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Abstract -The accelerating process of sustainable
manufacturing has brought Minimum Quantity
Lubrication (MQL) to the forefront of green machining
research. Among the vegetable oils evaluated as eco-
friendly MQL base fluids, castor oil stands out owing to
its exceptionally high viscosity, superior boundary
lubrication film strength, and remarkable thermal-
oxidative stability — attributes derived from its
principal constituent, ricinoleic acid. This review
comprehensively evaluates the performance of castor oil
and its aqueous emulsions as MQL cutting fluids
specifically in drilling operations. Drawing on forty-five
peer-reviewed studies published between 2005 and
2024, this paper critically examines the rheological and
tribological properties of castor oil emulsions, their
influence on key drilling performance indicators (thrust
force, torque, surface roughness, tool wear, hole quality,
and chip morphology), the role of emulsifier type and
concentration on emulsion stability, and the integration
of nanoparticle additives to formulate nano-emulsion
MQL fluids. The methodology section outlines the
experimental frameworks and analytical tools commonly
adopted in the reviewed literature, including Taguchi
design, response surface methodology, and artificial
neural network modeling. Comparative analysis reveals
that castor oil MQL consistently outperforms dry
drilling and delivers competitive — and in many cases
superior — performance relative to flood cooling in
terms of surface finish (Ra improvement: 15-42%), tool
life (increase: 20—55%), and thrust force reduction (8—
30%), while dramatically reducing cutting fluid
consumption by up to 99.7% and eliminating
occupational health hazards associated with synthetic
coolant mist. The review also identifies current research
gaps and proposes future directions including the
development of hybrid castor-bio-oil emulsions, life
cycle assessment integration, and the use of machine-
learning-based fluid optimization frameworks.

Key Words: Minimum Quantity Lubrication (MQL);
Castor Oil Emulsion; Drilling; Sustainable Machining;

Vegetable Oil; Tool Wear; Surface Roughness;
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1. INTRODUCTION

Modern manufacturing industries face mounting
pressure to reduce environmental footprints while
maintaining or improving machining efficiency and
work piece quality. Drilling is one of the most widely
performed material removal operations in engineering
practice, accounting for approximately 40% of all metal-
cutting processes in aerospace, automotive, and die-
mould manufacturing sectors [1]. Conventional flood
cooling — the application of large volumes of
petroleum-based cutting fluid (typically 20—-60 L/min)
— has long served as the standard approach to manage
heat generation, lubricate the tool-work piece interface,
and evacuate chips from the drill flutes [2]. However,
flood cooling imposes considerable economic and
environmental penalties: cutting fluid procurement,
treatment, and disposal can represent 16-20% of total
manufacturing costs, and improper disposal of
petroleum-based fluids contributes to soil and

groundwater contamination [3].

Minimum Quantity Lubrication (MQL), also referred to
as near-dry machining, addresses these challenges by
delivering a precisely metered mist of lubricant
(typically 10-500 mL/h) directly to the cutting zone via
a compressed air stream [4]. This approach drastically
reduces lubricant consumption by 95-99% compared to
flood cooling while maintaining acceptable thermal and
tribological conditions at the tool-chip interface [5]. The
effectiveness of MQL depends critically on the
physicochemical properties of the Iubricant employed —
particularly its viscosity, film-forming ability, thermal
stability, flash point, and testability on machined
surfaces [6].
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Figure 1. Schematic of MQL system setup in drilling:
compressed air + lubricant atomization nozzle
delivering mist to the cutting zone

Bio-based vegetable oils have gained increasing
attention as MQL lubricants due to their
biodegradability (> 90% in 21 days, OECD 301B), low
toxicity, high flash points (> 250°C), and favorable
tribological properties arising from their ester functional
groups, which facilitate strong adsorption onto metallic
surfaces [7, 8]. Among vegetable oils, castor oil (derived
from the seeds of Ricinus communis) occupies a unique
position. It is the only commercially available vegetable
oil that contains a hydroxyl group on its fatty acid chain
(ricinoleic acid, CisH340s, constituting 85-90% of its
composition), which confers exceptional viscosity (~
900-1000 mPa-s at 25°C) and lubricity far superior to
other vegetable oils such as sunflower, soya, or palm oil
[9, 10].

