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Abstract
Conventional lubrication systems are used in grinding operations to reduce friction and defects produced during machin-
ing. Mineral-based oils, commonly used as conventional lubricants, were observed to produce greenhouse wastes that are 
hazardous to the environment. The minimum quantity lubrication (MQL) system, an eco-friendly, economical, and less 
hazardous lubrication technique, is affirmed to be an efficient substitute for these conventional lubricants. Nevertheless, the 
pure vegetable and synthetic oils used in MQL systems have lower tribological and thermal evacuation properties compared 
to conventional lubricants. Many adjustments and improvements have been introduced into the MQL system such as the 
introduction of nanofluids, cryogenic air, ionic fluids, and electrostatic atomization. This study aims to come up with an 
extensive review and analytical assessment of the trends and developments of the MQL system in grinding operations. Firstly, 
the different advances ranging from fluid types, additives, and redesigns of the MQL systems are discussed. Likewise, the 
results obtained from using different types of lubricants and nanofluids in the MQL system were discussed. Moreover, a 
detailed comparative assessment of the grinding performances between the MQL systems, dry grinding, and conventional 
lubrication was provided. It was found that the nanofluid MQL system produced 60% lower surface roughness and reduced 
the grinding forces by 30% compared to flood cooling systems. Lastly, the area of focus for research on grinding with MQL 
system for future advancements was proposed. The various advancements include the introduction of nanofluid varieties 
and the overall modification of the grinding system.
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Abbreviations
CFL	� Conventional flood lubricant
MQL	� Minimum quantity lubrication
U	� Specific grinding energy
NMQL	� Nano-biolubricant minimum quantity 

lubrication
CC	� Cryogenic cooling
Fn	� Normal grinding force
Ft	� Tangential grinding force
Ra	� Surface roughness
CMQL	� Cryogenic minimum quantity lubrication
ND	� Nano-diamond
TEM	� Transmission electron microscopy
FT-IR	� Fourier transform infrared spectroscopy
TGA​	� Thermogravimetric analysis
CoF	� Coefficient of friction
UAG​	� Ultrasonic assisted grinding
CBN	� Cubic boron nitride
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Ft/Fn	� Force ratio
SEM	� Scanning electron microscope
CNT	� Carbon nanotubes
MWCNT	� Multi-walled carbon nanotubes
ISO	� International organization for standardization
2D	� Two dimensional
MRR	� Material removal rate
XRD	� X-ray diffraction
DLS	� Dynamic light scattering
LN2	� Liquefied nitrogen

1  Introduction

Reports by the Industrial Development Report in 2018 
indicate that excessive usage of lubricant in manufactur-
ing processes is a major concern to the environment [1]. 
The early twenty-first century witnessed a major swing of 
international economic capacity for advanced manufactur-
ing industries. This is due to the development of the Asian 
giants into a major manufacturing hub. Nonetheless, the 
advancement recorded in manufacturing processes led to 
increased emission of greenhouse gases and environmen-
tal pollution. Similarly, previous reports have indicated that 
China is the world’s major manufacturing hub and is closely 
accompanied by the USA, Japan, and India [2]. Moreover, 
this surge in manufacturing is found to generate excessive 
unwanted wastes [3–5]. Hence, industries were placed under 
strict regulations to reduce their utilization of lubricants 
and to develop eco-friendly means of disposing of the used 
lubricants.

Machining, a major aspect of the manufacturing process, 
has been extensively used to produce various components 
for different applications. It is a reliable method of produc-
ing engineering components with desired shapes, sizes, and 
surface finish. During machining, almost 99% of the energy 
expended arises from the interaction between the tool and 
the workpiece material. This energy is often lost in the form 
of heat, which eventually causes high temperature at the con-
tact region. This unwanted phenomenon has been found to 
be detrimental to the surface integrity of the work material 
and tool life [6].

The grinding process is a machining method that is clas-
sified under high-precision machining. The process has been 
found to achieve high-precision processing of numerous soft, 
hard, or super-hard materials [7]. Studies have shown that 
the surface texture and precision obtained in the grinding 
process are 10 times better than those obtained in turning, 
drilling, and milling. Also, in the grinding process, differ-
ent types of workpiece materials exhibit distinct material 
removal processes such as brittle, plastic deformation, crack 
propagation, and brittle material removal [8–10]. Moreover, 
the relatively high speed and complexity of motion existing 

in the process were found to involve excessive rubbing, 
plowing, and cutting, which expend a considerable amount 
of energy [11]. For example, in the grinding of metallic 
materials, several thermal damages were observed on the 
material’s surface, and they include surface oxidation, burn-
ing, macro-/micro-cracks, phase transformation, and tensile/
residual stresses [12].

In the surface grinding process, the material removal 
mechanism involves shearing actions by the randomly 
arranged abrasive grits of a grinding wheel. Since the abra-
sive grits are randomly arranged and the rake angle of most 
of the abrasive grits is sometimes negative, the abrasive 
grits often times produce a negative energy consumption 
per unit of material removed. Also, the surface grinding pro-
cess has been found to expend the highest energy consump-
tion per unit of material removed, as compared to the other 
machining processes [13]. This phenomenon was found to 
cause degradation of the surface quality and precision of 
the workpiece, in addition to excessive degradation of the 
grinding wheels [14, 15]. Hence, effective heat evacuation 
and proper lubrication are essential for optimum machining 
performance [13].

Green material processing is aimed at reducing the pro-
duction of harmful substances and improving the efficiency 
of machining processes. Due to increasingly strict legislation 
intended at controlling health hazards and environmental 
pollution, there are calls for limiting the number of lubri-
cants in machining processes. This makes it essential to 
develop an economical and efficient lubrication technique 
for the machining processes. Furthermore, the main setback 
associated with the grinding process often arises from the 
kind of lubrication system employed in the process. The 
lubrication method used in the grinding process can be clas-
sified as either traditional or non-traditional categories. The 
non-conventional methods have been observed to be eco-
friendly and reduce the generation of greenhouse wastes. 
Studies have shown that by reducing the consumption of 
lubricants, the efficiency of the machining process can be 
greatly improved. Likewise, since the lubricants constitute 
about 18% of total machining costs (see Fig. 1), reducing 
their usage will yield a great reduction to machining costs 
[16, 17].

Studies have that in order to evaluate machining costs 
in lubrication/cooling systems, different categories of costs 
should be included, from the initial raw material cost to the 
final disposal costs. Therefore, raw material costs, fluid con-
sumption, equipment costs, tool costs, and disposal costs are 
all part of the total expenditure in a manufacturing process. 
Moreover, costs for cleaning the final part and chip removal 
are also considered because they are time-consuming and 
often times costly [15]. Table 1 shows a comparison of costs 
involved in different lubrication/cooling systems. As can be 
seen, the MQL system is capable of achieving even better 
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lubrication performance compared to the conventional flood 
cooling system.

Nevertheless, the quality of cutting fluid deteriorates with 
use and time. Also, some studies have indicated that the 
flood cooling method may fail to effectively dissipate the 
heat generated in the grinding zone due to low pressure and 
flow rate. This debility is due to the ineffective lubricant 
penetration and high hydrodynamic pressure prevalent in 
the grinding region. Furthermore, the cost of grinding fluid, 
filtering, and waste disposal of the lubricants is even higher 
than the tool costs and also constitutes a great part of the 
total cost [21, 22].

Cutting fluids are utilized in grinding processes to 
improve the workpiece surface quality, tool life, and pro-
ductivity. Although the traditional lubricants and coolants 
were found to achieve better grinding efficiency, they also 
have unwanted consequences on the environment and human 
health [23]. Furthermore, disposing of the used lubricants 
often involved high costs. According to the reported sta-
tistics of Marksberry and Jawahir [24], the annual global 
consumption of mineral oil-based lubricants in 2008 was 

about 2.423 billion liters, and about 52% of this quantity was 
consumed in machining processes [25]. This made scientists 
to introduce the non-traditional lubricants in the machin-
ing process. The non-traditional lubricants are nontoxic and 
mostly biodegradable lubricants. The biodegradable lubri-
cants (containing vegetable oils) have been found to enhance 
lubrication and cooling capabilities, which makes them suit-
able as a replacement for the hazardous mineral oil-based 
lubricants [26]. Therefore, the green machining will involve 
decreasing the cost and unwanted effects. Several greener 
(non-traditional) methods have been regarded as substitute 
candidates for the unhealthy (traditional) lubricants. The 
alternative lubrication system is eco-friendly and classified 
as a non-traditional lubrication system (see Fig. 2). They 
include dry grinding, MQL, NMQL, EMQL, and CC lubri-
cation systems [6, 27–31].

The standards presented by ISO 14000 generally aim 
to protect the environment using socioeconomic methods. 
This involves stiff regulations for industries based on five 
fundamentals which include water pollution, land pollution, 
waste management, air pollution, and conservation of natural 

Fig. 1   Distribution of costs 
of lubrication in machining 
processes [12]

Table 1   Qualitative estimation 
of lubrication/cooling system 
costs [18–20]

* Very low
** Low
*** Moderate
**** High
***** Very high

S/N Lubrication process Cost Consumption Cost of setup Cleaning cost Disposal cost Machining performance

1 Flood cooling ** ***** **** **** ***** ***
2 Dry lubrication * * * * * *
3 Solid lubricant **** *** *** **** **** **
4 Cryogenic cooling *** *** ***** * * **
5 Gas-based cooling *** *** **** * * **
6 MQL ** ** *** *** **** ***
7 Nanofluid MQL *** *** **** **** ***** ****
8 Nanofluid MQL + 

cryogenic cooling
*** *** **** **** ***** ****

9 Electrostatic MQL **** *** **** *** **** ****
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resources. Consequently, an efficient lubrication system is 
demanded to simultaneously reduce the pollutions and con-
sumption of coolants and improve the overall machining 
productivity [32]. Two lubrication methods have been devel-
oped to reduce cooling costs and environmental hazards, i.e., 
dry and MQL. Although the dry condition can effectively 
reduce the volume of consumed lubricant, the absence of 
cutting fluid makes it insufficient for cooling and lubrication 
of the grinding zone. The insufficient lubrication found in 
the dry grinding process leads to excessive tool wears, low 
machining accuracy, extra high grinding temperature, and 
many other defects [33]. Hence, the MQL system was con-
sidered the more sustainable lubrication process among the 
green methods, and its capacity conforms with to the aims 
of the ISO 4000 standard [34].

The MQL technique has many technological and eco-
nomic advantages in grinding operations. It can improve 
grinding performance in terms of surface integrity, grind-
ing forces, and G-ratio. On the other hand, MQL is an eco-
friendly and economical technique because of the small 
consumption of cutting fluids [35]. The MQL system is a 
cost-efficient method because it achieves more than 15% 
of savings compared to the flood cooling method. In terms 
of sustainability in manufacturing, the MQL system can be 
incorporated with biodegradable and highly stable cutting 
fluids such as vegetable-based oils and synthetic esters, mak-
ing it to be environmentally friendly and non-hazardous [5].

The MQL technique utilizes high-pressured air to atom-
ize an infinitesimal amount of grinding fluid which is then 
sprayed onward into the grinding region via a nozzle. The 
atomized fluid is expected to provide a combined effect of 
both a coolant and lubricant [36]. According to the literatures, 
the MQL technique has many scientific benefits, especially in 

the grinding of super-hard materials due to its effectiveness 
in terms of lubrication. Consequently, overall improvement 
of surface roughness and G-ratio and reducing the grinding 
forces and friction coefficient have been reported in grinding 
using MQL systems. In addition, the MQL technique reduces 
the consumption of lubricant by up to 10,000 times when 
compared to the conventional lubricants [37].

Many researchers have investigated the MQL technique in 
grinding soft and hard steels. It was reported that in the case 
of hard steels, the MQL technique results in the improvement 
of surface roughness as well as decreasing both the grinding 
forces and friction coefficient [38, 39]. Despite its lubrication-
related advantages, the MQL technique is associated with 
serious problems such as extreme hydrodynamic pressure, 
clogging of chips/debris, and austere machining temperatures. 
These severe thermal deformations obtained in the MQL sys-
tem are the limitation to its industrial application [40].

Effective application of the MQL technique in processes 
with high frictional impacts, such as the grinding process, 
requires lubricants with improved tribological character-
istics to facilitate large thermo-mechanical effects on the 
process [38, 41, 42]. Similarly, there have been efforts to 
improve the performance of the MQL system by introduc-
ing cryogenic air and nanofluids into the MQL process, 
thereby achieving state-of-the-art and green manufactur-
ing techniques. Compared to the traditional dry grinding 
modes, the CA was found to considerably lower the tem-
perature and frictional forces but increase the service life of 
the grinding wheel. Consequently, studies have shown that 
proper lubrication makes the abrasive particles to retain their 
sharpness, thereby improving the final workpiece surface 
quality. The CA technology was found to perform poorly 
in terms of enhancing the efficiency and surface quality 

Fig. 2   Cooling and lubrication 
techniques applicable in grind-
ing operations
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during machining. However, its main advantage is the supe-
rior cooling capacity and environmental friendliness [43]. 
Previous studies have shown that a newly improved lubri-
cation system called cryogenic nanofluid MQL (CNMQL) 
can be formed by combining the nanofluid MQL (NMQL) 
system with cryogenic air cooling (CC) simultaneously. The 
CNMQL system was found to achieve better lubrication and 
cooling performances compared to other conventional and 
non-conventional systems [43, 44].

Hadad et al. [41] studied the temperature and energy 
expended during grinding hardened steel using vitrified 
Al2O3 and resin bond CBN wheels in the MQL process. 
They have reported that the MQL technique recorded a max-
imum grinding temperature of 110 °C for the CBN wheel, 
130 °C during dry grinding, and 50 °C in flood cooling. 
Li et al. [45] have also confirmed the thermal problem of 
pure MQL and have investigated nanofluid MQL grinding 
to overcome the poor heat transfer of MQL cooling. Shen 
et al. [46] have shown the effectiveness of MQL in providing 
lubrication. However, the efficiency of MQL in removing 
heat from the grinding zone was poor, even though many 
researchers have made many propositions to increase the 
fluid supply in the MQL process so as to improve heat evacu-
ation [47]. Saberi et al. [48] used a vortex tube to overcome 
the cooling limitations during the grinding of CK45 soft 
steel. They found that when compressed cold air was used 
in the MQL process, it results to a substantial decrease of 
lateral forces and the coefficient of friction from the grind-
ing process compared to dry and conventional fluid cooling. 
Moreover, Barczak et al. [37] explained that the pure MQL 
is unsuitable for machining very hard materials.

Furthermore, the utilization of nanofluids has been 
observed as an efficient way of increasing the performance 
of the MQL system. The nanofluid-based MQL have the 
potentials of improving the cooling and lubrication capac-
ity of the MQL system. Studies have shown that the nano-
particles increase the heat transfer coefficient and lubricity 
of lubricating fluids [49–51]. The nanofluid MQL system 
had been used to reduce grinding forces [52]. The thermal 
conductivity of MQL fluid also intensifies with the help of 
the nanoparticles which are characterized by high thermal 
conductivities, and a high surface-to-volume ratio [53].

Studies have shown that the thermal conductivity of a 
multi-walled carbon nanotube (MWCNT) is significantly 
higher in comparison to that of many other nanoparticles 
[54]. However, the Al2O3 nanoparticle was observed to have 
the best lubrication effect compared to the other commonly 
available nanoparticles. Furthermore, Cho et al. [55] reported 
that the nanofluid forms a thin tribofilm which served as a 
mechanism for decreasing wear, frictional, and thermal 
resistances. Generally, the previous studies have shown that 
the hierarchy of lubrication performance for nanofluids is 
ZrO2 < CNTs < ND < MoS2 < SiO2 < Al2O3 [56].

Many scholars are currently studying various kinds of 
nanoparticles as lubricating additives to lubricants for the 
grinding process. Setti et al. [57] demonstrated that the 
tangential force and grinding zone temperature decrease 
when these nanofluids are utilized. Similarly, Li et al. [58] 
studied the grinding process with experiments conducted 
using Ni-based alloy with different nanofluids in the MQL 
system. It was found that the CNT nanofluid presented the 
lowest grinding temperature among the investigated nano-
fluids due to its highest heat transfer coefficient. Similarly, 
studies have shown that the grinding forces and surface 
roughness decreased significantly when SiO2 nanofluid 
was used in the MQL grinding of advanced materials [9, 
50]. Moreover, due to their good lubrication and heat-
conducting performance and feasible market price, Al2O3 
and MoS2 nanoparticles have been found to show superior 
lubrication performances in grinding operations [59, 60]. 
In addition, Wang et al. [59] investigated the performance 
of the MQL process during the grinding of Inconel 718 
using six different types of nanofluids. They also found 
that both Al2O3 and MoS2 nanofluids were more suitable 
as lubricants for machining the alloy material.

Mao et al. [53] conducted investigations using four 
different lubrication conditions, namely, dry, flood, pure 
MQL, and Al2O3-based MQL nanofluid. They explained 
that the best workpiece surface quality was obtained when 
using the Al2O3-based nanofluid. More so, Lee et al. [60] 
investigated the performances of ND and Al2O3 nanofluids 
in the MQL grinding process. Their experimental results 
showed that the MQL nanofluid can effectively reduce 
grinding forces and enhance surface quality. Shen et al. 
[46] studied the grinding forces and wheel wear while 
machining with MoS2, diamond, and Al2O3 nanofluids in 
the MQL system. They reported a significant reduction 
of grinding forces and wheel wear as a result of using the 
nanofluids. Kalita et al. [21] reported that when grinding 
experiments were performed using MoS2-based nanoflu-
ids, there was a resultant increase in the machining effi-
ciency. It was reported that the MoS2 nanofluid exhibits 
excellent tribological behavior due to its physicochemi-
cal characteristics, texture, and crystalline nature. Fur-
thermore, studies on the effect of dry, flood cooling, and 
MQL during grinding experiments on soft and hard steel 
materials were conducted by previous researcher. It was 
explained that the MQL system can significantly decrease 
the grinding forces and friction coefficient [38, 61].

