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ABSTRACT The substitution of biolubricant for mineral cutting fluids in aerospace material grinding is an inevitable
development direction, under the requirements of the worldwide carbon emission strategy. However, serious tool wear
and workpiece damage in difficult-to-machine material grinding challenges the availability of using biolubricants via
minimum quantity lubrication. The primary cause for this condition is the unknown and complex influencing
mechanisms of the biolubricant physicochemical properties on grindability. In this review, a comparative assessment of
grindability is performed using titanium alloy, nickel-based alloy, and high-strength steel. Firstly, this work considers the
physicochemical properties as the main factors, and the antifriction and heat dissipation behaviours of biolubricant in a
high temperature and pressure interface are comprehensively analysed. Secondly, the comparative assessment of force,
temperature, wheel wear and workpiece surface for titanium alloy, nickel-based alloy, and high-strength steel confirms
that biolubricant is a potential replacement of traditional cutting fluids because of its improved lubrication and cooling
performance. High-viscosity biolubricant and nano-enhancers with high thermal conductivity are recommended for
titanium alloy to solve the burn puzzle of the workpiece. Biolubricant with high viscosity and high fatty acid saturation
characteristics should be used to overcome the bottleneck of wheel wear and nickel-based alloy surface burn. The nano-
enhancers with high hardness and spherical characteristics are better choices. Furthermore, a different option is available
for high-strength steel grinding, which needs low-viscosity biolubricant to address the debris breaking difficulty and
wheel clogging. Finally, the current challenges and potential methods are proposed to promote the application of
biolubricant.

KEYWORDS grinding, aerospace, difficult-to-machine material, biolubricant, physicochemical property,
grindability

1 Introduction manufacturing industry for hundreds of years to solve

certain technical problems, such as cooling, lubrication
Mineral cutting fluids have been widely used in the and debris removal, under the strong thermal coupling
effect of the cutting interface [1-3]. However, traditional
Received March 13, 2022; accepted June 16, 2022 processing methods have the following threats:
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(i) Non-renewable resource consumption. The annual
global consumption of more than 4 million tons of cutting
fluids depends on the huge consumption of limited
mineral and freshwater resources [4].

(i1) Environmental pollution and workers’ health threat.
A large amount of oil mist and PM, 5 suspended particles
are generated by cutting fluids in a high temperature,
speed, and pressure processing environment. They are
released into the atmosphere, causing irreparable damage
to the natural environment and are inhaled by workers,
posing a serious health risk [5,6].

(iii) High cost. The cost of cutting fluids is also rising
as environmental legislations and environmental inspec-
tion policies become more stringent, and treatment may
cost up to 18% to 21% of the total cost, which is three to
five times the cost of tools (Fig. 1 [7,8]).

Achieving ‘carbon neutrality and emission peak’ is an
important development strategy for China over the next
40 years. Energy saving reform through manufacturing is
one of the development focuses of the manufacturing
industry. In particular, the transformation and upgrading
of the cutting fluid supply mode to green and efficient
through technological innovation must be realised [9-11].
Green processing methods based on different ideas, such
as, dry cutting [12,13], solid lubrication [14], cryogenic
air cooling [15,16], and minimum quantity lubrication
(MQL) [17], have been proposed. Biolubricant, as
cooling medium in MQL, could reduce the consumption
of cutting fluids by more than 90% and has made
progress in the application of common materials in
cutting [18-20]. Biolubricant is typically produced from
vegetable oil or animal fat, and it is biodegradable, non-
toxic and eco-friendly [21-23]. Moreover, biolubricant,
as an important substitute for traditional mineral oil, can
meet the higher demand for sustainable lubricants in the
industry and is widely used in various fields [24-26].

Grinding is one of the most important methods of
precision forming parts, and the use of grinding fluids
exceeds that of cutting fluids [27,28]. In addition,
grinding is a crucial process for ensuring manufacturing
accuracy and surface quality, especially for aerospace
materials, and it accounts for more than 60% of all
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processing procedures [29-31]. Accordingly, MQL
should be applied in grinding. However, the MQL
technology is still constrained by insufficient heat transfer
capacity when it comes to aerospace material grinding.
These difficult-to-machine materials are more likely to
experience thermal damage in the high temperature
grinding zone due to their characteristics of low thermal
conductivity, high specific grinding energy and fracture
toughness [32—-34]. The grinding process of titanium alloy
[35], superalloy [36,37], high-strength steel [38],
composite material [39,40], and other difficult-to-
machine materials [41,42] has the serious problems of
heavy grinding force, high temperature, and severe wheel
wear or clogging [43—45]. The aforementioned issues in
MQL grinding must be addressed as soon as possible
[46-48]. Nano-enhanced biolubricants, which are
prepared by adding nanoparticles in the biolubricant, are
expected to improve grindability and meet the demand for
green manufacturing [49-51].

Biolubricant, as a vital medium in the manufacturing
system, is essential for ensuring machining performance
and environmental friendliness [52]. The core problem is
to solve heat dissipation, antifriction and antiwear
problems through the preparation and use of biolubricant
or nano-enhanced biolubricants under extreme grinding
conditions. Scholars have carried out a series of
experimental studies using vegetable oil as biological
cooling medium to evaluate the grinding performance
parameters [53-57]. However, the influencing law and
knowledge system amongst (1) physicochemical property
of lubricants, (2) antifriction and heat transfer behaviour,
and (3) machining performance parameters remain
unknown. There is no basis for scientific research and
industrial application. On this basis, this work conducted
a systematic review of biolubricant MQL for machining
aerospace difficult-to-machine materials and summarised
the influencing mechanism of the physicochemical
properties on grindability. The structure of this paper is
shown in Fig. 2. Furthermore, the machining performance
of titanium alloy, nickel-based alloy, and high-strength
steel was reviewed by quantitative evaluation. Finally,
this work aims to provide theoretical references for
further research by improving the influencing law of
biolubricant physicochemical properties on heat dissipa-
tion, antifriction, and antiwear.

2 Influencing mechanisms of the
biolubricant properties on grinding
performance

In the early days, mineral oils (e.g., liquid paraffin) were
often used as coolant in MQL [58,59]. At present, some
studies use mineral synthetic oils (e.g., Castrol limited)
[60,61]. Although mineral oil could meet the cooling and
lubrication requirement, it 1is still dependent on
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Fig. 2 Paper structure.

non-renewable resources and poses a threat to the
environment and workers’ health. Kelly and Cotterell
[62] used vegetable oil as coolant in MQL drilling
experiments for the first time in 2002, and the processing
temperature, torque and surface roughness were superior
to cutting fluids at a certain drilling speed, launching the
exploration into biolubricant application in MQL.
Biolubricant is naturally degradable and environmentally
friendly, making it perfectly compatible with the original
purpose of MQL. The biolubricants currently used for
MQL include various vegetable oils (e.g., soybean, palm,
peanut, castor, sunflower, rapeseed, sesame, corn, and
coconut oil) and synthetic esters (made from degradable
components). Zhang et al. [63] and Wang et al. [64]
conducted a comprehensive review on the processing
properties of vegetable oil lubricants, which involved a
confirmatory comparison of the application performance
with flood (the usage of cutting fluids) and dry cutting,
optimisation analysis of the vegetable oil types
considering various machining processes and workpiece
materials and revelation of the cooling and lubrication
mechanisms.

The main components of vegetable oil are triacylglyc-
eride, a small amount of free fatty acid, part of glyceride,
phosphorus ester (0.1%—0.5%), tiny amounts of sterols,

tocopherol and vitamin E [65]. Each triacylglyceride
molecule contains three C12-C22 fatty acid chains,
including saturated fatty acids (such as palmitic, stearic,
and oleic acids) and a variety of unsaturated acids (such
as erucic acid, jatropha, and ricinoleic acid). Zhang et al.
[63] summarised the molecular types of fatty acids
commonly used in vegetable oils at present. Previous
research demonstrated that fatty acid carbon chain length,
fatty acid saturation (number of C=C double bonds),
functional group type, viscosity, surface tension, and pH
value are the affecting parameters on cooling and
lubrication performance [66]. On this basis, this review
comprehensively establishes the influencing law amongst
physicochemical property, antifriction and heat transfer
behaviour, and machining performance (Fig. 3).

2.1 Grinding performance parameters

The grinding process is a complex interference between
abrasive and workpiece. The outermost ring parameters in
Fig. 3 are used to evaluate the grindability. Grinding
force is the most important indicator, and it consists of
material removal force, plough force and interface
friction force [67]. The proportion of friction is more than
80% due to the negative rake cutting characteristics of the
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Fig. 3 Grinding mechanisms using a biolubricant. CoF: coefficient of friction.

abrasive. Therefore, the reduction of grinding force under
different lubrication conditions is mainly the reduction of
friction. Furthermore, coefficient of friction (CoF) is used
to evaluate lubrication performance.

The grinding force value is the main parameter used to
analyse not only the tribological characteristics of the
interface but also the grinding heat output and dissipation.
The total heat flux density (Qiota) generated per unit time
in the grinding zone is related to the grinding force
[68,69]. The four transfer outlets of grinding heat, are the
heat flux density of a workpiece (gw), the heat flux
density of abrasive (g,), the heat flux density of debris
(g4), and the heat flux density of the cooling medium (g.).
Increasing ¢, is one of the feasible methods for reducing
the maximum surface temperature of a workpiece. Thus,
cooling performance is also a key property influencing
grinding temperature.

The material removal strain rate is much higher than
that of cutting due to the negative rake cutting in the
process of abrasive removal [70,71]. The debris is C-
shaped, and the free surface is shear band shape. The
tribological and heat transfer characteristics of the rake
face/debris interface during material removal can be
analysed by the degree of finishing of the debris side and
the fresh surface and the regularity of the shear band on
the free surface.

The grinding wheel wear and life are dependent on
lubrication infiltration and debris removal ability of the

cooling conditions. The forms of wheel wear include
abrasive loss, adhesion blockage, and abrasive shedding.
In addition, the material volume removed per unit volume
of wheel wear (G-ratio) is also one of the parameters that
reflect the life of wheel, and the larger the G-ratio is, the
smaller the degree of wheel wear is and the longer the
service life will be [72].

Surface integrity is comprehensively influenced by the
above-mentioned parameters. Surface roughness, surface
burn, adhesion, and other phenomena are key indicators
for surface integrity evaluation. The surface roughness
(Ra) of the workpiece reflects the average height of the
micro-convex peak and micro-concave valley on the
workpiece surface [73]. Thermal boundary removal and
material constitutive changes occur due to the shift in
lubrication conditions, which have a significant effect on
surface roughness [74,75].