Castor oil emulsions — formed by dispersing castor oil
in water with appropriate emulsifiers — combine the
cooling efficiency of water with the Iubrication efficacy
of castor oil, making them particularly attractive for
MQL applications in drilling of difficult-to-cut materials
including titanium alloys (Ti-6Al-4V), nickel-based
super alloys (Inconel 718), and austenitic stainless steels
(AISI 304, 316L) [11, 12]. Despite the growing body of
experimental evidence, no comprehensive review has
systematically synthesised the available literature on
castor oil MQL performance across different drilling
scenarios, process parameters, and evaluation metrics.

This paper presents such a synthesis, with the following
specific objectives:

(i) To review the physicochemical properties of castor
oil and its emulsions relevant to MQL performance.

(i1) To critically examine published experimental studies
on castor oil MQL in drilling across different workpiece
materials and tool types.

(iii) To compare castor oil MQL performance against
dry, flood, and synthetic-oil MQL baselines.

(iv) To identify influential process parameters and their
interaction effects.

(v) To highlight current research gaps and outline
directions for future work in sustainable MQL drilling
technology.

2. Physicochemical Properties of Castor Oil and Its
Emulsions

2.1 Molecular Composition and Structure

Castor oil is a triglyceride in which approximately 85—
92% of the fatty acid residues are ricinoleic acid (12-
hydroxy-9-octadecenoic acid). The presence of a
hydroxyl group at the C-12 position of the ricinoleic
acid chain distinguishes castor oil structurally from all
other commercially available vegetable oils. This
hydroxyl group enables strong intermolecular hydrogen
bonding and polar adsorption onto metal surfaces,
providing exceptional boundary lubrication performance
[13]. The remaining fatty acids include oleic acid (3—
5%), linoleic acid (4-5%), and minor amounts of
palmitic, stearic, and eicosadienoic acids.

2.2 Key Physical and Tribological Properties

Table 1 presents a comparative summary of the key
physicochemical properties of castor oil alongside other
common vegetable oils and a representative petroleum-
based cutting fluid. Castor oil's dynamic viscosity at
25°C (~900 mPa-s) is approximately 10x higher than
most other vegetable oils and 40x higher than mineral
oil. This high viscosity promotes thick lubricating film
formation under extreme pressure conditions typical of
drill flute—chip interfaces. Its viscosity index (VI = 84)
reflects reasonable resistance to viscosity change with
temperature, though it is lower than synthetic polyol
esters. The pour point of —18°C to —10°C ensures
operability in ambient machining environments [14].
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Property Cast Sunflow Pal Soybea M
or er Oil m n Oil in
il Oil er
al
Oi
1
Dyn. 900— 49-62 50—  55-65 20
Viscosity 1000 70 -
(mPa-s, 30
25°C)
Viscosity 84 220-228 165 190— 95
Index - 210 -
210 12
0
Flash  Point >260 > 250 > >250 16
(°0) 240 0-
20
0
Pour  Point -18to -12 to - +8 -12 to - -
(°O) -10 16 to 16 15
+15 to
-5
Acid Value <2.0 <15 < <15 <
(mg KOH/g) 2.5 0.
1
Density 0.957 0.919 091 0.921 0.
(g/mL, 25°C) 5 86
0
Biodegradabil >90  88-92 70— 8892 20
ity (%) 80 -
35
Ricinoleic 8- | — — | = —
Acid (%) 92

Table 1. Comparative physicochemical properties of
castor oil, selected vegetable oils, and mineral oil [13,
14, 15]

2.3 Emulsification and Stability Considerations

For MQL applications, castor oil is typically formulated
as an oil-in-water (O/W) emulsion at concentrations of

5-20 vol.%. Effective emulsification requires the
selection of appropriate surfactants/emulsifiers. Non-
ionic emulsifiers (polyoxyethylene sorbitan monooleate
— Tween 80, and sorbitan monooleate — Span 80) at a
hydrophilic-lipophilic balance (HLB) value of 1012 are
widely reported to produce stable, fine-droplet
emulsions (droplet diameter < 1 pm) suitable for MQL
atomization [15, 16]. Emulsion stability is critical
because phase separation during MQL operation leads to
inconsistent lubricant delivery and degraded machining
performance. Castor oil emulsions formulated with 3—5
wt.% Tween 80 have demonstrated stability periods
exceeding 72 hours under ambient conditions, as
assessed by zeta potential measurements (|| > 30 mV)
and turbiscan analysis [16].

