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1. Introduction

Metalworking fluids (MWFs) are engineering materials
that optimize metalworking processes such as turning, grind-
ing, drilling and milling. In manufacturing and engineering
communities, they are used for metal removal purpose and
are known as cutting and grinding fluids, while fluids used
for drawing, rolling and stamping processes are known as met-
alforming fluids. Metalworking fluid is one of the many types
of lubricants, which are extensively used in machining pro-
cesses and there are several types, which may be used to carry
out such tasks [1]. The mechanics of metalworking which gov-
erns the requirements for metalworking fluids includes (i) the
ability of the fluid to provide a layer of lubricant to act as a
cushion between the workpiece and the tool, in order to reduce
friction, (ii) functions as a coolant to reduce the heat produced
during machining or forming, (iii) prevent metal pick up on
both the tool and workpiece by flushing away the chips as they
are produced, (iv) produce the desired finish on an accurate
piece-part. The impetus in the days of the industrial revolution,
is to machine or form part at the highest rate of speed with
maximum tool life, minimum downtime and the fewest possi-
ble part rejects (scrap), all while maintaining accuracy and
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Abstract — Research developments in the application of vegetable-oil based metalworking fluids (MWFs) in machin-
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finish requirements, which can only be achieved by metalwork-
ing fluids properties [2].

A review of the literature on vegetable-oil based metal-
working fluids in this survey is both era and application
defined. Due to the volume of work and amount of literature
available on MWFs research, it was necessary to define a real-
istic scope for this study. Hence, the study assessed the past
and current application of vegetable-oil based MWFs in
machining processes application; current developments in
engineering materials for manufacturing purposes and identi-
fied gaps in vegetable-oil based MWFs applications along
machining processes classification and charted a course for
future research directions.

2. Literature survey

2.1. Early research era (early metal age — 1900 AD)

A review of the trend of current research would be base-
less, if attempt is not made to consider the research findings
of the previous era, so as to know what research gaps need
attention. It is often said that, “a river that forget its source,
will suddenly or eventually run dry”. Therefore, the main pur-
pose of including this early era in this review is to establish a
baseline research direction and gaps, in order to assess how
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well current research has addressed the need for vegetable-oil
based metalworking fluids in machining processes. Though,
records show that animal and vegetable oils were used by early
civilizations in various lubrication application, unfortunately,
the use of lubricants as metalworking fluids in the metalwork-
ing of crafts was not described in those early historical writing
[3]. The early metal age (ca 2000 BC-AD 300) also refers to as
the bronze age and early iron age in Fennoscandia was charac-
terized by more intensive networks of hunter — gatherers,
which can be seen in the use of various wide — spread tools
[4], while the late metal age (AD 300-700) in the north of
Fennoscandia was characterized by few findings in iron weap-
ons and iron spearheads and axes obtained by exchange trade
from abroad [5]. Though, no mention of application of metal-
working fluids at this stage, but at later years, lubricants were
used to ease the wire drawing process and it may not be unrea-
sonable to presume that the fluids used then were those that
were readily available. These include animal oils and fats (pri-
marily whale, tallow and lard) as well as vegetable oils from
various sources such as olive, palm, castor and other seed oils
[6]. Schey [3], pointed out in his book “Metal Deformation
Processes” that metalworking is probably humankinds first
technical endeavour and considering the importance of lubri-
cant used in the process, he was, amazed to note that no record
of their use were recorded until after some time. In 1735,
Leupold recommended that tallow or vegetable oil should be
used for lubricating rough surface [6]. In the 19th century,
the means to mitigate frictions and wear through lubrication
were investigated leading to the Reynolds’ theory of fluid film
lubrication and in early 20th century, Hardy with Doubleday
introduced the concept of boundary lubrication [3]. However,
it was not the development of scientist theory that ultimately
led to the explosion of research in this area and especially
on the mechanics of metalworking and metalforming fluids
in the 20th century. Rather, it was the wealth of mechanical
inventions and evolving technologies that created the need
for understanding the nature of friction and wear and how these
effects can be mitigated by proper lubrication. The lack of
early information on machining fluids can only be attributed
to reluctance on the part of the craftsman, seen even today
on the part of manufacturers, to disclose certain aspects regard-
ing the compounding of the fluids. It has been observed that
the machine tool industry could not have progressed to where
it is today, without the significance of the technological devel-
opment of metalworking fluids. The development of metal-
working fluids was the catalyst permitting the development
of energy — efficient machine tools having the high speed
and feed capacities required for today’s production needs for
extremely fast forming and metal cutting operations [2]. Water
was used as the cutting fluid in grinding machines around 1575
by Jonnes Stradanus. An indication that oil was also used as a
metalworking fluid was illustrated in Leonardo’s design for an
internal grinding machine. In 1838, James Whitelaw developed
a cylindrical grinding machine for grinding the surface of pul-
leys wherein “a cover” was provided to keep in the splash of
water [7].