Another improvement employed for the grinding of 
advanced engineering materials, apart from the lubrication 
process, involves modifying the grinding process itself. This 
gave rise to the utilization of ultrasonic vibrations in the 
grinding process, whereby periodic high-frequency oscil-
lations are introduced onto the workpiece material during 
the grinding operations [62, 63]. The ultrasonication was 
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observed to produce variations in the cutting length, impact 
pressure, contact time, and chip sizes. Molaie et al. [64] 
reported the effect of simultaneously applying both vibra-
tion assistance and nanofluid MQL system in the grinding 
of hardened AISI52100 work material. They realized that 
this combination produced a much higher reduction in the 
grinding forces and surface roughness compared to the tradi-
tional grinding systems. Further investigations by numerous 
researchers corroborate these findings [10, 22, 65, 66].

Additionally, many changes have been inculcated into the 
grinding to improve the overall machining performance. Fig-
ure 3 gives a detailed illustration of the grinding process, the 
main output variables measure, modifications, and process 
variables of grinding with MQL systems.

Recently, many researchers are exploring the use of hybrid 
nanoparticles (multiple) to form the nanofluids for the MQL 
process. The hybrid nanofluid was found to possess superior 
heat dissipation potentials than the single nanoparticle nanoflu-
ids. For instance, by combining MWCNT and Al2O3 nanopar-
ticles, thereby producing a hybrid MWCNT/Al2O3 nanofluid, 
the lubrication and cooling performance of the hybridized 
lubricant were found to be much improved [46, 56].

Essa et al. [67] studied the tribological performance of 
hybridized WS2 and ZnO nanoparticles. It was found that 
the hybridized WS2/ZnO nanofluid presents a superb lubri-
cation behavior compared to the individual WS2 and ZnO 
nanofluids. Furthermore, the hybrid mixture was observed to 
produce excellent physicochemical behavior associated with 
the individual nanoparticles at different temperatures. Also, 

Jiao et al. [68] reported that 0.5 wt.% nanofluid concentra-
tion of Al2O3/SiO2 nanofluids created a film that aids roll-
ing actions between the contact surfaces. Additionally, Song 
et al. [69] investigated the lubricity of single and hybrid 
nanofluids formed from graphene and MoS2. A significant 
improvement in tribological behavior was observed when 
the hybrid lubricant was used compared to the single nan-
oparticle-based lubricants. Zhang et al. [70] reported that 
when hybrid Al2O3/SiC nanofluid was used in grinding with 
a mix ratio of 2:1, there was a significant reduction of rough-
ness, grinding forces, and overall increase in the grinding 
performances.

Figure 4 illustrates the main research goals and impedi-
ments associated with the grinding process as discussed in 
this work. The list of limitations associated with the conven-
tional systems that are its major limitations was also listed. It 
can be seen that there are many environmental and engineer-
ing concerns that require urgent attention regarding the non-
conventional lubrication systems. The overall performance 
of the MQL system in grinding has been evaluated based on 
these concerns.

Conclusively, many reviews have been presented by 
previous researchers about the effect of applying MQL 
systems to various traditional machining techniques such 
as grinding [71–73], milling [74], turning [6], and drill-
ing [75]. However, the existing reviews that have been 
published did not explore the aspects concerning the 
single, double, and multiple nanoparticles in the nano-
fluid MQL for the grinding process. Also, the reviews 

Fig. 3   Summary of investiga-
tions on grinding with MQL
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seem to lack comprehensive explanations about the main 
responses relating to the MQL grinding operations. In 
this work, a comprehensive review of the effects of intro-
ducing NMQL in the grinding of advanced engineering 
materials has been provided. Additionally, an in-depth 
explanation of the major modifications introduced to the 
lubrication methods during the grinding operations was 
also provided. The main steps involved in preparing and 
stabilizing the nanofluid used in the MQL system were 
also explained. Likewise, this review reports the effects 
of nanofluid MQL produced using single, hybrid, and 
multiple nanoparticles on the grinding performances. A 
detailed illustration of the development and trends under-
gone by the MQL system in grinding is shown in Fig. 5.

The structure of this review paper is such that Section 1 
provides an in-depth background introduction and the 
major research works conducted using the MQL system 
in grinding operations. Furthermore, a bibliometric analy-
sis of the research involving the MQL system in grind-
ing operations was provided. Section 2 is focused on the 
results from the pure MQL grinding process, the tribo-
logical behaviors of base fluids, and some additives often 
used in the lubrication process. Section 3 gives the recent 
advancements observed in lubrication systems used for 
grinding operations. Section 4 explains the various deliv-
ery mediums used in the MQL system. Section 5 analyzes 
the different types of nanofluids used in grinding and the 
comparative performance of single and hybrid nanofluids. 

Section 6 gives a brief explanation of the popular meth-
ods of preparing the nanofluids used in the MQL grind-
ing process. Section 7 reviews the different performance 
outcomes of the MQL grinding operations. Section 8 dis-
cusses the setbacks encountered and the main limitations 
that have hindered the extensive applicability of MQL 
systems in industrial applications. Section 9 provides a 
conclusive summary of the review work and recommen-
dations for future directions. Finally, the list of references 
used in this review work was provided.

1.1 � Bibliometric analysis

This section of the review work is aimed at revealing the 
ongoing activities regarding the enhancement of grinding 
operations with MQL systems. As explained earlier, the 
MQL system has many advantages and also setbacks. Osman 
et al. [76] studied the various improvements encountered by 
the MQL system during the machining of titanium alloys. 
In contrast, this work is focused on the performance of the 
MQL system during the grinding of different materials. 
Also, this review analyzes the modifications and progresses 
recorded in the MQL system. The data obtained in this study 
extends from different published articles across several data-
bases such as Science Direct, Google Scholar, Scopus, and 
Web of Science.

The bibliometric analysis consists of publications 
obtained by a full systemic search of keywords like 

Fig. 4   Structural overview of the review work based on lubrication systems in the grinding process
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“grinding,” “minimum quantity lubrication,” “MQL,” and 
“nanofluids” all over the Scopus database (www.​scopus.​
com). The search was conducted on the 4th of April 2023, 
and various categories of data were obtained, i.e., pat-
ents, articles, review papers, and conference proceedings. 
The result analysis focused mainly on the most promi-
nent authors, originating countries, types of publications, 
and annual distribution of articles. Moreover, in this sec-
tion of the paper, we have provided the various distribu-
tions of leading researchers, article-originating countries, 
types of published papers, and annual output regarding the 
MQL grinding system. Figure 6a shows the most promi-
nent authors from which the literatures were obtained, 
whereby the analyzed authors have at least 5 articles that 
were found in the Scopus database. Moreover, the highest 
number of articles recorded by a single author in this area 
of research is 31 articles. In addition, Fig. 6b shows the 
results obtained for the types of publications. From the fig-
ure, it can be seen that there is a substantial increase in the 
number of papers published which are mainly focused on 

optimizing and improving the MQL system. The year 2018 
shows the highest amount of increase in papers published. 
However, research outputs after 2021 show a decreasing 
trend, possibly due to the impact of the coronavirus dis-
ease (COVID-19) lockdown and closures. However, with 
most institutions reopened in early 2023, a rise in the 
number of published works is expected onward. Research 
articles constitute about 81.72%, while conference papers 
consist of about 11.83%. Furthermore, review papers are 
about 5.38% whilst conference reviews consist of about 
1.08% of the total literatures (see Fig. 6c). Finally, Fig. 6d 
shows that most of the originating literatures come from 
China, which is then followed by India, USA, and Iran. In 
terms of citations, it was observed that articles published 
between the years 2012 and 2017 have amassed a much 
higher amount of citations compared to others.

Notwithstanding its numerous benefits, the MQL system 
has witnessed increased application in different machin-
ing processes due to its lubrication advantages outweigh-
ing its setbacks. An extended search across other databases 

Fig. 5   Development and trends in grinding using the MQL system

http://www.scopus.com
http://www.scopus.com
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indicates a greater number of published works in this area. 
Hence, an extended search across Science Direct, Else-
vier, Springer Link, and Google Scholar databases pro-
duced numerous published articles concerning the progress 
recorded in grinding operations using MQL systems.

A summary of the major articles published regarding the 
grinding of different materials using the MQL systems is 
provided in Table 2. The summary entails the main work-
piece material, grinding wheel, contents of the nanofluid 
used, the base fluid of the nanofluid, and the main findings 
from these papers.

2 � Pure MQL process

This section concisely analyzes the various articles pub-
lished related to the performance of the MQL system in the 
grinding process. From the previous section, it can be seen 
that the most active period in this area of research is in the 
last 10 years (2013–2023). Hence, there is a need to provide 
a comprehensive overview of the developments achieved 
over the evolution period of this lubrication technology. The 
main research activities in regard to the investigations on 
MQL grinding showed that researchers focused mainly on 
evaluating the effect of different process parameters which 
include surface quality, grinding forces, grinding tempera-
tures, coefficient of friction, grinding force ratio, wheel 

wear, wheel loading, residual stress, and specific grinding 
energy.

The MQL process involves the use of atomized mists of 
the lubricant which is then sprayed through a nozzle with 
highly pressurized air, at a rate of 10–200 ml/h into the 
grinding zone [127, 128]. A schematic illustration of the 
MQL system used in surface grinding is shown in Fig. 7. 
The MQL system has been ascertained to be an eco-friendly 
lubrication method characterized by infinitesimal fluid con-
sumption compared to the conventional flood lubrication 
method [129]. As stated in Section 1, notwithstanding the 
various advantages of the MQL technique, the process is 
yet associated with extreme thermal limitations due to inad-
equate evacuation of the heat produced around the grinding 
region. This drawback is the main hindrance to the wide-
spread application of the MQL in industrial operations. Fur-
thermore, researchers have found that the use of nanofluids 
instead of the pure oil or fluids alone as the MQL lubricant 
can provide significant improvements to grinding responses 
[130].

Benedicto et al. [18] explained that the total amount 
expended on lubricants in the automotive industry equaled 
about 16–18% of the total manufacturing expenses. Moreo-
ver, researchers at Ford Motor Company stated that the MQL 
helped attain above 15% of savings over 10 years [131]. 
The MQL process is reported to be a cost-effective substi-
tute for traditional lubrication systems, because it involves 

Fig. 6   Bibliometric analysis. a 
Numbers of articles published 
by leading authors. b Number 
of papers published per year. c 
Types of publications. d Origi-
nating countries of literature
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evaporation, convective thermal exchanges, and the forma-
tion of lubricating tribofilms in the grinding zone [5]. More 
so, recent reports have shown that compared to conventional 
grinding systems, the MQL system can cut the machining 
costs and greenhouse emissions by more than 90% and 67% 
respectively [132]. Additionally, studies have shown that the 
MQL system has been successfully applied in various grind-
ing investigations [37, 41, 45, 50, 52, 58, 61, 65, 80, 111, 
118, 133–135]. The MQL process was reported to inflict 
less sub-surface damage, achieve high material removal, and 
have low wheel wear due to its outstanding lubricity [22, 96, 
136, 137]. Most of the results obtained in recent research 
showed a great lubrication capacity of the MQL system, 
which eliminates the conflicting report produced earlier by 
Lee et al. [138], whence it was reported that the MQL sys-
tem is not suitable for grinding operations.

A recent overview of the improvements in the MQL pro-
cess was presented by Hamran et al. [5]. They reported that 
an improved design on the MQL mode of lubricant deliv-
ery should be the main focus for future researchers. This is 
a result of the observation that most of the modifications 
done so far on the MQL system do not produce substan-
tial improvements to the overall performance in grinding 
operations.

A sustainable technique of fluid system used in enhanc-
ing the performance of MQL systems is presented in Fig. 8. 
It can be seen that there is an open area of research that 
involve investigations on the effect of combining cryogenic 
cooling and EMQL with nanofluid MQL systems. Further 
mixed design could be produced by combining cryogenic air 
and nanofluids in the MQL system with an in-process wheel 
cleaning system that uses cleaning fluids so as to simultane-
ously enhance the wheel life and workpiece surface quality.

The MQL lubricant is often applied either as pure oil or 
an oil emulsion in water to perform the cooling and lubrica-
tion action in the grinding zone [76]. Recently, the use of 
vegetable oils and synthetic esters became more famous with 
researchers as the MQL fluid, due to the excellent biodeg-
radability of these fluids [75]. Khan et al. [139] explained 
that these oils have higher pressure absorbing properties, 
lower mist created, less vaporization, and, subsequently, 
better material removal rates. Hence, vegetable-based oil 
and synthetic esters, being non-toxic and highly biodegrad-
able, are currently more popular among researchers for MQL 
grinding operations [75].

Investigations by Emami et al. [78] on several lubricants 
show that the MQL process significantly lowers the grind-
ing forces, specific grinding energy, and roughness. Further-
more, it was found that when vegetable oils were used as the 
MQL fluid, the overall grinding performance was better as 
compared to mineral oils, hydrocracked oil, and synthetic 
oils. Guo et al. [121] studied the effect of mixing castor oil 
with different types of vegetable oils. They observed that 

the 1:1 mixing ratio of castor oil and soybean oils was the 
best during MQL grinding exhibiting far superior cooling 
and lubrication. Also, Mao et al. [140] observed the thermal 
behavior and heat transfer mechanism around the grinding 
zone during MQL surface grinding. They classified the 
grinding zone into four sections based on the heat transfer 
properties at each point in the grinding zone. Their work 
also produced a mathematical model for the coefficient of 
thermal exchange in the grinding zone.

Hafenbraedle and Malkin [141] reported lower wheel 
wear and energy when MQL was used in the grinding pro-
cess compared to conventional flood lubrication. In another 
study by Khan et al. [137], experimental analysis was con-
ducted on the grinding of AISI D2 steel with an MQL sys-
tem. It was found that the MQL system has superior better 
machining performance compared to dry and flood cooling 
systems. They further reported that the results obtained were 
consistent for grinding operations conducted on different 
alloys. It was established that synthetic ester oils when used 
as the MQL base fluid outperforms the vegetable oils.

Oliviera et al. [142] studied the effect of MQL on the 
grinding of tempered steel with a CBN wheel. They found 
that the MQL is a better alternative to the conventional 
lubricants due to less wheel wear, lower edge chippings, 
and improved surface quality. Li and Lin [143] studied the 
effect of MQL on micro-grinding experiments. They found 
that the MQL system performs wonderfully well with less 
damage and increased accuracy. Balan et al. [100] studied 
the effect of the MQL process during the grinding of Inconel 
751 alloy. It was reported that when the air pressure of the 
MQL was increased, it led to an eventual reduction of the 
surface roughness and grinding forces. This positive effect 
was reported to be a result of efficient fluid delivery and 
effective lubrication in the grinding zone. Hadad et al. [35] 
analyzed the MQL process during the grinding of 100-Cr-6. 
They also reported a significant decrease in surface rough-
ness on the work material as compared to when conventional 
lubrication was used.

Furthermore, regarding steel materials, many previous 
researchers have conducted experimental investigations by 
grinding of different categories of steel with an MQL sys-
tem. For instance, Rabiei et al. [38] explained that the appli-
cation of MQL during grinding hardened steel enhances the 
material removal process. Silva et al. [119] found that dur-
ing cylindrical grinding of steel, the MQL system produced 
excellent lubrication actions by improving the surface qual-
ity and tool life, whilst reducing the grinding forces and 
residual stress. Further studies on investigations performed 
on different grades of steel (i.e., steel grades 100Cr6 and 
42CrMo4) under MQL grinding indicate that the MQL pro-
cess caused a significant decrease in both grinding forces 
and surface roughness [61]. Tawakoli et al. [95] studied the 
main parameters affecting the MQL system applied to the 
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surface grinding of Ti-6Al-4V. They reported that the opti-
mum machining performance settings are nozzle inclination 
angle of 10°–20°, flow rate of 50ml/h, and air pressure of 4 
Bar. Similarly, Lopes et al. [144] analyzed the effect of using 
different mixed ratios of MQL oil and water as the lubricant 
for the cylindrical grinding of alumina ceramic material. 
They reported that the mixed fluid MQL system caused a 
lower surface roughness and tool wear. This achievement 
was credited to the in-process cleansing and debris evacu-
ation offered by the water. Ghosh et al. [117] performed 
an analysis of the MQL process by grinding hardened steel 
using Alumina grinding wheel and MWCNT in aerosol as 
the lubricant. They found that the MWCNT-based nanofluid 
considerably reduced the force ratio (Ft/Fn). A lower specific 
grinding energy was also reported compared to when pure 
aerosol and pure oil were used as the lubricant.

Despite the MQL system being associated with many 
benefits, it is yet characterized by serious setbacks such as 
the infliction of severe hydro-dynamic stress, debris aggre-
gations, and exceptionally high temperature. This limitation 
was the main hindrance to the extensive applicability of the 
MQL system in industrial applications [41, 145]. Reports by 
Iqbal et al. [146] gave insight about the ineffectiveness of 
MQL systems in grinding operations. They explained that 
the oil droplets from the MQL system were associated with 
ineffective cooling and poor lubrication effects. Their report 
indicated that the MQL system led to poor workpiece sur-
face quality and severe degradation of the grinding wheels. 
Hence, it was concluded that there was a need for replacing 
the pure oils with nanofluids in the MQL system.