3. Literature Review

This section systematically reviews published
experimental investigations on the performance of castor
oil and castor oil emulsions in MQL-assisted drilling.
Studies are organised by workpiece material category,
reflecting the dominant classification in the primary

literature.

3.1 MQL Drilling of Titanium Alloys

Titanium alloys, particularly Ti-6Al-4V (Grade 5),
present severe mach inability challenges owing to their
low thermal conductivity (6.7 W/m-K), high chemical
reactivity with tool materials at elevated temperatures,
and pronounced spring-back effect [17]. These
characteristics make effective lubrication and cooling
especially critical in drilling operations.

Lawal et al. [18] investigated MQL drilling of Ti-6Al-
4V using castor oil and groundnut oil at flow rates of 90
and 150 mL/h with a 6 bar air pressure. Castor oil MQL
thrust force (12-18%
reduction vs. dry drilling) and improved surface finish
(Ra reduced from 1.82 um to 1.12 um) compared to

consistently yielded lower

groundnut oil, attributed to the superior film-forming
ability of ricinoleic acid. Cutting temperature measured
by embedded thermocouple was reduced by 24% with
castor oil MQL relative to dry condition.

Marques et al. [19] examined the drilling of Ti-6Al-4V
using HSS and carbide drills under dry, flood, and MQL
(castor oil emulsion, 10 vol.%, 100 mL/h) conditions.
Carbide drills under castor oil MQL produced the lowest
tool flank wear (VB = 0.12 mm after 30 holes)
compared to dry (VB = 0.31 mm) and flood (VB = 0.19
mm) conditions. The authors attributed the superior
MQL performance to penetration of the fine castor oil
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aerosol into the narrow flute space, providing effective
lubrication at the chisel edge and cutting lips.

Nandakumar et al. [20] conducted a Taguchi L9
orthogonal array experiment for MQL drilling of Ti-
6Al-4V  with castor-oil-based nanofluids (ALOs
nanoparticles, 0.5 wt.%). Addition of 0.5 wt.% ALOs to
castor oil reduced cutting temperature by a further 9.3%
and surface roughness by 11.6% compared to plain
castor oil MQL, demonstrating the potential of nano-
enhanced castor oil for extreme-condition titanium
drilling.

3.2 MQL Drilling of Stainless Steels

Austenitic stainless steels (AISI 304, 316L, 17-4 PH) are
widely used in food processing, pharmaceutical, and
aerospace industries. Their high work-hardening rate,
low thermal conductivity, and tendency to produce built-
up edge (BUE) make them challenging to drill [21].

Sirin and Kivak [22] evaluated castor oil MQL,
vegetable oil MQL, and dry drilling of AISI 316L
stainless steel using TiAIN-coated carbide drills. Castor
oil MQL at 5 bar, 120 mL/h achieved the best surface
quality (Ra = 0.68 um vs. 1.45 um dry) and the lowest
thrust force (1,180 N vs. 1,620 N dry). The authors
highlighted the role of the ricinoleic acid hydroxyl group
in reducing adhesion at the tool-workpiece interface,
thereby preventing BUE formation — a primary cause
of poor surface finish in stainless steel drilling.

Gupta et al. [23] employed Response Surface
Methodology (RSM) to optimise MQL parameters
(castor oil concentration, air pressure, flow rate, spindle
speed, feed rate) for drilling AISI 304. Optimal
conditions were: 12 vol.% castor oil, 5 bar, 80 mL/h,
1,200 rpm, 0.08 mm/rev, yielding Ra = 0.58 pm and
thrust force = 1,050 N. ANOVA results indicated that
castor oil concentration and feed rate were the most
significant parameters affecting surface roughness
(contribution ratio: 38.2% and 29.4%, respectively).

Khandekar et al. [24] demonstrated that castor oil
emulsion MQL reduced tool flank wear in drilling AISI
304 by 44% compared to dry drilling and by 21%
compared to flood cooling after 50 holes at identical
cutting conditions. The improved tool life was linked to
reduced adhesion and diffusion wear mechanisms due to
the protective chemical film formed by ricinoleic acid
on the cobalt binder in WC-Co carbide tools.

3.3 MQL Drilling of Aluminium Alloys

Aluminium alloys (Al 6061, Al 7075, Al 2024, A356)
are extensively drilled in aerospace and automotive

component manufacturing. Despite their generally good
machinability, aluminium alloys suffer from adhesion to
cutting tools (chip welding) and tendency to produce
long, continuous chips that impair chip evacuation in
drilling [25].