2.2 Molecular structure of fatty acids

The molecular structure of biolubricants is composed of
one glyceride and three straight-chain fatty acids. The
carbon chain length of a fatty acid molecule ranges from
14 to 22, including saturated and unsaturated fatty acids.
Different fatty acids and their contents in biolubricants
determine their physicochemical properties, which affects
the cooling and lubrication performance in grinding
(Mechanism Q).
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The polar atoms (S, O, N, etc.) and polar groups (—OH,
—COOH, —-COOR, —COR, —-CN, etc.) contained in
lubricant have excellent affinity. Physical adsorption
occurs with metal material molecules through van der
Waals force [76], forming a physical adsorption film with
antifriction and antiwear, thus reducing the grinding
force. However, fatty acids and triglycerides in
biolubricants contain polar groups, thus forming a
lubricating oil film with high strength, which improves
the lubrication performance of the grinding zone. In
addition, fatty acid compounds undergo metal saponifica-
tion reaction on the metal surface during a high-
temperature grinding process, forming a semi-chemical
bonded oily film with a single molecular layer with
vertical adsorption characteristics. The compact adsorp-
tion on the workpiece material surface under intermolec-
ular force increases tool life [77]. Regardless of physical
adsorption or chemical reaction, the factors affecting the
strength of lubricating film are fatty acid saturation and
carbon chain length.

The strength of the physical adsorption film formed by
biolubricants containing saturated fatty acids is higher
than that formed by unsaturated fatty acids, and the less
C=C double bonds in unsaturated fatty acids, the higher
the strength of the lubrication film. This phenomenon is
due to the easy oxidation of the polar C=C double bond
leading to the degradation of biolubricants, reducing their
thermal stability and oxidation resistance and resulting in
the failure of the physical adsorption film. In addition,
fatty acids without C=C double bond and linear molecular
chain can form a tighter fatty acid molecular structure
with a compact and uniform shape, which improves the
strength and lubrication performance of film.

When the number of C atoms in saturated fatty acids is
greater than 16, the increase in C atom number will not
affect its frictional properties. In unsaturated fatty acids,
the density of the adsorbed film is reduced due to the
adsorption effect of the oleic bond on the polar unsatu-
rated bond, thus reducing the strength and lubrication
performance of the oil film. Accordingly, the number of
C atoms in the saturated and unsaturated fatty acids is the
same, and the Ilubrication film performance of the
unsaturated fatty acids is poor. Meanwhile, the cohesion
between molecules is proportional to the number of C
atoms. Thus, the strength and lubrication performance of
the adsorption film of the unsaturated fatty acids with
long carbon chain length are stronger than those with
short carbon chain length.

2.3 Viscosity of biolubricant

Viscosity is the variable exchange and adhesion generated
by regular intermolecular motion and is one of the main
factors that affect the cooling and lubrication performance
of biolubricants [78]. The viscosity of lubricant mainly
affects its wetting, lubrication and heat transfer
performance in grinding.

(i) Influence of viscosity on debris removal
(Mechanism ®)). After the lubricant enters the grinding
zone at a certain speed and angle, the fluidity of the
lubricant with high viscosity becomes poor due to the
viscous force, and it cannot fully penetrate into the
wheel-workpiece interface and take away the debris.

(i1) Influence of viscosity on cooling performance
(Mechanism (®). The lubricant entering the grinding
zone flows at a certain speed, and the relative motion of
the liquid layer is also carried out during the relative
motion of the Ilubricating oil film formed on the
wheel-workpiece interface. Accordingly, the heat
transfer process of the lubricant microdroplet conforms to
the convective heat transfer theory of flowing liquid, and
the heat transfer coefficient is related to viscosity. When
the Reynolds number of the lubricant is much larger than
2300, the oil film in the grinding zone carries out
convection heat transfer in the way of turbulence.
According to the heat transfer theory, the temperature
gradient of the thermal boundary layer is the largest in the
viscous bottom layer and gently changes in the turbulent
branch layer. Consequently, the heat transfer performance
of lubricant is determined by the viscous bottom layer.
Thus, the greater the viscosity of lubricant, the thicker the
viscous bottom layer, the smaller the temperature rise per
unit time and the lower the heat transfer capacity.

(iii) Influence of viscosity on lubrication performance
(Mechanism (3)). Reducing the interfacial friction
between the abrasive rake face/debris and the back
face/fresh surface of the workpiece can reduce the heat
generated by the friction, lower the temperature and
improve the lubrication performance. After the lubricant
enters the grinding zone, the lubricant with higher
viscosity has better lubrication performance because of
the difference in wettability.

2.4 Surface tension of biolubricant

When lubricant microdroplets enter the grinding zone, the
smaller the surface tension is, the smaller the particle size
and the more uniform the distribution of the droplets will
be. Moreover, the contact angle of the droplet is small;
thus, it has a larger infiltration area per unit particle size
volume. In conclusion, the wettability and lubrication of
biolubricant was improved (Mechanism (2).

Meanwhile, surface tension further affects the cooling
performance through the influence of contact angle. This
concept is mainly reflected in two aspects:

(1) The smaller the surface tension is, the smaller the
contact angle of the microdroplet is, which increases the
wetting area and further provides the cooling
performance of lubricant (Mechanism (0).

(i) The residence time of lubricant microdroplets is
considerably short after entering the grinding zone, and
they are rapidly carried out of the grinding zone with the
wheel. According to the principle of convective heat
transfer, the two parts in convective heat transfer are as
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follows: thermal boundary layer and mainstream region.
The thickness of the thermal boundary layer is basically
unchanged. However, the lubricant in the mainstream
region is not fully absorbed enough heat away in the
particularly short cooling time and does not play a good
heat transfer role. When the contact angle of the
microdroplet is reduced, the thermal boundary layer area
increases, and the proportion of grinding fluids in the
mainstream region decreases, improving the cooling
performance (Mechanism @).

2.5 pH value of biolubricant

The influence of acid-base property, as a lubricating
medium in cutting, on the surface quality of parts is
reflected after they are processed [79]. Alkaline lubricants
tend to passivate metal surfaces or form insoluble
hydroxide or oxide film layers. The acid lubricant will
promote the single displacement reaction to corrosion of
metal, but it will also make the synthetic esters have
incomplete hydrolysis reaction, affecting the processing
effect. Biolubricants are typically acidic, especially
during the preparation of synthetic ester biolubricants, to
increase the antiwear performance. A variety of polar
functional groups (—OH, COOH, R—O-R’, etc.) are added
to the carbon chain. The carboxy group ionises hydrogen
ions in an aqueous solution, making the lubricant acidic.
Therefore, the preparation of synthetic esters requires the
addition of some amines (amine is alkaline in the aqueous
solution, and the representative substance is diethylene
glycol amine) for neutralisation to alkaline (Mechanism

@).
2.6 Pour point of biolubricant

The proper pour point of biolubricant is the premise of its
effectiveness. Pour point is the lowest flow temperature
of biolubricant, which is a conventional index for
characterising the low temperature fluidity. The pour
point of vegetable oil is between —15 and —19 °C, which
is higher than that of mineral oil, because of the large
amount of C=C double bond in vegetable oil
Biolubricants stored in microlubricant supply units will
lose their fluidity and cannot be properly transported if
the ambient temperature is considerably low. The
influence of vegetable oil pour point should be
considered. For example, in northeast China, Russia, and
other countries and regions, vegetable oil cannot be used
when the ambient temperature is lower than 20 °C.
Therefore, the reduction of pour point has become one of
the research topics of biolubricants (Mechanism ®)).

Tao and Li [80], from Shanghai University, disclosed a
technology that improved the oxidation resistance and
pour point of vegetable oil by saturated isomerisation of
double bonds. They used the epoxidation process to
saturate C=C double bonds, etherification reaction to

obtain fatty alcohol ether and esterification reaction to
acquire synthetic oil esters. The pour point of castor oil
was reduced from —35 to —58 °C by technology, and that
of rapeseed oil was reduced from —18 to —29 °C. Zhang
et al. [81] from Beijing University of Chemical
Technology published a method for preparing low pour
point biolubricant from green modified plant-based
derived oil, which reduced the pour point of biolubricant,
which contained oleic acid as the main component, to
—70 °C and increased the flash point to 298 °C. Scholars
proposed a ‘two-step method for preparing polyol ester
lubricating oil’, with the pour point reduced to —50 °C
and flash point increased to 305 °C.

2.7 Thermostability of biolubricant

The thermal stability of biolubricants at high temperature
boundary in the grinding zone is the premise of effective
cooling and lubrication, and flash point is an important
parameter in characterising its thermal stability. The flash
point of vegetable oil is generally about 280 °C, with
soybean and cottonseed oil being 280 °C, rapeseed oil
being 275 °C, and peanut oil being 285 °C. When the
flash point is lower than the grinding temperature, the
vegetable oil will fail. In addition, the density of f-H and
electron cloud on the carbon framework of vegetable oil
is large, and it is easy to be decomposed by heat at high
temperature. C=C double bonds can be found in branched
fatty acids, and they can easily decompose at a high
temperature. In vegetable oil modification, epoxidation +
ring-opening reaction, selective hydrogenation and
hydrogenation cracking are commonly used for C=C
double bonds. Polyols without B-H can be esterified or
transesterified with fatty acid or fatty acid ester to prepare
polyol ester lubricating base oil (Mechanism @)).

Wang and Shen [82], from Shanghai Zhongfu Special
Oil Co., Ltd., disclosed a patent named as ‘an
environmentally friendly vegetable oil transformer oil and
its preparation method’, which improved the flash point
to 350 °C by ‘hydrogenation and two alkaline washing’
modification of rapeseed oil and peanut oil. However, the
improvement of thermal stability of vegetable oil is still a
difficult problem to be solved for grinding applications.

3 Grindability of aerospace alloy using
biolubricant

Scholars have initially carried out the exploration of
biolubricant as a lubrication medium in grinding for
typical aerospace difficult-to-machine materials, such as
titanium alloy, nickel-based alloy, and high-strength steel
[83,84]. The research is mainly divided into four stages:
validation experimental study, comparative study of
biolubricants, exploration of nano-enhanced biolubricants,
and adaptation of nanomaterials to biolubricants.
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3.1 Titanium alloy

The types of titanium alloys mainly include Ti—6A1-4V
(TC4), Ti-6A1-4VELI and Ti-13V-11Cr—3Al, which are
used to engine blades, compressor discs, landing gear,
heat shields, etc. The chemical composition and
mechanical properties of the commonly used Ti—-6Al-4V
are shown in Tables 1 and 2. The grinding problems of
titanium alloys come from three aspects: enhanced
mechanical activity, extremely low thermal conductivity,
and low elastic modulus [85,86]. Therefore, this research

Table 1 Chemical composition of Ti—-6A1-4V

Chemical composition

Mass ratio/wt.%

Al 6.180
\% 4.190
Fe 0.300
(0] 0.150
0.050
C 0.100
0.015
Ti Balance
Si 0.150

Table 2 Mechanical properties of Ti-6Al-4V

focuses on the workpiece surface integrity and grinding
force/heat performance parameters [87,88].

