) using mixed alumina inserts (AlOs+TiC). They
evaluated tool life, surface finish, tool wear mechanisms and chips
for both rough and finish machining. The rough machining test
was conducted using varying cutting speed (V;) of 50-100 m/min
for a feed rate (f) of 0.15 mm/rev and depth of cut (a,) of 2.0 mm.
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The finish machining setting was at cutting speed (V.) of 200-
400 m/min for a feed rate of 0.05 mm/rev and depth of cut of
0.5 mm. The tests were conducted according to ISO 3685 [63]
using a tool life criterion of average flank wear VBg=0.3 mm as
tests were stopped after 60 min, if criterion had not been met.
They observed that during rough turning with feed rate of
0.15 mm/rev and depth of cut of 2.0 mm, cutting fluid A provided
the longest tool life, followed by dry cutting and fluid B and while
worst result was given by the emulsion containing mineral oil
(fluid C). The same trend was observed when finish turning with
feed rate of 0.05 mm/rev and depth of cut of 0.5 mm, with tool life
criterion as VBg=0.2 mm. The superior performance of fluid A
may be attributed to the presence of grease in its composition,
which was responsible for improved lubricating action particu-
larly under heavy cutting operations. The effect of reduction in
the concentration of fluid A from 5% to 3% during finish turning
gave the best tool life results. The authors observed that during
rough turning at V=50 m/min, f=0.15 mm/rev and a,=2.0m,
the lowest surface roughness values were as follows: R;=1.7 um
(dry cutting), R;=1.73 pm (fluid A), R;=1.89 um (fluid B) and
R;=2.14 pm (fluid C). When the cutting speed was increased to
75 and 100 m/min, the best surface finish was obtained with fluid
C. The reduction of concentration of fluid A from 5% to 3% (during
the finish turning tests) did not represent any considerable
change on surface roughness irrespective of cutting speed and
the average R, value measured. The authors concluded that the
application of a cutting fluid based on an emulsion without
mineral oil resulted in longer tool life compared to dry cutting.
The reduction in the cutting fluid concentration of emulsion
without mineral oil from 5% to 3% resulted in lower tool life,
particularly at a cutting speed of 300 m/min.

3. Research and development challenges in the application of
vegetable-oils based MWFs

Research and development (R & D) in the application of
vegetable oil-based MWFs in machining processes have wit-
nessed a great attention in recent years, due to the performances
recorded during machining processes. The current attention to
the environmental impacts of industry by governmental regula-
tions is another factor. However, just like all other aspects of
technology, R & D is an ongoing concern in the application of
vegetable-oil during machining processes. A critical look at
literature on the application of vegetable oil-based MWFs indi-
cates that, it is widely used in machining of various ferrous
metals. There are many of these vegetable-oils based MWFs in
the market today and some of the examples of commercial MWFs
based vegetable-oils are (i) Desigreen: 100, 120, 215, 300, Desi-
clean: 1000, Desigreen based-12, Desigreen penetrant [64], (ii)
ECOLUBE [65] and (iii) CIMFREE VG: 920M, 990M, 901ZH, 3900H,
703ES, S175, S110P, MF5350 [66]. Some of these products are
used for medium to heavy-duty machining and grinding pro-
cesses and are applicable to ferrous and non-ferrous metals.

From the available literature, it was observed that, there had
been a gap in the application of vegetable-oils based MWFs on
non-ferrous and super alloy materials. Few attempts have been
made in the application of MWFs during machining of non-
ferrous metals like aluminium, copper and brass [55,67]. How-
ever, much work still needed to be done in the application of
vegetable-oils MWFs in machining of super alloy materials. Super
alloy materials which were classified into nickel base, iron base
and cobalt base by Choudhury and El Baradie [68] currently
occupy a very important position in manufacturing industry, as
they have vast applications in engineering fields. Super alloys are
known to be heat-resistant alloys of nickel, nickel-iron, or cobalt,

that exhibit a combination of mechanical strength and resistance
to surface degradation that are generally unmatched by other
metallic compounds. This statement calls for urgent need to focus
more attention on research and development in the application of
vegetable-oils based MWFs in the machining of super alloy
materials. The results of investigation of the effect of palm oil as
MQL lubricant on high speed drilling of titanium alloys by Rahim
and Sasahara [69] shows that vegetable-oils MWFs have great
potential in machining of super alloy materials.