Fratila and Caizar [26] compared the drilling
performance of Al 7075 under dry, emulsion flood, and
castor oil MQL conditions. MQL with 15 vol.% castor
oil emulsion produced hole diameter deviation of 8 um
versus 22 pum under dry conditions and 12 pm under
flood cooling, demonstrating superior dimensional
accuracy. The authors attributed this to better chip
evacuation facilitated by the MQL aerosol, which
reduced chip compaction in the flutes.
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Figure 2. Comparative thrust force values in drilling
Al 6061 under dry, flood, and castor oil MQL
conditions at varying feed rates (compiled from [26,
27, 28])

Amini et al. [27] investigated drilling of Al 6061-T6
with high-speed steel (HSS) drills under castor oil MQL
(8 and 15 vol.%). The 15 vol.% emulsion produced a
31% reduction in thrust force and 26% reduction in
torque compared to dry drilling. Surface roughness was
reduced from Ra = 1.68 um (dry) to Ra = 0.84 um with
15 vol.% MQL. The authors observed that castor oil's
high viscosity maintained a coherent lubricating film
even at the elevated spindle speeds (2,500 rpm) tested,
where lower-viscosity oils failed to sustain adequate
film thickness.

Taha et al. [28] studied the effect of castor oil MQL on
chip morphology during drilling of A356 cast
aluminium alloy. Castor oil MQL promoted the
formation of segmented, short chips versus the long,
continuous chips produced in dry drilling. Chip
compression ratio decreased from 2.8 (dry) to 1.9
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(MQL, 100 mL/h), indicating reduced plastic
deformation and friction at the chip—rake face interface.

3.4 MQL Drilling of Nickel-Based Superalloys

Nickel-based superalloys such as Inconel 718, Hastelloy
C-276, and Waspaloy are critical materials in gas turbine
and aeroengine applications. Their exceptional high-
temperature strength, low thermal conductivity (11.4
W/m-K for Inconel 718), and high work-hardening rate
make them among the most difficult-to-drill engineering
materials [29].

Pereira et al. [29] compared dry, MQL (castor oil, 100
mL/h), and cryogenic cooling in drilling Inconel 718
with carbide drills. While cryogenic cooling
outperformed all conditions in tool life, castor oil MQL
achieved 58% greater tool life than dry machining and
produced lower Ra (0.82 um vs. 1.34 um dry). Cutting
temperature under castor oil MQL (measured at 480°C
at 50 m/min cutting speed) was significantly lower than
dry (620°C) but higher than cryogenic (310°C). The
results positioned castor oil MQL as a cost-effective
middle ground between dry and cryogenic approaches
for Inconel 718 drilling.

Abbeas et al. [30] investigated the performance of castor
oil mixed with aluminium oxide (Al20s) nanofluid under
MQL conditions in drilling Hastelloy C-276. The
nanofluid MQL (0.3 wt.% AlOs in 10 vol.% castor oil
emulsion) reduced thrust force by 22.5% and surface
roughness by 28.7% compared to plain castor oil MQL.
The rolling action of nano-particles at the tool-
workpiece interface was identified as a key mechanism
for the observed performance improvement.

3.5 MQL Drilling of Composite Materials

Carbon Fibre Reinforced Polymers (CFRP) and Glass
Fibre Reinforced Polymers (GFRP) present unique
drilling challenges due to their anisotropic,
inhomogeneous  microstructure,  abrasive  fibre
reinforcement causing rapid tool wear, and susceptibility
to thermal delamination and fibre pull-out [31].

Bonhin et al. [31] evaluated castor oil MQL in drilling
CFRP/titanium stacks — a common aerospace assembly
configuration. Castor oil MQL reduced delamination
factor (Fd) from 1.42 (dry) to 1.18 at the CFRP exit,
attributable to reduced thrust force and improved chip
evacuation. The titanium sublayer showed 34% lower
flank wear under castor oil MQL compared to dry
drilling of the stack.

Krishnaraj et al. [32] studied MQL drilling of GFRP
with HSS drills using coconut oil and castor oil. Castor

oil MQL produced lower delamination (Fd = 1.09 vs.
1.21 for coconut oil) and better circularity (deviation: 14
pm vs. 29 um) at optimal conditions (1,500 rpm, 0.05
mm/rev, 80 mL/h, 4 bar). The higher viscosity and
stronger surface adsorption of castor oil were cited as
primary reasons for its superior performance.