3 � Recent advancements in the MQL system

The use of nanofluids in MQL systems as lubricants in 
grinding operations has seen increased usage. The forma-
tion of nanofluid-based lubricants involves the dispersion 
of nanoparticles into base fluids such as paraffin, oil, water, 
or glycol in other to enhance the heat evacuation and tri-
bological properties of the lubricants. The nanofluids are 
a novel group of specially manufactured fluids that exhibit 
many unique characteristics which include higher heat con-
duction, good heat evacuation, and lubricity compared to 
the traditional pure base fluids [53]. The nanoparticles are 
produced mainly from oxides, carbides, nitrides, ceramics, 
and metals. Commonly used nanoparticles in the grinding 
process include Al2O3, SiC, SiO2, CuO, TiO2, Graphene, 
ZnO, and MoS2. Moreover, other commonly used nanopar-
ticles for nanofluid in machining are copper, silver, single-
walled CNTs, double-walled CNT, and multi-walled CNTs. 
Every one of these nanoparticles offers a different kind of 
individual benefit to the nanofluid lubricant according to 
its molecular structures and chemical behaviors. Hence, the 

nanofluids used in the grinding process are produced based 
on the specific characteristic of the nanoparticles such as 
tribology and thermal characteristics [147]. Figure 9 shows 
the most used nanoparticles in the grinding of advance engi-
neering materials. As seen, the carbon-based nanofluid is the 
most popular consisting of about 35% of all the nanoparti-
cles reported. This observation can be attributed to its cheap-
ness, availability, and superior lubrication performance.

The use of nanofluids instead of pure-based fluid was a 
great step towards achieving extensive industrial applica-
tion of the MQL systems. Furthermore, researchers have 
indicated that the hierarchy of nanoparticles based on tribo-
logical performances in ascending order is ZrO2 < CNTs < 
Diamond < MoS2 < SiO2 < Al2O3 [22, 149, 150].

Studies by Wang et al. [59] focused on evaluating the 
tribological interactions around grounding zones during the 
MQL grinding process. The nanofluid sprayed during MQL 
grinding was observed to form a thin layer of film from the 
lubricant along the contact zone during the grinding opera-
tions. The creation of a thin tribofilm in the grinding zone 
was found to improve both lubrication and anti-wear behav-
iors. Kalita et al. [21] studied varying concentrations of 
MoS2-based nanofluid during MQL grinding of cast iron. 
They found that at a nanofluid concentration of 8%, there 
was a significant reduction of the grinding temperature 
and tool wear. Lee et al. [138] analyzed the performance 
of paraffin oil-based diamond and Al2O3 nanofluids during 
micro-grinding of tool steel (SK-41C). It was reported that 
the nanofluid from the MQL is highly effective in decreas-
ing grinding forces and improving the surface quality com-
pared to other lubricants. Similarly, the nanoparticle size 
and percentage concentration of nanofluids were observed 
to have a great impact on the machining performance of 
the micro-grinding process. Lee et  al. [151] performed 
experimental analysis to determine the thermal behavior of 
micro-grinding using MQL systems. They found that the 
sub-surface damages were greatly decreased due to the effect 
of using a nanofluid-based MQL system. Further assessment 
of the ester oil-based nanofluids in the MQL process was 
conducted by combining two nanoparticles, i.e., CNT and 
MoS2 nanoparticles. The performance of the MQL grind-
ing operations using hybrid nanoparticles (CNT/ MoS2) 
was compared with flood cooling and pure ester oils. It was 
found that the hybrid nanofluid outperforms the Flood cool-
ing and achieved similar results with pure ester oils in terms 
of the specific grinding energy and heat-induced damages 
[90]. This shows that the hybrid nanofluids have superior 
lubrication capacity than traditional lubricants and pure oils.

Additionally, Setti et al. [25] studied water-based nano-
fluid MQL grinding of the Ti-6Al-4V workpiece. It was 
observed that the water-based Al2O3 nanofluid lubricants 
decreased the grinding forces and surface roughness. There 
is also another modified form of the MQL which combines 
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the use of oil and emulsion in the MQL system respectively 
for lubrication and cooling purposes. This method has 
shown to also be a promising improvement for the grind-
ing operations [32]. Recently, more investigations are being 
conducted on the effect of using cold air in the MQL process 
[13]. This technique was later improved to become cryo-
genic cooling in MQL systems.

Many modifications have been introduced into the MQL 
system in other to address its limitations. Researchers intro-
duced an eco-friendly technique of using cryogenic air to 
deliver the nanofluid into the grinding zone during the MQL 
process. The cryogenic MQL systems offer many benefits 
such as low cost, lower carbon emission, superior cooling, 
and lubrication [43]. Other types of advancement recorded 
in the MQL system include redesigning the mixing chamber 
of the MQL system, optimized nozzle designs, and use of 
ionic fluids [5].

Furthermore, Jia et al. [65] presented a major modifica-
tion to surface grinding by applying 2D ultrasonic vibrations 
on the workpiece material during grinding with an MQL 
system. As shown in Fig. 10, the double horizontal ultra-
sonic vibrations were found to produce a highly improved 
surface quality compared to the traditional grinding pro-
cess. This indicates superior lubrication actions and better 
machining performance of the MQL system in the grinding 
operations. This finding agrees with previous researchers 
that the process of improving machining efficiency can be 
achieved by either modifying the lubrication method and/or 
the machining system.

Paul and Chattopadhyay [152] reported a steady decrease 
in residual stress during machining with cryogenic cool-
ants. The cryogenic nanofluid MQL process involves using 
cryogenic air to propel the MQL nanofluid into the grind-
ing region, thereby achieving efficient heat evacuation and 
improved tribology. The cryogenic MQL nanofluid was 
found to achieve lower frictional forces and temperatures 
at the contact point of the grinding wheel/workpiece inter-
actions. Hereafter, the nanofluid-cryogenic MQL system 
was found to also improve the surface quality and grinding 
efficiency [43]. Saberi et al. [48] studied, numerically, the 
thermal evacuation process of the cryogenic nanofluid-MQL 
process. It was found that combining both cryogenic cool-
ing and nanofluid MQL systems has superior thermal and 
tribological performance than the individual processes, i.e., 
cryogenic cooling, and MQL system. The report also con-
cluded that higher MQL nanofluid ejection pressure led to 
a resultant decrease in the convectional heat transfer coef-
ficient [13].

The cryogenic nanofluid MQL system involves the utili-
zation of cryo-gases (temperature below −150 °C) or sub-
zero liquids containing nanofluids ejected in atomized forms 
through a nozzle into the grinding zones [34]. Busch et al. 
[153] studied the tribology and thermal behavior during the 

machining of high-grade alloys. They found that the aerosol-
based lubricant when supplied using CO2 gas provides effi-
cient lubrication. Besides, a combined nanofluid-based MQL 
system and N2 or CO2 gases were found to perform excel-
lently compared to traditional lubrications. It was observed 
that the cryo-based MQL nanofluids help to eliminate cra-
ters that would have been formed if traditional lubrication 
methods were used [154]. Additionally, it has been reported 
that cryogenic-based lubricants have superior machining 
performance compared to traditional lubrication methods 
[155, 156]. Moreover, researchers have also reported that a 
high viscosity and wider ejection angle of the cryo-nanofluid 
jets cause a significant increase of tribological performances 
[43]. Furthermore, it was found that during the grinding of 
Ti6Al4V alloy using a carbide ceramic-bonded (SiC) grind-
ing wheel, the cryogenic nanofluids in MQL system pro-
duced the lowest specific tangential and normal grinding 
forces [32, 157].

Recently, a major overhaul of the MQL systems has 
seen the rise of using electrostatic spray technology to 
improve the performance and applicability of the MQL 
process. Some researchers have focused on eradicating 
the deleterious effect of oil mists by using only water as 
the ejection fluid in the MQL process. Huang et al. [27] 
showed that the electrostatic MQL (EMQL) can be used 
to electrify water droplets immediately after atomizing 
the nanofluids inside the MQL machine. This process was 
observed to cause a significant improvement of the fluid 
delivery into the contact zone and the resultant adsorp-
tion of the charged droplets of the nanofluids onto the 
work surfaces. The EMQL was also found to enhance the 
effectiveness of the nanofluid during grinding operations 
and, consequently, reduce the excessive mists released into 
the surrounding environment. Furthermore, Xu et al. [20] 
studied grinding forces, grinding ratio, surface roughness, 
and temperatures of steel materials during EMQL machin-
ing. They investigated the effect of the charge voltage on 
grinding performance. They observed that the EMQL pro-
cess at 4 kV voltage is capable of reducing the grinding 
forces but intensifies the grinding ratio and surface qual-
ity by 24.8% as compared to the ordinary MQL system. 
This remarkable lubrication performance was ascribed to 
the effective delivery of the nanofluids into the grinding 
region, thereby reducing friction and grinding tempera-
tures. Nevertheless, many other researchers hypothesized 
that there occur some dislodgement of molecules on the 
microstructural surface of the workpiece material due to 
the effects of the EMQL technique [158].

Figure 11 illustrates the functionality of the EMQL setup. 
The EMQL equipment functions such that the grinding 
fluid can be constantly propelled into the grinding zone at 
10–200ml/h. The supply pipes of the nanofluid and air are 
connected at the confluence plate chamber which has one 
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exit pipe that transports the atomized fluid. A high-voltage 
electrostatic electrode is inserted along the exit pipe of the 
confluence plate. This is the region where the grinding fluid 
is charged and ejected through the nozzle into the grinding 
region [159].

A summary of the advances recorded in the grinding pro-
cess using MQL systems is shown in Fig. 12. As illustrated 
in the figure, the period from 2015 to 2019 was observed to 
be the most active time of research being conducted on MQL 
systems in grinding. The diagram entails previous studies 
and trends for future directions of research and development 
of the MQL system.

4 � Fluids used in MQL systems

Subtractive manufacturing processes are still the most popu-
lar methods of manufacturing various multidimensional 
products/components for numerous engineering applications. 
Moreover, the twenty-first century has seen many inventions 
toward perfecting these manufacturing techniques. A major 
step towards achieving sustainable manufacturing involves 
proposing alternative machining fluids to the existing hazard-
ous mineral-based lubricants. The mineral-based fluids have 

been affirmed to have adverse effects on the operators’ health 
and also environmental consequences. Established theories for 
sustainable manufacturing are used to identify and evaluate 
the main causes of these setbacks through the socioeconomic 
and environmental perspectives [25, 160]. Furthermore, 
research outputs from recent articles have shown that veg-
etable oil-based lubricants are preferable in grinding opera-
tions. This is due to the sustainability of the oil source and 
eco-friendliness. The unique chemical structure and features 
of vegetable oil make them highly suitable for cooling and 
lubrication purposes in grinding operations. These advantages 
of vegetable oil-based lubricants make them to gain more 
popularity in other manufacturing industries [161].

Table 3 shows the main advantages and setbacks relating 
to the eco-friendliness of the vegetable oils compared to 
other conventional lubricants. When the vegetable oil was 
used in the MQL system, it was found that there are some 
forms of oxidation occurring compared to when water was 
utilized in the system. This oxidation process was observed 
to create water, carbon dioxide, and methane around the con-
tact region. Furthermore, the vegetable oils were found to 
be characterized by low stability at elevated humidity and 
temperatures resulting in major setbacks in cooling and tri-
bological performances [162]. Nevertheless, the application 

Fig 7   Schematic of MQL grind-
ing experimental setup

Fig. 8   Classifications of fluids 
used in the MQL system
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of vegetable oil in MQL systems has many advantages such 
as their ability to be broken down into eco-friendly elements 
by micro-organisms thereby guaranteeing environmental 
sustainability. Hence, it can be concluded that the overall 
benefits of vegetable oil-based lubricants surpass its harm-
fulness [18, 163].

Reports from previous researchers indicate that the use 
of ester oils during MQL grinding of 16MnCr5 steel mate-
rial causes a significant reduction of the tangential and 
normal grinding forces and improves the surface rough-
ness by more than 50% [165]. Sadeghi et al. [78] studied 
the effect of vegetable and synthetic ester oils during MQL 
grinding of Ti–6Al–4V workpiece. They found that pure 
synthetic ester oil performs better than pure vegetable 
oils in grinding operations. Most of the previous research 
on the MQL process have focused mainly on compari-
son between the performances of neat vegetable oils with 
existing mineral oils. However, in-depth analysis and com-
parisons between the water-based and oil-based MQL pro-
cess have not been deeply deliberated on. Moreover, the 
majority of the previous findings have indicated that water 
has a superior cooling ability in grinding operations [160]. 
Nonetheless, many other research outcomes have indicated 
an excellent lubrication performance of vegetable oils in 
MQL systems [104, 166].

The improved lubricity of the vegetable oil-based nano-
fluids is often credited to the tribofilms formed from COOH 
and –COOR functional groups found in fatty acids and tri-
glycerides within the vegetable oils [34]. This finding cor-
roborates the reports of Siniawski et al. [167] where it was 
indicated that the presence of around 80–95% fatty acids 
in vegetable oil influences lubrication performance. Kalita 
et al. [168] studied the influence of MoS2 oil-based nanoflu-
ids during the grinding of cast iron and EN 24 steel. They 
observed that the nanofluid MQL process increases the 
grinding efficiency via the reduction of grinding energy, fric-
tional coefficient, and wheel degradation. A major finding 
was presented that vegetable oils were best for steel while 
mineral-based lubricants were better lubricants for cast iron.

Figure 13 illustrates the molecular structure of the polar 
fatty acids present inside the triglyceride configuration that 
assists in anti-wear properties [169]. The strong lubrication 
film that is developed along the surface of the workpiece and 
grinding wheel is the main cause of the reduction in fric-
tional forces and wheel defects [13, 161, 170]. The vegetable 
oils are characterized by low toxicity and high flash points 
and are eco-friendly. This has made them to be suitable alter-
native lubricants in different manufacturing industries [13].

In general, the performance of vegetable oil-based lubri-
cants in the MQL system can be enhanced and used for 
industrial purposes by the addition of nanoparticles, which 
are used in minute quantities such that their negative effect 
on the operators’ health and environment are minimized. 

Table 4 gives a comparison between the physical properties 
of water with the different kinds of vegetable oils that are 
frequently used in machining processes.

Researchers have utilized water-based nanofluids in the 
MQL grinding of cast iron and compared the results with 
dry, wet, and MQL techniques. It was found that nanoflu-
ids achieved lower grinding forces, higher surface quality, 
and G-ratio. Conversely, fewer types of research have been 
reported on the application of water-based nanofluids as com-
pared to oil-based nanofluids [171]. Applying water in nano-
fluid-based MQL grinding has shown desirable enhancements 
to surface roughness, a decrease in grinding forces, and an 
enhancement of G-ratio compared to ordinary pure water [83]. 
Studies carried out on wheel life span and tribology of wet, 
dry, and MQL grinding of cast iron using water-based TiO2 
nanofluid [171]. They reported that TiO2 nanofluid was able to 
efficiently improve the tribology of the grinding process. The 
water-based nanofluids were recommended as an alternative 
to conventional machining fluids [172].

In the last 10 years, water-based nanofluids saw increased 
utilization in grinding due to their improved performance 
resulting from the introduction of nanoparticles [173, 174]. 
The water-based nanofluid was found to assimilate the excel-
lent cooling and cleansing ability of water with the tribologi-
cal performance of the nanoparticles. The use of water-based 
nano lubricants led to the improvement of the surface quality 
and reduced friction and wheel wear [175].

5 � Nanofluid in MQL grinding

Studies have shown that due to the excessive production 
of greenhouse wastes during machining, it is necessary 
to find a safer and environmentally friendly alternative to 

Fig. 9   Popular nanoparticles used during machining as reported in 
previous research works [148]
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the conventional lubrication systems. In addition, global 
environmental laws (i.e., ISO 14000 or Green Round) have 
stressed the importance of utilizing only environmentally 
friendly techniques during machining. As such, the nano-
fluids have been considered by researchers as a possible 
replacement for the traditional machining fluids [176]. Pre-
sented by Choi [177, 178], the nanofluids were found to be 
capable of producing effective heat evacuation as compared 
to traditional grinding fluids [74, 179]. Because of this desir-
able heat transfer characteristic, scientists became curious of 
hybridizing the MQL system with the nanofluids. Previous 
reports have indicated that the average heat transfer increase 
due to the nanofluids is between 15 and 40% [180]. Further-
more, Esfe et al. [181], in their early works, proposed the 
idea of hybrid nanofluids aimed at improving the tribological 
and rheological performances. They explained that utiliza-
tion of various nanoparticles in base fluids such as oil, water, 
and other types of traditional fluids could help to reduce the 
costs and enhance machining performance.

The main aim of producing nanofluids is to enhance 
thermophysical interactions at boundary regions of mate-
rials in contact. The thermophysical properties might 
include heat conduction capacity, viscosity, rate of dif-
fusion, and frictional coefficient [182]. Studies have 
shown that nanofluids can adequately lower the grinding 
forces, enhance heat removal, improve surface quality, 
reduce the use of toxic machining fluids, and increase the 
life span of the grinding wheel [6]. Figure 14 illustrates 
the mechanism of lubrication and the anelastic behavior 
of the tribofilms formed from these nanofluids during 
grinding operations.

There have been many studies conducted by researchers 
over the last decades towards achieving extensive applica-
tion of nanofluids in various fields such as manufacturing, 
transport, microelectronics, nuclear, solar collectors, and 
biomedical [183]. Conversely, the major setback in nanofluid 
technology involves the existence of settling/sedimentation 
of the nanoparticles after some time [184]. Consequently, 
application of the nanofluid in the MQL system has been 

reported to achieve superior process performance than ordi-
nary MQL system, mineral-based lubricants, and pure cryo-
genic lubrication [127].