4. Conclusion

Cooling and lubrication in machining are important in redu-
cing the severity of the contact processes at the cutting tool-
workpiece interface. Historically, more than 100 years ago, water
was used mainly as a coolant due to its high thermal capacity and
availability [70,71]. Corrosion of parts and machines and poor
lubrication were the drawbacks of such a coolant. Mineral oils
were also used at this time as these have much higher lubricity,
but the lower cooling ability and high costs restricted their use
for low cutting speed machining operations. It was later
discovered that oil added to water (with a suitable emulsifier)
gave good lubrication properties with good cooling effects and
these became known as the soluble oils, but with environmental
challenges to address. Currently, there are wide scale evaluations
of the use of MWFs in machining, so as to reduce the amount of
lubricants in metal removing operations. Kalhofer [72] revealed
the main side effects of MWFs to be respiration and skin
problems. An attempt to solve these problems as studied by
Klocke and Eisenblatter [73] demonstrated the interest of dry
machining and eventually met with success in the field of
environmental friendly manufacturing. However, these became
less effective when higher machining efficiency, better surface
finish quality and severer cutting conditions are required. Kra-
henbuhl [53], therefore, suggested vegetable oils as a viable
alternative to petroleum, considering the subject from perfor-
mance, cost, health, safety and environmental points of view. This
work is therefore a review of recent researches in the application
of vegetable oil-based metalworking fluids during machining of
ferrous metals. The review focuses on the performance and
environmental impact of these vegetable oils as emulsion and
straight oils for various materials and machining conditions. The
salient features are as follows:

1. The introduction of vegetable oil-based metalworking fluids in
machining applications has made it possible to achieve better
performance as reported by all researchers. Coconut oil
showed the best performance at cutting speed (90 m/min),
depth of cut (1 mm) and feed rate (0.35 mm/rev) when
compared to mineral oil on turning of AISI 304 austenitic
stainless steel. Surface roughness (R,) of 4.5 um and 5.5 pm
were obtained respectively for coconut oil and mineral oil.

2. Palm oil-based cutting fluids used in milling of AISI 420
stainless steel was observed to yield longer tool life of
160.27 min and surface roughness of 0.31 pm compared to
fatty, flood and dry cutting with 137.74, 39.86 35.16 min tool
lives and 0.48, 0.29, 0.24 um surface roughness, respectively.

3. When vegetable oil was applied to turning of AISI 9310 alloy
steel using MQL mode of application, there was remarkable
improvement of metal removal rate (MRR), that is, productiv-
ity. High productivity means that higher feed rate was
achieved when vegetable-oil-based metalworking fluid was
used. Surface roughness values of 4.0, 5.0 and 5.5 pm were
obtained for vegetable-oil, wet and dry cutting, respectively, at
cutting velocity of 334 m/min and feed rate of 0.18 mm/rev.



S.A. Lawal et al. / International Journal of Machine Tools & Manufacture 52 (2012) 1-12 11

4. Vegetable oil-based metalworking fluid is being recognized as
having superior lubricating properties compared to other
based-oil. The use of these coolants has improved significantly
the machining performances with reported increase of 117% in
tool life and 7% reduction in thrust force. An increased
machining performance and lower environmental impact can
be obtained with vegetable oils-based cutting fluids. However,
vegetable oil-based metalworking fluids are good as metal-
working fluids during machining process and their relative
effects in improving product quality and reducing cutting force
is work material dependent.