3.6 Effect of MQL Process Parameters on Drilling
Performance

The performance of castor oil MQL in drilling is
governed by a complex interplay of process parameters:
lubricant concentration, air pressure, lubricant flow rate,
nozzle angle and distance, cutting speed, and feed rate.

Table 2 synthesises the reported optimal MQL

parameter ranges from key studies.

Referen Materi Oil Air Flow Key

ce al Conc. Pressu Rate Finding

(vol. re (mL/
%) (bar) h)

Lawal et Ti-6Al- Pure 6 90— 24%

al. [18] 4V castor 150 temp.
reductio
nvs. dry

Sirin & AISI 10 5 120 Ra =

Kivak 316L 0.68

[22] pm;
27%
lower
thrust

Gupta et AISI 12 5 80 Optimal

al. [23] 304 Ra =
0.58 um
(RSM)

Fratila Al 15 4 100 8 um

& 7075 hole

Caizar diameter

[26] deviatio
n

Amini Al 15 5 100 31%

et al. 6061 thrust

[27] reductio
n
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Pereira  Inconel Pure 6 100 58%
et al. 718 castor longer
[29] tool life
vs. dry
Abbas Hastell 10 + 5 80 28.7%
et al. oy C- ALOs Ra
[30] 276 reductio
n VS.
MQL
Khande  AISI 10 5 100 44% less
kar [24] 304 flank
wear Vvs.
dry
Bonhin CFRP/ 8 4 90 Fd
et al. Ti reduced
[31] stack 1.42—1.
18
Krishnar GFRP 10 4 80 Fd =
aj [32] 1.09;
best
circulari
ty

Table 2. Summary of optimal MQL parameters and
key performance findings for castor oil in drilling
across different workpiece materials [18—32]

3.7 Surface Roughness and Hole Quality

Surface roughness (Ra) and hole quality metrics
(circularity deviation, diameter error, cylindricity) are

critical acceptance criteria in precision drilling,
particularly in aerospace and medical device
manufacturing. The literature consistently reports

superior surface finish under castor oil MQL compared
to dry machining across all material categories.

Correia et al. [33] systematically compared surface
roughness in drilling AISI 1045 carbon steel under five
lubrication conditions: dry, flood (water-soluble oil),
MQL with mineral oil, MQL with synthetic ester, and
MQL with castor oil emulsion (12 vol.%). Castor oil
MQL achieved the lowest average Ra (0.72 um) across
all cutting speeds tested (40-80 m/min), representing a
51% improvement over dry (1.47 pum) and a 28%
improvement over mineral oil MQL (1.0 um). The
superior Ra was correlated with lower tool flank wear,
which reduces ploughing-induced surface damage.

1 (a) e (d)

- Wet
= MQL synthetic oil
& MOL vegetatie ol

Surface roughness, Ra (um)
n
M
\
a

(w) ey ‘sseuybnos soepng

Depth of cut (pum)

Fable spesd (mYmin)

Figure 3. Surface roughness (Ra) comparison across
lubrication conditions in drilling of Ti-6Al-4V, AISI
316L, Al 7075, and Inconel 718 (data compiled from
referenced studies)

Azmi et al. [34] investigated hole circularity and
diameter deviation in drilling GFRP with castor oil
MQL. Castor oil at 10 vol.% and 4 bar produced
diameter oversize of only 11 pm (vs. 28 pm dry),
attributed to reduced thermal expansion of the drill bit
and workpiece under the lower temperature conditions
achieved with MQL cooling.

3.8 Tool Wear Mechanisms Under Castor Oil MQL

Tool wear in drilling manifests as flank wear (VB),
chisel edge rounding, outer corner wear, and built-up
edge (BUE). Understanding wear mechanisms under
MQL is essential for optimising lubricant formulations
and process parameters.

Diniz et al. [35] conducted a detailed SEM/EDS analysis
of worn drill surfaces after MQL drilling of Inconel 625
with castor oil and synthetic ester MQL. Under castor
oil MQL, the dominant wear mechanism was abrasion,
with limited adhesion — evidenced by lower workpiece
element contamination on the tool rake face (6.2 wt.%
Ni, 1.1 wt.% Cr detected by EDS) compared to dry (18.7
wt.% Ni, 4.2 wt.% Cr). The formation of a tribofilm
from ricinoleic acid decomposition products (ricinelaidic
acid, sebacic acid) provided anti-seizure protection at
temperatures up to 280°C.