James H. Nasmyth in his 1830 autobiography described the
need for a small tank to supply water or soap and water to the
cutter to keep it cool. This simple arrangement was used to

hold the coolant to drip directly on the cutter, while machining
[8]. About 50 years after the industrial revolution (1850—
1900), there was growing awareness of the value of metalwork-
ing fluid as a solution to many of the machining problems
emerging from the new demands upon the machine tools.
The following four significant events made conditions ripe
for rapid progress in the development of compounded metal-
working fluids (i) the discovery of huge quantities of petroleum
in the US in 1859 led to profound influence on the compound
of metalworking fluids, (ii) the development of alloy steels for
making tools, (iii) budding petrochemical industry, (iv) devel-
opment of electric motor as a power source [2]. Northcott [9]
reported that Lathe productivity could be materially increased
by using cutting fluids and the exhibition of machine tool of
1873 held in Vienna reported the widespread use of metal
removal operations in both England and the United States of
America. In 1870, Thurston found out that sperm oil was supe-
rior to lard oil when cutting steel and the experiment on cutting
metal conducted by Fredrick W. Taylor in 1883 proved that
directing a constant heavy stream of water at the point of chip
removal increased the cutting speed that the output of the
experimental machine rose by 30—40% [10].

2.2. Current research developments (1900-till date)

This period will be discussed with special focus on appli-
cation of vegetable-oil based metalworking fluids on different
machining processes (turning, drilling, grinding and milling).
From available literature, it was observed that, there has been
a gap in the application of vegetable-oil based MWFs in
machining processes and materials types (ferrous, non-ferrous
and super alloy materials). However, the status of vegetable-oil
based metalworking fluids between 1900 and 1950 witnessed
another challenge, as metalworking fluids industry provided
machinist with a choice of several metalworking fluids, such
as straight mineral oils, combinations of mineral oils and veg-
etable oils, animal fats (lard and tallow) marine oils (sperm,
whale and fish) mixes of free sulphur and mineral oil used
as cutting oils and “sud” [2]. As alloy steels were developed,
machine tool, cutting tool speeds increased, the stresses
incurred in the machining process tended to overwork the cut-
ting oils. Hence the need for combinations of mineral oils and
lard oil or mixtures of free sulphur and mineral oil to address
disadvantages of those cutting oils surfaced. In 1924, special
sulfo-chlorinated oil was patent by one of the oldest lubricant
compounding companies in the United States and marketed as
Thread-Kut 99 and still being used today for heavy duty
machining operations as thread cutting and broaching on steels
[11]. This new highly sulfo-chlorinated cutting oils could not
be used for machining brass or copper since sulphur additives
stained those metals black and contributed to eventual corro-
sion [12]. In 1905, when chemists began to look at colloidal
systems, the scientific basics of metalworking fluid formulation
began to unfold. English Chemist, H.W. Huton later discovered
a way to emulsify oil in water in 1915. However, the composi-
tion and components of this product were not described [13].
He was granted a patent for the process of producing water sol-
uble oils by compounding sulfonated and washed castor oil
with any sulfonated unsaponified fatty oil (other than castor
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oil) and then saponifying the sulfonated oils with caustic alkali
[14]. The knowledge on colloid and surfactant chemistry led to
the compounding of various “soluble oils” using natural fatty
oils.

The growth of the aircraft industry, exotic alloys of steel
and non-ferrous materials during the World War II created
the need for more powerful machine tools having greater
capacity and as a result of this demand, metalworking fluids
along with machine tools were at the heart of the cutting pro-
cess [2]. Ernst studied the physics of metal cutting and deter-
mined that a rough and torn surface is caused by chip
particles adhering to the tool causing a built-up edge (BUE)
on the nose of the cutting tool due to high chip friction. He dis-
covered the application of a cutting fluid lowered the chip fric-
tion and reduced or eliminated the BUE [15]. Merchant, in
another study, was able to measure temperatures at the chip-
tool interface. He discovered that in this area, heat evolves
from two sources, the energy used up in deforming the metal
and the energy used up in overcoming friction between the
chip and tool and argued that almost two thirds of the power
required to derive the cutting tool is consumed by deforming
the metal and the remaining third is consumed in overcoming
chip friction. Merchant found that the right type of cutting fluid
would greatly reduce the frictional resistance in both metal
deformation and chip formation, as well as reduce the heat pro-
duced in overcoming friction [16]. Bisshopp et al. [17] also
investigated the role of the cutting in machining experiments
to determine whether or not a continuous film existed in the
chip tool interface. He concluded that a continuous film as
required for hydrodynamic lubricant could not exist in the case
where a continuous chip was formed, neither was it possible for
fluid to reach the areas where there was a chip tool contact in
the irregularity of the surfaces. Schmidt et al. [18] also inves-
tigated radial rake angles in face milling and the coefficient of
friction with drilling torque and thrust for different cutting
speeds. Schmidt and Sirotkin [19] investigated the effects of
cutting fluids when milling at high cutting speeds, he observed
that depending upon which of the various cutting fluids were
used, tool life increased approximately 35-150%. Ernst and
Merchant [20] studied further into relationship of friction, chip
formation and high quantity machined surface and their con-
clusion agreed with Bisshopp et al. [17] as they found that cut-
ting fluid present in the capillary spaces between the tool and
workpiece was able to lower friction by chemical action.