5.1 � Analysis of grinding performance in single 
nanoparticle nanofluid

A single nanoparticle nanofluid is usually produced by dis-
persing only one type of nanoparticle into a base fluid [185]. 
Nanofluids are mostly degradable and used in minute quan-
tity, making them preferable in MQL systems. The nano-
fluid is mostly selected based on the excellent antifriction 
properties of the fluid compared to water and pure base oils. 
The nanofluids are also regarded as environmental-friendly, 
resource-saving, energy-efficient, and sustainable grinding 
lubricants [8, 176]. It has been reported that many factors 
do affect the properties and behavior of the nanofluids. 
These factors include the nanofluid concentration, method 
of production, scattering technique, characteristics of the 
base fluid, rate of settlement/agglomeration, shape, type, and 
heat-bearing capacity of the nanoparticles [186, 187]. The 
production method, morphology, crystalline nature, dimen-
sion, and concentration in the base fluids are also reported 
as key factors that influence the lubrication performance of 
a nanofluid.

Reports from previous researchers have shown the tri-
bological behavior and heat-carrying capability of the base 
fluids are greatly improved with the suspension of nano-
particles in these base fluids [81]. Correspondingly, the 
level of heat transfer in the nanofluid depends on the num-
ber of nanoparticles and the thermal conductivity of the 
nanomaterial. For instance, metallic oxide nanoparticles 
such as Al2O3, SiC, CuO, MgO, ZnO, and TiO2 are opti-
mal when high thermal conductivity is required. Likewise, 
when high resistance is desired, it is advisable to select 
water-based graphene oxide nanoplatelets than water-
based MWCNTs [160]. The nanofluids were also reported 
to exhibit good tribology at elevated temperatures making 
them suitable for a variety of machining applications [32].

Fig. 10   Grinding with 2D ultra-
sonic vibrations [65]
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Yu and Xie [188] found that the single graphene 
oxide nanoparticle produced improved wear and friction 
actions. Shen et al. [83] showed that CNTs were capa-
ble of improving lubrication performances due to their 
high strength and structure. However, this performance 
is often limited to hard materials only. Furthermore, due 
to the spherical nature of MoS2 nanoparticles, they were 
observed to form thin tribofilms which causes reduced 
friction around the contact zone. Meanwhile, MoS2 nano-
particles possess high surface activity and can be easily 
adsorbed onto another surface [83].

Hosseini et al. [189] investigated the effects by using sin-
gle nanoparticles in a nanofluid-based MQL process. They 
performed grinding of Tungsten carbide grade YG8 using 
MoS2, graphite, and Al2O3 nanofluid. The nanoparticles were 
suspended in two different base oils, i.e., paraffin and sun-
flower oil. They explained that utmost care should be used in 
selecting a nanofluid as the lubricant for any given material. 
Kalita et al. [21] reported a decrease of 48–55% and 45–50%, 
respectively, for rates of wheel wear and grinding efficiency. 
Moreover, Prabhu and Vinayagam [87] stated that CNT-based 
nanofluids help to decrease the micro-cracks formed from 
grinding operations with conventional lubricants.

Zhang et al. [81] reported the wonderful performance of 
MoS2 nanofluid during grinding with varieties of vegetable 
oils. It was reported that when palm oil was used as the base 
fluid of the MoS2 nanofluid, the best lubrication performance 
was observed. Lee et al. [115] explained that finer particle 
sizes of the nanoparticles produce better surface quality and 
lower grinding forces. Similarly, reports have shown that the 
dimension of the nanoparticles affects the tribological perfor-
mances and thermal behavior of nanofluids [190].

Mao et al. [191] during grinding of AISI52100 with 
dry, flood cooling, and Al2O3 nanofluid in MQL found 
that the water-based Al2O3 nanofluid presents the least 
surface deformations. Similar results were reported by 
authors [192, 193]. Besides, Jia et al. [194] investigated 
the performance of MoS2 suspended in based nano-
fluid in a mixture oil of soybean/castor during grinding 
experiments. It was found that the optimal nanofluid 
concentration was 8 wt% for the MoS2 nanofluid. Addi-
tionally, Jia et al. [135] explained that the optimal noz-
zle inclination angle, air ejection pressure, and nozzle 
distance from the grinding wheel are 15°, 6 bar, and 
10 mm, respectively. Haghighi et al. [120] studied the 
performance of single nanoparticles of CNT and CuO 
suspended in rapeseed oil. They found that the optimum 
nanoparticle concentration was 3wt% in the base oil. 
At this concentration, it was observed that the surface 
quality of the work material improves by 14% and 7% 
for CNT and CuO nanofluids respectively.

Kumar et al. [195] studied MQL grinding of silicon 
nitride using WS2 and MoS2 nanofluids. They reported 
in their work that the nanofluids significantly increase the 
grinding performance by improving surface quality. The 
nanofluids were also reported to decrease the grinding 
forces and sub-surface damages. Sinha et al. [106] evalu-
ated the performance of ZnO and Ag nanoparticles in water-
based nanofluid during the grinding of Inconel 718 superal-
loy. Their result indicates a significant reduction of grinding 
forces and frictional coefficient, whereas the surface quality 
was greatly improved. Moreover, ZnO nanofluid was found 
to give the best machining performance in terms of lubri-
cation and temperature reduction compared to Ag based 

Fig. 11   Schematic diagram of 
EMQL equipment [159]
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nanofluid. This is mainly attributed to the distribution of 
the nanofluid on the contact surface and the formation of 
lubricating film especially at elevated temperatures. Fur-
ther studies by Singh et al [79] also reported that graphene 
suspended in canola oil when used in MQL grinding results 

in 16.9%, 22.1%, 33.83%, and 15.1% reduction of Ra, Fn, 
specific energy, and frictional coefficient, respectively, com-
pared to conventional flood cooling process.

Cui et al. [196] explained that graphene nanofluid causes 
a great reduction of the COF MQL grinding of titanium 

Fig. 12   Advances in grinding using the MQL system
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alloy. Singh et al. [107] studied the grinding of Ti6Al4V-
ELI alloy using MQL with graphene in canola oil nanofluid. 
They observed that the optimum nanofluid concentration is 
1.5 wt%. It was also reported that the 3D structured nanopar-
ticles performed better in terms of lubrication than the 2D 
ones. The hierarchy of lubrication performance was reported 
as MoS2 < graphite < graphene. Lastly, Dambatta et al. [9] 
reported that SiO2 nanofluid, when used during the grind-
ing of silicon nitride (Si3N4) ceramic with an MQL system, 
helps to lower the grinding forces and surface roughness.

5.2 � Analysis of grinding performance in hybrid 
nanoparticles nanofluid

Numerous scholars have presented different results based on 
experimentations, using different types of hybridized nano-
fluid in the MQL grinding operations. However, there has 
not been a compiled summary of the works conducted in 
the literatures about the performance of hybrid nanofluids 
in MQL grinding processes. Recent studies have shown that 
SiO2/CuFe2O4-based nanofluid produced using water/ethyl-
ene glycol led to better machining performance. The nano-
fluids were proven to influence the elasto-hydro-dynamic 
effect which is found to enhance lubricity during contact 
[176, 197, 198].

Previous reports from researchers have shown that the 
hybrid nanofluids have tremendous machining benefits, espe-
cially in improving the heat removal from the contact zones 
[199]. The traditional method of developing hybrid nanofluids 
involves either dispersing each of the separate single nanopar-
ticles or by just sintering the hybridized nanoparticle [200]. 
Table 5 shows some examples of hybridized nanoparticles that 
are often used in machining and tribological investigations.

Further reports by Zhang et al. [81, 92] utilized a mixture of 
MoS2 and CNT nanofluids in MQL grinding of nickel-based 
alloy. Their study mostly focused on the surface integrity of 
the work materials and found that the hybrid nanoparticles 

provide perfect lubrication in the grinding zone. Also, the 
optimum nanofluid concentration of the mixed MoS2/CNT 
nanofluid for the best surface quality is 6 wt%. Zhang et al. 
[92] explained that the MoS2-CNT-based nanofluid when 
used in the MQL process presents a lower grinding force ratio, 
specific grinding energy, and surface roughness as compared 
to when single nanoparticles were used individually. Simi-
lar findings were reported by Xianpeng et al. [70] when they 
investigated the performance of Al2O3/SiC nanofluid applied 
in the MQL process. In addition, researchers have shown that 
a hybridized MoS2/WS2 nanofluid when utilized in MQL 
grinding causes significant reductions of about 39% in grind-
ing energy and 27% of the grinding forces. Moreover, as com-
pared to flood grinding, when the hybrid MoS2/WS2 nanofluid 
was used in MQL, it causes a reduction of 86% and 41% in 
chipping depths and surface deformation respectively [202, 
203]. Similarly, Rabiei et al. [22] explained that the hybrid 
MWCNTs/Al2O3 nanofluid in MQL grinding helps to lessen 
the COF by 24.6% and 46.2% reduction of the grinding forces 
compared to the dry grinding technique, whereas MWCNT 
and Al2O3 nanofluids were respectively able to achieve 16.4% 
and 18.3% reduction in the friction coefficient. Besides, it was 
also reported that the MWCNTs/Al2O3 nanofluid produced a 
46.2% reduction in tangential grinding force, whereas dur-
ing axial grinding, the single MWCNT and Al2O3 nanofluids 
reduced grinding force by 36.5% and 42.3%, respectively. The 
mentioned findings indicate that hybrid nanofluids performed 
much better than mono-based nanofluids. Zhang et al. [204], 
in their quest to obtain an optimum mixing ratio for hybrid 
nanofluids, explained that a 30:70 mixing ratio for Al2O3/
SiC nanofluid was optimal as a result of the difference in the 
properties of each individual nanoparticle. This is because the 
30:70 mix ratio of the Al2O3/SiC nanofluid presented superior 
material removal, work material surface integrity, and lower 
grinding forces.

Studies have shown that the hybrid nanofluids exhibit 
excellent thermophysical properties which are not found in 

Table 3   Pros and cons of 
different fluids used in MQL 
machining [162, 164]

Lubricants type Pros Cons

Water-based lubricants Readily available Low viscosity
High heat extraction capacity Corrosion affinity
Inexpensive Poor tribological properties
Low toxicity

Oil-based lubricants Vast variety available Environmental pollution
Higher viscosity Needs complex filtration 

technique for remediation
Low toxicity Difficult to dispose
Better dispersion of nanoparticles
High load-bearing capacity
Can be used for both soft and super-hard 

materials
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the monotype nanofluids. Higher thermal conductivity was 
reported to exist in hybrid nanofluid compared to the mono-
type ones [205]. Kumar et al. [201] studied the effect of 
single and hybrid nanofluids on the grinding forces, grinding 
energy, surface quality, and sub-surface deformations during 
the grinding of Si3N4 ceramics. They found that the defor-
mation depth was reduced by 41%, and the surface quality 
of the Si3N4 workpiece material improved by 86% due to 
the excellent lubricity of the MoS2/WS2 hybrid nanofluid as 
compared to when flood cooling was employed. Kalita et al. 
[168] also showed that during MQL grinding, the COF of 
MoS2/Al2O3 suspended in soybean oil is superior to those 
obtained when grinding was performed with monotype 
MoS2 and Al2O3 nanofluids in lubrication capacity. Hence, 
the hybrid nanofluid was affirmed to produce better lubrica-
tion than the single nanoparticle nanofluids during machin-
ing operations.

In addition, Lv et al. [206] studied the MQL process using a 
hybrid water-based nanofluid from GO/SiO2 nanoparticles. They 
reported that the water-based GO/SiO2 and MQL systems con-
siderably decrease the coefficient of friction. It was also reported 
that the performance of the water-based lubricants was at par 

with the vegetable oil-based MQL system. The improvement 
from the hybrid nanofluid could be credited to the creation of a 
layer film which helps in decreasing friction. This was an inval-
uable observation considering the lower environmental hazard 
produced by the water-based lubricants.

According to the preceding review, hybrid nanofluids have 
superior performance compared to single nanoparticle nanoflu-
ids. However, the major limitation of the applicability of the 
hybrid nanofluids is that there have been limited studies done on 
confirming the optimum mixing ratio of each nanofluid.

6 � Production of nanofluid

Nanofluids are produced by the suspension of minute quantity 
(in grams) of nanoparticles in selected base fluids (i.e., water, 
ethylene glycol, and oil). The average dimension of the nano-
particles is 100 nm or lower [207]. Preparation, homogeniza-
tion, and stabilization of the nanofluids are paramount to their 
applicability in various engineering applications [184]. A nano-
fluid needs to undergo various stages of investigation before its 
inherent utilization as a lubricant in any manufacturing process.

Fig. 13   Molecular structure of 
rapeseed oil [169]

Table 4   Qualitative representation of performances of popular fluids used in MQL grinding [18, 170]

* Very poor
** Poor
*** Good
**** Very good
***** Excellent

S/N Performance Water Jatropha oil Canola oil Palm oil Sunflower oil Olive oil Rapeseed oil Mineral oil

1 Biodegradability ***** ***** ***** ***** ***** ***** **** *
2 Toxicity * ** ** ** ** ** ** ****
3 Oxidative stability ** * * ** ** * ** ***
4 Lubrication * ** ***** ***** **** *** ** ****
5 Heat exchange *** *** ** **** ** *** ** ****
6 Viscosity index * *** **** **** **** **** *** ***
7 Hydrolytic stability ** *** **** **** **** **** *** ****
8 Thermal stability ** *** *** **** *** *** *** ****
9 Cost (per liter) * ** *** ** *** *** ** **
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Studying the various ways of synthesizing the nanofluids 
is an important step towards obtaining a stabilized mixture 
that does not settle or agglomerate under severe conditions 
or after a given period. The settling or agglomeration of the 
nanoparticles is seriously undesired in machining because it 
inhibits effective lubrication performance. Furthermore, the 
heat transfer properties of a nanofluid were found to depend 
on the method used to manufacture it [32].

Currently, there are two predominant methods often used 
to synthesize the nanolubricants. They are the one-step and 
two-step techniques shown in Fig. 15. A combination of 
steps is outlined by previous researchers for analyzing the 
nanofluids including SEM, TEM, XRD, FT-IR, DLS, and 
TGA. The SEM and TEM analyses help to give an idea 
about the microstructural morphology of the nanoparti-
cles. The XRD analysis gives the crystalline structure of 
the nanofluid. The FT-IR process is used to obtain the total 
composition of each nanoparticle in the nanofluid. DLS 
analysis provides data on the average size of dispersion, 
whereas the TGA is used to determine the thermal prop-
erties of the fluid. Nevertheless, findings have shown that 
researchers often apply other different methods for their 
characterizations and analysis depending on how it suits a 
specific application [32].

The procedure of the single-step technique is illustrated 
in Fig. 16. It is a magnetic sputtering process that involves 
simultaneously preparing and mixing the nanoparticle in a 
base fluid. Most of the time, a highly stabilized and uniformly 
dispersed nanofluid is produced using the one-step method. 
However, the major limitation of this process is that it is very 
expensive, and this acts as the main hindrance to its industrial 
application [208]. Furthermore, few scientists have demon-
strated that the one-step method can be used to produce hybrid 
nanofluids [209, 210].

Furthermore, considering the hybrid nanofluids, the sci-
entists explained that the most preferred technique for syn-
thesizing these nanolubricants is the two-step method. A 
breakdown of preparation methods involved in the produc-
tion of the nanolubricants is given in Table 6 [210].

The two-step method which is often more economical 
has seen more acceptance in industries due to the superior 
lubrication performance of nanofluids produced using 
it compared to those manufactured using the one-step 
method [202, 210–212]. The two-step method of nano-
fluid production firstly involves obtaining the nanopar-
ticles (by preparation or using commercially available 
ones) and then stabilizing them in the base fluid. The 
mixture is then homogenized using ultrasonic disruption, 
magnetic stirrer, ball milling, high-tech mixers, etc. [213, 
214]. The two-step method is highly economical and is 
currently applicable in large-scale productions of nano-
fluids. Nevertheless, the two-step method has a major 
limitation which is the coagulation of the nanoparticles. 
Researchers have recently shown that using surfactants 
can overcome this constraint. A detailed illustration of 
the two-step process of producing nanofluids is shown 
in Fig. 17 [207].

7 � Performance evaluation in the MQL 
grinding process

Different engineering materials have seen limited applicabil-
ity in various fields due to the severity of cutting/machining 
them. This difficulty is the main reason why ceramic and 
superalloys are often referred to as difficult-to-cut materials. 
An enormous magnitude of grinding forces is required in 
material removal, which in turn causes many deformations 
such as micro-cracks and edge chippings [78]. Studies have 
shown that hybrid machining processes have been used to 
overcome some of these machining limitations, especially 
with improved lubrication systems [215]. The main param-
eters that are analyzed during grinding with MQL systems 
from previous works are shown in Fig. 18. They include 
the grinding forces, surface quality, grinding temperature, 
coefficient of friction, grinding ratio, wheel wear/loading, 
specific grinding energy, and residual stresses [7, 10, 38, 71, 
92, 215, 216]. A comprehensive review of the effect of MQL 

Fig. 14   Lubrication mechanism 
by nanofluid [92]
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and grinding parameters on different grinding responses is 
provided in this section.

7.1 � Effects of MQL on surface quality

The grinding process is mostly used to achieve a better sur-
face finish in materials, and it is often referred to as finish 
machining [81]. Zhang et al. [92] explained that the surface 
quality of a groundwork material can be used to evaluate the 
grinding performances. Similar to other machining meth-
ods, the surface roughness, Ra, is often used to evaluate 
the surface quality of a work material. It has been reported 
that during MQL grinding experiments, a lower Ra repre-
sents higher surface smoothness. Uneven material removal 
mechanism is the major source surface roughness of ground 
materials. The whole material removal process involves 
continuous breakages, crack instigation and propagations, 
plastic removal, and plowing in both ductile and brittle 
materials. In hard materials, the brittle fracture involves the 
generation of continuous craters along the grinding path, 
creating cracks along the grain trajectory (i.e., lateral and 
median cracks). The lateral crack is the main participant of 
the material removal process, whereas the median cracks are 
solely responsible for sub-surface defects on the workpiece 
[10, 217]. Moreover, the ductile removal mechanism of the 
grinding process occurs when the amount of energy needed 
to pluck off a piece of the work material by each grain on the 
grinding wheel is just sufficient to remove a pierce materi-
als’ microstructure [218]. Similarly, Bifano et al. explained 
that in ductile removal mechanisms, when the energy that is 
required to remove a unit material is small enough, then the 
ductile removal mechanism can become a plastic flow [219]. 
Findings from the previous works have indicated that achiev-
ing plastic flow in material removal can effect significant 
reduction of the surface roughness and sub-surface defects 
on a work material.