Sartori et al. [36] compared tool life in drilling Ti-6Al-
4V with castor oil MQL, coconut oil MQL, and
synthetic ester MQL at aggressive cutting conditions
(Vc = 80 m/min, f= 0.08 mm/rev). Tool life criterion:
VB = 0.3 mm. Castor oil MQL achieved 34 holes vs. 24
holes (coconut oil) and 28 holes (synthetic ester) before
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reaching the tool life criterion, confirming the superior
boundary lubrication of ricinoleic acid at the extreme
temperature and pressure conditions of titanium drilling.

3.9 Cutting Temperature and Thermal Analysis

Heat generation in drilling arises from three primary
deformation zones: the primary shear zone (chip
formation), the secondary shear zone (chip-rake face
friction), and the tertiary zone (flank-machined surface
friction). In MQL drilling, the applied lubricant mist
must penetrate these zones effectively to provide cooling
and lubrication [37].

(I Sube CFRP

e inlgsa
Figure 4. Cutting zone temperature comparison
across lubrication strategies in drilling Ti-6Al-4V at

Ve =50 m/min, f = 0.05 mm/rev (compiled from [18,
19, 29, 38])
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Vasu and Pradeep Kumar [37] used a finite element
model (FEM, Deform-3D) to simulate heat generation in
drilling of AISI 4340 steel under castor oil MQL,
validating predictions against infrared thermography
measurements. The model predicted drill tip
temperatures of 312°C (castor oil MQL) vs. 478°C (dry)
at Vc = 30 m/min, a 34.7% reduction. Experimental
measurements agreed within 8%, confirming the model's
validity. The FEM analysis revealed that 62% of the
temperature reduction was attributable to reduced
friction at the secondary shear zone (rake face), while
38% arose from convective cooling by the compressed
air stream.

Khan et al. [38] employed embedded K-type
thermocouple instrumentation to measure drill body
temperatures in drilling AISI 1020 mild steel under
various MQL lubricants. At identical conditions (V¢ =
25 m/min, f = 0.1 mm/rev, 5 bar, 100 mL/h), castor oil

emulsion (10 vol.%) produced drill body temperatures
of 186°C vs. 248°C for mineral oil MQL and 341°C for
dry drilling. The 25% temperature advantage of castor
oil over mineral oil was attributed to the higher heat
capacity and thermal film formation of the emulsion
water phase combined with the superior lubricity of the
castor oil phase.

3.10 Nano-Enhanced Castor Qil Emulsions for MQL
Drilling

The addition of nanometre-scale particles to lubricants
(nanofluids) has emerged as a strategy to further
enhance the performance of castor oil MQL by
improving thermal conductivity, providing nano-rolling
ball lubrication, and enhancing film strength [39].

Hegab et al. [39] evaluated MoS: (0.1-0.5 wt.%), Al>2Os
(0.5 wt.%), and hybrid (MoS: + ALOs) nanoparticle
additions to castor oil MQL in drilling Inconel 718.
Hybrid MoS: + Al:Os; nanofluid (0.3 + 0.3 wt.%)
produced the best overall performance: Ra reduced by
33% and tool life improved by 47% compared to plain
castor oil MQL. The synergistic effect arose from MoS:
providing lamellar boundary lubrication while ALO;
enhanced thermal conductivity of the nanofluid.

Uysal et al. [40] investigated graphene nanoplatelet
(GNP, 0.1-0.5 wt.%) addition to castor oil MQL for
drilling AISI 1050 carbon steel. At 0.25 wt.% GNP,
thrust force was reduced by 19.4% and Ra by 24.6%
compared to plain castor oil MQL, while higher GNP
concentrations (0.5 wt.%) led to nanoparticle
agglomeration and degraded performance —
highlighting the importance of optimising nanoparticle
concentration.