3.1.1 Force and CoF

Many experimental studies have been carried out on the
grinding force of titanium alloy. Sadeghi et al. [89]
observed a large normal and tangential force reduction of
72.2% and 61.9%, respectively, compared with soluble
oil when using biolubricant in MQL for Ti—6A1-4V, as
shown in Fig.4 [89-91]. However, the normal and
tangential forces in the synthetic ester MQL were reduced
by 16.7% and 20.5% compared with biolubricant MQL,
respectively. This notion confirms the feasibility of
replacing water-soluble cutting fluids with biolubricants.
The grinding force can be significantly improved because
of the excellent lubrication performance of biolubricants,
which produce low friction and better debris removal
performance. Meanwhile, synthetic esters with certain
chemical modifications have better grinding performance
than biolubricants. The reason is that synthetic esters
have good lubricity and film strength and high
temperature resistance, which can more effectively reduce
friction than biolubricants. Li et al. [90] used biolubricant
MQL in TC4 grinding and found that the normal and

Material Hardness  Yield strength  Elongation  Tensile strength  Elasticity modulus Density Thermal conductivity  Specific heat
Ti-6Al-4V 30 HRC 861 MPa 14% 993 MPa 114 GPa 4.43 glem’ 5.44 W/(m'K) 526.3 J/(kg'K)
Legend I:‘ Normal force - Tangential force - Temperature
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Fig. 4

Improvement ratio of biolubricant MQL compared with the traditional flood or dry grinding [8§9-91].
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tangential forces decreased by 16.6% and 42.9%
compared with dry grinding, respectively. Furthermore,
the advantage of biolubricant could be reflected by the
CoF, which decreased from 0.562 to 0.384. Ibrahim et al.
[91] also obtained a lower CoF compared with flood and
dry grinding when using palm oil and synthetic esters as a
lubrication medium. Based on the above-mentioned
verification results, biolubricants and vegetable synthetic
esters are more conducive to the formation of lubricating
oil film compared with mineral fluids due to their unique
molecular structure (long molecular chain, polar group),
thus obtaining better interface tribological properties.

Research on the grinding performance of the different
biolubricants is the premise of process optimisation.
Singh et al. [92] compared the grindability using canola,
soybean and olive oil as lubricating media in Ti—6Al-
4VELI grinding. Amongst the three oils, canola oil
obtained the lowest grinding force (tangential grinding
force Fy = 4.68 N, normal grinding force F,, = 15.25 N),
CoF (0.307) and specific grinding energy (17.16 J/mm?3).
The viscosity of canola oil reaches 38 mPa-s at 40 °C,
whilst those of the soybean and olive oil are 26 and 32
mPa-s, respectively. This finding indicated that viscosity
plays a key role in improving the tribological character-
istics.

In terms of molecular structure, the main fatty acid
composition of canola oil is erucic acid (C22:1), which

has higher straightness and longer carbon chain.
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Meanwhile, the main fatty acid compositions of soybean
and olive oil are linoleic acid (C18:2), with lower
straightness and shorter carbon chain, and oleic acid
(C18:1), with higher straightness and shorter carbon
chain. Thus, canola oil achieved the best lubrication
performance.

When graphene was introduced to prepare nano-
enhanced biolubricants by Li et al. [90], the normal and
tangential grinding forces were 22.3% and 42.8% lower
than those of the biolubricants due to their excellent
antifriction and enhanced heat transfer characteristics, and
the CoF was also reduced to 0.283. Ibrahim et al. [91]
also found a significant improvement in lubrication when
graphene was added. The tangential grinding force was
reduced by 79.1%, and the normal grinding force was
lowered by 19.4% compared with those of pure palm oil.
Moreover, the CoF was reduced from 0.247 to 0.061.

A lubricating oil film was found on the workpiece
surface by energy dispersive spectrometry (EDS) analysis
at three different points, as shown in Fig. 5 [91]. The
carbon element content at A, B, and C positions are
18.22%, 34.43%, and 19.79%, respectively, whilst the
carbon content in the Ti—6Al-4V sample is less than
0.03%. Therefore, the presence of a large amount of
carbon content is attributed to the formation of graphene
lubrication films during the lubrication of a graphene
nano-enhancer with biolubricants. Setti et al. [93] repor-
ted that the use of an Al,O3 nano-enhanced biolubricant
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Fig. 5 Lubricant film observation by EDS analysis. Reproduced with permission from Ref. [91] from Elsevier.
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significantly reduced the CoF as the grinding time
increased, whilst dry grinding and flood did not have this
gain effect. This advantage was explained by the
discovery of a lubricating oil film on the workpiece
surface, and EDS analysis fully confirmed the contribu-
tion of the nano-enhancers.

The suitability of nano-enhancers and biolubricants has
a significant effect on the grinding performance of the
nano-enhanced biolubricants, which is mainly reflected in
different types and mass fractions of the nano-enhancers.
Singh et al. [92] used layered nano-enhancer graphene,
graphite and MoS; to prepare nano-enhanced biolubri-
cants with sunflower oil. The results showed that
graphene achieved the lowest CoF (0.253) and specific
grinding energy (12.76 J/mm?3). When the mass fraction
of graphene is increased, the grinding performance
parameters increase first and then decrease, and the
optimal mass fraction of graphene and canola oil was 1.5
wt.%. The increase in concentration improved the number
of nano-enhancer for effective lubrication at the interface
and increased the viscosity of the biolubricant [94].
However, the nano-enhancer will aggregate, precipitate
and fail when the concentration is considerably high.
How to prevent agglomeration and improve the optimal
mass fraction is also a current research focus.

3.1.2 Wheel wear

Cubic boron nitride (CBN) and silicon carbide wheels are
used in titanium alloy grinding, and the lubrication
performance of biolubricant has a significant effect on
wheel wear and life [95]. Ibrahim et al. [91] carried out a
friction and wear experiment using zirconia balls and
titanium alloy workpiece to simulate the grinding

conditions. Experimental results showed that wear rate
with synthetic ester (LB2000) and palm oil are
significantly reduced compared with dry lubrication. In
comparison with palm oil, the wear rate decreased by an
order of magnitude to 3.65x107* when graphene was
selected as a nano-enhancer. Setti et al. [93] observed the
wheel wear under different lubrication conditions, as
shown in Fig. 6 [93]. An obvious wear plane was formed
on the abrasive surface under poor lubrication
performance in dry grinding. When nano-enhancers were
used, the wear phenomenon was significantly controlled,
and good abrasive sharpness was maintained. Under high-
pressure impact, the nano-enhancers enter the pore of
wheel for cooling and lubrication. Meanwhile, the
sliding/rolling of nano-enhancers prevents the direct
contact between the wheel and the workpiece. In addition,
nano-enhancers promote the discharge of debris from the
pore of the wheel and keep the wheel clean with the effect
of MQL pressure. Liu et al. [96] indirectly characterised
the sharpness and wear of grinding wheel by observing
the material removal rate (A,,). The result showed that the
material removal rate of the synthetic ester-based nano-
enhancer was 71.8% higher than that of flood. Thus, the
excellent lubrication performance of the nano-enhancer
biolubricant is verified.

3.1.3 Grinding temperature

The burn of the workpiece surface in titanium alloy
grinding is intriguing because the frictional heat gathers
on the workpiece surface [97]. The grinding temperature
in vegetable oil MQL obtained by Li et al. [90] is
229.18 °C, which is 17.8% lower than that of dry
grinding, as shown in Fig. 4. After a graphene nano-

Fig. 6 Grinding wheel wear under different lubrication conditions. Reproduced with permission from Ref. [93] from Elsevier.
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enhancer was added, the temperature decreased to
183.61 °C, which is 34.2% lower than that of dry
grinding. Liu et al. [96] carried out a multi-factor
experimental study of Ti-6Al-4V grinding, amongst
which cooling condition (four levels: dry grinding, flood,
MQL, and nanolubricant minimum quantity lubrication
(NMQL)) was one of the factors. NMQL can obtain a
higher S/N value compared with dry and MQL grinding,
indicating that nano-enhanced biolubricants are most
effective in reducing grinding temperature. Furthermore,
the lowest temperature reached 133.8 °C in NMQL.

The addition of nano-enhancers changes the biolubri-
cants from pure oil to two-phase fluid, resulting in the
formation of microclusters with nano-enhancer as the
core and oil as the coating layer. The Brownian move-
ment effect of the microclusters will significantly
improve the heat transfer performance [98]. In addition,
the viscosity and surface tension of the biolubricants will
change in a beneficial direction. The reduction of
grinding temperature depends on the improvement of the
heat transfer performance of the lubricating medium,
which conforms to the convection heat transfer mecha-
nism [99,100]. Convective heat transfer coefficient is a
key factor that affects convective heat transfer capacity.
Yang et al. [101] established a convective heat transfer
coefficient formula under NMQL. According to the
formula, the main factors affecting convective heat trans-
fer coefficient include specific heat capacity, viscosity
and thermal conductivity of biological lubricants, thermal

BHXY 25.0 kV 13.9 mm x20

Dry grinding (x200)

conductivity, specific heat capacity, content of nanoma-
terials and Brownian movement activity of nano-
enhancers, and so on. The above-mentioned factors can
be used as the basis for heat exchange performance
optimisation of NMQL.

3.1.4 Debris morphology

Cui et al. [102] observed the debris morphology in the
grinding experiment of Ti—6Al-4V under different
lubrication conditions, as shown in Fig. 7 [102], including
dry grinding with cryogenic air (-5 °C) and NMQL with
Al,Os/synthetic ester nano-enhanced biolubricant. In dry
grinding, no lubricant can be found in the abrasive/debris
interface, resulting in obvious furrow marks on the fresh
surface of debris (due to the fast abrasive wear). In
addition, the fresh surface of the debris is accompanied
by material adhesion and accumulation, which is the
material flow accumulation caused by the increase in
plasticity and interfacial friction of debris under high
temperature. Furthermore, the side of debris is rough and
has a zigzag defect formed after the material pulling
fracture, which is caused by the material’s strong local
plasticity at high temperature. Finally, the distribution of
free surface shear bands is chaotic. This phenomenon is
due to the poor tribological properties of the interface that
results in the stuttering and crawling phenomena during
the material removal. The above-mentioned phenomenon
has been significantly improved in NMQL. However, in

ATk
Fresh surface
ith furrow

Synthetic esters (x200)

Fresh surface with
local nonuniformity

/‘ Free surface
with wrinkle ™

Synthetic esters (x700)

Fig. 7 Debris morphology under different lubrication conditions: (a) dry grinding (x200), (b) dry grinding (x700), (c) synthetic esters
(x200), and (d) synthetic esters (x700). Reproduced with permission from Ref. [102] from Elsevier.
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some cases, the fresh surface is still rough, the side has a
serrated defect, and the free surface is not uniform. The
thermal softening effect in the material removal process
results in plastic enhancement and fracture stress
reduction due to the high mechanical and thermal loads.
This phenomenon increases the critical cutting depth,
debris width, plastic accumulation on both sides of the
furrow and material adhesion between the workpiece and
debris surface [103]. Setti et al. [93] found that the debris
length is larger in dry grinding and flood compared with
NMQL.

