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Abstract  

Industries have been seeking an efficient lubrication system that meets the requirement of 

sustainability without compromising manufacturing efficiency or final part quality. Conventional 

cutting fluids have been recognized as hazardous to the environment, health and economy of 

industries. The nano lubrication strategy has emerged as a sustainable and power-efficient 

lubrication system with encouraging performance in machining processes. This paper encapsulates 

an overview of the impact regarding usage of nanofluid as a cutting fluid in different machining 

processes. The recent innovations in the past decade, altered nano lubrication systems have been 

briefly summarized. A state of art review commences with a short synopsis of the historic 

perspective followed by a summary of the impact of nanofluid on different machining processes. 

The discussion section has been bifurcated according to the characterization of machining 

performance metrics. The environmental and health issues that emerged with the use of nanofluid 

are then discoursed thoroughly. Finally, the major findings are summarized and the future scope 

of research is identified. It can be quantified that the implementation of a nano lubrication system 

can significantly improve the heat transfer characteristic of base fluid which ultimately leads to the 

functionally tremendous product. However, there are major unknowns related to the health and 

environmental impact of nanoparticles. 

Keywords: Nanofluids, Machining processes, Machinability indicators, Health and 

Environmental concerns 

 



 
 

Nomenclature  

NF- Nanofluid 

NP- Nanoparticle 

MWCNT- Multiwalled carbon nanotube 

SWCNT- Singlewalled carbon nanotube 

FMWCNT- Functionalized multiwalled carbon nanotube 

ANN- Artificial neural network 

MQL- Minimum quantity lubrication 

MQCL- Minimum quantity cooling and lubrication 

EMQL- Electrostatic minimum quantity lubrication  

NFMQL- Nanofluid minimum quantity lubrication 

NFEMQL- Nanofluid electrostatic minimum quantity lubrication 

HNFMQL- Hybrid nanofluid minimum quantity lubrication 

HNFEMQL- Hybrid nanofluid electrostatic minimum quantity lubrication 

EG- Ethylene glycol 

PCD- Polycrystalline diamond 

GO- Graphene oxide 

 1. Introduction 

Cutting fluids are a prerequisite for machining industries. During the machining, cutting fluids are 

applied to generate the lubrication as well as cooling effect to detain the heat generated at cutting 

zone. The shearing of metal takes place while machining and major mechanical energy is converted 

into heat energy due to the formation of the chip [1]. This temperature causes an adverse effect on 

tool and workpiece i.e., high tool wear, failure of the tool, inadequate surface integrity and lower 

tool life. At lower cutting speed the cutting fluid provides a lubrication effect to overcome the 

friction and avert the formation of built-up-edge at higher cutting speed. Besides, the condition of 

high-speed machining antagonizes to work cutting fluid as lubrication and fluid penetration does 

not effectively occur, hence the cooling of cutting zone is critically required. This is the reason that 

low-speed machining processes such as drilling and tapping require good lubrication property of 

cutting fluid while high-speed machining processes such as turning, grinding, and milling need 

better cooling property of cutting fluid [2]. The absence of cutting fluid leads to very poor surface 

integrity, high power consumption and high tool wear which are highly unfavorable conditions for 

industries [3]. Also, it is important to select appropriate cutting fluid for specific machining and 

get the desired machining output responses [4]. The selection parameters of cutting fluid 

incorporate the different characteristics of fluid such as specific heat capacity, viscosity, thermal 

conductivity, chemical stability and strength of lubrication film. 



 
 

 Conventional cutting fluids such as water, organic fluids, polymeric solutions, lubricants, 

oils and bio-fluids have found many applications in industries. However, there are some problems 

associated with these fluids like worker health hazards, non-degradability, etc. Consequently, the 

emergence of a new cutting fluid destined for high thermal conductivity and heat transfer has 

become a popular research area. Before the evolution of nanoparticles (NPs), some researchers 

have been observed that the solid particles exhibited higher thermal conductivity. With this aim, 

some research works were accelerated to enhance the thermal conductivity of the fluid by a 

suspension of these solid particles in conventional cutting fluids [3-4]. Ahuja [5] suspended the 

polystyrene spheres of 50 and 100 micron diameter in the aqueous solution when the flow is 

laminar. The resulted thermal conductivity of the suspended solution in motion was three times 

that of the stationary solution. Although, there are some disadvantages of these micron size 

particles such as deficient suspension and low stability of the fluid. 