Shaw continued this study of the chemical and physical
reactions occurring in the cutting fluid and found that even
the fluid’s vapours have constituents that are highly reactive
with the newly formed chip surfaces. The high temperatures
and pressures at the contact point of the tool and chip effect
a chemical reaction between the fluid and the tool-chip inter-
face, resulting in the deposition of a solid film on the two sur-
faces which becomes the friction reducing agent [21, 22].
Using machine tool cutting tests on iron, copper and aluminum
with pure cutting fluids, Merchant demonstrated that this reac-
tion product, which “plated out” as a chemical film of low
shear strength, was indeed the friction reducer at the tool-chip
interface. He stated that materials such as free fatty acids react
with metals to form metallic soaps, and that the sulfurized and
sulfo-chlorinated additives in turn form the corresponding

sulfides and chlorides acting as the agents that reduce friction.
However, he quickly cautioned that as cutting speeds increase,
temperature increases rapidly and good cooling ability from
the fluid is essential. He pointed out that at speeds of over
50 feet per minute (254 mm/s), the superior cutting fluid must
have the dual ability to provide cooling as well as friction
reduction capacity [23]. Having learned which chemical addi-
tives are effective as friction reducers, Ernst, Merchant, and
Shaw theorized that if they could combine these chemicals
with water in the form of a stable chemical emulsion, a new
cutting fluid having both friction reducing and cooling attri-
butes could be created and in 1945, as a result of this research,
their company compounded a new type of “synthetic” cutting
fluid [19]. The new product, described as a water-soluble cut-
ting emulsion with the name of CIMCOOL, appeared as a
news item in a technical journal in October 1945 [24].

3. Application of vegetable-oil based MWFs
in machining processes

3.1. Turning process

Lawal et al. [25] evaluated the effect of vegetable and
mineral oil-in-water emulsion cutting fluids in turning
AISI 4340 steel with coated carbide tools. The turning
process was performed on a Colchester VS Master 3250
(165 mm x 1270 mm) gap bed centre lathe rated with
7.5 kW and spindle speed of 3250 rpm. A round bar of AISI
4340 steel alloy with 90 mm diameter and 360 mm length
was chosen so as to maintain a ratio of cylindrical turning
length to the initial diameter of workpiece at four in order to
ensure the required stiffness of chuck/workpiece/cutting force.
Design of experiment using full factorial method was
employed in the process of cutting fluid formulation, while
the effect of formulated cutting fluids on surface roughness
and cutting force in turning AISI 4340 steel with coated car-
bide using Taguchi method were investigated and compared
with conventional (mineral) oil-in-water emulsion cutting fluid.
Four factors and three levels experimental design (L,;) was
adopted in the Taguchi method. While the machining condi-
tions used for the experiment are shown in Table 1.

Minitab-14 statistical analysis software which is widely
used in engineering application was used in the analysis of
S/N (dB) ratio and ANOVA. ANOVA results show that cutting
speed (64.64%) and feed rate (32.19%) have significant influ-
ence on the surface roughness and depth of cut (33.1%) and
type of cutting fluids (51.1%) have significant influence on
the cutting force. Similarly, Xavior and Adithan [26] investi-
gated 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 for 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. A model calculation using
multiple linear regression models were developed to determine
the tool wear and surface roughness. The results indicated that



4 S.A. Lawal et al.: Manufacturing Rev. 2014, 1, 22

Table 1. Process parameters and their levels [25].

Factor Unit Level 1 Level 2 Level 3
Cutting speed m/min 160 200 250
Feed mm/rev 0.18 0.24 0.32
Depth of cut mm 1.0 1.75 3.0
Type of cutting fluids mm?/s 2.97 1.04 0.87
coconut oil had greater influenced on the surface roughness 300+
and tool wear than other cutting fluids. —— 0.25% BA in SAE oil
Khan et al. [27] studied the effects of minimum quality 250 g —#-— 0.5% BAin SAE oil