3.1.5 Surface integrity

In the study of Sadeghi et al. [89], the surface roughness
was reduced to 0.2-0.31 pm by using vegetable oil and
synthetic esters as lubricating media. The surface
roughness of the synthetic ester is lower than that of
vegetable oil under different flow rates. Li et al. [90]
found that the Ra value of vegetable oil MQL could be
reduced to 0.438 um, which is 28.40% lower than that
with dry grinding. Furthermore, the Ra value was reduced
to 0.295 um, which was 51.80% lower than that of dry
grinding, when graphene nano-enhanced biolubricant was
used. When palm oil was used, the Ra value reached
0.325 um, which was 43.97% lower than that of flood.
When graphene is mixed with palm oil, the Ra value
reached 0.278 pm, which was 52.07% lower than that of
flood [91]. However, the surface roughness ranges from
0.6 to 0.7 um, which is at the same level as that of dry
grinding, when water-based nanofluids were used [93].
Biolubricants have been confirmed to have a significant
effect on improving surface roughness. According to the
comparison of the different vegetable oils, the surface

roughness of canola, soybean, olive and sunflower oil
fluctuated in the range of 0.41-0.44 pm, and canola oil
had a slight advantage. The Ra value significantly
increased after a nano-enhancer was introduced, and the
lowest value was 0.210 um. When the nano-enhancer
concentration changes, Ra value and grinding force
change in the same rule, and an optimal mass fraction
exists.

The microhardness of the workpiece surface reflects the
material property change under the influence of
machining heat/force. In the study of Li et al. [90], the
microhardness value reached 431.53 HV in dry grinding,
whilst it decreased to 391.69 and 349.37 HV when
vegetable oil and nano-enhanced biolubricant were used,
which were 9.2% and 19.0% lower than those of dry
grinding. The decrease of force and temperature results in
the decrease of the thermally affected layer thickness on
the workpiece surface and microhardness.

The surface morphology of the workpiece can directly
reflect the machining defects. The suppression of surface
defects formed by machining is the most important
method to improve the surface integrity. The common
surface defects in titanium alloy grinding include adhe-
sion, burn, plastic accumulation and scratch. According to
Sadeghi et al. [89] (Fig. 8), plastic deformation, thermal
damage (such as debris adhesion and surface deposition)
significantly reduced in vegetable oil and synthetic ester
MQL condition compared with flood. When Li et al. [90]
used a biolubricant, grinding burns were avoided.
However, adhesion and wide furrows still existed.
Meanwhile, the optimal workpiece surface was obtained
without obvious defects when 0.1 wt.% concentration of
graphene nano-enhanced biolubricant was used. Ibrahim
et al. [91] also obtained the same conclusion. Singh et al.
[92] found that plastic uplift existed in flood, and large

(a) Cross-section SEM under flood |

Dot wo =

AccV  Spot Magn D
200kv 30 1000x SE 134 S0 JE

(b) Cross-section under vegetable oil
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Fig. 8 Surface and cross-section morphology under different lubrication conditions: cross-section scanning electron microscopy (SEM)
under (a) flood, (b) vegetable oil, and (c) synthetic esters; surface SEM under (d) flood, (e) vegetable oil, and (f) synthetic esters.

Reproduced with permission from Ref. [89] from Springer Nature.
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grinding burns occurred in dry grinding. The workpiece
surface under canola oil MQL was still rough even
though the plastic uplift defects were reduced. Graphene/
canola oil NMQL achieved a smoother workpiece
surface. Meanwhile, the different types of vegetable oil
and mass fraction of the nano-enhancers also had a
significant effect on defect inhibition.

3.1.6 Analysis of the grinding defects and solutions

According to the research results, the grinding defects
and bottlenecks of titanium alloy can be summarised as
follows:

(i) Deterioration of the tribological properties caused by
low elastic modulus. The elastic modulus of titanium
alloy is 114 GPa, which is about 60% of the nickel-based
alloy and high-strength steel. The abrasive removes
material with negative rake cutting, giving the grinding
force the appearance of ‘high pressure and low shear’.
Then, the high pressure caused titanium alloy to rebound
and retreat, resulting in vibration and surface roughness
reduction during the grinding. In this case, the ratio of
friction energy to grinding energy is higher than the other
materials, which not only produces more friction heat but
also intensifies the abrasive wear.

(i1) Deterioration of the workpiece surface integrity
caused by low thermal conductivity. The heat transfer
outlet in the grinding zone includes: workpiece, abrasive,
lubricants, debris, and air. In titanium alloy grinding, the
energy transmitted into the workpiece can reach more
than 58% of the total energy [102,103]. However, the
heat cannot be quickly transmitted through the matrix due
to the low thermal conductivity of the titanium alloy, thus
accumulating on the workpiece surface. At present,
studies have confirmed that grinding defects caused by
heat accumulation include the following aspects:
@ Grinding burn and crack. The grinding burn is the
black area that can be observed on the workpiece surface.
(2 Material adhesion on the workpiece. Adhesion occurs
when the material is crushed to the surface of the
workpiece by the abrasive as a result of thermal softening

at high temperature. (3) Ploughing and plastic uplift. The
plastic ploughing phenomenon is intensified, and the
material removal rate is decreased under the thermal
softening effect. Thus, more materials are accumulating
on both sides of the furrow.

According to the grinding experimental results, the
bottleneck in (2) has a stronger effect on the machining
results than that in (I). Currently, scholars focus on
improving the heat transfer capacity of lubricants and
reducing the energy proportion that flows into the
workpiece. The current research methods and conclusions
are shown in Table 3 [89-93,96,102], which can be
summarised as follows:

(i) Graphene with high thermal conductivity was used
as a nano-enhancer to prepare the nano-enhanced
biolubricant with palm oil, which had better heat
exchange and antifriction performance, and achieved the
best grinding experimental results compared with the
other lubricants.

(i) Combining cryogenic air and nano-enhanced
biolubricant can significantly improve the heat transfer
performance, which has been verified by preliminary
experiments. This approach is one of the powerful
techniques to solve the problem of titanium alloy
grinding.

3.2 Nickel-based alloy

Nickel-based alloy has high strength and certain
oxidation corrosion resistance at 650-1000 °C. The
nickel-based alloy types for aerospace applications
include Inconel series (718, 600, 625, etc.) and Incoloy
series (825, A-286, etc.). This type of alloy is mainly used
in the heat resistant parts of aeroengines, turbine blades,
space shuttle engines, gas turbines and so on. Apart from
the low thermal conductivity, the high hardness of nickel-
based alloys is a source of grinding bottlenecks,
distinguishing them from titanium alloys and high-
strength steels [104—106]. The chemical composition and
mechanical properties of the commonly used Inconel 718
are shown in Tables 4 and 5.

Table 3 Grinding conditions and experimental results of titanium alloy [89-93,96,102]

Ref. Lubricant ~ Nano-enhancer =~ Workpiece Evaluation parameters Conclusion
[89] Vegetable oil, - Ti-6A1-4V  Force, surface roughness, and workpiece surface Synthetic esters > vegetable oil > soluble oil
synthetic esters topography
[90] Vegetable oil Graphene Ti—6A1-4V Force, CoF, grinding temperature, surface Graphene MQL > vegetable oil MQL > dry
roughness, microhardness, and workpiece grinding
surface topography
[91] Palm oil, Graphene Ti-6Al1-4V Force, CoF, specific grinding energy, surface ~ Optimal graphene concentration is 0.1 wt.%.
synthetic esters roughness, and workpiece surface topography
[92] Canola oil, Graphene  Ti—6AlI-4VELI orce and workpiece surface topography Canola oil is optimal
soybean oil, Graphite
olive oil MoS,
[93] Water AlLO3 Ti—6A1-4V CoF, workpiece surface topography, EDS of Al,O3 MQL > water MQL
workpiece, wheel wear, debris morphology, and
surface roughness
[96]  Synthetic esters - Ti-6Al-4V ~ Material removal rate and grinding temperature MQL material removal rate is higher than flood
[102] Synthetic esters AlLO3 Ti-6Al1-4V Debris morphology AlL,O3 MQL > synthetic esters MQL > dry

grinding
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3.2.1 Force and CoF
Virdi et al. [107,108] used sunflower, rice bran, palm, and
peanut oil in the MQL grinding experiment of Inconel
718. They found that the usage of biolubricant
significantly reduced the CoF compared with flood,
whilst the force, specific grinding energy and temperature
are inferior to flood, as shown in Fig.9 [107-110].
Amongst the four types of biolubricants, palm oil
obtained the best experimental results, with the specific
grinding energy and CoF reduced by 2.5% and 25.0%
compared with flood, respectively.

Based on the above research, palm oil has achieved
excellent lubrication performance amongst the various
vegetable oils, and the reasons can be summarised into

Table 4 Chemical composition of Inconel 718

Chemical composition Mass ratio/wt.%

Al 0.95
Mn 0.35
Fe Balance
Cr 18.80
Cu 0.30
Ni 53.40
Co 1.00
Mo 2.99
Si 0.35
C 0.08

Table 5 Mechanical properties of Inconel 718

two aspects: (1) Palmitic acid (C16:0, 35%—48%), the
main fatty acid component of palm oil, is saturated fatty
acid. Meanwhile, the component of sunflower, peanut and
rice bran oil (oleic acid, linoleic acid, etc.) is unsaturated
fatty acid. (2 Palm oil showed a higher viscosity value,
reaching 38 mPa-s at 40 °C.

Wang et al. [109] compared the MQL grinding
performance of the various vegetable lubricants (castor,
soybean, rapeseed, corn, peanut, palm, and sunflower oil)
for grinding of Inconel 718. Castor oil achieved the
minimum normal and tangential grinding forces (F, =
76.83 N, Fi = 24.33 N). The unique advantages over the
other vegetable oils are as follows: (1) Ricinoleic acid
(C18:1), the main component of castor oil, contains a
polar group —OH, which significantly enhances the
adsorption strength of the lubricating oil film at the
interface. (2) The viscosity of castor oil is one order of
magnitude higher than that of other vegetable oils,
reaching 260 mPa-s at 40 °C. This condition is beneficial
to the improvement of the tribological characteristics.
However, the high viscosity of castor oil results in an
increase in the grinding temperature, which was
mentioned in the study of Li et al. [110] and will be
discussed in detail later. Zhang et al. [111] also found that
in the grinding of the nano-enhanced biolubricant
prepared by Al,O3/SiC nano-enhancers with palm oil and
castor oil, the grinding force obtained with palm oil as
base oil is less than that obtained with castor oil.