 Choi and Eastman [6] proposed a new heat transfer fluid strategy which included the 

suspension of NPs in conventional cutting fluid. According to them, the heat transfer characteristic 

of the conventional fluid can be substantially increased by immersing metallic NPs into 

conventional cutting fluid [7-9]. Lately, this class of cutting fluid was named “Nanofluids (NFs)” 

which exhibits higher thermal conductivity, better suspension and excellent stability than that of 

conventional fluid. Nowadays, NFs are widely accepted in industries because of their excellent 

properties. These NPs incorporate metal oxides (Al2O3, TiO2, CuO, SiO2, Fe2O3, ZnO), metal 

nitride (SiN, AlN, hBN), metal carbide (SiC), various forms of carbons (graphite, fullerene, 

diamond, carbon nanotubes (CNT), multi-walled carbon nanotubes (MWCNT) ), and chemically 

stable or noble metals (silver, copper, gold). The base fluids could be water, biofluid, oils, organic 

fluids, lubricants, etc. There are two methods used to produce the NFs viz. one-step method and 

the two-step method. The two-step method is the most widely used method in which first NPs are 

produced with physical or chemical methods and then dispersed in the base fluid with different 

methods i.e. high shear mixing, magnetic force agitation, ultrasonication, etc. In the one-step 

method, simultaneous making and dispersion in a base fluid are taking place. Kumar et al. [10] 

performed a one-step method to produce copper NF which resulted in non-agglomerated and highly 

stable NF. Surfactants are added to improve the suspension of particles and the stability of the NFs.  

 Industries are increasingly required to develop power-efficient lubrication systems that 

consume low power and reduce pollution. Taking this environmental concern into consideration, 



 
 

most research works are aimed towards biofluid and vegetable oil which are non-toxic in nature 

and are easily biodegradable. Vegetable oils have a better boiling point, good flash point, high 

viscosity index and higher lubrication properties which resulted in less consumption from misting 

[11-13]. Choi et al. [14] reported that the oil-based NF exhibited better thermal conductivity and 

convective heat transfer coefficient but there were some problems associated with these NFs due 

to the formation of the hydrophobic coating layer on the powder surface. Xuan and Li [15] 

observed that the oil-based NF with uniform dispersion of NPs in the base fluid without any 

sedimentation/agglomeration of NPs can significantly enhance the thermal conductivity of the 

NFs. In addition, the viscosity followed by the concentration of the NPs has a remarkable effect on 

the thermal conductivity and the dispersion of the NPs in the base oil [16]. Hwang et al. [17] 

observed that the increment in the volume fraction of the NPs leads to an increment in thermal 

conductivity of the NFs. However, water-based fullerene NFs are exceptions to this statement. The 

NPs enhance the thermal conductivity of base cutting fluid and the stability of the NF is highly 

affected by the dispersion of the NPs in base cutting fluid. 

 In the conventional system, cutting fluid is delivered in flood conditions to the cutting zone 

which is more uneconomical and also harms the environment [11, 15]. To prevent these detrimental 

effects, the NFs are often delivered with minimum quantity lubrication (MQL) and electrostatic 

minimum quantity lubrication (EMQL). Sharma et al. [18] explored the impact of MQL in different 

machining processes with various cutting fluids. The study revealed that the MQL can be one of 

the feasible alternatives of a conventional lubrication system and also viable for sustainable 

machining. Sharma et al. [19] reviewed the effect of MQL in machining processes. The review 

divulged that the MQL exhibited remarkable advancement in machining performance compared to 

dry and conventional machining strategies. The reduction in tool wear in MQL machining resulted 

in better surface integrity and dimensional accuracy. Hence, MQL provides both beneficial 

outcomes i.e. enhanced machinability and environment friendliness. The environment friendliness 

of some lubrication strategies such as MQL, minimum quantity cooling lubrication (MQCL), 

cryogenic cooling, thermally assisted machining (TAM), etc. put them in the category of green 

lubrication technologies which could be effective in terms of social, economic and environmental 

benefits [20]. The green technology also includes the EMQL which has a combined effect of MQL 

and electrostatic spraying. EMQL was developed with the aim to reduce the tool wear and 

consumption of cutting fluid as compared to MQL strategy, which was successfully achieved [21]. 



 
 

Fig 1 exhibited a short historic timeline that demonstrates the evolution of various lubrication 

strategies. 

 

Fig. 1 Timeline showing the evolution in the lubrication strategies. 

 Over the past decades, researchers are truly attracted toward the NFs incorporated 

characterization, preparation, heat transfer, and application of the NF. In all of these, hybrid NF 

achieves its highest position. Hybrid NFs possessed the combined properties of individual NPs and 

also sometimes reveal notable physicochemical properties that are not presented by individual NPs. 