lubrication (MQL) using vegetable-oil based cutting fluid on
turning performance of low alloy steel AISI 9310 as compared
to completely dry and wet machining in terms of chip-tool
interface temperature, chip formation mode, tool wear and sur-
face roughness using uncoated carbide tool. The process
parameters 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 study show that, with increase in cutting
velocity and feed rate, average chip-tool interface temperature
increased, even under MQL condition, due to increase in
energy input and the roles of variation of process parameters.
There was gradual growth of average principal flank wear
observed under all the environments. The surface roughness
deteriorated drastically under wet machining compared to
dry, which might possibly be attributed to electrochemical
interaction between tool and workpiece. MQL appeared to be
effective in reducing surface roughness. In another experiment
conducted by Ojolo et al. [28] to determine 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 aluminum)
using tungsten carbide tool. They employed the following cut-
ting variables during turning process; cutting speed, feed rate
and depth of cut. The spindle speeds of 250, 330, 450 and
550 rpm were investigated at a constant feed of 0.15 mm/rev
and 2 mm depth of cut for each of the workpiece. Results show
that bio oils were suitable for metal working fluids but the
effects of the bio-oils on cutting force were material dependent.
Lawal et al. [29] experimental result was in agreement with
Ojolo et al. [28] 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.

Ojolo and Ohunakin [30] investigated the effect of cutting
speed, feed rate, depth of cut, and rake angle on main cutting
force during the cylindrical turning of mild steel, brass and alu-
minum rod, using high speed steel cutting tool and palm-kernel
oil as cutting fluid. The impact of lubrication on the coefficient
of friction between the chip and rake face during turning oper-
ation, assuming a negligible friction between the flank and cut
surface was measured. Experimental results show reduction in
coefficient of friction for all the materials under different cut-
ting conditions using palm kernel oil as cutting fluid. In a sim-
ilar development, Krishna et al. [31] 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
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—— 0.25% BA in coconut
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/,,//;:"’;4 ol
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Figure 1. Variation of cutting temperatures with cutting speed (feed
rate = 0.2 mm/rev, d.o.c = 1 mm, time = 15 min), Source: Krishna
et al. [31].

temperatures, average tool flank wear and the surface rough-
ness of the machined surface with cutting speed were studied
with nanosolid lubricant suspensions in lubricating oil.
The experiment were conducted under the following condi-
tions; cutting velocity (60, 80 and 100 m/min); feed rate
(0.14, 0.16, 0.2 mm/rev); depth of cut (1.0 mm), environment
(solid lubricant of boric acid); lubricating oil (SAE-40 and
coconut oil); solid lubricant particle size (50 nm) and flow rate
of lubricant oil (10 mL/min). The temperature was sensed by
the embedded thermocouple which was placed at the bottom
of the tool insert in the tool holder. They showed that the cool-
ing action of the lubricant with nanosolid lubricant suspensions
was evident from the measurement of the cutting tool temper-
atures as shown in Figure 1.

The combined effect of solid lubricant and vegetable oil
led to reduction in flank wear with 0.5% nanoboric acid parti-
cles suspensions in coconut oil compared to remaining condi-
tions. 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.
In addition, cutting temperatures, tool flank wear and surface
roughness were decreased significantly with nano lubricants
compared to base oil due to the lubricating action of boric acid
and that in all the cases, coconut oil-based nano particle sus-
pensions showed better performance compared to SAE-40
based lubricant, due to the better lubricating properties of the
base oil.

3.2. Drilling process

Belluco and De Chiffre [32] studied the performance of
vegetable-based oils in drilling AISI 316L austenitic stainless
steel using conventional HSS-Co tools. The efficiencies of
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Table 2. Characterization of vegetable based cutting fluids [34].

MWFs* pH value (emulsion 8%) Density (g/ml) Viscosity 40 °C mm?/s Flash point (°C) Refractive index
Without additive Emulsion 8%

CSCF-1 8.70 0.970 71 1.4 218 1.475

SCF-I 9.10 0.980 74 2.0 199 1.474

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 1.4 175 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.

six cutting oils were evaluated by measuring tool life, cutting
forces and chip formation using commercial mineral-based
oil as reference product, and five vegetable-based (rapeseed
oil) cutting fluids at different levels of additivation for the
experiment. The analysis of variance (ANOVA) was performed
to investigate the effect of different fluids on all measured
parameters [33]. It was observed that the thrust force was sig-
nificant for both the whole life span of the tool and the mea-
surements performed at the beginning of the tool life span.
They concluded from the experimental result that there were
relative increases 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 com-
mercial mineral oil used as reference product. Equally, Kuram
et al. [34] investigated the effect of cutting fluid types and cut-
ting 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 HSSE tool. The vege-
table-oil based cutting fluids were formulated with various
additives to meet the specifications such as resistance to bacte-
rial growth, corrosion, antifoaming agent and antiwear [35].
Table 2 shows the characterization of vegetable based cutting
fluids developed for the study.