Early research on MQL grinding indicates that the use of 
synthetic oil in the MQL process produced a better surface 
finish compared to ordinary vegetable oils [98]. Reports by 
Mao et al. [85] during MQL grinding of the hardened steel 
indicated that the MQL system enhances the surface quality 

similar to flood grinding. However, the pure MQL using 
only base oils or synthetic oils was found to be more suitable 
for machining soft materials. And nanofluids are needed in 
the MQL system to achieve improved surface quality when 
the work material involved is hard (i.e., ceramics and super 
alloys) [6, 37].

Virdi et al. [129] further explained that surface roughness 
is a means of representing surface quality quantitatively. Fig-
ure 19 shows the surface roughness obtained using different 
lubrication methods. It was observed that the surface rough-
ness quality of the Inconel alloy was better when the nano-
fluid MQL system was utilized as compared to flood cooling 
and pure MQL. The superior surface finish obtained by the 
MQL system was attributed to the positive lubrication pro-
vided by the nanoparticles in the mixed nanofluid. Further-
more, the nanofluid produced from sunflower oil with 0.5 
wt% nanoparticles was found to give the best surface rough-
ness and can be said to produce better lubrication activity.

Zhang et al. [92] showed that CNT and MoS2 nanofluids 
help to significantly increase surface quality in grinding with 
MQL systems. As shown in Fig. 20, the hybrid nanofluid 
produced lower surface roughness compared to the single 
nanoparticle nanofluids. The CNT oil-based nanofluid was 
found to produce the lowest roughness values among the 
three nanofluids investigated. The lowest surface roughness 
values were attained during grinding with hybrid MoS2-CNT 
nanofluid, and this was credited to the physical interactions 
of MoS2 and CNT nanoparticles in the nanofluid.

Furthermore, Mao et al. [86] showed that the inclination 
angle, direction of spray, and distance of the MQL spray 
nozzle significantly affect the efficiency of the grinding pro-
cess. It was reported that when the nozzle was inclined at 
an angle, the process efficiency was higher (see Fig. 21). 
In addition, the air pressure was understood to be a criti-
cal parameter for the efficient delivery of nanofluid by the 
MQL system into the contact zone. It was reported that the 
grinding forces, surface roughness, and temperature were 
lowered when the air pressure was high. Shorter spray dis-
tance between the nozzle and the grinding wheel was also 
observed to be optimum.

Correspondingly, Tawakolli et al. [95] explained that dur-
ing the grinding of hardened steel, in addition to the nozzle 

Table 5   Different kinds of hybridized nanoparticles [67, 81, 92, 145, 200, 201]

S/N Base material Hybrid nanoparticle

1 Ag based Ag/GNP, Ag/WO3, Ag/Si, Ag/MgO, and Ag/ZnO
2 Al based Al/Zn, AlN, Al2O3/Cu, Al2O3/CNT, Al2O3/CuO, Al2O3/graphene, and Al2O3/SiC
3 Titanium based TiO2/SiC, TiO2/Cu, TiO2/ZnO, TiO2/SiO2, TiO2-CuO/C, TiO2/Ag, TiO2/CNT, and TiO2/MWCNT
4 CNT based MWCNT/Al2O3, MWCNT/GO, MWCNT/Si, DWCNT/ZnO, CNT/ Fe3O4, MWCNT/ZnO, MoS2/CNT, 

MWCNT/Ag, MWCNT/SiO2, FMWCNT/Fe3O4, FMWCNT/MgO, and GO/SiO2,
5 Mixed Ni/NanoDiamond, Cu/Zn, GNP/Pt, GNP/ SiO2, Co3O4/NanoDiamond, Co3O4/Go, MoS2/WS2, and WS2/ZnO
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inclination angle, the direction of spray also has a great 
influence on the surface roughness of the machined parts. 
As shown in Fig. 22, measurements made at wheel speeds of 
30 m/s and 45 m/s indicated that spraying at angular inclina-
tion toward the grinding wheel (instead of directly into the 
grinding zone) produces the lowest surface roughness on the 
steel workpiece material.

Lee et  al. [220] explained that grinding using nano-
diamond nanoparticles in the MQL system can produce a 
decrease of about 64% of surface roughness compared to 
those obtained from dry grinding. Similarly, Jia et al. [194] 
reported that the surface roughness obtained during MQL 
grinding of nickel alloy using MoS2 suspended in mixed 
soybean/castor oil was 0.325 μm. However, in the case of 
nanodiamond particles, when the sizes of nanoparticle were 
larger than 30 nm, the surface roughness deteriorated con-
siderably. This shows that smaller nano-sized particles in the 
nanofluid achieved better surface quality. Similar observa-
tion was reported by Mao et al. [53]. Further reports have 
shown that Al2O3 nanoparticles are more effective compared 
to diamond nanoparticles in terms of decreasing the surface 
roughness in grinding operations using MQL systems. This 
can be attributed to the lower hardness of the Al2O3 com-
pared to the diamond nanoparticles.

Meanwhile, it has also been reported that the sizes of each 
nanoparticle exert a higher impact on the achieved surface 
quality during grinding with MQL than the nanofluid concen-
tration [194]. Generally, it was observed that small-sized nan-
oparticles produce better surface quality in the MQL grinding 
process. According to Lee et al. [138], as shown in Fig. 23, the 
optimum nanofluid concentration and dimension of 2 wt% and 
30 nm, respectively, produce a smoother surface from MQL 
grinding using nanodiamond and Al2O3 nanofluids.

During a study on micro grinding, Li and Lin [143] 
observed that the MQL technique can improve the wheel life 
span by threefold as compared to the dry grinding process. 
Similarly, Tawakoli et al. [61], concluded that the MQL pro-
cess using oil as base oil produced superior surface quality 
compared to the water-based and the conventional cooling 
process. Furthermore, an optimized nozzle position of 80 
mm away from the grinding zone was found to produce the 
best surface finish.

In addition, Balan et al. [85] also reported that the MQL 
process has better machining performance compared to 
conventional flood cooling. Moreover, an optimum ejec-
tion pressure of 2 Bar was recommended. Further studies 
by Barczak et al. [37] compared the grinding performances 
of flood cooling and MQL system during the machining 
of EN8, M2, and EN31 workpieces. It was found that the 
MQL system produced better surface quality and has low 
grinding power and smaller specific grinding forces. Nev-
ertheless, the main limitation that was reported is that the 

initial cost of mounting the MQL system onto the grinding 
machine is expensive.

Recent investigations by Li et al. [89] have shown that 
graphene-based nanofluids can be used in the MQL process 
during grinding to reduce the surface deformations on the 
workpiece and defects on the grinding wheels. Figure 24 
shows the SEM images of the ground surfaces from six dif-
ferent lubrication conditions. It can be seen that the surface 
integrity of the ground TC4 alloy material improved sig-
nificantly when ground with the graphene-based nanofluid. 
Machining with the MQL nanofluid helped to remove many 
surface defects such as adhesion, grinding burns, and fur-
rows. An optimum nanofluid concentration of 0.1 wt% was 
observed and reported. The improvement in surface integ-
rity was attributed to the graphene nanoparticles effecting 
improve lubrication and cooling phenomenon. This observa-
tion validates the surface roughness measurements, whereby 
the 0.1% nanofluid concentration was found to achieve the 
lowest surface roughness value of 0.35 μm.

Hosseini et al. [189] illustrate in Fig. 25 that each 
lubrication technique used during the grinding opera-
tion produces different categories of surface quality on 
the workpiece material. In Fig. 25a, it can be seen that 
the surface quality of the YG8 tungsten carbide work-
piece obtained during dry grinding has many deforma-
tions such as micro-fractures, micro craters, and dis-
continuity in chip removal modes. These defects are 
attributed to poor lubrication and other heat-induced 
deformations. Conversely, in Fig. 25b, the SEM micro-
graph from the traditional flood cooling samples shows 
improved lubrication and surface quality compared to 
dry grinding. The work material was found to be charac-
terized by fractures, microchips fixed onto the surface, 
grinding ridges, and poor surface quality. However, 
when Pure MQL with vegetable oil was used as the 
lubricant as shown in Fig. 25c, a relative reduction of 
micro-fractures, formation of craters, and other surface 
deformations was observed. The best surface quality 
was obtained when MQL was incorporated with mineral 
oils as shown in Fig. 25d. However, the mineral oils are 
often classified as hazardous to workers and the envi-
ronment [189]. Hence, grinding using the MQL system 
with eco-friendly oils is recommended.

Further studies on different cooling and lubrication 
conditions have indicated the superiority of nanofluid 
MQL compared to other systems such as the dry grind-
ing, flood cooling, and pure MQL. Precisely, it has been 
found that dry grinding and pure MQL are characterized 
by several types of defects like burning, pits, and furrows. 
These deformations were absent on workpiece materials 
machined using the nanofluid-based MQL systems. As 
shown in Fig. 26, the surface quality of the nanofluid MQL 
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systems has smaller and shallower furrows, which are often 
times not obvious [221].

Similarly, reports from Zhang et al. [43] after apply-
ing cryogenic cooling as an alternative medium of 
MQL nanofluid delivery into the grinding zone indi-
cate that both the surface roughness and surface defects 
are reduced significantly. Figure 27 shows the surface 
micrographs and roughness values obtained during the 
grinding of the Ti-6Al-4V workpiece using a nanofluid 
formed from Al2O3 in synthesized lipids. It was found 
that the ordinary cryogenic cooling system produced the 
worst lubrication actions with an average surface rough-
ness of 0.535 μm. Moreover, it was also reported that the 
nanofluid MQL using ordinary air as a delivery medium 
produced an improvement of 20.4% in surface roughness 
compared to the ordinary cryogenic cooling. The air and 
nanofluid MQL process was found to have an average sur-
face roughness (Ra) of 0.426 μm. Besides, the nanofluid 

MQL when combined with cryogenic air was found to 
produce the best surface quality on the work material with 
average surface roughness (Ra) of 0.375 μm indicating 
about 30% reduction compared to the ordinary cryogenic 
cooling system. The only noticeable surface deformation 
observed from this lubrication system is the scale-like 
adhesion of nanoparticles (see Fig. 27).

Jia et al. [65] showed that the 45° inclination of dou-
ble horizontal ultrasonic vibrations when applied dur-
ing MQL grinding produced excellent surface quality 
and machining performance. They further explained that 

Fig. 15   Techniques involved in 
investigating the characteriza-
tion of nanofluids [32]

Fig. 16   One-step production method of nanofluids [182]

Table 6   Technique of synthesizing nanolubricants [148].

S/N Preparation method Process

1 One-step method Laser ablation
Polyol process
Physical vapor condensation
Plasma discharging technique
Submerged arc NP synthesis
Chemical reduction
Microwave irradiation
Vapor deposition

2 Two-step method Microwave-assisted synthesis
Direct mixing



985The International Journal of Advanced Manufacturing Technology (2023) 128:955–1014	

1 3

the chip adhesion on the surface of the work material 
was decreased significantly compared to the dry grind-
ing process. In Fig. 28, it can also be seen that rough-
ness Ra decreased significantly by the introduction of 
double 2D ultrasonic vibrations at 0° and 45° along the 
grinding wheel trajectory. Moreover, the 2D ultrasonic 
vibrations were found to reduce the surface roughness 
(Ra) by 39.8%.

Wang et al. [8] reported that nanofluid in MQL could 
bring about positive changes during grinding operations. 
During the grinding of different materials such as Inconel 
718, cast iron, and 1045 steel, they observed that there 
were clear differences between the workpieces machined 
with pure palm oils and those machined with MoS2- and 
Al2O3-based nanofluids. The samples from pure palm oil 
lubrication were observed to have machining defects like 
deep furrows and adherence of microchips. However, dur-
ing the MQL grinding with Al2O3-based nanofluids, it was 
reported that there is the absence of major surface defects 
like furrows or microcracks (see Fig. 29). This indicates 
insufficient cooling and lubrication in the palm oil samples 
[8]. It was concluded that the overall effectiveness of each 
nanofluid depends on the hardness of the machined work 
material. The MoS2 can be seen to perform better in softer 
materials while the Al2O3 nanofluid is suitable for harder 
materials.

Additionally, previous studies have shown that a mix-
ture of two vegetable oils can be used to improve the 
lubrication performance of the MQL system. Figure 30 
shows the SEM images of the work material obtained 

under different lubrication conditions. As highlighted in 
Fig. 30a, grinding with pure castor oil produced defor-
mations like pores, ridges, and excess material re-dep-
osition. When palm oil was added to the castor oil, the 
surface quality of the machined components was observed 
to improve significantly (See Fig. 29b), whereas the cas-
tor/maize oil mixture inflicted intense furrows and ridge 

Fig. 17   Two-step production method of nanofluids [207]

Fig. 18   Output variables in the grinding process
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patterns on the workpiece materials (see Fig. 30d). A mix-
ture of castor/soybean oil was found to produce surface 
configurations without plows and wrinkles (see Fig. 30c). 
Lastly, the magnitudes of surface roughness obtained for 
each lubrication condition were presented in Fig. 30e. As 
can be seen, the castor/palm oil mixture has the lowest 
surface roughness values, thereby corroborating findings 
from the results of the SEM images [121].

Zhang et al. [81] in an attempt to optimize the mixing 
ratios of hybrid nanofluids performed grinding experiments 
using CNT and MoS2-based nanofluids. In terms of surface 
roughness, it was reported that the optimum CNT/MoS2 
nanoparticle mix ratio is 1:2. In Fig. 31, it could be seen 
that a surface roughness of 0.294 μm was obtained with a 
1:2 CNT/MoS2 hybrid mixture. This shows that the hybrid 
nanofluid provides an improvement of 38.9% and 13% com-
pared to single CNT and MoS2 nanofluids, respectively.

Furthermore, there have been reports of using an in-pro-
cess cleaning mechanism to improve the grinding process 
with MQL systems. Reports by Javaroni et al. [122] show 
that the in-process wheel cleaning technique can increase the 
efficiency of the MQL grinding process considerably. It was 
reported that the wheel wear was reduced by 27%, surface 
roughness by 31%, and the grinding power by 74%. How-
ever, the findings explained that conventional flood cooling 
outperforms the MQL process using pure oils. As illustrated 
in Fig. 32, the MQL grinding with jet cleaning technique 
produced the lowest values of surface roughness from the 
grinding experiments.

7.2 � Effects of MQL on grinding force

Nanofluids have been reported to have better lubrication 
performance as a result of the creation of tribofilms and 
high-pressure absorption in a grinding process. As a result of 
the superior load-bearing capacity of the nanoparticles and 
improved sliding effect provided by the nanofluid tribofilms, 

the grinding forces have been found to reduce considerably 
[138]. Also, it was observed that smaller-sized nanoparticles 
achieved a better reduction of the tangential grinding forces 
[53]. Moreover, Kalita et al. [21] found that there is a 50% 
reduction of G-ratio and grinding energy when MQL was 
applied to the grinding of advanced materials. Besides, Man-
imaran et al. [116] also found that when LN2 cryogenic gas 
was used in the MQL system, it lowered the grinding forces 
by 32%. Also, Cao et al. [222] reported a 41% reduction of 
grinding forces by the application of ultrasonic vibrations in 
grinding of Inconel superalloys.

Lee et al. [138] reported that the effective reduction of 
grinding forces occurs mostly during the first few grinding 
passes during grinding with nanofluid MQL systems. Fur-
thermore, harder nanoparticles tend to produce more reduc-
tion of the grinding forces. For instance, diamond nano-
particles were found to reduce grinding forces better than 
Al2O3 nanoparticles. Additionally, reports have indicated 
that higher nanoparticle concentration and smaller-sized 

Fig. 19   Surface roughness of 
Inconel alloy under different 
lubrication conditions [129]

Fig. 20   Surface roughness of nickel-based alloy material machined 
using single and hybrid nanofluids in MQL grinding [92]
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nanoparticles produced a higher reduction in the grinding 
forces.

Sui et al. [221] reported that there is a significant reduction 
of 40.9% in the specific normal grinding force compared to 
the nanofluid MQL system. Likewise, about 20.9% reduction 
of specific tangential grinding forces was observed when the 
nanofluid MQL was utilized compared to the dry grinding 
process. As shown in Fig. 33, it could be seen that the nano-
fluid MQL process has an overall better grinding performance 
compared to dry, flood cooling, and pure MQL processes.

Furthermore, Kumar et al. [201] studied the performances 
of the MQL system with single and hybrid-based nanofluids 
during the grinding of Si3N4 ceramic material. Their report 
indicates a significant improvement in machining perfor-
mances by MoS2/WS2 hybridized nanofluid. It was reported 
that hybrid nanofluid could produce about a 40% reduction 
of normal and tangential grinding forces compared to con-
ventional lubricants. In addition, Zhang et al. [81] explained 
that hybrid nanoparticles when used to produce a nanofluid 
lubricant can help reduce the grinding forces. As shown in 
Fig. 34, it can be seen that MoS2 when used alone to form 
the nanofluid affects a much lower reduction of the grind-
ing forces. Moreover, it was found that each mix ratio of the 
hybrid nanofluid causes a different effect on the grinding 
forces. For instance, when the mix ratio was 1:2 for CNT/
MoS2, the normal grinding force was 89.75N, whereas when 
the mixing ratio was reversed to 2:1 for CNT/MoS2, the 
normal grinding force increased to 91.28N. However, this 
trend was observed to be reversed regarding the tangential 
grinding forces. The tangential forces were found to have a 
higher magnitude of 29.84 N from the 1:2 mix ratio of CNT/
MoS2, whereas it is 25.17 N when the mix ratio of the CNT/
MoS2 nanofluid was 2:1. This confirms that each nanoparti-
cle separately contributes to the overall lubrication actions, 
and the effects observed depend on the physical properties 
of the nanoparticle used.