5. Sunflower oil-based cutting fluid used during the drilling of
AISI 304 austenitic stainless steel material and high speed steel
E-grade tool had the least thrust force at spindle speed of
720 rpm. The least surface roughness was reported at spindle
speed of 720 rpm when commercial vegetable cutting fluid
was used. When the spindle speed was increased from 520 to
720 rpm, the surface roughness decreased by up to 32% for
sunflower cutting fluid. Sunflower cutting fluids (a mixture of
two surfactants and commercial vegetable cutting fluid) had
low surface roughness at feed rate of 0.12 mm/rev. Sunflower
cutting fluid had the least surface roughness of 2.04 um at feed
rate of 0.12 mm/rev.

6. The combined effect of solid lubricant and vegetable-oil when
used in turning of AISI 1040 steel with cemented carbide tool
led to the reduction in flank wear. Surface roughness of 3.2 pm
was reported for coconut oil with 0.5% nanoboric acid particles
suspensions, while surface roughness of 3.5 um was obtained
for SAE-40 oil. Cutting temperatures of 160 °C and 200 °C were
obtained for coconut oil and SAE-40 oil, respectively. The flank
wear values of 0.26 and 0.28 mm were reported for coconut oil
and SAE-40 oil, respectively.

7. In turning of AISI 4340 steel with alumina insert, three types of
cutting fluid produced three different surface roughness
values. When using emulsion without mineral oil, surface
roughness was 1.73 pm, while for synthetic emulsion, the
roughness was 1.89 um and that of emulsion with mineral
oil was 2.14 pm. It was observed that the application of cutting
fluid based on emulsion without mineral oil resulted in longer
tool life compared to dry cutting.

Acknowledgement

The authors are grateful to the University of Malaya for the
grant (UM.TNC2/IPPP/UPGP/PPP/PV019/2011A) allocated to this
project.

References

[1] H.S. Abdalla, S. Patel, The performance and oxidation stability of sustainable
metalworking fluid derived from vegetable extracts, Proc. Inst. Mech. Eng. B:
J. Eng. (2006) 220.

[2] Z. Julieb, F. Andres, H. Kimf, J. Steven, Design of hard water stable emulsifier
systems for petroleum and bio-based semi-synthetic metalworking fluids,
Environ. Sci. Technol. 37 (2003) 5278-5288.

[3] H.S. Abdalla, W. Baines, G. McIntyre, C. Slade, Development of novel sustain-
able neat-oil metalworking fluids for stainless steel and titanium alloy
machining. Part 1. Formulation development, ]. Adv. Manuf. Technol. 34
(2007) 21-33.

[4] E.O. Bennett, Water based cutting fluids and human health, Tribol. Int. (1983)
45-60.

[5] HSE, Health Surveillance of Occupational Skin Diseases. MS 24, HSE Books,
London, 1991.

[6] HSE, Medical aspects of occupational asthma. MS 25, HSE Books, London,
1991.

[7] HSE, Health Risks from Metalworking Fluids—Aspects of Good Machine
Design, IND (G) 167L, HSE Books, London, 1994.

[8] HSE, Metalworking Fluids (MWFs) Exposure Assessment, EH74/4, HSE Books,
London, 2000.

[9] V.M. Korde, TJ. Phelps, P.R. Bienkowski, D.C. White, Biodegradation of
chlorinated aliphatics and aromatic compounds in total-recycle expanded-
bed reactors, Appl. Biochem. Biotechnol. 45/46 (1993) 731-740.

[10] A. Zeman, A. Sprengel, D. Niedermeier, M. Spath, Biodegradable
lubricants—studies on thermooxidation of metal-working fluids by differ-
ential scanning calorimetry (DSC), Thermochim. Acta 268 (1995) 9-15.

[11] A.L. Bisio, M. Xanthos, How to manage plastics wastes, Technology and
Market Opportunities, Hanser Publishers, NY, 1995.

[12] F. Li, M.V. Hanson, R.C. Larrock, Soybean oil-divinylbenzene thermosetting
polymers, synthesis, structure, properties and their relationships, Polymer 42
(2001) 1567-1579.

[13] H.F. Eichenberger, Biodegradable Hydraulic Lubricant—An Overview of
Current Developments in Central Europe, Paper No. 910062, 1991.