Virdi et al. [108] observed the reduction of CoF and
specific grinding energy with 17.7% and 29.4%
respectively in grinding Inconel 718 with palm 0il/Al,O;

Material Hardness  Yield strength  Elongation  Tensile strength  Elasticity modulus Density Thermal conductivity — Specific heat
Inconel 718 100 HRC 550 MPa 45% 965 MPa 199.9 GPa 8.24 g/cm? 14.7 W/(m-K) 435 J/(kg'K)
. . o L. Wang et al. [109]
Reference | Virdi etal. [107] Virdi et al. [108] Virdi et al. [107] Virdi et al. [108] and Lietal. [110]
it Sunflower| Rice bran |Peanut oil| Palm oil . . ) . . .
ubricant |5 . A1.0/ oil + ALO, | +ALO, | +ALO, Sunflower oil |Rice bran oil | Peanut oil | Palm oil Caster oil
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Fig. 9

Improvement ratio of biolubricant MQL compared with the traditional conditions [107—110].
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NMQL compared with biolubricant. When sunflower
0il/Al,03 was used in NMQL, the normal and tangential
grinding forces decreased by 4.15% and 17.50%,
respectively. The CoF decreased from 0.142 to 0.117, and
the specific grinding energy decreased from 39.542 to
32.901 J/mm?3 [107]. In the NMQL experiment conducted
by Wang et al. [112], the different performances of Al,O3
and MoS; were compared. The CoF decreased from 0.45
to 0.40 in palm oil/MoS, NMQL and 0.38 in palm
0i1l/Al;03 NMQL compared with MQL. Spherical Al,O3
has high hardness and plays a supporting role between the
wheel and the workpiece, thus reducing the actual contact
area of the friction pair. The rolling effect is produced on
the uneven surface of the workpiece when it enters the
grinding zone; accordingly, the sliding friction is
transformed into rolling friction to produce an antiwear
effect, which can reduce the tangential force and CoF.
Zhang et al. [113] used synthetic ester to prepare the
coolant with carbon nano tubes (CNTs), MoS;, and
hybrid nano-enhancer CNTs/MoS,. The experiment of
grinding Inconel 718 showed that hybrid nano-enhancers
exhibited stronger cooling and Iubrication performance
compared with a single one. These two nano-enhancers
with different structures can improve the lubrication state
of the grinding zone through physical synergy, and the
grinding force is significantly reduced. The addition of
different forms of nano-enhancers has different abilities
of improving the cooling and lubrication performance.
Spherical and layered nano-enhancers are more
favourable for antifriction and antiwear but have lower
thermal conductivity. Meanwhile, tubular CNTs have
higher thermal conductivity and heat transfer capacity,
but they are not conducive to lubrication. Zhang et al.
[114] used vegetable oil combined with Al,Os, SiC, and
ALO3/SiC hybrid nano-enhancers for grinding Inconel
718. The grinding forces are Fj, = 8491 N, Fy =25.31 N
(ALLO3), and F,, = 93.21 N; F; = 30.81 N (SiC) when
single nano-enhancers are used, whilst the forces are F;, =
70.91 N; F;y = 20.03 N when hybrid nano-enhancers are
used. The specific grinding energy of the hybrid nano-
enhancers is reduced by 20.9% and 34.9% compared with
ALO3; and SiC NMQL, respectively, which is consistent
with the experimental results of Zhang et al. [113]. Zhang
et al. [115] evaluated the effect of the different particle
sizes of hybrid nano-enhancers on the grinding force.
They found that the grinding force reached the smallest
when the particle size ratio of Al,O3 and SiC was 7:3.
Wang et al. [116] found that the specific grinding
energy showed a trend of decreasing first and then
increasing with the increase in Al,O3; concentration. At
1.5 vol.%, the specific grinding energy reached the
minimum value (64.95 J/mm?3), which was 34.1% lower
than that of pure oil. Accordingly, the proper
concentration can improve the tribological properties,
whilst a considerably high one will lead to aggregation,

which is not conducive to the tribological properties. Li
et al. [117] obtained similar results in Inconel 718
grinding with palm oil/CNT.

3.2.2 Wheel wear

Severe wear and short service life of wheel are the main
technical bottlenecks in the grinding process of nickel-
based alloy. Virdi et al. [108] evaluated wheel wear using
different biolubricants in MQL grinding of Inconel 718.
The G-ratio increased by 50.60% when palm oil was used
compared with peanut oil. In the other experiment, the G-
ratio in sunflower oil increased by 3.61% compared with
rice bran oil [107]. This result is obtained because the
viscosity of sunflower oil is higher than that of rice bran
oil, reducing the fluidity and prolonging the lubrication
time of the grinding interface, thus preventing wheel
wear. The life rule of wheel with different vegetable oil is
consistent with grinding force, which depends on the
lubrication performance. When Al,O3 was added to the
sunflower oil, the G-ratio increased from 0.688 to 1.532.
The abrasive was protected from wear due to the stable
lubricating oil film formed by the nano-enhanced
biolubricant. In addition, the G-ratio was significantly
increased by increasing the concentration of the nano-
enhancers. Hegab et al. [118] found that wheel wear was
significantly improved with the addition of nano-
enhancers in grinding Inconel 718. This phenomenon is
mainly attributed to nano-enhancers that improve the
lubrication and wettability in rake face/debris and back
face/machined workpiece interfaces, thus improving the
wear behaviour. Moreover, the wear decreases by 26.3%
when multi-walled carbon nano tube (MWCNT) was
used compared with Al,03. Wang et al. [109] carried out
a series of experiments and reached a consistent
conclusion. In comparison with the grinding performance
of the different biolubricants, the different molecular
structure, carbon chain length and other factors have
different effects on the G-ratio.

When Inconel 718 was machined with palm 0il/MoS,
and palm oil/Al;0O3, the addition of nano-enhancer
increased the G-ratio. NMQL increased the G-ratio by
23.9% and 32.9% compared with palm oil. Different
types of nano-enhancers improved the G-ratio to varying
degrees [112]. However, in the study of the effect of
different volume fractions of Al,O; on wheel wear, the
G-ratio shows a trend of increasing first and then
decreasing with the increase of volume fraction and
reaches the maximum at 2.5 vol.% [116]. The SEM and
EDS analysis of the abrasive showed that a micro-storage
layer similar to the capillary on the wheel surface can
temporarily store nano-enhanced biolubricant and
effectively bring it into the grinding zone. Meanwhile,
spherical Al,Os plays a good bearing role in the grinding
zone, changing the sliding friction between the abrasive
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and the workpiece into rolling friction. Spherical Al,O3
reduced the wear plane of abrasive by reducing the
contact area between the abrasive and the workpiece
(Fig. 10 [116]).

3.2.3 Grinding temperature

The corundum wheel and CBN superhard abrasive wheel
are mostly used in grinding nickel-based alloy. However,
the biggest problem is the adhesion blockage of the
grinding wheel. The nickel-based alloy with low thermal
conductivity generates a large amount of heat and
concentrates on the workpiece surface during material
removal, resulting in the increase in the grinding
temperature. Thermal damage caused by high grinding
temperature seriously affects the workpiece quality and
limits the production efficiency. Therefore, the effective
heat transfer of lubricant is one of the important factors.
In Inconel 718 grinding experiment of Virdi et al.
[107], the grinding temperature of sunflower oil MQL
was 19.2% lower than that of rice bran oil MQL (Fig. 9
[107-110]). After Al,O3 nano-enhancers were added into
the sunflower oil, the grinding temperature was further
reduced from 105 to 80 °C. Li et al. [110] compared the
grinding temperatures of castor, soybean, rapeseed, corn,
peanut, palm and sunflower oil MQL in the grinding
experiment of Inconel 718. They found that palm oil
MQL reached the minimum value (119.6 °C), and castor
oil MQL reached the maximum value (176.0 °C). This
result is different from that of grinding force. The
fundamental reason is that the physicochemical properties

BH\\ 25 0 l\\ 11.8 mm x50 SE

of vegetable oil have different influencing trends on the
lubrication and cooling performance: (1) The fluidity of
the vegetable oil molecules is poor in the heat transfer
process because castor oil contains —OH and present high
viscosity, thus resulting in lower heat transfer efficiency.
(@ Although castor oil obtained the lowest grinding force
(i.e., the minimum heat output) in the study of Wang
et al. [112], the reduced heat transfer efficiency still
resulted in the energy transmitted to the workpiece reach-
ing the maximum value amongst various oils. (3) Palm oil
is used as a lubricant with moderate viscosity to achieve a
minimum grinding temperature. Zhang et al. [119] also
found that surface tension had a significant impact on
heat transfer performance, mainly because it affected the
particle size and spread area of the microdroplets, thus
changing the effective heat transfer area of lubricant.

Li et al. [120] added nano-enhancers into the palm oil
and significantly improved the heat transfer performance.
The effects of the different nano-enhancers (MoS,;, SiO,,
PCD, CNT, Al,Os3, and ZrO;) on the grinding tempera-
ture were also compared. The thermal conductivity of
CNT was the highest, resulting in the lowest grinding
temperature under the condition of CNT nano-enhanced
biolubricants. In the palm oil/CNT experiment with
different concentrations, the concentration should not be
considerably high or low, and an appropriate concentra-
tion can reduce the grinding zone temperature [117].

3.2.4 Debris morphology
Wang et al. [121] observed the debris morphology in the
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Fig. 10 Morphology and EDS analysis of the grinding wheel: (a) before grinding, (b) after grinding, and (c) EDS analysis. Reproduced

with permission from Ref. [116] from Elsevier.
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Inconel 718 grinding experiment (Fig. 11). The debris
morphology under the MQL condition was longer and
narrower compared with flood, and the surface was
smoother. Furthermore, the debris under the palm
0il/Al;03 NMQL condition are thinner compared with
palm oil MQL, which is determined by the excellent
lubrication performance of nano-enhancers. The debris
can be well adsorbed in the texture of the debris surface
or the grooves of the workpiece surface and act as rolling
bearings to reduce friction between abrasive and debris
[112]. Moreover, when the volume concentration of the
Al,O3 nano-enhanced biolubricant reached 2 vol.%, the
surface of the debris is smooth, and the strip debris with
uniform width are presented. The change of debris
morphology reflects the material removal mechanism,
and the excellent lubrication performance plays an
important role [116].

3.2.5 Surface integrity

According to Virdi et al.’s [107] grinding experiment of
Inconel 718 using sunflower and rice bran oil, as shown
in Fig. 12 [107,116,122], the surface roughness of both
biolubricants can be reduced compared with flood.
However, Ra in sunflower oil MQL also decreased by
5.49% compared with rice bran oil. When Al,O3 nano-
enhancers were added, sunflower o0il/Al,O3; NMQL
decreased by 41.90% compared with MQL.

Wang et al. [109] evaluated the surface quality in
Inconel 718 grinding using different biolubricants. Castor
oil reached the lowest surface roughness value of 0.36 pm
due to its high viscosity, and the optimal workpiece
surface was also obtained. Furthermore, MoS, and Al,O;

were used to prepare nano-enhanced biolubricants with
palm oil. The addition of both nano-enhancers reduced
the Ra values compared with palm oil. However, the Ra
value of the Al,O3; nano-enhancers decreases by 13.3%
compared with MoS; [112]. Li et al. [120] studied the
surface quality considering the influence of the various
nano-enhancers and found that nanodiamond has more
advantages than others. Wang et al. [116] found that the
surface quality when the volume concentration reaches
2% 1is the best (Fig.12 [107,116,122]) using palm
0il/Al,O3. The Al eclement content increase on the
workpiece surface was also observed through EDS

analysis. Li et al. [123] also obtained the same
conclusion.
Zhang et al. [124] used CNTs/MoS, hybrid nano-

enhancers in the NMQL grinding of Inconel 718. The
surface roughness obtained by hybrid nano-enhancers
decreased by a maximum value of 85.3% compared with
single nano-enhancer. This finding is consistent with the
effect produced by grinding forces. Zhang et al. [114]
also obtained the same conclusion in his experiment.
Virdi et al. [107] observed the workpiece surface
topography and found the sliding and ploughing
phenomena exist in almost all conditions, and some of
them also have deep gullies and adhesion. In flood
condition, severe ploughing and adhesion lead to poor
workpiece surface integrity, and adhesion further
aggravates the friction between grinding wheel and
workpiece. The surface quality of vegetable oil was
improved. However, slight stacking of materials,
adhesion and wear marks caused by ploughing and
accumulation were also observed. This phenomenon is
due to the viscosity of vegetable oil that more slowly

(a) Flood

(b) MQL with palm oil

. Back
surface
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wr

16-Oct-15 MD12.6 mm 25.0 kV x1.0k 50 pm

Fig. 11 Debris morphology under different lubrication conditions: (a) flood, (b) MQL with palm oil, (¢) palm oil + Al,O3, and (d) palm
oil + nanodiamond. Reproduced with permission from Ref. [121] from Elsevier.