Singh et al. [79] stated that neat vegetable oils in compari-
son with conventional synthetic fluids caused lower grinding 
forces. However, an attempt was made by Guo et al. [121] to 
mix synthetic oils with vegetable oils for MQL systems. As 

shown in Fig. 35, a mixture of castor/soybean oil was found 
to produce the highest reduction of grinding forces during 
MQL grinding with mixed synthetic and vegetable oils.

Generally, studies have shown that the superior perfor-
mance of the nanofluid MQL system during grinding opera-
tions can be attributed to the improved lubricity contributed 
by the acting nanoparticles and base fluid used. Moreover, 
incorporating multiple nanoparticles in the form of a hybrid 
nanofluid is capable of providing superior lubrication per-
formances, due to the individual contributions from each 
nanoparticle present in the nanofluid. In the subsequent sec-
tion, this work will examine the major findings from previ-
ous researchers regarding the effects of the MQL system 
on normal and tangential grinding forces obtained during 
grinding operations.

7.2.1 � Normal grinding force

Normal grinding force is referred to as force exerted due to 
grit puncturing action on the workpiece materials. Reports 
have shown that the normal grinding forces obtained from 
dry grinding are the highest during operations. Poor lubrica-
tion action is explained that the main source of high normal 
forces during grinding operations, and also due to a lack of 

Fig. 21   Comparison of surface 
roughness of MQL machined 
workpiece at different spray 
distances and air ejection pres-
sure [86]

Fig. 22   Surface roughness of 100Cr6 hardened steel from different 
wheel speeds and spray directions [95]
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proper heat evacuation technique. The high normal forces 
arise from high grinding temperatures which cause increased 
plowing actions, blunting of the grinding wheel, and grit 
cutting edges [192, 223]. However, studies have shown that 
proper lubricant delivery into the grinding zone and heat 
evacuation is capable of reducing the normal grinding forces 
significantly. Similarly, when nanofluids are used in the 
MQL system, the lubricant tends to create a tribofilm that is 
characterized by high shear strengths. This then allows for 
smoother sliding actions, which in turn help to decrease the 
normal grinding force. Furthermore, hybrid nanofluids have 
been found to produce lower normal grinding forces. For 
example, during grinding with hybridized MWCNTs/Al2O3 

nanofluid, it was observed that the MWCNTs/Al2O3 nano-
fluid reduced the normal grinding forces by 43.1% compared 
to dry grinding. Furthermore, introducing ultrasonic vibra-
tions onto the work material during MQL grinding opera-
tions with MWCNTs/Al2O3 nanofluid was found to further 
reduce the normal grinding force by 47.1% [145].

Hosseini et al. [189] performed experimental investiga-
tions on MQL grinding aimed at optimizing the concentra-
tion of nanofluids for grinding performances. The analysis 
was conducted using graphite, MoS2, and Al2O3 nanoparti-
cles. The results for normal grinding forces obtained during 
the investigation are presented in Fig. 36. It was reported 
that 3% nanofluid concentration for MoS2 was the optimized 

Fig. 23   Surface roughness 
measurement of tool steel from 
grinding with MQL nanofluids: 
a ND and b Al203 [138]

Fig. 24   Images of ground TC4 alloy obtained from dry, pure MQL, and graphene-based MQL conditions [89]
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concentration, because it produced the highest reduction 
of about 46.99% in normal grinding forces. The superior 
performance of the MoS2 nanofluids was attributed to the 
spherical structure of the MoS2 nanoparticles and the excel-
lent thermal stability of the MoS2 nanoparticle at higher 
pressure. Furthermore, the MoS2 nanofluid was found to cre-
ate a thin tribofilm along the grinding region, which causes 
a significant reduction of the grinding forces. These find-
ings corroborate the explanations of Dai et al. [224] on how 
nanofluids produced rolling actions.

Previous investigations by Lee et al. [138] on MQL 
micro-grinding using diamond and Al2O3 dispersed in 
paraffin nanofluids showed that the Al2O3 nanofluid pro-
duced lower normal grinding forces compared to ND. 
Furthermore, they explained that nanoparticle types, 
dimension, and nanofluid concentration were the main 
variables that affect the overall outcome of the micro-
grinding process. The 30 nm and 4% nanofluid concen-
trations were observed to produce lower normal grinding 
forces in both ND and Al2O3 nanofluids. In Fig. 37, it 
was illustrated that the magnitude of normal grinding 
forces increases geometrically after every grinding pass. 
During grinding with Al2O3 nanofluid, the normal grind-
ing was found to be 0.02 N/mm in the first pass, which 
then rises to over 1.02 Nm in the 20th grinding pass. 

Similarly, during grinding with nanodiamond, the sam-
ple ground with 30 nm and 4% concentration diamond 
nanofluid was found to have the initial normal grinding 
force of 0.02 N/mm in the first pass to about 1.2 N/mm in 
the 20th grinding pass. This finding can be explained by 
the occurrence of the dulling phenomenon of the wheel 
grits after a number of grinding passes.

Singh et al. [79] compared the performance of canola oil, 
olive oil, and sunflower with synthetic grinding fluids. They 
conducted the grinding experiments with different lubricants 
using graphite nanofluid in the MQL system. It was reported 
that the nanofluids produced lower normal grinding forces 
compared to the conventional synthetic fluid. An optimum 
nanofluid concentration of 1.5 wt% of graphene nanofluid 
was obtained for the vegetable oils (see Fig. 38). Moreo-
ver, the sunflower oil was found to have the lowest normal 
grinding force and, therefore, recommended as the optimum 
machining oil.

In addition, Ghosh et al. [117] further confirmed that 
during grinding operations with MQL systems, the specific 
normal force was found to immensely deteriorate after 
the 12th to 15th grinding pass. This is indicative of the 
acute and expeditious dulling of the grains on the grinding 
wheel. It was reported that the nanofluid-based MQL sys-
tem maintained an average magnitude of the normal force 

Fig. 25   SEM images of YG8 
tungsten carbide from grinding 
experiments using a dry, b flood 
cooling, c MQL with vegetable 
oil, and d MQL with mineral 
oil [189]
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and prevented its escalation by providing proper lubrica-
tion actions. In Fig. 39, it can be seen that the MQL system 
with MWCNT nanofluid outperforms the flood cooling 
and dry grinding systems. The excellent lubrication of the 

MWCNT nanofluid was attributed to the formation of thin 
tribo-film on the grinding wheel’s surface. This film was 
found to stick onto the wheels’ surface and cover the bond 
material.

Fig. 26   Surface quality of 
carbide workpiece: (a) dry 
grinding, (b) flood cooling, (c) 
pure MQL, and (d) nanofluid 
MQL [221]

Fig. 27   Surface micrographs 
and roughness values of Ti-6Al-
4V during normal nanofluid 
MQL and cryogenic lubrication 
[43]
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7.2.2 � Tangential grinding force

The tangential grinding force comprises 3 main mechanisms, 
they include rubbing forces, plowing forces, and cutting 
forces. Previous investigations by Lee et al. [60] showed that 

the Al2O3 nanofluid produced lower normal grinding forces 
compared to ND. Furthermore, it was explained that the 
nanoparticle type, dimension, and concentration of nanofluid 
were the main variables that affect the overall outcome of 
the micro-grinding process. The 30 nm particle size and 4% 
nanofluid concentration were observed to produce lower nor-
mal grinding forces in both diamond and Al2O3 nanofluids.

In Fig. 40, it was illustrated that the magnitude of normal 
grinding forces increased geometrically after every grinding 
pass. For instance in Al2O3 nanofluid, the specific tangential 
grinding force of the optimal sample was found to be 0.01 
N/mm in the first pass to over 0.34 N/mm in the 20th grind-
ing pass. Similarly, during grinding with nanodiamond, the 
sample ground with 30 nm and 4% concentration diamond 
nanofluid was found to have the initial normal grinding force 
of 0.02 N/mm in the first pass to about 0.38 N/mm in the 
20th grinding pass. This finding also confirms the occur-
rence of the dulling phenomenon of the wheel grits with an 
increase in grinding passes, due to higher specific energy 
for material removal.

Experimental analysis conducted by Hosseini et al. [189] 
found that higher nanofluid concentration produced the lowest 
tangential grinding forces during MQL grinding. Samples of 
ground with 3% MoS2 nanofluid were found to have the smallest 

Fig. 28   Surface quality measured by introduction of 2D ultrasonic 
vibrations during nanofluid MQL grinding [65].

Fig. 29   SEM images of work materials from MQL grinding [8]
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tangential grinding forces, indicating smoother sliding action 
along the feed direction. However, it was reported that the over-
all performance of the nanofluid MQL system using mineral oils 
was better compared to when vegetable oils were used.

Zhang et al. [14] explained that palm oil-based nanofluids 
produced the lowest tangential grinding forces compared 
to other types of vegetable oils during MQL grinding of 
nickel-based alloy. It was reported that the palm oil nano-
fluid achieved about a 29.4% reduction of tangential grinding 
forces compared to the conventional lubrication. Further-
more, Molaie et al. [64] reported that MoS2 nanofluid when 

used in the MQL process can achieve up to 49% reduction of 
tangential forces. Moreover, it was reported that paraffin oil 
exhibits a better machining performance compared to other 
vegetable oils. This observation agrees with the findings of 
Sadeghi et al. [98].

Further studies by Maimaran et al. [116] focused on 
investigating the differences between traditional lubricants 
and cryogenic ones. It was reported that the reduction of 
tangential forces caused by the cryogenic coolants was much 
higher than when dry and conventional lubricants were used. 
Notwithstanding, the tangential force was reported to have 

Fig. 30   SEM images of ground 
samples using MQL and mixed 
synthetic/vegetable oils: a pure 
castor, b mixed castor/palm, c 
mixed castor/soybean, d mixed 
castor/maize oil, and e meas-
ured Ra values [121]
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a directly proportional relation with the grinding depth irre-
spective of the type of lubricant utilized.

Further studies by Mao et al. [86] on the effect of MQL 
spray directions showed that the tangential grinding force 
was minimal when the nozzle was set at an inclined angle 
in the direction of the grinding wheel. As shown in Fig. 41, 
the specific tangential grinding force was reduced by 26% 
when the nozzle was placed at an angular inclination towards 
the grinding wheel. However, the value of specific tangen-
tial forces obtained from the conventional lubricants was 
observed to be the lowest.

Kumar et al. [117] studied the outcomes of grinding opera-
tions using CNT nanofluid in minimum quantity lubrication 
with CNT-based nanofluid. They found that the CNT nanofluid 
in MQL led to a significant reduction of tangential grinding 
force as a result of improved lubrication capacity. Figure 42 
illustrates the results obtained from different concentrations 
of MWCNT nanofluids in dry and flood-cooling lubrication. 
It was also reported that the reduction of tangential grinding 
forces also caused a considerable reduction of total grinding 
power and overall heat generated. Moreover, results indicate 
that a combination of nanofluid characteristics and a high flow 
rate can produce more reduction of the specific tangential force.

Wang et al. [59] investigated the lubrication performance 
of various types of palm oil-based nanofluids during grind-
ing operations with the MQL system. The obtained result 
shown in Fig. 43 indicates that a higher nanofluid behaves 
differently after a number of grinding passes have been con-
ducted. The best among the investigated nanofluids (MoS2, 
SiO2, CNTs, Al2O3, ZrO2, and nanodiamond) was found 
to be the ND, because even after 60 grinding passes, there 
was not much difference between initial and final tangential 
force recorded. This result shows that the ND nanofluid is 
suitable for grinding operations due to its ability to main-
tain the lubrication effect, after many grinding passes. The 
equivalent hardness of the nanoparticle in the nanofluid can 
be seen to play an important role in its reliability.

Furthermore, results from grinding operations show that the 
MQL process using hybrid nanofluids of MWCNTs and Al2O3 
nanofluids can be used successfully as lubricant in machining 

processes. It was found that hybridized MWCNTs/Al2O3 
nanofluid decreased the tangential grinding force by 46.2% 
as compared to the dry grinding process. Besides, the Al2O3 
nanofluid was found to have better lubrication capacity than 
the MWCNTs nanofluid because they reduced the tangential 
forces by 42.3% and 36.5% respectively. Moreover, it was also 
reported that the application of ultrasonic vibrations onto the 
workpiece during MQL grinding operations decreased the 
tangential grinding forces considerably. The combination of 
UAG with nanofluid MQL recorded the minimum tangential 
grinding forces. Research result shows that combining the 
UAG with MQL nanofluid produced an effective reduction of 
42.3%, 53.8%, and 61.5% in tangential forces from MWCNTs, 
Al2O3, and hybridized MWCNTs/Al2O3 nanofluids respec-
tively [145].

7.3 � Effects Of MQL on grinding temperature

Temperature is an important machining condition whose in-
depth understanding is critical to enhancing the overall mate-
rial removal and grinding efficiency. Temperature is frequently 
utilized for the evaluation of a lubricant’s performance during 
machining. Studies have shown that inadequate heat evacua-
tion from the grinding zone causes intense surface/subsurface 
deformations on the work material [225]. The high amount 
of heat generated during grinding operations if not properly 
evacuated from the grinding zone can cause grinding burns 
and severe cracks on the workpiece and wheel [142, 221, 226]. 
Hence, by effectively decreasing the temperature during grind-
ing operations, the overall efficiency of the process can be 
improved considerably [21].

Figure 44 illustrates the technique of obtaining the tempera-
ture from grinding operations. The temperature was observed 
to mainly occur from the accumulated heat flux along the 
grinding path. The total heat flux is defined by Sinha et al. 
[106] in Eq. 1.

(1)Q =
FtVc

blc

Fig. 31   Workpiece surface 
roughness (Ra) [81]
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where
It is the tangential force, Vc is the velocity of the grinding 

wheel, b is the thickness of the grinding wheel, and lc contact 
length of the grit path on the work material.

In surface grinding, the contact length (lc) and grinding 
time (tg) of a single grain can be obtained using Eqs. 2 and 
3, respectively [106].

(2)lc =
√

dS × ae

(3)tg =
lc

Vc

Fig. 32   Surface roughness 
evaluation: a raw sample, b 
flood cooling, c MQL, d MQL 
+ cryogenic air, e MQL + 
cryogenic air + wheel cleaning, 
f MQL + wheel cleaning, and g 
values of average surface rough-
ness [122]
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where ds is the diameter of the grinding wheel and ae is 
the depth of cut.

Kalita et al. [84] and Alberts et al. [82], respectively, 
reported the exceptional performances of MoS2 and graph-
ite nanofluids in grinding operations. It was found that the 
nanofluids exhibit high lubrication capacity and effectively 
reduce the temperature during grinding operations. Also, 
MWCNT and CNT-based nanofluids were found to reduce 
differently thermally induced deformations [105, 117].

Studies have shown that the amount of heat transfer activ-
ity during machining with nanofluid mainly depends on 
the thermal conductivity of the utilized nanoparticles. For 
instance, metallic oxides (such as Al2O3, CuO, TiO2, ZnO, 
and MgO) are characterized by high thermal conductivities. 

This makes them suitable for high-temperature lubrica-
tions [129, 207, 227]. Likewise, it was reported that when 
the nanofluid concentrations were between 1 and 5 vol%, 
about 20–30% improvements in thermal conductivity were 
observed as compared to pure base fluids [228]. Previous 
studies have shown that when the concentration of graphene 
in canola, sunflower, and olive oils was raised from 0.5% to 
2.5 wt%, the effective thermal conductivity was increased by 
18%. This shows that the nanoparticles can be used to effec-
tively conduct and evacuate the heat generated in the grind-
ing zones [79, 229]. Nevertheless, Mao et al. [53] reported 
that the size of nanoparticles does not affect the grinding 
temperatures, and it was concluded that the heat transfer per-
formance of a nanofluid during grinding operations depends 
mainly on the thermal conductivity of the nanoparticle.

Zhang et al. [93] investigated the effect of MoS2 nanofluid 
MQL on grinding temperature using different types of lubri-
cation methods. As illustrated in Fig. 45, the MQL process 
with palm oil-based MoS2 nanofluid recorded the least peak 
grinding temperature of about 124.1 °C. The results obtained 
substantiate the findings of Sui et. al. [221] where it was 
confirmed that nanofluids can cause reductions in grinding 
temperature by 62% compared to dry grinding. Finally, the 
nanofluid-based MQL system was found to produce lower 
grinding temperatures than the pure oils, conventional cool-
ants, and dry grinding.

Furthermore, researchers have indicated that the process 
of reformulation of vegetable oils with surfactants can be 
used to improve the tribological characteristics of the veg-
etable oils. Investigations by Li et al. [58] show that the 
heat transfer capacity of palm oil-based nanofluids can be 
improved significantly by the additives introduced into the 
palm oils. It was reported that the grinding temperature per 

Fig. 33   Grinding forces obtained from different lubrication methods [221]

Fig. 34   Grinding forces measured from machining with different 
CNTs/MoS2 mixing ratios [81]

Fig. 35   Specific grinding force measured during grinding with mixed 
oils [121]
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unit distance along the wheel trajectory was decreased con-
siderably by the palm oil-based CNT nanofluid (see Fig. 46). 
The remarkable performance of the CNT-based nanofluids 
was attributed to both the high thermal conductivity of the 
CNT nanoparticles, and due to effective heat evacuation 
from the grinding region. In addition, Shabgard et al. [126] 
indicated that the grinding temperatures can be reduced 
by using an MQL system with CuO nanofluids. The report 
indicated that the CuO-based nanofluids have superior heat 
evacuation from grinding regions compared to pure base 
oils. Hence, the effect of nanofluids in heat evacuation dur-
ing grinding is apparent.