[14] C. Busch, W. Backe, Rapidly biodegradable hydraulic fluids, Tribol. Schmi. 41
(1) (1994) 17-23.

[15] FJ. Flider, Use of rapeseed oil in lubricants, INFORM 6 (9) (1995) 1031-1035.

[16] Operating hydraulics in “Green” fluids, Machine Design, 73-77, January 22, 1993.

[17] Vegetable oil based tractor lubricant, Off-Highway Engineering, pp. 7-10,
December, 1994.

[18] M.A. El Baradie, Cutting fluids: part 1. Characterization, J. Mater. Process.
Technol. 56 (1996) 786-797.

[19] T. Norrby, Environmentally Adopted Lubricants—Where are the Opportu-
nities? Statoil. Lubricants R & D, 2003.

[20] T.S. Matthew, S. Nader, A. Bigyan, A.D. Lambert, Influence of fatty acid
composition on the Tribological performance of two vegetable-based lubri-
cants, J. Synth. Lubr. 24 (2007) 101-110.

[21] D. de Guzman, Chem. Mark. Rep. 261 (23) (2002) 11.

[22] S. Asadauskas, J.M. Perez, J.L. Duda, Lubrication properties of castor
oil—potential basestock for biodegradable lubricants, J. Lubr. Eng. 53 (12)
(1997) 35-40.

[23] M. Allawzi, M.K. Abu-Arabi, H.S. Al-zoubi, A. Tamimi, Physicochemical
characteristics and thermal stability of Jordanian Jojoba oil, J. Am. Oil Chem.
Soc. 75 (1) (1998) 57-62.

[24] J. Van Gerpen, B. Shanks, R. Pruszko, D. Clements, G. Knothe, Biodiesel
Production Technology, National Renewable Energy Laboratory { www.nrel.
gov ), August 2002-January 2004.

[25] S. Asadaukas, J.M. Perez, J.L. Duda, Oxidative stability and antiwear properties
of high oeic vegetable oils, J. Lubr. Eng. 52 (12) (1996) 877-882.

[26] M. Kozma, Investigation into the Scuffing load capacity of environmentally
friendly lubricating oils, J. Synth. Lubr. 14 (3) (1997) 249-258.

[27] S. Odi-Owei, Tribological properties of some vegetable oils and fats, ]J. Lubr.
Eng. 45 (11) (1988) 685-690.

[28] B.R. Hohn, K. Michaelis, R. Dobereiner., Load carrying capacity properties of
fast biodegradable gear lubricants, Lubr. Eng. 55 (11) (1999) 15-38.

[29] A. Arnsek, ]. Vizintin, Lubricating properties of rapeseed-based oils, J. Synth.
Lubr. 16 (1999) 281-296.

[30] A. Arnsek, J. Vizintin, Scuffing load capacity of rapeseed-based oils, Lubr. Eng.
54 (8) (1999) 11-18.

[31] A. Amsek, ]. Vizintin, Pitting resistance of rapeseed-based oils, Lubr. Eng. 57
(3) (2001) 17-21.

[32] B. Krzan, ]. Vizintin, Tribological properties of an environmentally adapted
universal tractor transmission oil based on vegetable oil, Tribol. Int. 36
(2003) 827-833.

[33] B. Krzan, J. Vizintin, Vegetable-based oil as a gear lubricant, Gear Technol. 20
(4) (2003) 28-33.

[34] ]. Vizintin, A. Arnsek, T. Ploj, Lubricating properties of rapeseed oils compare
to mineral oils under a high load oscillation, J. Synth. Lubr. 17 (3) (2000)
201-217.

[35] W. Belluco, L. de Chiffre, Testing of vegetable-based cutting fluids by hole
making operations, J. Lubr. Eng. 57 (1) (2001) 12-16.

[36] Y.M. Shashidhara, S.R. Jayaram, Vegetable oils as a potential cutting fluid—an
evolution, Tribol. Int. 43 (2010) 1073-1081.