Xin CUI et al. Comparative assessment in grinding aerospace alloy using biolubricant 17

(a) Sunflower oil + AL,O,

Virdi et al. [107]

@ N Element| wt.%
5 ke Al_| 027
a9 ST o 37

15.52

Octane Pro Det

2 4
Full scale: 805 cts, Cursor: 0.000

20
keV

(c) Palm oil + AL,O;

Wang etal. [116]

T T T
2 4 6
keV | Full scale: 3881 cts, Cursor: 0.000

BHXY 25.0 kV 15.3 mm x500 SE

Plastic
accumulation

BHXY 25.0 kV 15.3 mm x1.00 k SE 50 um

10 12
keV

Ra=0.301 um

100 pm

BHXY 25.0kV 153 mmx1.00k SE

Fig. 12 Surface SEM and EDS analysis of Ni-based alloy using Al,O3 biolubricant: (a) sunflower oil + Al,O3 [107], (b) soybean oil +
Al,03 [122], and (c) palm oil + Al,O3 [116]. Reproduced with permission from Refs. [107,116,122] from Elsevier.

declines than that of mineral oil at higher temperatures.
Accordingly, the higher viscosity ensures that the
vegetable oil could provide more stable lubricity at the
operating temperature range. Furthermore, the smoother
surfaces, small number of narrower furrows and slight
accumulation of plough are revealed under NMQL. The
EDS analysis also confirmed the existence of a

lubricating oil film on the workpiece surface. Peng et al.
[122] found an oxygen element on the workpiece surface
in the grinding experiment of Inconel 718 using soybean
0il/Al,03 NMQL. This phenomenon was attributed to the
chemical reaction and the formation of a lubricating oil
film, which effectively improved the lubrication
condition of grinding.
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3.2.6 Analysis of grinding defects and solutions

According to the above-mentioned results, the grinding
defects and bottlenecks of the nickel-based alloy can be
summarised as follows.

(1) Wheel wear is aggravated due to high hardness. The
hardness of nickel-based alloys reaches about 100 HRC,
which is three to five times bigger than titanium alloys
and high-strength steels. The high hardness comes from
the following reasons: () The high melting point alloying
elements of the nickel-based alloys (nickel, iron,
chromium, etc.) combine with other elements to form
high-hardness materials, such as austenitic alloys, high-
hardness compounds, high-hardness intermetallic com-
pounds, and hard particles. (2) Nickel-based alloy is
treated with a solution treatment before machining, and
work hardening occurs in the process, resulting in the
increase of hardness. (3) After aging treatment, the hard
phase in the solid solution is precipitated, and the lattice
is distorted, resulting in aging strengthening.

In grinding, bottlenecks caused by high hardness are as
follows: (D) The interference area between abrasive and
debris decreases due to the low plastic deformation

degree of the workpiece in the abrasive material removal,
which results in the increase of the unit mechanical/
thermal load of the effective abrasive region and the
aggravation of abrasive wear. (2) The interference between
hard phase and abrasive also aggravates abrasive wear.
Therefore, scholars also focus on the wheel wear, G-ratio
and other parameters.

(i1) Surface burns caused by low thermal conductivity.
At 100 °C, the thermal conductivity of the nickel-based
alloy is 14.7 W/(m-'K). Although the conductivity of
nickel-based alloy is higher than that of titanium alloy,
some problems continue to persist, such as burn, furrow
and plastic accumulation on the workpiece surface.
However, the experimental results showed that such
defects do not reach the severity of titanium alloy.

Accordingly, the lubricant should first meet the
characteristics of antiwear and antifriction, whilst having
a certain heat exchange capacity. The current research
methods and conclusions are shown in Table 6
[107-124], which can be summarised as follows:

(1) The biolubricant should have high viscosity, fatty
acid saturation, containing polar groups and other
characteristics (e.g., palm oil and castor oil), which is

Table 6 Grinding conditions and experimental results of Inconel 718 [107-124]

Ref. Lubricant Nano-enhancer Evaluation parameters Conclusions
[107] Sunflower oil and rice bran oil ALLO3 Force, CoF, specific grinding energy, G- 1. Sunflower oil > rice bran oil
ratio, grinding temperature, surface 2. Under Al,O3 NMQL, optimal results
roughness, and workpiece surface are obtained
topography
[108] Peanut oil and palm oil Al O3 CoF, specific grinding energy, and G-ratio 1. Palm oil > peanut oil > flood
2. ALO; NMQL > MQL
[109]  Paraffin, soybean oil, peanut oil, - CoF, specific grinding energy, G-ratio, 1. Vegetable oil > paraffin
corn oil, rapeseed oil, palm oil, surface roughness, and workpiece surface 2. Castor oil is the best
castor oil, and sunflower oil topography
[110]  Castor oil, soybean oil, rapeseed - Force and grinding temperature 1. Castor oil has the lowest force
oil, corn oil, peanut oil, palm oil, 2. Palm oil has the lowest grinding
and sunflower oil temperature, and castor oil has the highest
[111] Palm oil and castor oil ALO; + SiC Force, specific grinding energy, and Palm oil > castor oil
surface roughness
[112] Palm oil Al,O3, MoS, CoF, specific grinding energy, G-ratio, Al,O3 NMQL > MoS; NMQL > palm oil
debris, surface roughness, and workpiece MQL
surface topography
[113] Synthetic esters CNT, MoS, Force Hybrid nano-enhancers > single
nano-enhancer
[114] Vegetable oil Al03, SiC Force Hybrid nano-enhancers > single
nano-enhancer
[115] Vegetable oil Al03, SiC Force Optimal particle size ratio is
ALO3:SiIC=7:3
[116] Palm oil AlLO3 Specific grinding energy, G-ratio, debris, 1. Optimal Al,O3 concentration (specific
and workpiece surface topography grinding energy) is 1.5 vol.%
2. Optimal Al,O3 concentration (G-ratio)
is 2.5 vol.%
[117] Palm oil CNT Force and grinding temperature Optimal CNT concentration is 2 vol.%
[118] Vegetable oil MWCNT and ALL,O3 Wheel wear MWCNT NMQL > Al,03; NMQL
[119] Liquid paraffin, palm oil, MoS; Force, CoF, and specific grinding energy Palm oil is the optimum base oil of MQL
rapeseed oil, and soybean oil
[120] Palm oil MoS,, SiO,, PCD, CNT, Grinding temperature, surface roughness, CNT NMQL is optimal
AlO3, and ZrO, and working surface topography
[121] Palm oil Al O3 Debris morphology Al,O3 NMQL > palm oil MQL > flood
[122] Soybean oil ALO;3 Surface roughness and workpiece surface  QOptimal Al,O3 concentration is 2 wt.%
topography
[123] Palm oil CNT Workpiece surface topography Optimal CNT concentration is 2 vol.%
[124] Synthetic esters AlO3, MoS, Surface roughness Hybrid nano-enhancers > single

nano-enhancer
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conducive to the formation of strong adsorption of a
lubricating oil film. Nano-enhancers should have high
hardness and spherical characteristics (e.g., Al,O3); thus,
they play an excellent role of rolling antifriction and
antiwear in a high-pressure grinding interface.

(ii)) The recommended nano-enhancers have low
thermal conductivity. To give consideration to the heat
transfer capacity and solve the grinding burn phenome-
non, the use of hybrid nano-enhancers is one of the
feasible solutions. The commonly used nano-enhancers
with high thermal conductivity include CNTs and SiC.

3.3 High-strength steel

High-strength steel (AISI 4140, 4340, 52100, etc.) plays
an important role in the aerospace field because of its
high tensile strength. The applications include rocket
engine housing, aircraft landing gear, bulletproof steel
plate and other parts with special performance require-
ments. Given that the yield and tensile strength of high-
strength steel are higher than those of titanium and
nickel-based alloys, it is difficult to be removed and form
debris in grinding. Wheel clogging and high grinding
temperature lead to the surface layer of the workpiece
changes, which is directly reflected in the changes of
microhardness and residual stress [125,126]. The
chemical composition and physicochemical properties of
the commonly used high-strength steels are shown in
Tables 7 and 8.

3.3.1 Force and CoF

Sadeghi et al. [127] used biolubricant and synthetic ester
in the AISI 4140 grinding experiment, which significantly
improved the performance compared with flood. Taking
tangential grinding force as example, vegetable oil and
synthetic ester were reduced by 57.2% and 67.5%
compared with flood, respectively. Meanwhile, synthetic
ester produced less grinding force compared with
biolubricants, with 22.8% and 22.9% reduction in the
normal and tangential directions, respectively (Fig. 13

Table 7 Chemical composition of high-strength steels
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[127-132]). In the AISI 1018 grinding experiment of
Shao et al. [128], commercial vegetable oil was used in
MQL, and the CoF was reduced from 0.299 to 0.271
compared with flood. The above conclusions are
consistent with titanium alloy grinding and verify the
advantages of synthetic ester. This finding is attributed to
the introduction of polar groups in the preparation of
synthetic ester, thus improving the adsorption capacity of
the Iubricating oil film. Mao et al. [129] also used water
and water-based Al,O3 nanofluids in the AISI 52100
grinding experiment. In comparison with water-based
MQL, the tangential force decreased by 10.92%, whilst
the force ratio decreased by 11.11% with the addition of
AlyO3. Furthermore, Ref. [132] found that the use of
canola oil/MoS, nano-enhanced biolubricant achieved a
lower grinding force compared with water/AlO;.
ManojKumar and Ghosh [130] used MWCNT and
sunflower oil to prepare the coolant when they carried out
the NMQL experiment of AISI 52100 grinding. In
comparison with MQL, the specific grinding energy of
sunflower 0il/MWCNT NMQL decreased by 11.9%, and
the force ratio decreased from 0.37 to 0.35. The addition
of nano-enhancers increases the viscosity of the Iubricant
from 44.2 to 47.96 mPa-s, thus enhancing the lubrication
performance. Molaie et al. [131] achieved smaller results
with the addition of nano-enhancers than under MQL
conditions when grinding AISI 52100 with pure water
MQL and NMQL.