A single NP can show either better thermal properties or rheological properties. The main aim of 

this hybrid NF is to obtain all favorable properties in a single run. Sarkar et al. [27] reviewed the 

recent trend of research development and application of the hybrid NF. Sajid and Ali [28] reviewed 

and discussed the different parameters that affect the thermal conductivity of the hybrid NFs. The 

thermal conductivity of the hybrid NFs may be larger or smaller than that of mono NFs and proper 

selection of NPs of hybrid NFs plays an important role to achieve higher stability of NFs. Besides, 

many types of research have been done to synthesize the heat transfer capacity of the hybrid NFs 

[29-34]. Fig. 2 presents an illustration showing the flow of this review. 



 
 

 

Fig. 2 Structure of the review. 

2. Literature survey of nanofluids in machining 

This paper provides an intensive review of published literature to identify the impact of NFs in 

machining processes. The review of literature has been divided into four parts. The first section 

describes the research made on NPs’ effect on thermal and tribological properties while the second, 

third, fourth and fifth sections present relevant studies of NFs done on turning, drilling, milling 

and grinding operations respectively. 



 
 

2.1 Effect of nanoparticles on thermal and tribological properties of base fluids 

Ullah et al. [34] investigated the effect of NPs on convective heat transfer coefficient. It was found 

41.8 % and 37 % improvement in convective heat transfer coefficient when NPs of γ-Al2O3 and 

TiO2 were added in water respectively. Afrand et al. [35] analyzed the impact of hybrid 

SiO2+MWCNT NPs on dynamic viscosity of SAE-40 with a change in temperature (25-60 °C) 

and volume concentration (0-1.0 %) when it was immersed in the base oil. The maximum 

improvement of 37.4 % in dynamic viscosity was observed for 1.0 % volume concentration and 

60 °C temperature. In another study, Afrand [36] analyzed the impact of hybrid NPs’ 

(Functionalized multiwalled carbon nanotubes (FMWCNTs)-MgO) concentration at a different 

temperature on thermal conductivity using ethylene glycol (EG) as a base fluid. A maximum 

improvement of 21.3 % was observed in thermal conductivity at 0.6 % volume concentration and 

25 °C temperature. Nadooshan et al. [37] used an artificial neural network (ANN) technique to 

predict relative viscosity of 10W40 engine oil when hybrid NPs (SiO2-MWCNTs) were immersed 

in a ratio of 10:90 respectively. A significant improvement in relative viscosity was observed when 

a 1 % concentration of hybrid NPs was immersed in 10W40 oil. Andhare and Raju [38] analyzed 

the impact of MWCNT and sodium dodecyl sulphate (SDS) dispersant on thermal conductivity 

and wetting angle with a change in volume concentration and temperature. At higher temperature 

(50 °C) and 0.3 % volume concentration with SDS, 42 % higher thermal conductivity and 70 % 

reduction in contact angle were observed as compared to the base fluid. Duzcukoglu et al. [39] had 

investigated the tribological properties of modified epoxy resins by immersing 0.3 % wt. 

MWCNT, 0.5 % wt. BN (Boron Nitride) and 0.3 % BN-0.5 % wt. MWCNT (Hybrid) NPs. The 

0.5% wt. BN immersed epoxy resins produced a low friction coefficient and working temperature 

as compared to other NPs. Esfe et al. [40] analyzed the effect of volume concentration and 

temperature of NFs on thermal conductivity using EG as a base fluid when hybrid NPs viz. 

(SWCNT-Al2O3) were immersed. A maximum 41.2 % increment in thermal conductivity was 

observed when SWCNT-Al2O3 was suspended (in the ratio of 30:70 respectively) at a temperature 

of 50°C and 2.5 % volume fraction. Gulzar et al. [41] compared the extreme pressure and anti-

wear properties of palm oil when 1 % wt. concentration of MoS2 and CuO each were immersed. 

MoS2 NPs provided better results in terms of anti-wear, extreme pressure and particle distribution 

as compared to CuO. Harandi et al. [42] analyzed the impact of hybrid NPs (FMWCNT+FeO), on 

thermal conductivity with a change in temperature and volume fraction when immersed in EG. At 



 
 

higher temperature (50 °C), a maximum improvement of 30 % in thermal conductivity was 

observed using a 2.3 % volume concentration. 

 From the above literature survey, it is confirmed that the addition of NPs can enhance the 

thermal and tribological characteristics of the base fluid in terms of thermal conductivity, anti-

wear properties, and wetting characteristics. It has been also reported that [39-42] the NFs perform 

better at a higher temperature and hence beneficial for the machining processes wherein higher 

cutting zone temperature is generated. The addition of NPs in the base fluid can significantly 

enhance the viscosity of the resulted NFs [43]. The optimized concentration of the NPs in the base 

fluid has a notable influence on the tribological properties followed by the viscosity of the NF. 