[37] NJ. Fox, G.W. Stachowiak, Vegetable oil based lubricants—a review of
oxidation, Tribol. Int. 40 (2007) 1035-1046.

[38] AT. Lou, An investigation of the use of soybean oil in hydraulic systems,
Bioresour. Technol. 56 (1996) 41-47.

[39] M. Anthony Xavior, M. Adithan, Determining the influence of cutting fluids
on tool wear and surface roughness during turning of AISI 304 austentic
stainless steel, J. Mater. Process. Technol. 209 (2009) 900-909.

[40] E. Kuram, B. Ozcelik, E. Demirbas, E. Sik, Effects of the cutting fluid types and
cutting parameters on surface roughness and thrust force, in: Proceedings of
the WCE 2010, London, UK, vol. II, June 30-July 2, 2010.

[41] E. Kuram, Investigation of vegetable-based cutting fluids performance in
drilling, M.Sc. Thesis, Gebze Institute of Technology, Gebze, Kocaeli, Turkey,
2009, (in Turkish).

[42] ].P. Davim, P.S. Sreejith, R. Gomes, C. Peixoto, Experimental studies on drilling of
aluminium (AA1050) under dry, minimum quantity of lubricant, and flood-
lubricated conditions, Proc. Int. Mech. Eng. B: ]. Eng. 220 (2006) 1605-1611.

[43] S. Basavarajappa, G. Chandramohan, ].P. Davim, Some studies on drilling of
hybrid metal matrix composites based on Taguchi techniques, J. Mater.
Process. Technol. 196 (2008) 332-338.

[44] M. Ramulu, P.N. Rao, H. Kao, Drilling of (Al203)p/6061 metal matrix
composites, ]. Mater. Process. Technol. 124 (2008) 244-254.

[45] O.C. Mendes, R.F. Avila, AM. Abrao, P. Reis, ].P. Davim, The performance of
cutting fluids when machining aluminium alloys, Ind. Lubr. Tribol. 58/5
(2006) 260-268.



12 S.A. Lawal et al. / International Journal of Machine Tools & Manufacture 52 (2012) 1-12

[46] R. Shetty, R. Pai, S.S. Rao, Experimental studies on turning of discontinuously
reinforced aluminium composites under dry, oil water emulsion and steam
lubricated conditions using Taguchi’s technique, Gazi Univ. ]. Sci. 22 (1)
(2009) 21-32.

[47] A. Rivero, G. Aramendi, S. Herranz, L.N. Lopez de Lacalle, An experimental
investigation of the effect of coatings and cutting parameters on the dry
drilling performance of aluminium alloys, Int. J. Adv. Manuf. Technol. 28
(2006) 1-11.

[48] C.C. Tsao, An experiment study of hard coating and cutting fluid effect in
milling aluminum alloy, Int. J. Adv. Manuf. Technol. 32 (2007) 885-891.

[49] E. Kuram, B.T. Simsek, B. Ozcelik, E. Demirbas, S. Askin, Optimization of the
cutting fluids and parameters using Taguchi and ANOVA in milling, in:
Proceedings of the WCE 2010, London, UK, vol. II, June 30-July 2, 2010.

[50] P.Vamsi Krishna, R.R. Srikant, D. Nageswara Rao, Experimental investigation
on the performance of nanoboric acid suspensions in SAE-40 and coconut oil
during turning of AISI 1040 steel, Int. J. Mach. Tool Manuf. 50 (2010)
911-916.

[51] S. Sharif, N.M. Yusof, M.H. Idris, Z.B. Ahmad, I. Sudin, A. Ripin, M.A.H. Mat Zin,
Feasibility study of using vegetable oil as a cutting lubricant through the use
of minimum quantity lubrication during machining, Research VOT No.
78055, Department of Manufacturing and Industrial Engineering, Faculty of
Mechanical Engineering, Universiti Teknologi Malaysia, 2009, <http://
eprints.utm.my/9729/1/78055.pdf >.