The study considered spindle speed, feed rate and drilling
depth as input parameters with two sets of experimental design.
The first experiment studied the effect of spindle speeds (520,
620 and 720 rpm) at a constant feed rate of 0.12 mm/rev and
depth of 21 mm, while the second experiment studied the
effect of feed rates (0.08, 0.12, 0.16 mm/rev) at a constant
spindle speed of 620 rpm and drilling depth of 21 mm.
The studied made the following observations (i) an increased
in the spindle speed and 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 literature [36-38].
(i1) The lower thrust force values were obtained with SCF-I
and the least thrust force was achieved at spindle speed of
720 rpm. (iii) The effect of feed rate and cutting fluid type
on thrust force using spindle speed of 620 rev and drilling
depth of 21 mm showed that, at a low feed rate, the thrust force
of the hole was decreased and an increased in the feed rate
increased the thrust force, which was consistent with literature
[37, 39, 40]. (iv) The effect of spindle speed and cutting fluid
type on surface roughness using a feed rate of 0.12 mm/rev
and drilling depth of 21 mm was discovered to show that an

increased in the spindle speed decreased the surface roughness
value which is consistent with literature [36, 37, 41, 42]. How-
ever, the least surface roughness was achieved at spindle speed
of 720 rpm using CVCE, but SCF-I was the most effective in
reducing surface roughness as spindle speed increased.
It was observed that by increasing the spindle speed from
520 rpm to 720 rpm, the surface roughness was decreased
by up to 32% for SCF-I. Again, it was observed that, an
increase in the feed rate, increased the surface roughness for
feed rate and cutting fluid type on surface roughness using a
spindle speed of 620 rev and drilling depth of 21 mm, which
was consistent with literature [36, 37, 41, 42]. SCF-II and
CVCF had low initial surface roughness at feed rate of
0.08 mm/rev. SCF-II had the smallest surface roughness at
feed rates lower than 0.12 mm/rev, which made SCF-II supe-
rior at the lower feed rates as the least surface roughness was
achieved at feed rate of 0.08 mm/rev.

Kuram et al. [43] performed extensive research on two dif-
ferent vegetable based cutting fluids developed from refined
canola and sunflower oil and a commercial type semi-synthetic
cutting fluid to determine 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 Lo (3*) orthogonal array was used for the exper-
imented plan. Cutting speed, feed rate, depth of cut and types
of cutting fluids were considered as machining parameters.
Mathematical models for cutting parameters and cutting fluids
were obtained from regression analyses to predict values of
tool wear and forces. Signal-to-noise (S/N) ratio and ANOVA
analyses were also performed to obtain significant parameters
influencing tool wear and forces. The multiple linear regression
analysis used for the modelling agreed with the results
obtained for tool wear which were between the range of
0.010 and 0.980 mm for cutting speed (150, 175 and
200 mm); 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 depth of cut was found to have a greater influence on
the tool wear and force components.

Rahim and Sasahara [44] studied the potency of MQL
palm oil (MQLPO) and MQL synthetic ester (MQLSE) during
drilling of titanium alloys with carbide drill coated with AITiN
insert. The holes were drilled under the action of the external
air blow, MQL and flood coolant conditions (water soluble
type). The first stage of the experiment involved the use of
cutting speed of 60, 80 and 100 m/min together with two
feed rates of 0.1 and 0.2 mm/rev; the thrust force, torque
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and workpiece temperature were measured and compared. The
second stage involved drilled of hole of a depth of 10 mm at
the constant cutting speed of 60 m/min and feed rate of
0.1 mm/rev with the following tool life criteria (i) average
flank wear, Vb(ave) = 0.2 mm, (ii)) maximum flank wear,
Vb(max) = 0.3 mm, (iii) corner wear = 0.3 mm, (iv) chip-
ping = 0.2 mm, (v) catastrophic failure and (vi) cutting dis-
tance = 440 mm (due to the shortage of workpiece material)
to evaluate the tool life performance. The result obtained show
the flank wear rapidly grew and suffered from excessive chip-
ping and a significant reduction of tool life and a drilling time
of 48 s or 110 mm in length were obtained that air blow con-
ditions for the air blow condition. The flank and corner wear
rate was gradual and grew progressively for MQLSE and
MQLPO as a tool life of 314 s (stopped at 710 mm) was
recorded. It was observed that MQLPO produced lower tool
wear rate in comparison to MQLSE condition. The flood con-
dition also showed superior performance by the lowest flank
wear and corner rate in comparison to air blow conditions.
It was found that the air blow condition produced the highest
thrust force (3388 N) in comparison to the other coolant-
lubricant conditions and the highest thrust force of 3170 N
was obtained by the MQLSE condition. MQLPO and flood
conditions exhibited comparable and lowest thrust force among
other conditions tested, as the thrust force was reduced by 30%
and 6.5% relative to air blow cutting for the MQLPO and
MQLSE conditions respectively.