Molaie et al. [131] further compared the grinding
performance of the nano-enhanced biolubricants prepared
by pure water and four types of nano-enhancers, namely,
Al,Os, graphite, graphene oxide, and CNTs. The results
showed that the grinding force of water/graphene oxide
was the smallest (F, = 74.2 N, F; = 26.3 N). In the
subsequent experiments, scholars mixed Al,Os; and
graphite to prepare hybrid nano-enhanced biolubricants,
and the grinding performance was improved, which is
due to the different tribological mechanism of the two
types of nano-enhancers. The layered structure of
graphene oxide allows easy access to the sliding zone and
reduces the direct contact between particle with the metal,

Mass ratio/wt.%

Material - -

C Mn P S Cr Mo Si Ni
AIST 4140 0.380-0.430 0.700-1.000 0.035 0.040 0.800-1.100 0.150-0.250 0.170-0.370 0.300
AIST 4340 0.380-0.430 0.600-0.8300 0.035 0.040 0.700-0.900 0.200-0.300 0.150-0.350 1.650-2.000
AISI 52100 0.950-1.050 0.250-0.450 0.025 0.025 1.400-1.650 0.080 0.150-0.350 0.300
Table 8 Mechanical properties of high-strength steels

. Hardness/ Yield : . Tensile Elasticity Density/  Thermal conductivity/  Specific heat/

Material HRC strength/MPa Elongation/% strength/MPa ~ modulus/GPa  (g-cm™) (W-m™ K1) (Jkg LK™
AISI 4140 222 930 12 1080 185 7.85 46 0.27-0.30
AIST 4340 27.8 835 12 980 208 7.83 - 0.30
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Fig. 13  Grinding performance of high-strength steel using biolubricant [127-132].

forming a protective and durable friction film.
Meanwhile, spherical Al,O3; nano-enhancers with high
hardness can produce a ball effect between friction
surfaces.

3.3.2 Wheel wear

de Mello Belentani et al. [133] used flood, vegetable oil
and vegetable oil/water mixture (mixing ratio 1:5) as
lubricants in AISI 4340 grinding. The wheel wear rate
was reduced under MQL compared with flood, as shown
in Fig. 14 [133]. The wheel wear degree depends on the
thermal/force boundary conditions in the grinding zone:
(D The lack of lubrication ability under flood results in
the aggravation of abrasive wear. (2) Vegetable oil as
lubricant still has a high wear rate because the high
viscosity lubricant does not have the wheel washing
performance, resulting in porosity blockage. (3) The
above-mentioned problems can be addressed using
vegetable oil/water mixture. The washing performance of
the lubricant on the wheel is also enhanced with the
increase in water proportion, and the wheel wear rate is
lower. Javaroni et al. [134] used a cooled wheel cleaning
jet (CWCJ) technology in combination with MQL to
significantly optimise the wheel wear rate by using
CWCJ’s cleaning effect on the wheel. Moreover, the
wheel wear rate further decreases with the decrease in

high-pressure gas temperature, as shown in Fig. 15 [134].
Garcia et al. [135] used a vegetable oil/water mixture
(mixing ratio 1:5) as lubricant, and the wear rate was
reduced by 33.3% when with a wheel cleaning jet (WCJ)
technology in the AISI 52100 grinding experiment. There-
fore, the wheel cleaning performance of the lubrication
process is important to wheel life.

ManojKumar and Ghosh [130] employed soluble
synthetic oil, sunflower oil and sunflower oi/MWCNT
nano-enhanced biolubricant as the lubrication media in
the grinding experiment of AISI 52100. The G-ratio of
the three lubricants increased by 23.1%, 26.9%, and
69.2% compared with flood. The addition of nano-
enhancers has a more prominent effect on wheel life.

3.3.3 Grinding temperature

Mao et al. [129] analysed the change of grinding tempera-
ture in the AISI 52100 grinding experiment. The grinding
temperature after adding nano-enhancers (Al,O3)
decreases from 484 to 442 °C, which decreases by 8.68%,
compared with pure water MQL, as shown in Fig. 16
[129]. The reduction in the grinding temperature can also
be verified by the workpiece microstructural distribution.
The grinding surface after machining is composed of a
white layer and a dark layer due to the influence of
grinding heat, which have an impact on the service life
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Fig. 14 Diametric wheel wear using vegetable oil + water
hybrid lubricant [133].

and surface quality of the workpiece. The thicknesses of
the white and dark layers are 8 and 32 um when water is
used as a lubrication medium, whilst 4 and 21 um when
water-based nanofluids are used, respectively. Therefore,
the reduction of grinding temperature has a significant
effect on the microstructural change of high-strength
steel.

3.3.4 Debris morphology

Javaroni et al. [134] observed debris morphology of
under flood, MQL and MQL + WCIJ technologies. In
flood, debris are strip and banding, indicating that debris
formation is a ductile flow process (Fig. 17 [134]). In
MQL, the debris is spherical. In the MQL + WCIJ
condition, the number of spherical debris is significantly
lower than MQL, indicating that the cooling performance
is stronger than MQL. Under the condition of MQL +
WCIJ (high-pressure gas with —15 °C), the shape is similar
to flood.

ManojKumar and Ghosh [130] observed the debris
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Fig. 16 Cross-sectional morphology under different lubrication conditions: (a) dry grinding, (b) MQL using water, and (c¢) MQL using
water-based nano-lubricant. Reproduced with permission from Ref. [129] from Springer Nature.

Fig. 17 Debris morphology under different lubrication conditions. Reproduced with permission from Ref. [134] from Elsevier.
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morphology in the grinding experiment of AISI 52100
and found that the biolubricant MQL optimises the
material removal process. A large number of elongated
debris (D and a small number of weakly plastic
deformation debris (2) are present in sunflower oil
condition, as shown in Fig. 18 [130]. In the case of
sunflower 0i/MWCNT, the number of weakly plastic
deformation debris is small, and the debris is formed by
cutting of the sharp abrasive, indicating that the
nanofluids environment has better sharpness maintenance
ability. When the lubricant flow is reduced, the number of
strip debris increases. However, spherical debris were
produced at the flow of 50 mL/h, indicating that the
temperature in the grinding zone increased, which led to
the melting and re-solidification of the debris material
into a spherical shape. Therefore, the flow of the lubricant
should be controlled in an appropriate range.

3.3.5 Surface integrity

Shao et al. [128] explored the distribution of residual
stress on the AISI 1018 workpiece after grinding and
found that residual compressive stress would be
generated on the workpiece surface in MQL and flood
conditions, whilst a higher residual tensile stress would
be generated in dry conditions. ManojKumar and Ghosh
[130] obtained the same rule in their experiments, as
shown in Fig. 19 [130]. The residual compressive stress

was generated on the workpiece surface, which was due
to the better reduction of the grinding temperature by
nanofluids through reducing friction and enhancing
thermal conductivity. The formation mechanism of the
residual stress in the grinding process is complex, which
is influenced by grinding heat and force: (D) The grinding
force results in the local plastic deformation of the
workpiece and residual compressive stress on the surface.
(2 Thermal expansion and cold contraction also have a
certain effect on the residual tensile stress, and the
extremely high grinding temperature may induce phase
transition and introduce residual stress.

Sadeghi et al. [127] compared the workpiece surface
quality when grinding AISI 4140 with vegetable oil and
synthetic ester MQL. They obtained a reduction of 19.0%
in surface roughness under synthetic ester compared with
vegetable oil MQL. The Ra value of these two
biolubricants is lower than flood when the grinding depth
is increased to 15 pm. This finding also fully proves that
biolubricants are more advantageous in the case of large
removal (high grinding force). Further observation of the
surface and cross-section of the workpiece indicated that
the surface using biolubricant is smoother, whilst burr
and obvious plastic uplift are observed on the cross-
section, as shown in Fig. 20 [127]. Mao et al. [129] added
Al,O3 nano-enhancers in water when grinding AISI
52100, and the Ra value decreased by 38.71% compared
with MQL. Nevertheless, a large number of plastic uplifts

Fig. 18 Debris morphology under different lubricants and usage amounts: (a) sunflower oil, 500 mL/h, (b) sunflower oil + CNT,
500 mL/h, (c) sunflower oil + CNT, 200 mL/h, and (d) sunflower oil + CNT, 50 mL/h. Reproduced with permission from Ref. [130] from

Elsevier.



Xin CUI et al.

Comparative assessment in grinding aerospace alloy using biolubricant 23

Work material: AISI 52100 (HRC:62) | 792 Dry
800 I |Grind; . Flood
Grinding wheel: A60K5Y8 Tk ~7] SO-SQCL@500
Table speed: 5 & 10 m/min SUN-SQCL@500
Depth of cut: 10 & 20 um = ggﬂ'gg%%ggg
600 . o -
Wheel speed: 25 m/s SUN-CNT@50
No. of passes: 50
<
(=¥
400 |
% 310
s
7] 226
Tg 200 r
2 117
3
~
24
0r e =
26 33
-200 | =1
=190
228

V.=25m/s, V, =5 mm/min,
a,=10 um

V,=25m/s, V, =5 mm/min,
a,=20 um

Fig. 19 Residual stress of workpiece under different lubrication conditions. Reproduced with permission from Ref. [130] from Elsevier.
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Fig. 20 Surface and cross-sectional morphology under different lubrication conditions. Cross-section: (a) flood, (b) dry grinding,
(c) MQL using synthetic oil, and (d) MQL using vegetable oil. Surface: (e) flood, (f) dry grinding, (g) MQL using synthetic oil, and
(h) MQL using vegetable oil. Reproduced with permission from Ref. [127] from Springer Nature.

were found on the workpiece surface. de Mello Belentani
et al. [133] used vegetable oil mixed with water as
lubricant (mixing ratio 1:5) to carry out the grinding
experiment of AISI 4340, and the surface roughness
decreased from 0.70 to 0.35 pum under the condition of
vegetable oil. Molaie et al. [131] used four types of
water-based NMQL (Al,O3, graphite, graphene oxide,
and MWCNT) conditions in AISI 52100 grinding. The
surface roughness obtained by graphene oxide nano-
enhanced biolubricants was the smallest (Ra = 0.65 pum)
compared with pure water MQL (Ra = 1.18 um).
Considering the flow rate of the biolubricant in AISI
4340 grinding, Javaroni et al. [136] found that surface
quality was optimised with the increase in flow rate, and
the plastic uplift and debris adhesion on the workpiece

surface were effectively avoided at 160 mL/h flow rate.
The workpiece surface quality is further optimised when
MQL and WCJ are used together as the biolubricant
MQL has limited performance for wheel cleaning, as
shown in Fig. 21 [136].

3.3.6 Analysis of grinding defects and solutions

According to above-mentioned results, the grinding
defects and bottlenecks of high-strength steel can be
summarised as follows:

(1) Wheel blockage caused by high strength. The tensile
strength of high-strength steel is higher than that of
titanium alloy and nickel-based alloy, which is difficult
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Fig. 21 Surface integrity under various usage amounts and with or without WCJ method: (a) MQL (40 mL/h), (b) MQL (80 mL/h),
(¢) MQL (160 mL/h), (d) MQL + WCJ (40 mL/h), (¢) MQL + WCJ (80 mL/h), and (f) MQL + WCJ (160 mL/h). Reproduced with

permission from Ref. [136] from Springer Nature.

for the material to deform after it is removed and formed
into debris. The experimental results also showed that the
deformation curvature of debris of high-strength steel is
less than that of the other two materials. Accordingly, the
discharge direction of debris is toward the wheel, and it is
easy to accumulate in the wheel pore and cause the
blockage, which is consistent with the observation that
the wheel blockage is more serious than that of titanium
alloy and nickel-based alloy. In addition, spherical debris
is also found in the grinding of high-strength steel, which
is due to the material melting caused by high temperature
in the grinding zone. Part of the melted material is re-
solidified as spherical debris and discharged from the
cutting zone, whilst most will flow into the pore of the
grinding wheel and cause serious blockage.