Previous reports have shown that the overall efficiency 
of grinding operations can be increased by effective lubri-
cation and heat evacuation from the grinding zone. The 
utilization of nanofluids in the MQL system was capable 
of creating a thin lubrication film which is stable even at 
extreme machining temperatures [35]. Figure 47 illustrates 
the result obtained during the grinding of TC4 alloy using 
dry grinding, pure MQL, and nano-graphene-based MQL 
system. The results show that the grinding temperature was 
significantly reduced when the nano-graphene-based MQL 
was utilized. Moreover, an optimum nanofluid concentra-
tion of 0.1 wt% was also reported for nano-graphene in the 

Accu-Lube LB2000 cutting fluid. Moreover, the MQL pro-
cess was observed to enhance the effective flushing of the 
debris from the grinding region, thereby reducing friction 
significantly and improving lubrication action. The observa-
tion agrees with the results of the authors [82, 230].

Similarly, Rabiei et al. [22] studied the performance of 
MWCNT, Al2O3, and hybrid MWCNT/ Al2O3 nanofluids 
during ultrasonic-assisted grinding. It was reported that 
the MWCNT exhibits superior heat evacuation capacity 
while the Al2O3 nanofluid exhibits better lubrication per-
formance. This finding corroborates the results of Li et al. 
[58] and Lee et al. [151]. Additionally, it was reported that 
an advanced grinding process mechanism that combines the 
UAG system with hybrid MQL systems reduced the grind-
ing temperature by about 56.3% compared to the dry grind-
ing process. Accordingly, Rabiei et al. [145] further stated 
that the utilization of nanofluid MQL and ultrasonic vibra-
tions during of grinding of hardened 100Cr6 steel material 

Fig. 36   Specific normal grinding force in dry, flood, mineral oil, 
MQL with pure vegetable oils and nanofluid MQL system [189]

Fig. 37   Normal grinding forces 
during nanofluid MQL grinding 
with a ND and b Al2O3 [138]

Fig. 38   Measured normal grinding force from different lubrication 
conditions [79].
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led to a significant reduction of the heat generated in the 
grinding region. It was reported that for different material 
removal rates, the Al2O3-based nanofluids exhibit the best 
lubrication performance compared to other nanofluids such 
as NiO, CuO, TiO2, MWCNT, and SiO2. Additionally, the 
Al2O3 nanofluid was reported to reduce grinding tempera-
tures considerably during the grinding of AISI52100 steels 
[231]. Correspondingly, during the grinding of hardened 
steel (EN31), it was found that pure MQL had a higher 
grinding temperature of more than 20% compared to the 
flood cooling method [6].

Guo et al. [121] investigated the effect of mixed vegetable 
oils on grinding temperature during machining operations 
with MQL systems. Their work combined castor oil with 
different vegetable oils (i.e., maize, palm, soybean, rape-
seed, sunflower, and peanut). It was found that during MQL 
grinding of nickel-based alloy, the maize/castor vegetable oil 
mixture produced the lowest grinding temperature of 100.7 
°C (see Fig. 48). The low temperatures recorded in both soy-
bean/castor and maize/castor oils were credited to the high 

viscosity of the fluid mixture. Moreover, a thick lubrication 
film was observed to have been formed by the maize/castor 
mixture along the grinding interface which in turn causes 
better grinding performance.

Recent studies have shown that researchers are using 
cryogenic air as an alternative to ordinary air in the MQL 
process. Figure 49 shows the temperature measured from 
grinding operations during cryogenic nanofluid MQL and 
ordinary nanofluid MQL systems. It was illustrated that the 
cooling and heat evacuation process during grinding experi-
ments was improved by the cryogenic nanofluid MQL sys-
tem by about 28% as compared to ordinary nanofluid MQL 
systems. Furthermore, it was observed that the cryogenic 
nanofluid MQL process is characterized by the formation 
of stable oil films on the wheel surface [43].

7.4 � Effects of MQL on the coefficient of friction

The coefficient of friction (COF) is also a major perfor-
mance indicator of the grinding process, which is often used 
to relate the interaction occurring around the grinding region 
[232]. It is also used to show the level of lubrication action 
that is happening around the contact area. A high magnitude 
of the frictional coefficient indicates that the ground material 
is hard, lubrication action is poor, and material removal rate 
is low. Studies have shown that the nanofluid MQL pro-
cess is capable of reducing the coefficient of friction during 
grinding by 30%, 51.16%, and 27.59% compared to pure 
MQL, dry, and conventional cooling, respectively [233]. 
Moreover, Zhang et al. [234] reported that the nanofluid 
MQL system causes a reduction of the COF by 25%, 12%, 
and 35% as compared to flood cooling, pure MQL, and dry 
grinding, respectively (see illustration in Fig. 50).

Zhang et al. [93] also explained that utilizing nano-
fluids during MQL machining causes a reduction of the 
COF compared to pure MQL and conventional lubricants. 
Moreover, among the three types of oil-based nanoflu-
ids studied (i.e., palm oil-based, rapeseed oil-based, and 
soybean oil), it was reported that the palm oil nanofluid 
performs best with COF, μ = 0.258. Conventional flood 

Fig. 39   Normal grinding force measured from different lubrication 
methods against the cumulative material removal [117]

Fig. 40   Measured grinding 
forces tangential direction in the 
cases of a diamond and b Al2O3 
[138]
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cooling was found to proffer produce the lowest μ = 
0.256. Similar findings were reported by authors [14, 81], 
whereby it was shown that the 2% nanofluid concentra-
tion produced a COF, μ = 0.3. In contrast, Li et al. [89] 
observed that the optimum nanofluid concentration for 
minimal frictional coefficient was 0.1%. Further investi-
gation on the performance of the MQL system showed 
that during MQL grinding, an increase in nanofluid con-
centration from 2 to 6 wt% produced a reduction of 16% 
in the COF. However, a different trend was noticed when 
the nanofluid concentration was increased beyond 6%, 
whereby the COF was found to increase rapidly [81].

Singh et al. [79] performed grinding experiments on 
Ti–6Al–4V–ELI material using MQL with different oil 
types and nano-graphene as a lubricant. It was stated that 
the canola oil nanofluid produced the minimum COF (at 
1.5% concentration). The canola oil was observed to perform 
better lubrication compared to the conventional lubricants 
and other oil-based lubricants (i.e., olive oil and sunflower 
oil). Furthermore, Sui et al. [221] explained that nanofluid 
NMQL produced the lowest friction coefficient during the 
grinding of cemented carbide with MQL systems. Simi-
larly, Kogovsek and Kalin [235] found that nanofluids of 
MoS2, MWCNT, WS2, and graphite have good tribological 
properties. Moreover, it was elucidated that the MoS2 and 
WS2 nanofluids decreased the COF by 55–60% and 35–40%, 
respectively. The overall reduction in COF was more obvi-
ous when MoS2 was utilized. Moreover, Cui et al. [196] 
reported improved friction coefficient during MQL grinding 
of titanium alloy using palm oil and different nanoparticle 
types (i.e., graphene, MoS2, MoO3, and HBN).

Recent studies have shown that a hybrid of multiple nano-
particles can be used to improve machining performances. 
The main reason for using the multiple nanoparticles to 

produce the nanofluids is to allow the individual nanopar-
ticles to compensate for the different properties that they 
lack individually. For instance, Kalita et al. [168] performed 
grinding experiments using dry grinding, flood cooling, soy-
bean oil-based MQL, and hybrid MoS2/Al2O3 in soybean oil. 
The friction coefficient was found to be lower in the hybrid 
nanofluid lubrication system.

Most reports from previous studies have shown that the 
use of alternative gas as delivery fluid in the MQL process 
can achieve better performance than dry air. Reports by 
Zhang et al. [43] indicate that utilizing cryogenic air to sup-
ply the nanofluid into the grinding regions helped to reduce 
the COF by 7.7% compared to when ordinary air was used. 

Fig. 41   Specific tangential grinding forces measured under different 
lubrication conditions [86]

Fig. 42   Specific tangential grinding force at different lubricant flow 
rates [117]

Fig. 43   Specific tangential grinding forces measured from different 
lubrication conditions [59].
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Similarly, the application of ultrasonic vibrations on the 
workpiece during the nanofluid MQL process was also found 
to decrease the friction coefficient by 27.3% [145].

7.5 � Effects of MQL on grinding force ratio

Rowe et al. [147] explained that the magnitude of the grind-
ing force ratio usually lies between 0.2 and 0.7, and this can 
be obtained by taking the ratio of tangential force Ft and 
normal forces Fn. Values of force ratio cannot be used to 
directly explain the whole situation in the grinding process. 
However, because higher values of Ft indicate better mate-
rial removal and high efficiency, a high force ratio is often 
desired in the grinding process. Basically, when the force 
ratio is near or lower than 0.2, it indicates adequate lubrica-
tion in the grinding process occurring due to high sharpness 
of the grits [92]. Generally, the force ratio (Ft/Fn) depends 
mainly on different grinding parameters which include the 
lubrication technique, type of lubricant, wheel type, grit 
arrangement, grit type, and workpiece properties [236, 237].

Furthermore, Shen et al. [46] investigated the perfor-
mance of the MQL system during grinding and compared 
it with responses from dry and flood cooling methods. 
They studied the MQL system with water based diamond 
and Al2O3 nanofluids. The report elucidated that the force 
ratio is simply the blending of abrasion material removal 
and chafing conditions on the wheel/workpiece material. 
Reports have shown that the force ratio can be improved 
significantly with higher nanofluid concentration in MQL 
systems. It was also concluded that the MQL with Al2O3 
nanofluids have higher force ratios and better grinding 
efficiency compared to dry, wet, and diamond nanoflu-
ids. In another study, it was reported that when the nano-
fluid concentration was high, the soybean oil nanofluid 
exhibits the lowest force ratio compared to flood cooling, 
synthetic oil, and paraffin oils [83].

Zhang et al. [92] found that pure MQL systems have 
high values of force ratio compared to nanofluid MQL 
systems. This confirms that the tribological character-
istics of the nanoparticles contribute significantly to 
lubrication in MQL systems. This finding confirmed 
the hypothesis of Jia et al. [104] where it was explained 

Fig. 44   Illustration of measur-
ing grinding temperature [93]

Fig. 45   Maximum grinding temperatures measured in different lubri-
cation conditions [93] Fig. 46   Grinding temperatures measure in different nanofluids [58]



1000	 The International Journal of Advanced Manufacturing Technology (2023) 128:955–1014

1 3

that the nanolubricants can function like ball bearings, 
forming tribo-films, thereby preventing wheel wears. 
Seyedzavvar et al. [125] explained that graphite nanoflu-
ids when used in MQL systems for grinding operations 
can cause up to 18.12% reduction of the grinding force 
ratio compared conventional flood lubrication systems. 
Furthermore, Shabgard et al. [126] performed grinding 
experiments of AISI 1045 steel with vitrified bond alu-
mina grinding wheel. They showed that MQL system with 
0.15 vol.% of CuO nanofluids was more effective in terms 
of reducing the grinding force ratio as compared to graph-
ite nanofluids. It was also reported that the higher feed 
rate and depth of cut caused an increase in the tangen-
tial grinding force and the force ratios, which conforms 

with the results of Kalita et al. [168]. Additionally, Ghosh 
et al. [117] found that MWCNT-based nanofluid was able 
of decreasing the grinding force ratio at higher grinding 
depths. This is because the MWCNT-based nanofluid was 
able to maintain its lubricity even at higher number of 
grinding depths.

Finally, Jia et al. [194] explained that the grinding force 
ratio obtained from nano lubricants formed with mixed 
base oils was slightly lower than those from single oil 
types. It was reported that a mixture of soybean/castor 
oils when used in the MQL system produced the minimum 
force ratio compared to rapeseed/castor, palm/castor, and 
maize/castor oils.

Fig. 47   Grinding temperatures recorded in grinding with dry, pure 
LB2000 in MQL and graphene-based MQL [89]

Fig. 48   Grinding temperature of vegetable oils mixed with castor oil 
[121]

Fig. 49   Grinding temperatures measured during grinding with nano-
fluid MQL systems with/without cryogenic air [43]

Fig. 50   Friction coefficient measured in different lubrication systems [234]
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7.6 � Effects Of MQL on G‑ratio

G ratio is used to measure the degree of degradation of 
the grinding wheel during grinding operations objectively. 
Intense abrasion wears and dulling of sharpness during 
grinding operations have been found to reduce the lifespan 
of grinding wheels. Theoretically, the G-ratio refers to the 
ratio of workpiece material removed (Vs) to the amount of 
wear found on the grinding wheel (Vw). Higher values of the 
G-ratio indicate extensive wheel life; therefore, high mag-
nitudes of the G-ratio are more desirable in grinding opera-
tions. The G-ratio of a grinding process is mathematically 
represented in Eq. 4 [83, 238].

G-ratio can be obtained mathematically as given by Kalita 
et al. [239] in Eq. 4.

Dm is the grinding wheel diameter, ΔR is the wear on a 
grinding wheel, b is the grinding wheel width, Vi volumetric 
wear of grinding wheel, and Vf is the volume of material 
removal from the workpiece.

Shen et al. [83] studied the grinding performance of 
MoS2 nanofluid in the MQL system containing CANMIST, 
soybean, and paraffin oils. The results obtained show that 
the MoS2 nanofluid decreased the gliding friction and also 
increased the G-ratio. Also, it was observed that the tool 

(4)G − ratio =
Vs

Vw

=
π · Dm · ΔR · b

Vi − Vf

life was improved by 46%. A similar report was put forward 
by Ghosh et al. [117] explaining that MQL with MWCNT 
nanofluid at 500 ml/h ejection rate produced up to 62% 
rise in G-ratio compared to dry grinding. The increase in 
G-ratio by NMQL systems indicates a considerable reduc-
tion of grain and bond breakages on the grinding wheel. 
However, Javaroni et al. [240] found that this trend is differ-
ent in ceramic materials. The G-ratio was found to be very 
low with simultaneous occurrence of intense wheel degra-
dation due to the super hardness of the ceramic materials. 
Likewise, Adibi et al. [241] studied the G-ratio during the 
grinding of C/SiC composite material when using a metallic 
bonded diamond wheel and MQL system. They found that in 
comparison with the dry grinding process, the MQL process 
improved the G-ratio by 115.38%, whereas the conventional 
lubricants were found to improve the G-ratio by 100%. It was 
concluded that MQL system was more effective than the 
conventional lubrication techniques in grinding operations.

Wu et al. [233] showed that during grinding operations, 
the G-ratio measured in nanofluid MQL was much higher 
than in pure MQL, dry, and flood cooling systems. It was 
found that the G-ratio obtained during nanofluid-based 
MQL grinding is 6.52 compared to 0.71 measured in the 
dry grinding process. This indicates that there is low wheel 
degradation and high material removal rate in the nanofluid 
MQL grinding operations. The result is in agreement with 
the findings of authors [221].

Fig. 51   Comparison of G-ratio 
obtained in different cooling 
and lubrication systems [248]

Fig. 52   Illustration of thermal-
induced stress during grinding 
operations [256]
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Virdi et al. [242] also found that a higher value of G-ratio 
was recorded at high concentrations of nanofluids (>1.5 wt.%). 
However, the grinding performance was observed to be poor 
at nanofluid concentrations beyond 2 wt.%. This finding agrees 
with the results of authors [56, 83, 129]. Furthermore, Virdi 
et al. [129] studied the grinding of Inconel-718 alloy using con-
ventional flood cooling, pure MQL, and MQL with CuO nano-
fluid. It was reported that the nanofluids formed a thin tribofilm 
in the grinding zone and caused easier sliding of the wheel. 
Also, a high nozzle ejection pressure was found to prevent clog-
ging and thermal defects on the work material. The conven-
tional flood cooling method was reported to produce a higher 
G-ratio compared to the pure rice bran and sunflower oils. But 
at 1% nanofluid concentration of sunflower, it was observed 
that the MQL had the highest value of G-ratio of 1.509. Similar 
findings were reported by the authors [59, 121, 243].

In another study conducted by Rodriguez et al. [244], 
it was found that combining both in-process cleaning and 
pure MQL grinding together produces about 63% increase 
in the G-ratio compared to when the pure MQL was used. 
The flood cooling technique was reported to have the highest 
G-ratio compared to pure MQL, but the hybrid of the wheel 
cleaning and MQL at 120 mL/h produced a higher G-ratio 
among all the lubrication conditions.

Studies have shown that the use of cryogenic fluids during 
grinding can also improve the G-ratio, material removal and 
extend wheel durability. Cryogenic cooling involves the use 
of fluids such as liquid nitrogen, carbon dioxide, and argon 
that are sprayed into the grinding zone to provide both cool-
ing and lubrication [245]. Reddy et al. [246] explained that 
using LN2 in MQL grinding operations increased the wheel 
life and the overall G-ratio compared to the flood cooling 
process. The excellent performance of the LN2 lubricant was 
attributed to superior cooling capacity and higher bonding 
strength occurring on the wheel due to the low temperatures. 
In addition, Reddy et al. [247] reported that using MQL with 
cryogenic liquid Nitrogen (LN2) during grinding causes a 
great increase in wheel life compared to dry grinding and 
flood cooling systems. The cryogenic liquid was found to 
decrease grain dulling, breakages, and plucking out, thereby 
improving grinding efficiency.

de Moraes et al. [248] studied the performances in three 
different lubrication systems (i.e., cryogenic air, MQL, and 
flood cooling). The experimental investigation was done 
by grinding of an AISI 4340 steel workpiece with an alu-
minum oxide wheel. The result from the findings is shown 
in Fig. 51, and it indicates that a G-ratio of 118.53 was 
achieved obtained from the combined MQL and cryogenic 
cooling systems. The high value of G-Ratio was attributed 
to the effective lubrication found in the combined system, 
excellent cleaning of the grinding wheel, and the efficient 
debris/chip evacuation. Similarly, in another study by Daniel 
et al. [132], using the MQL and cryogenic coolants, a high 
G-ratio of 194.96 was reported.