3.3. Grinding process

Alves and Oliveira [45] studied the development of new
cutting fluid for grinding process adjusting mechanical perfor-
mance and environmental impact using CBN tool on SAE
1020 material. Two types of fluids were tested (cutting oil
and a semi-synthetic fluid) along with new cutting fluids so
as to compare the performance. The parameters evaluated were
radial wheel wear, workpiece roughness and chemical analysis
to show that the new fluid was not toxic and easy biodegrad-
ability. The grinding conditions applied in the experiments
were cutting speed (V) =33 m/s, workpiece speed
(Vp = 11.5 mm/s, grinding width (b) = 6.5 mm, grinding
wheel penetration (a) = 25 um, the peripheral disk dresser
velocity (V,) = 38 m/s and dressing depth of cut (a;) = 10 um
and while a successive dressing strokes of 10 um in diameter
were performed until uniform profile was obtained. The study
showed that the use of cutting oil caused the lower wheel wear
(high grinding) and the higher wheel wear of approximately
8 um in radius was observed when semi-synthetic cutting fluid
(higher cooling ability and lower lubricant properties). How-
ever, various concentration of the formulated fluids show dif-
ferent results. The study equally investigated the
biodegradability of the cutting fluid using “Ready Biodegrad-
ability” test. The CO, evolution that was absorbed by Ba(OH),
solution during the test period was determined by titration with
HCIl and the result obtained suggested that the cutting fluid was
environmental friendly. Herrmann et al. [46] equally investi-
gated the technical, ecological and cost assessment from a
life cycle perspective of coolants made of native ester.
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Figure 2. 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), J (lard methyl
ester), H (oleic fraction methyl ester) [46].

The research involved carrying out technical tests of different
coolants including screening of relevant physical properties
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 (Vc) =60 m/s, wheel diameter
(ds) =40 mm, width of cut (a,) =10 mm, workpiece
diameter (dw) = 110 mm and specific material removal rate
(O'w) =2 mm’/(mm s). Technical assessment, life cycle
assessment and life cycle costing were considered to evaluate
the cutting fluids. The flash point and viscosity of the devel-
oped esters were observed to meet the general requirements
of cutting fluids. Grinding forces obtained as shown in Figure 2
indicated that a stable grinding process was possible with all
tested ester oils, while the grinding force ratios stayed on the
same level. It was observed that the tendency to lower force
as longer the test lasted was caused by sharpening grinding
wheel topography but not by the change from ester oil to
another.

The quality of workpiece surface was reported not to be
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 com-
pared using the life cycle analysis (LCA) ISO 14040 family
methodology (DIN ISO, 1998) according to system output of
1000 workpieces processed with the respective lubricant to
determine the environmental burdens.

3.4. Milling process

Sharif et al. [47] evaluated the feasibility of vegetable-oil
based palm oil as a cutting lubricant through the use of mini-
mum quantity lubricant (MQL) during end milling of hardened
stainless steel (AISI 420) using coated carbide tool materials
(TiAIN and AITiN). Cutting forces, tool life and surface
roughness were evaluated under the following machining con-
ditions, cutting speed (100, 130 and 160 m/min); feed
(0.05 mm/tooth); axial depth of cut (12 mm); radial depth of
cut (1 mm), end mill diameter (10 mm with 4 flutes) and cut-
ting fluids/lubricants (fatty alcohol, palm olein, palm olein with
additive A and palm olein with additive B. It was observed



S.A. Lawal et al.: Manufacturing Rev. 2014, 1, 22 7

SUPER ALLOY

NICKEL BASE |

Figure 3. Classification of super alloys [49].

that, tool wear progressed gradually for palm oil and fatty alco-
hol, while for the dry and flood cutting, the tool wear pro-
gressed 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. It was
noticed that the flank wear developed in three stages; primary
wear phase, normal wear phase and sharp wear phase and the
wear progressed rapidly with machining time for dry and flood
cutting, but the tool wear increased at a low rate under the palm
oil and fatty alcohol coolant. The value of surface roughness
for palm oil and fatty alcohol at the initial stage were quite
high. The respective values of surface roughness were
0.73 pm and 0.69 pum. But in the final stage, the value of sur-
face roughness was lower than the value at the initial stage.

4. Limitation of vegetable-oil based MWFs

There are typical examples where metalworking fluids
application whether it is vegetable or mineral based harm the
process and therefore, it must not be used. Example is when
machining with ceramic tools, it must be performed without
fluid, because it may promote thermal shocks and eventually,
cause tool breakage. Some ceramic tools, mainly those based
on SizN, and the “whiskers” which have higher toughness
and thermal shock resistance can avoid this kind of failure
and so cutting fluid can be applied. When machining magne-
sium, more serious problems may occur when water based flu-
ids are applied because water reacts with the chips, releasing
hydrogen, which may cause ignition and fire hazards [48].
It is highly recommended that dry machining be adopted when
machining with ceramic tool and straight oil can be used in the
case of magnesium as metalworking fluid.