(i1) Microstructural transformation of the workpiece
caused by high grinding temperature. The tribological
characteristics deteriorate, and the grinding heat output
increases due to the blockage of wheel and abrasive wear,
resulting in a considerably high grinding temperature.
Accordingly, this study confirmed that the material
structure changes under the influence of high grinding
temperature. Furthermore, the residual stress and
microhardness of the workpiece will increase.

Therefore, the way to solve the grinding bottleneck of
high-strength steel is to improve the cleaning

performance of the wheel and heat transfer performance
of the grinding zone. The current research methods and
conclusions are shown in Table 9 [127-136], which can
be summarised as follows:

(i) Low viscosity biolubricants (canola oil and
sunflower oil) have good fluidity and cleanliness
compared with high viscosity lubricants and are more
suitable for high-strength steel. The use of nano-
enhancers can significantly improve the heat transfer
performance, but there is no special requirement on the
type and characteristics.

(i) The wheel cleanness of NMQL still needs to be
improved. At present, the two feasible schemes are as
follows: (D Using vegetable oil/water mixed lubricant to
improve the grinding performance by reducing the
lubricant viscosity and improving the thermal conduc-
tivity. @) The coupled use of WCJ or CWCJ with MQL
also has an obvious effect.

4 Conclusions

In this review, a systematic review of MQL grinding of
the aerospace materials with biolubricants was carried
out. The mechanism of the biolubricant physicochemical
property on the antifriction and antiwear, heat dissipation
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Table 9 Grinding conditions and experimental results of high-strength steel [127—136]

Ref. Lubricant Nano-enhancer Workpiece Evaluation parameters Conclusion
[127] Vegetable oil, - AIST 4140 Force, surface roughness, microhardness, Synthetic esters > vegetable oil
synthetic esters and workpiece surface topography
[128] Commercial - AISI 1018 CoF Vegetable oil > flood
vegetable oil
[129] Water ALO3 AISI 52100 Force, grinding temperature, surface Al,O3 NMQL > water MQL
roughness, and workpiece surface
topography
[130] Sunflower oil MWCNT AISI 52100 Specific grinding energy, force ratio, and MWCNT NMQL > vegetable oil MQL
debris morphology
[131] Water Al,Os, graphite, AISI 52100 Force and surface roughness The optimal nano-enhancer is graphene
graphene oxide, and oxide
CNTs
[132] Canola oil + water MoS,, Al,O3 AISI 52100 Force Canola oil/MoS; NMQL > water/Al,O3
NMQL
[133] Vegetable oil + - AISI 4340 Wheel wear and surface roughness Vegetable oil MQL > flood
water
[134] Vegetable oil - AIST 4340 Wheel wear and debris morphology ~ Cryogenic high-pressure gas jet cleaning
technology can improve the wheel wear
rate and debris morphology
[135] Vegetable oil + - AISI 52100 Wheel wear Wheel cleaning technology can improve
water wheel wear
[136] Vegetable oil - AIST 4340 Workpiece surface quality 1. Optimal MQL flow: 160 mL/h

2. High-pressure gas jet cleaning
technology can further optimise the
surface quality of the workpiece

and wheel cleanness was revealed. The unique grinding
bottlenecks of the typical materials (titanium alloy,
nickel-based alloy, and high-strength steel) were
analysed. The physicochemical property and compati-
bility of the biolubricants under different grinding
conditions were proposed. The specific conclusions are as
follows:

(i) The long carbon chain, high fatty acid saturation and
polar groups of biolubricants are the key characteristics to
improve the adsorption capacity and strength of the
lubricating oil film in the grinding zone. High viscosity
and surface tension are beneficial to Ilubrication
performance, whilst the cooling performance and wheel
cleaning performance will be limited due to considerably
high viscosity. Pour point, thermal stability, and pH value
are the limiting conditions of the thermal/force boundary
of the biolubricants, and the thermal stability of the
grinding process should be emphatically considered.

(i1) The workpiece burn and material plastic accumu-
lation of the titanium alloy was discovered in grinding
due to its enhanced mechanical activity, low thermal
conductivity and low elastic modulus. In comparison with
the traditional cutting fluids, the normal force can be
reduced by up to 72.2% with biolubricant. Meanwhile,
the tangential force can be reduced by 79.1%, and the Ra
value can be reduced by 52.07% using graphene + palm
oil compared with pure oil. The advantage of biolubricant
can be reflected by CoF and grinding temperature, which
decreased from 0.562 to 0.384 °C and 278.90 to 229.18 °C,
respectively. Moreover, the microhardness of the
workpiece surface, the accumulation of the material
plough and the adhesion of debris were significantly
improved.

(iii) In the nickel-based alloy, the bottleneck of the
wheel wear and workpiece surface burn was caused by its
high hardness and low thermal conductivity. Palm oil as
biolubricant has a better grinding performance than the

other types of vegetable oil. When Al,O3; + palm oil was
used, the specific energy and friction coefficient were
31.2% and 38.3% lower than those of flood, respectively.
The G-ratio increased from 0.688 to 1.532 due to the
addition of Al,O3 nano-enhancer. Moreover, the use of
biolubricants can significantly reduce the wheel wear,
increase the G-ratio and control the surface defects
caused by high grinding temperature.

(iv) In high-strength steel, the phenomenon of debris
breaking difficulty, wheel blockage and high grinding
temperature occur with the increase in tensile strength,
which is directly reflected in the increase in
microhardness and residual stress. In comparison with the
cutting fluids, the tangential grinding force was reduced
by 67.5% when using biolubricant, and the G-ratio was
increased by 69.2% when utilising MWCNT + sunflower
oil. Moreover, the residual stress and microhardness
caused by high grinding temperature were significantly
reduced when using nano-enhanced biolubricant.

(v) The physical and chemical characteristics of the
biolubricants are also different due to the different
grinding bottlenecks of difficult-to-machine materials.
Titanium alloy grinding needs lubricants with strong
lubrication and cooling capabilities and requires nano-
enhancers with high thermal conductivity (e.g., graphene)
and biolubricants with high viscosity (e.g., castor oil and
palm oil). Nickel-based alloy grinding needs Iubricants
with modeling antiwear characteristics, and base oil
should have high viscosity and fatty acid saturation,
containing polar groups and other characteristics (e.g.,
palm oil and castor oil), nano-enhancers corresponding
with high hardness and spherical characteristics (e.g.,
Al,O3). High-strength steel grinding needs lubricants with
wheel cleaning performance, and low viscosity physical
lubricants (e.g., canola oil and sunflower oil) are more
suitable. The use of nano-enhancers can significantly
improve the heat transfer performance, but there is no
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need to make special requirements on their types and
properties.

5 Future work and challenges

Figure 22 [89-92,96,107-119,121-124,127,128,130,132—
140] is a summary of current research on vegetable oil.
Although the substitution of biolubricants for traditional
cutting fluids has been proven, some limitations remain
[141-143]. The specific problems and future
development trends are as follows:

(1) A large number of studies have been conducted on
the molecular structure, viscosity and surface tension of
biolubricants [144]. However, how the pH value and pour
point change affect the lubrication performance of
grinding and how to improve the grinding performance
still lack of in-depth research. In the high temperature
grinding zone, the biolubricant is easy to be oxidised at
high temperature. How to improve the thermal stability is
one of the difficult problems.

(i1) Biolubricants, especially vegetable oil, are widely

oxidation property at high temperature, the failure puzzle
of biolubricant C=C can be solved by modifying it.

(ii1) According to the problem of coordination between
cooling and lubrication performance in the grinding of
difficult-to-machine materials, the hybrid nano-enhancers
and hybrid biolubricant methods were proposed and
verified. However, the synergistic mechanism of the
hybrid nano-enhancers, particle size ratio and concentra-
tion ratio on antiwear and heat dissipation need to be
further analysed.

(iv) The excellent antifriction and antiwear perfor-
mance of the nano-enhanced biolubricants is a guarantee
to improve the surface quality of workpiece and improve
tool wear. The adaptation between biolubricants and
nano-enhancers (different types and concentrations) is the
premise to ensure the excellent performance of nano-
enhanced biolubricants [147]. Therefore, a case library
for the compatibility of nano-enhanced biolubricants with
different materials and processes must be created.

produced in the world and used in industrial applications Nomenclature
[145]. However, changes in the stability and oxidisability
of biolubricant at high temperatures result in significant .
. . > . . . Abbreviations
changes in their physicochemical and tribological proper-
ties; consequently, the oxidation properties of the biolubri- A o
cant cannot meet the current needs of high pressure CBN Cubic boron nitride
interface and heat dissipation [146]. In view of the CNT Carbon nano tube
Year 12009 12010 12013 12014 2015 12016 12017 12018 12019 12020
y + Graphene 0.1 wt.%
s . Pure oil [128]
Biolubricant : . . [90] .
. Pure oil Pure oil + Al,04SiC +CNTs/ALO. 5 Pure oil
(unlabeled  |Pure o0il [89] b ’ =2 ? o7 | +Graphite, MoS2, hBN
tegory) [127] water [133] AIZOJ/[S:]C4]6 wi% | 2vol% [115] | 4wt% [118] | TR S RS T [134-136]
[137]
Synthetic esters| : +CNTs/
. Pure oil + CNTs/MoS : + CNTS/ALO :
labeled [P 1[89 MoS. - P 1[96 - Pi 191
(:;;g:r;) e il [1?ﬁ 8 wt.% [124] ure ofl [96] | g i 04 [138] i @[]
+MoS :
Rapeseed| o : + MoS, + Graphene, Graphite | + Graphene
@ oil 1[‘]"3’%’ R @I 5 oo fiiier MoS,0.5-2.5 wt.% [92]| 1.5 wt.% [139]
. - +MoS, i +ALO, 2
% Soybean oil Pure 0il [109,110] 2 vol.% [1‘19] Pure 0il [92] wt%z[l;Z]
Z . . +MWCNT +ALO, 0.5
Legend @ Sunflower oil Pure oil [109,110] | Wt% [130] W% [;07]
q i 9
T alloy Pure 0il [109,110] +ALO, +ALO,
: ™ +MoS,2 vol.% [119]| 2 vol.% [116] +ALO; 1 wt.% [108]
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Fig. 22 Yearbook of grinding aerospace materials with biolubricants [§9-92,96,107-119,121-124,127,128,130,132-140].
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CoF Coefficient of friction

CWC(CJ Cooled wheel cleaning jet

EDS Energy dispersive spectrometry

MQL Minimum quantity lubrication
MWCNT Multi-walled carbon nano tube

NMQL Nanolubricant minimum quantity lubrication
SEM Scanning electron microscopy

wClJ Wheel cleaning jet

Variables

ap Grinding depth

Fy Normal grinding force

F Tangential grinding force

qd Heat flux density of debris

qc Heat flux density of the cooling medium
qa Heat flux density of abrasive

Gw Heat flux density of the workpiece

Orotal Total heat flux density

Ra Surface roughness

Vs Peripheral speed of grinding wheel

Vw Workpiece feed speed

Ay Material removal rate
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