7.7 � Effects of MQL on specific grinding energy

Specific grinding energy (U) is defined as the energy con-
sumed when a unit volume of work material is removed 
during a grinding operation [249]. The specific grinding 
energy is often explained to be an accumulation of cut-
ting, plowing, and abrasion energies that occur during 
the grinding operations. The cutting and plowing forces 

Fig. 53   Effect of flow rate on 
residual stress during MQL 
grinding. a Tangential residual 
stress. b Normal residual stress 
[261]

Fig. 54   Residual stress for the different cutting fluids [262]



1003The International Journal of Advanced Manufacturing Technology (2023) 128:955–1014	

1 3

are beneficial for material removal during grinding. Con-
versely, the abrasion energy was found to be detrimental to 
the efficiency of the grinding process and caused extreme 
thermal defects [250]. Hence, obtaining and understand-
ing the effects of specific energy are essential. Studies 
have shown that the specific grinding energy depends on 
the type of lubricant utilized in the grinding operations 
[93]. A lower value of specific grinding energy indicates 
a small amount of energy expended per unit material 
removed. The specific grinding energy (U), which can also 
be defined as the grinding power needed to remove a unit 
volume of material, is given in Eq. 5 [43].

where P is the energy expended during grinding (J), Qw 
is the material removal rate (mm3/s), Vs is the wheel speed 
(m/s), Vw is the feed rate (mm/s), ap is the depth of cut (mm), 
and b is the grinding width (mm) [251].

Wu et al. [252] found that MQL nanofluids when used 
in grinding can produce up to 58.51% reduction in spe-
cific grinding energy compared to the dry grinding pro-
cess. Zhang et al. [14] studied the different types of energy 
expended during grinding of 45 steel using dry, flood cool-
ing, and MQL with/without MoS2 nanofluid as the lubri-
cants. It was found that palm oil-based nanofluids expended 
the minimum grinding energy, which is attributed to the 
creation of highly saturated oily films in the grinding zone. 
Furthermore, an average plowing and cutting energy of 5.11 
J/mm3 and 1.77 J/mm3, respectively, was obtained in the 
grinding operations. Likewise, Ibrahim et al. [253] reported 

(5)U =
P

Qw

=
Ft.V

vw.ap.b
=

ft
(

vs ± vw
)

vw.ap.b

that the use of graphene nanoplatelets suspended in palm oil 
reduced the specific grinding energy by 90.2% and 80.25% 
compared to dry and flood cooling, respectively.

Singh et al. [79] reported that the specific grinding energy 
expended from MQL systems was lower than those from 
the traditional flood cooling process. In addition, the MQL 
system with graphene nanoparticles suspended in canola 
oil presented the highest reduction in energy expended dur-
ing grinding operations, compared to olive and sunflower 
oil nanofluids. In addition, graphene nanoplatelets at 0.1% 
nanofluid concentration were found to reduce the specific 
grinding energy by 67.4% compared to the dry grinding pro-
cess [89]. Also, it has been reported that MWCNT nanofluid 
can be used in MQL system during the grinding process 
to decrease the specific grinding energy and, subsequently, 
improve the material removal [117]. Virdi et  al. [129] 
reported that CuO-based nanofluids also cause significant 
reduction to the specific grinding energy during grinding of 
N-Cr alloy. The higher nanofluid concentration was reported 
to expend the lowest energy.

Wang et al. [149] compared the performance of different 
vegetable oils such as soya, earthnut, corn, rapeseed, hemp, 
palm, ramie, and helianthus oils with castor oil in grind-
ing operations. It was reported that the castor oil had the 
minimum specific grinding energy which was 49.4% lower 
than the conventional flood cooling technique. Moreover, 
among the vegetable oils, the palm oil was observed to 
effect the maximum reduction in the grinding energy by 
45.71%. Likewise, Guo et al. [121] explained that the mix-
ture of soybean/castor oil produced the minimum grind-
ing energy compared to other mixed oils (i.e., palm/castor, 
maize/castor, rapeseed/castor, and peanut/castor). Moreo-
ver, it was reported that compared to the pure castor, oil 
the specific grinding energy obtained during grinding with 
castor mixed with oils like rapeseed, maize, and sunflower 
was lower by 19.34%, 21.66%, and 19.63%, respectively.

Additionally, it has been shown that combining cryo-
genic cooling with nanofluid based MQL during grind-
ing operations can also further reduce in specific grinding 
energy from grinding operations. The hybridized process 
of cryogenic cooling and nanofluid MQL has been found to 
decrease the grinding energy by 12.3% and 69.1% compared 
to nanofluid MQL with air and ordinary cryogenic cooling, 
respectively.

Furthermore, recent works have shown that application of 
hybrid nanofluids during grinding operations achieved much 
higher reduction of specific grinding energy. Studies by Kumar 
et al. [201] during the grinding of Si3N4 ceramic material 
reported that MoS2/WS2 nanofluid reduced specific grinding 
energy by 39% compared to traditional water based fluids.

Fig. 55   Depth of residual stress measured in workpiece machined 
using different lubrication systems [234].
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7.8 � Effects of MQL on residual stress

Residual stress induced during grinding operations is vital 
to the final property of the work material. It affects behav-
iors such as surface and sub-surface integrity, fatigue/wear/
corrosion resistances, and dependability. The residual stress 
of a machined component was found to affect many other 
mechanical and dynamic characteristics [234]. Similarly, the 
residual stress found in most ground materials was found to 
occur according to the properties of the workpiece such as 
mechanical deformations, heat resistances, and phase trans-
formation [254–258].

Many works have been done investigating the residual 
stresses that are induced on work materials in grinding oper-
ations. For instance, Zhang et al. [259] studied the effect of 
grinding parameters (feed rate, spindle speed, and grit size) 
on the residual stress. Also, Wang et al. [260] studied the 
characteristics of the grinding wheel on the residual stress. 
They all observed that harder grinding wheels inflict lower 
amount of residual stress on the workpiece. Sun et al. [256] 
stated that the mechanical stress produced by individual 
grains on the grinding wheel causes alternating kinds of 
compressive stress, which can be measured up to 0.2 mm 
beneath the ground surface. Furthermore, it was found 
that the thermal relaxation creates a tensile stress which 

measures up to about 0.3 mm beneath the ground surface. 
An illustration of this phenomenon is given in Fig. 52.

Previous studies have shown that the flow rate of the lubri-
cant during grinding operations constitutes the main effect on 
both the grinding forces and residual stress. Ding et al. [261] 
studied the grinding of steel material using a CBN grinding 
wheel and MQL system. They found that the grinding forces 
(i.e., Ft and Fn) each produced different types of compressive 
residual stress. The results show that a higher MQL flow rate 
produced lower compressive stress, perhaps due to efficient 
and effective fluid delivery. Moreover, the trends in behav-
ior were found to be similar. The tangential residual stress 
was found to increase as the wheel speed was raised from 
20 to 30 m/s. However, the compressive stress was observed 
to decrease drastically at wheel speeds above 30 m/s. This 
reduction can be attributed to the increase in centrifugal force 
around the grinding which reduces the lubricant delivery into 
the grinding zone. Hence, in order to overcome this centrifu-
gal air barrier, Shao et al. [94] suggested that the air ejection 
pressure of the MQL system be increased correspondingly. 
Additionally, as illustrated in Fig. 53, it was reported that the 
lubricant flow rate has a directly proportional relationship 
with the grinding residual stress.

Studies by de Silva et al. [262] reported that the predomi-
nant residual stress obtained in MQL grinding operations is 

Fig. 56   Limitations in MQL 
technique
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the compressive residual stress. In their work, they inves-
tigated the effect of flood cooling and MQL system on the 
residual stress found in workpieces, during the grinding of 
AISI 4340 steel with an alumina wheel. Three flood cool-
ing lubricants were produced using mixed (1:1 mixing ratio 
of mineral oil and soybean oil), integral (mineral oil), and 
synthetic (1:30 mix ratio of mineral oil/water). The result of 
compressive stress shown in Fig. 54 shows that the integral 
and mixed lubricants produced the maximum stresses com-
pared to the synthetic lubricants. More so, researchers have 
explained that sometimes the compressive residual stress is 
often useful on the work material because they reduce the 
formation and propagation of microcracks, thus improving 
surface integrity. The synthetic lubricant was recommended 
as the optimum lubricant because it produces the minimum 
stress, is less toxic, and is also biodegradable. This substanti-
ates the findings of the authors [263, 264]. The performance 
of the oil-based MQL system was observed to be similar to 
that of the synthetic lubricants.

Previous investigations have shown that during the 
grinding operations, the MQL system is effective in 
reducing friction and heat evacuation from the grinding 
zone. Similarly, it has been reported that in the MQL sys-
tem, the most prominent stress found is the much desired 
compressive stress, unlike in dry grinding where tensile 
stress is prominent [94, 117]. Moreover, Shao et al. [255] 
explained that the high temperature obtained during MQL 
grinding produces more tensile stress on the workpiece. 
Furthermore, it has been found that the depth of cut and 
table feed rate are the two most vital grinding parameters 
that affect the magnitude of the residual stress found in a 
groundwork material [265]. Further reports have shown 
that the residual stress obtained from grinding operations 
is mainly affected by the grinding forces, temperature, and 
the lubricant type [266, 267].

Studies have shown that nanofluids can help to hinder the 
occurrence of residual stresses and reduce surface defects 

from MQL grinding operations [268]. More so, Zhang et al. 
[234] found that during MQL grinding, the maximum resid-
ual stress occurs mainly at 3 μm beneath the ground surface 
(see Fig. 55). But Shao et al. [255] report that the depth of 
the maximum residual stress layer can reach up to 5 μm. 
Finally, it was reported that in general, the MQL system 
produced lower magnitude residual stress values compared 
to conventional lubrication systems [269].

Additionally, studies have been done to determine the 
effect of the grinding wheel topology on the residual stress 
induced during grinding operations [270]. It was also 
explained that the negative consequences from residual 
stress can be reduced significantly through modification 
of machining technology. Further, the studies indicate that 
compared to CBN grinding wheels, the alumina-based 
wheels produced lower residual stress from grinding opera-
tions. In MQL grinding, the highest residual compressive 
stress measured when grinding with alumina wheel is −376 
MPa, whereas in flood cooling, the residual stress measured 
was −160 MPa. Moreover, by comparing the two wheels 
used, it was found that the CBN wheel inflicted higher resid-
ual compressive stress values in both flood cooling and MQL 
conditions [271].

8 � Limitations of grinding using MQL process

The main limitations and setbacks associated with the MQL 
system can be classified under are hazards (operators and 
environment), lubrication/cooling performance, and sus-
tainability [5]. As shown in Fig. 56, the MQL is associated 
with some hazards that affect the machine operators, due 
to the production of excessive mists in the machining envi-
ronment. These misty oils, when inhaled can cause severe 
breathing problems and itching of the operators’ eyes. Simi-
larly, another limitation involve poor lubrication and cooling 
performance found in the MQL process, especially when the 
pure vegetable oils were used.

The main problem of the MQL system is the saturation 
of the machining environment with oil mists which are det-
rimental to the operators’ health. Similarly, the suspended 
nanoparticles can be carcinogenic when absorbed through 
human skin or inhaled. In addition, the disposal of the sludge 
from the machining environment needs a complex post pro-
cessing and filtration system to avoid negative environmen-
tal implications. Furthermore, there have been conflicting 
reports about the lubrication performance of MQL systems; 
the majority results indicate its superior lubrication per-
formance compared to conventional lubricants. However, 
reports have shown that the main drawback encountered in 
the MQL systems is inadequate heat evacuation from the 
grinding zone. The MQL process was observed to inflict 
thermal-induced deformations on the work materials and 

Fig. 57   Stages of improvements in the MQL system used for grinding 
engineering materials
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excessive degradation of the grinding wheels. Besides, there 
have been reports of dulling of the grinding wheel and grind-
ing zone clogging, which is caused by accumulation of the 
non-evacuated debris. This unwanted situation causes the 
heat around the grinding zone to rise up to elevated levels, 
causing damage to the wheel and work material. Addition-
ally, grinding with MQL was observed to cause the infliction 
of severe hydro-dynamic stress and exceptionally high tem-
peratures. In terms of environmental friendliness, the MQL 
system was improved by utilization of vegetable-based oils 
instead of industrial-based synthetic oil. The vegetable oils 
were found to be greatly biodegradable and inexpensive. 
However, these oils were found to have very poor lubric-
ity and thermal adsorption capability. Likewise, the vegeta-
ble oils are highly susceptive to oxidation and hydrolysis. 
Hence, researchers introduced nanoparticles into the veg-
etable oils to achieve improved lubrication performance 
of the vegetable oils in the MQL system. The developed 
fluids often referred to as nanofluids were observed to have 
improved thermochemical properties which were suitable 
for machining different engineering materials. Many works 
have been conducted on the performance of these nanoflu-
ids in the MQL process. The results show overwhelming 
improvements in lubrication and machining performance 
by nanofluid MQL system compared to conventional lubri-
cation techniques. Nevertheless, the main drawback of the 
nanofluid system was found to be the settling or agglomera-
tion of the nanoparticles and the overall production cost. 
The nanoparticles are also carcinogenic and harmful to both 
environment and the machine operators [207, 272].

The use of hybrid nanofluids has also been studied dur-
ing machining with MQL systems. The findings have shown 
significant improvement in machining performance cour-
tesy of the improved tribology of the hybrid nanofluids. 
However, limited literatures are available that explain the 
optimization of both the composition and concentration 
of the hybrid nanofluids for optimum machining perfor-
mance. In addition, another limitation found in the MQL 
system is the deflection of sprayed nanofluid droplets by 
the centrifugal forces formed around the grinding wheel. 
The high speed of the wheel creates air pocket which exerts 
an outward force in which the nanofluid droplets have to 
overcome to reach the wheel surface and grinding zone. 
This is a major limitation that needs to be investigated in 
other to understand the percentage of nanofluids reaching 
the grinding zone. Also, in depth analysis and optimization 
of the air ejection pressure to counter this force are required.

According to previous researchers, the enhancement 
method that is aimed at improving the performances of the 
MQL system can be divided into three sections. The first 
method will involve optimizing the production and com-
position of the nanofluids; secondly, the use of gases with 
improved thermal evacuation characteristics; and lastly, 

the modification of the MQL system. The improvements 
in the MQL system relate to the nozzle design, additional 
lubricant supply via multiple nozzles, utilization of electro-
static atomization, and enhanced fluid mixing chamber. An 
illustration of the developmental stages involved in MQL 
systems is shown in Fig. 57.

9 � Conclusion and recommendations

This work is a complete review of the progress recorded 
on the MQL system in grinding operations. The contents 
include a bibliometric analysis of the published articles 
and a review on the different fluids used in MQL systems. 
Moreover, a comprehensive review of machining perfor-
mances during grinding operations with the MQL system 
from numerous kinds of literature have been provided. It was 
found that the frequent parameters often investigated in the 
grinding operations using MQL systems include grinding 
forces, surface quality, grinding temperature, coefficient of 
friction, grinding ratio, specific grinding energy, and resid-
ual stresses.

Furthermore, the numerous advances recorded in the 
MQL system from its inception to date were also discussed 
succinctly. From the references analyzed, it can be seen 
that the most active period of utilizing the MQL system 
in grinding operations and the most advancements were 
recorded from 2008 to 2023. Moreover, various advances 
in MQL technology were deliberated on, and the overall 
process efficiency and its sustainability were reviewed. 
Accordingly, the general findings of this review work are 
summarized as follows:

•	 The MQL system is an eco-friendly lubrication that 
shows superior grinding performance in different cat-
egories of materials.

•	 The overall performance of the MQL system is superior 
to dry grinding and traditional lubrication methods.

•	 The work materials involved in grinding using the MQL 
systems were found to have severe hydro-dynamic 
stress. The process also involved intense debris aggre-
gations and very high machining temperatures.

•	 The MQL system so far has seen advancement up to the 
utilization of nanofluids and cryogenic air as lubricant 
and fluid transporting medium.

•	 The MQL nanofluids were found to create a thin tri-
bofilm that has high shear strengths and effectively 
reduces friction, grinding forces, and wear.

•	 The introduction of cryogenic air into the MQL system has effec-
tively reduced the grinding temperatures and surface defects.

•	 The grinding performances were found to be enhanced 
by the utilization of multiple nanoparticles (hybrid 
nanofluid) as the lubricant of the MQL process.
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•	 Similarly, water-based lubricants are used in a modi-
fied MQL system called electrostatic MQL system 
(EMQL). The water-based EMQL system was found 
to be an environmental friendlier alternative for the oil-
based lubricants, but the results indicate that it exhibits 
a comparatively lower machining performance than the 
ordinary MQL system.

•	 The main setback of the MQL system during grinding 
is the lack of heat and debris evacuation from the con-
tact region. The literatures show that simultaneously 
optimizing the nozzle angle and diameter will effect 
an efficient delivery of the lubricants into the grinding 
region from the MQL system.

•	 Further investigations are needed to analyze the overall 
machining performance of the MQL system.

•	 Lastly, the application of ionic and magnetic fluids in 
MQL system has not been extensively explored.
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