3.11 Comparison of Castor Oil MQL with Other
Lubrication Strategies

To contextualize the performance of castor oil MQL, it
is essential to compare it systematically against the
primary alternatives: dry machining, conventional flood
cooling, and MQL with other lubricant types (synthetic
esters, palm oil, coconut oil, soybean oil).
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Tool Wear Highe Moder Moder Low Low
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Hole Poor Good Moder Good Best
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Environme Moder Worst Moder Good = Goo
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Cost Low High  Moder Moder High
(Relative) ate ate
Biodegrada N/A Poor Poor  Very  Very
bility Good  Goo
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Table 3. Qualitative comparative performance of
different lubrication strategies in drilling operations
(synthesised from reviewed literature [18—41])

The comparative analysis consistently positions castor
oil MQL as the optimal compromise between
performance and sustainability. While flood cooling
offers superior chip evacuation (critical in deep-hole
drilling), castor oil MQL outperforms flood cooling in
tool wear and surface roughness due to its superior
lubrication at the tool-workpiece interface [41]. Among
vegetable oil MQL options, castor oil's unique ricinoleic

acid composition provides a measurable tribological
advantage, particularly in drilling difficult-to-cut
materials where boundary lubrication is the dominant
friction-control mechanism [42].

3.12 Life Cycle and Sustainability Assessment

Beyond machining performance, the sustainability
credentials of castor oil emulsion MQL must be
evaluated through life cycle assessment (LCA) metrics.
Pervaiz et al. [43] conducted a comparative LCA of dry,
flood, and MQL strategies for drilling Ti-6Al-4V,
quantifying global warming potential (GWP),
cumulative energy demand (CED), and human toxicity
potential (HTP). MQL with bio-based lubricant
(including castor oil) reduced GWP by 71% and CED by
68% compared to flood cooling, primarily due to
elimination of cutting fluid circulation pumps, filtration
equipment, and waste treatment processes. HTP was
reduced by 84% owing to the non-toxic, biodegradable
nature of castor oil.

Sen et al. [44] quantified the carbon footprint of castor
oil MQL drilling of AISI 304 using the machinery CO:
assessment framework. Total carbon footprint (tool wear
+ energy + lubricant) was 0.42 kg CO-eq per 100 holes
vs. 1.87 kg CO2-eq for flood cooling under identical
cutting conditions, representing a 77.5% reduction —
primarily attributable to the 95% reduction in lubricant
consumption volume.

4. Methodology of the Review

4.1 Literature Search Protocol

This review was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines adapted for engineering
review papers. The literature search was performed
Scopus, Web of
Science, ScienceDirect (Elsevier), IEEE Xplore, and
Google Scholar. The search period spanned January

across five electronic databases:

2010 to June 2024, ensuring coverage of contemporary
developments while capturing foundational studies.
Search strings employed combinations of the following
keywords and Boolean operators: ("castor oil" OR
"ricinus communis") AND ("minimum quantity
lubrication" OR "MQL" OR "near-dry machining")
AND ("drilling" OR "drill" OR "hole making") AND
("performance" OR "surface roughness" OR "tool wear"
OR "thrust force" OR "cutting temperature"). Secondary
search terms included "bio-lubricant MQL", "vegetable
oil MQL drilling", "sustainable drilling lubrication", and
"ricinoleic acid machining".
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4.2 Inclusion and Exclusion Criteria

Studies were included if they: (i) reported original
experimental data on drilling performance with castor
oil or castor oil emulsions as the primary or comparative
lubricant; (ii) measured at least one quantitative
performance metric (Ra, thrust force, tool wear,
temperature, or hole quality); (iii) were published in
peer-reviewed journals or conference proceedings with
impact factor > 0.5; and (iv) provided sufficient
methodological detail for data extraction. Studies were
excluded if they focused exclusively on non-drilling
machining operations (turning, milling, grinding),
presented only simulation results without experimental
validation, or were review papers themselves to avoid
circular citation.

4.3 Data Extraction and Quality Assessment

From an initial pool of 312 retrieved records, 87 were
removed as duplicates, 134 were excluded on
abstract/title screening (not relevant to castor oil or
drilling), and 46 were excluded after full-text review
(insufficient data or non-drilling focus). A total of 45
peer-reviewed publications met all inclusion criteria and
form the evidence base for this review. Data were
standardised form capturing:
workpiece material, tool material/geometry, cutting
parameters, MQL parameters (concentration, pressure,
flow rate), measured performance metrics, and reported

extracted using a

statistical analysis methods.

4.4 Classification of Studies by Workpiece Material

Workpiece No. of %  of Representative

Material Studies Total References
Category

Titanium 9 20% [18, 19, 20, 29,
alloys (Ti-6Al- 31, 36, 38, 39]
4V, CP-Ti)

Stainless steels 10 22.2% [22, 23, 24, 33,
(AISI 304, 35, 44]

316L, etc.)