5. Challenges for future research development

Future research development and a case for vegetable-oil
based MWFs for machining processes has been and will con-
tinue to be important to the manufacturing industries such as
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micro manufacturing, robotic and the military, because of the
machining performance, environmental friendliness and the
development of new engineering materials. This statement
underscores the important and need to focus attention on
machining of super alloy materials, which currently occupied
a very important position in manufacturing industry as they
have vast application in engineering fields. This is because
the available literature shows that not much has been done in
the investigation of effect of vegetable-oil based metalworking
fluids on super alloy materials. Super alloy materials 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 generally unmatched by other metallic
compounds. The primary uses of these alloys includes (i) air-
craft gas turbines, e.g. disks, combustion chambers, bolts, cast-
ings, shaft exhaust systems, blades, vanes, etc.; (ii) steam
turbine power plants e.g. bolts, blades, stack gas re-heaters;
(iii) reciprocating engines e.g. turbocharger, exhaust valves,
hot plugs, etc.; (iv) metal processing e.g. hot work tool and
dies, casting dies; (v) medical applications e.g. dentistry uses,
prosthetic devices; (vi) space vehicles; (vii) heat-treating
equipment; (viii) nuclear power systems; (ix) chemical and
petrochemical industries; (x) pollution control equipment and
(xi) coal gasification and liquefaction systems. These super
alloys (Ni, Fe-Ni, Co based) are further sub-divided into
wrought, cast and powder metallurgy alloys [49]. Figure 3
shows the classification of the super alloys.

There is an urgent need and a recommendation that
research development should move in the directions of these
materials, if the advantages of vegetable-oil based MWFs over
mineral oil-based MWFs are to be harnessed and sustained.
The trend in machining is moving towards dry or near dry cut-
ting in order to reduce the consumption of cutting fluids as
stressed by Weinert et al. [50]. But even with the most
advanced tool materials and coatings, it seems that lubricants
in the case of hard-to-cut materials (super alloys) such as
nickel-based alloys cannot be completely avoided [51].
The first research work reported on non-mineral oil based met-
alworking fluids was by Thurston in 1870, when he discovered
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Table 3. Summary of research in the application of vegetable oils-based MWFs for machining processes.

Machining Workpiece material Tool material Type of cutting Investigation Author(s)
process fluid
Turning AISI 4340 steel Coated carbide Palm kernel and Cutting force and Lawal et al. [25]
cottonseed oil- surface roughness
in-water emulsions
and mineral oil
emulsion
Turning AISI 304 steel Carbide Coconut oil, Tool wear and surface ~ Xavior and Adithan [26]
emulsion and neat roughness
cutting oil
immiscible with
water
Turning AISI 9310 steel Uncoated carbide Vegetable oil (type Temperature, chip Khan et al. [27]
not specified) formation, tool wear
and surface
roughness
Turning Mild steel, Tungsten carbide Groundnut, Cutting force Ojolo et al. [28]
aluminum and coconut, palm
copper kernel and shear
butter oils
Turning Mild steel, brass HSS Palm kernel oil Cutting force Ojolo and Ohunakin [30]
and aluminum
Turning AISI 1040 steel Cemented carbide SAE - 40 and Temperature,flank Krishna et al. [31]
coconut oil wear and surface
roughness
Drilling AISI 316L steel HSS tool Rape seed oil and Tool life, cutting Belluco and De Chiffre
mineral oil force [32]
and chip formation
Drilling AISI 304 steel HSS- E Sunflower oil and Surface roughness Kuram et al. [34]
mineral oil and thrust force
Drilling Titanium alloys Carbide coated Palm kernel oil and  Thrust force, torque Rahim and Sasahara [44]
(Ti-6Al-4 V with AITiIN synthetic ester and temperature
Grinding SAE 1020 steel Cubic Boron Vegetable oil and Wheel wear, Alves and Oliveira [45]
Nitride (CBN) semi-synthetic oil workpiece roughness
tool
Grinding 100Cr6 steel CBN Mineral oil, rape Workpiece roughness, = Hermmann et al. [46]
seed oil, palm ecological and cost
kernel oil, animal assessment
oil and cooking oil
Milling AISI 420 steel Carbide-TiAIN Palm kernel oil Cutting force, tool Sharif et al. [47]
and AIT life and surface
roughness
Milling AISI 304 steel HM90 APKT, Canola oil and Tool wear and cutting ~ Kuram et al. [43]

100304PDR 1C908

sunflower oil

force

that sperm oil was superior to lard oil while cutting steel mate-
rial [10]. It was also on record that vegetable and animal oils
were used by the earlier men as source of cutting fluid before
the discovery of petroleum in 1850s. It was this discovery of
petroleum that saw the emerging of petroleum (mineral) oil
as an alternative to vegetable oil, as based oil for MWFs.
Between 1900 and till date, more researches were been
reported about the application of vegetable-oil based MWFs
in machining ferrous metals than both non-ferrous metals
and super alloy materials put together as shown in Table 3. This
gap in research development in the application of vegetable-oil
based metalworking fluids during machining non-ferrous mate-
rials/super alloy materials demand urgent attention. The envi-
ronmental impacts and governmental regulations on mineral

(petroleum) oil-based MWFs; necessitate the need to revisit
MWFs based on vegetable oil.