[52] M.M.A. Khan, M.A.H. Mithu, N.R. Dhar, Effects of minimum quantity lubrica-
tion on turning AISI 9310 alloy steel using vegetable oil-based cutting fluid, J.
Mater. Process. Technol. 209 (2009) 5573-5583.

[53] U. Krahenbuhl, Vegetable Oil-based Coolants Improve Cutting Performance,
¢ http://www.manufacturingcentre.com/tool/archives/1202/1202oil.asp >,
2005.

[54] U. Krahenbuhl, Tooling and Production Magazine, Nelson Publishing Trade
Magazine, 2002 Dec.

[55] SJ. Ojolo, M.O.H Amuda, O.Y. Ogunmola, C.U. Ononiwu, Experimental
determination of the effect of some straight biological oils on cutting force
during cylindrical turning, Rev. Matér. 13 (4) (2008) 650-663 ¢ http://www.
materia.coppe.ufrj.br/sarra/artigos/artigo11007 .

[56] S.A.Lawal, M.S. Abolarin, B.I. Ugheoke, E.O. Onche, Performance evaluation of
cutting fluids developed from fixed oils, LEJPT 10 (2007) 137-144.

[57] W. Belluco, L. De Chiffre, Performance evaluation of vegetable-based oils in
drilling austenitic stainless steel, ]. Mater. Process. Technol. 148 (2004)
171-176.

[58] D.C. Montgomery, Design and Analysis of Experiments, 4th ed., Wiley
New York, 1997.

[59] S.M. Alves, ].F.G. Oliveira, Development of new cutting fluid for grinding
process adjusting mechanical performance and environmental impact, ]J.
Mater. Process. Technol. 197 (2006) 185-189.

[60] C. Herrmann, ]. Hesselbach, R. Bock, T. Dettmer, Coolants made of native
ester-technical, ecological and cost assessment from a life cycle perspective,
in: Proceedings of the Fourteenth CIRP Int Conf on Life Cycle Eng, Tokyo,
Japan, 2007.

[61] T. Dettmer, Nichtwassermischbare Kiihlschmierstoffe auf Basis nachwach-
sender Rohstoffe, Vulkan-Verlag, Essen, Germany, 2006.

[62] RF. Avila, AM. Abrao, The effect of cutting fluids on the machining of
hardened AISI 4340 steel, J. Mater. Process. Technol. 119 (2001) 21-26.

[63] Tool life testing with single point turning tools, ISO 3685, International
Standard Organisation, 1977.

[64] <http://[www.desilube.com ).

[65] <http://www fitoil.com ).

[66] <http://www.cimcool.com).

[67] S.J. Ojolo, O.S. Ohunakin, Study of rake face action on cutting using palm-
kernel oil as lubricant, J. Emerging Trends Eng. Appl. Sci. (JETEAS) 2 (1) (2011)
30-35 (©Scholarlink Research Institute Journals, (ISSN:2141-7016).

[68] LA. Choundhury, M.A. El-Baradie, Machinability of nickel-base super alloys: a
general review, J. Mater. Process. Technol. 77 (1998) 278-284.

[69] E.A. Rahim, H. Sasahara, A study of the effect of palm oil as MQL lubricant on
high speed drilling of titanium alloys, Tribol. Int. 44 (2011) 309-317.

[70] DIN ISO 14040ff, Umweltmanagement-Okobilanzen-Festlegung des Ziels und
des Untersuchungsrahmens sowie Sachbilanz (dt. Und engl.), Berlin,
Deutschland, 1998.

[71] ].S. McCoy, Introduction: tracing the historical development of metalworking
fluids, in: J.P. Byers (Ed.), Metalworking Fluids, Marcel Dekker, New York,
1994, pp. 1-23.

[72] E. Kalhofer, Dry machining-principles and applications, in: Proceedings of the
Second Seminario Inter. de Alta Tecnologia UNIMEP, Santa Barbara D'Oeste,
SP, Julho, Brazil, 1997, pp. 519-526.

[73] F. Klocke, G. Eisenbldtter, Dry cutting, CIRP 46 (2) (1997) 519-525.