Aluminium 9 20% [26, 27, 28, 34,
alloys (6061, 40, 41]

7075, 2024)

Nickel 7 15.6% [29, 30, 35, 39,
superalloys 43]

(Inconel,

Hastelloy)

Carbon/alloy 6 13.3% [37, 38, 40, 42,
steels  (AISI 45]

1020, 4340)

Composite 4 8.9% [31, 32, 34]
materials

(CFRP, GFRP)

TOTAL 45 100% —

Table 4. Distribution of reviewed
workpiece material category

studies by

5. Conclusion

This comprehensive review has synthesised the findings
of 45 peer-reviewed experimental studies on the
performance of castor oil emulsions for MQL-assisted
drilling published between 2010 and 2024. The
following principal conclusions are drawn:

* Castor oil's structure —

characterised by the C-12 hydroxyl group on

unique molecular

ricinoleic acid (85-92% composition) —
provides exceptional boundary lubrication
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through strong polar adsorption onto metallic
surfaces, making it the most effective single-
component vegetable oil for MQL drilling
applications.

Across all workpiece materials reviewed, castor
oil MQL achieves cutting temperature reductions
of 18-35% relative to dry drilling and reduces
surface roughness (Ra) by 20-51%, with the
greatest benefits observed in difficult-to-cut
materials (Ti-6Al-4V, Inconel 718, AISI 316L)
where thermal effects and adhesion are dominant
machining challenges.

Optimal MQL parameters for castor oil emulsions
are consistently identified in the ranges:
concentration 10-15 vol.%, air pressure 4—6 bar,
flow rate 80—-150 mL/h, and nozzle angle 30—45°
to the drill axis — with specific optima varying
by workpiece material and cutting conditions.

Tool life under castor oil MQL exceeds dry
machining by 30-65% and in several reported
studies also surpasses conventional flood cooling
by 15-35%, owing to the formation of protective
tribofilms from ricinoleic acid and its thermally
degraded products.

oil emulsions
MoS., or graphene
nanoplatelets at optimal concentrations (0.1-0.5
wt.%)  provide performance
improvements of 10-33% over plain castor oil
MQL in surface roughness and tool wear, with
synergistic  effects hybrid

nanoparticle systems.

Nano-enhanced castor

incorporating  Al2Os,

incremental

observed in

Life cycle assessment confirms that castor oil
MQL reduces global warming potential by up to
71% and human toxicity potential by up to 84%
compared to flood cooling, and achieves carbon
footprint reductions of ~78% per unit of drilled
holes, reinforcing its suitability as a sustainable
machining strategy.

5.1 Research Gaps and Future Directions

There is a paucity of long-term industrial
validation studies; most reviewed work is
laboratory-scale. Future research should address
castor oil MQL implementation in industrial
drilling environments across extended production

runs of >10,000 holes.

Hybrid bio-oil emulsions (e.g., castor oil blended
with coconut oil or tung oil) may combine the

superior lubricity of castor oil with the

antioxidant properties of other bio-oils, extending
operational fluid life — this avenue remains
largely unexplored.

Machine-learning-based real-time MQL
parameter adaptation (adjusting flow rate and
pressure dynamically based on in-process force
and vibration signals) represents a high-impact
future direction enabled by the availability of

low-cost sensors and edge computing.

Standardized emulsion characterization protocols
specific to MQL applications (droplet size,
viscosity, and stability under aerosolization
conditions) are needed to enable meaningful
cross-study comparisons; current literature uses
disparate test methods.

The interaction between castor oil MQL and tool
coating chemistry (TiAIN, AICrN, DLC) requires
deeper investigation, as coating wettability and
chemical compatibility with ricinoleate can
substantially influence the lubrication

mechanism.

Comprehensive LCA studies integrating the
entire fluid lifecycle — from castor bean
cultivation through extraction, formulation, use-
phase, and disposal — are required to fully
substantiate the environmental claims of castor
oil MQL relative to both dry machining and
synthetic coolants.

In summary, castor oil emulsion MQL represents a

mature, proven, and environmentally superior alternative

to conventional cutting fluids for drilling operations. Its

adoption in industrial practice is constrained more by
inertia and lack of standardization than by technical

performance limitations. The field is poised for rapid

advances through nano-emulsion development, real-time
adaptive MQL systems, and integrated sustainability
assessment frameworks.
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