MWFs increase productivity and the quality of manufactur-
ing operations by cooling and lubricating during metal forming
and cutting processes [52], hence, it cannot be ignored in
machining processes. Reports indicate that nearly 38 million
metric tons of lubricants were used globally in 2005, with a
projected increase of 1.2% for the next decade [53]. Due to
their advantages, the consumption of MWFs is increasing in
machining industry. It is reported that European Union alone
consumes approximately 320,000 tonnes per year of MWFs
of which, at least two-thirds need to be disposed [54]. Despite
their widespread use, they pose significant health and environ-
mental hazards throughout their life cycle because of their
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nature as petrol based cutting fluid. It was reported that about
80% of all occupational diseases of operators were due to skin
contact with cutting fluids [55-59]. Estimation says that in the
USA alone about 700,000 to one million workers are exposed
to MWFs [60]. As cutting fluids are complex in their compo-
sition, they may be irritant or allergic. Even microbial toxins
are generated by bacteria and fungi present, particularly in
water-soluble cutting fluids [61], which are more harmful to
the operators. To overcome these challenges, various alterna-
tives to petroleum-based MWFs are currently being explored
by scientists and tribologists. Such alternatives include syn-
thetic lubricants, solid lubricants and vegetable-based lubri-
cants. Approximately 85% of lubricants being used around
the world are petroleum-based oils [62]. Enormous use of
petroleum based oils, created many negative effects on envi-
ronment. The major negative effects is particularly linked to
their in approximate use, which results in surface water and
groundwater contamination, air pollution, soil contamination
and consequently, agricultural product and food contami-
nation [63].

The growing demand for biodegradable materials has
opened an avenue for using vegetable oils as an alternative
to petroleum-based polymeric materials [64, 65], most espe-
cially in machining operations. The public awareness in envi-
ronmental issues has been constantly growing [66].
Lubricants are used in many diverse areas; therefore, their
environmental acceptability has become increasingly impor-
tant. As a result, research on biodegradable functional fluids
are emerging as one of the top priorities in lubrication in the
early 1990s as a result, a lot of growing number of environ-
mentally friendly fluids and lubricants now compete in the
market [67]. Vegetable oils, especially rapeseed [68] and
canola [69] 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 acceptable performance as lubricants [70].

Many researchers [25, 27-32, 34, 35] have studied the
application of vegetable-oil based MWFs and pointed to the
fact that vegetable oil is an alternative source for MWFs in
machining processes. Researchers like Belluco and De Chiffre
[32] have studied the performance of vegetable-based oils in
drilling AISI 316L austenitic stainless steel using conventional
HSS-Co tools. They observed that the thrust force was signif-
icant for both the whole life span of the tool and the measure-
ments obtained show a good performance throughout the tool
life span and concluded from the experimental result that there
were relative increases in tool life of 177% with the best fluid,
whereas the decrease of cutting thrust was less than 7% and
that all vegetable-oil based fluids performed better than the
commercial mineral oil used as reference product. Sharif
et al. [47], who 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 stain-
less steel (AISI 420) using coated carbide tool materials
(TiA1IN and A1TiN), observed that, tool wear progressed grad-
ually 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. The highest tool life recorded was when palm oil
was used, which was 160.27 min followed by fatty alcohol
137.74 min, flood 39.86 min and dry 35.16 min. To boost
the study, the work of Rahim and Sasahara [44] comes handy
as their work focused on one of the super alloy materials. They
studied the potency of MQL palm oil (MQLPO) and MQL
synthetic ester (MQLSE) during drilling of titanium alloys with
carbide drill coated with AITiN insert. They discovered that
MQLPO exhibited comparable performance to the flood cut-
ting condition in terms of maximum workpiece temperature
as the two conditions recorded the lowest temperature in com-
parison to the MQLSE and air blow cutting conditions.

The selection of suitable cutting fluids in machining pro-
cesses depends on three factors, which are (i) type of machin-
ing processes, (ii) type of workpiece material, (iii) type of
cutting tool material [71-73]. The future research should focus
on super alloy material with attention on the three mentioned
factors to benefit maximally from the advantages that vegeta-
ble-oil based MWFs offers. Again, research focus on applica-
tion of vegetable-oil based on grinding and milling processes
especially milling process should be given serious attention
to drive the benefit of vegetable-oil based metalworking
fluids.

6. Conclusion

This review traced the historical background of MWFs
with special focus on vegetable-oil based MWFs, highlighting
the applications in different classes of metals. The authors
observed that with the current trend in the emergence of differ-
ent alloys of metals and the research gaps that exist in this
direction, there is an urgent need to focus on research develop-
ment in MWFs using vegetable oil as base material in machin-
ing processes. In order to derive the benefits vegetable-oil
based MWFs offers, a study of its effect on these emerging
alloy materials is crucial.
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