The enhanced viscosity of the NF decreased the wear area and COF during the ball milling process 

with Al2O3, ZrO2, and SiO2 NPs immersed water-based fluid. However, the size of the NPs also 

affected the wear area. The NPs in smaller size exhibited a smaller wear area as compared to the 

large NPs [44]. The NPs potentially increase the heat transfer characteristic of the base fluid. The 

NF possessed a higher single-phase heat transfer coefficient compared to its base fluid [45]. During 

the measurement of convective heat transfer coefficient of hybrid GnP/Pt NF, Yarmand et al. [46] 

observed that the friction factor increased with decreasing Reynold number at all the 

concentrations of the NPs in the base fluid as shown in Fig. 3. The friction factor was improved 

by 10.98% at Reynold number of 17,500 with a fixed concentration of 0.1% wt. 

 

Fig. 3 Friction factor of the hybrid GnP/Pt NF as a function of Reynold number  

with different % wt. concentration [46]. 



 
 

2.2 Effect of nanofluids in turning process 

Khandekar et al. [47] studied the metal cutting performance of AISI 4340 in turning process with 

NF. The comparison between dry machining, conventional machining and machining with nano 

lubrication has been done with 1% vol. concentration of Al2O3 as NPs. The study revealed that the 

wettability of cutting fluid can be significantly improved by the 1% vol. of Al2O3 in contrast to 

conventional fluid and pure water. Furthermore, a reduction in cutting force (50% and 30%) and 

Ra (54.5% and 28.5%) value has been observed. Sharma et al. [48] investigated the impact of TiO2 

based vegetable cutting fluid when turning AISI 1040 steel using MQL machining. The tool wear 

was reduced up to 58.1% and 35.85% using nano cutting fluid of 1% vol. concentration compared 

to conventional and dry machining. However, the increment in concentration of NPs resulted in 

an increment of viscosity, thermal conductivity and density of cutting fluid while the specific heat 

was decreased. Sayuti et al. [49] analyzed the effect of various concentrations of SiO2 based cutting 

fluid in hard turning of AISI 4140 steel. The 0.5% wt. of SiO2 based cutting fluid significantly 

enhanced the machining performance with a reduction in tool wear and enhancement in surface 

roughness. Sharma et al. [50] studied the tribological properties of graphene/alumina hybrid NPs 

in turning of AISI 304 steel. The study revealed that the increment in concentration of NPs lowers 

the friction coefficient and wear in pin on disc tribology test. 1.25% vol. concentration of hybrid 

NF resulted in a lower coefficient of friction (CoF) and also it reduced the tool flank wear by 

12.29%. The hybrid NF reduced the nodal temperature by 4.75 ˚C. The synopsis of other literature 

surveys is shown in Table 1. 

 

Table 1 Summary of the literature survey for turning operation.  

 

Ref. 

No. 

NPs 
% 

concentration 

Workpiece 

material 

Technique to  

supply 

NFs 

Base fluid 
Process 

parameters 

[51] MWCNT 0-4 % wt. Ti-6Al-4V MQL ECOLUBRIC E200 

vc = 120-220 
f = 0.1-0.2 

ap = 0.2 

[52] hBN 0.5-1 % vol. Inconel 625 MQL Plantocut 10 SR 

vc = 40-100 

f = 0.075-0.150 

ap = 0.8 

[53] 𝛾-Al2O3 4% wt. ADI grade 2 MQL Vegetable oil 

vc = 120-240 
f = 0.2-0.3 

ap = 0.5 

[54] Boric acid 2% and 3% wt. AISI 1040 Wet 
Coconut oil and 

Soybean oil 

N = 112 - 710 

f = 0.045 - 0.16 
ap = 0.5 - 2.5 

[55] 
Al2O3, MoS2, 

and rutile- 
0.5-4% vol. Ti-6Al-4V MQCL 

Extra virgin olive 

and Canola 

vc = 55, 80, 

105 



 
 

TiO2 f = 0.1 

ap = 1 

[56] Al2O3 4% - 6% vol Inconel 600 MQL 
Coolube 2210 

(Vegetable oil) 

vc = 40-60 
f = 0.08-0.16 

ap = 0.4-1.2 

[57] Boric acid 0.25-1% wt. AISI 1040 Wet 
SAE 40 and 

Coconut oil 

vc = 60-100 
f = 0.14- 0.2 

ap = 1.0 

[58] 
MWCNT+ Al2O3 

(Hybrid) 
- Ti–6Al–4V MQL Vegetable Oil 

vc = 100 -150              

f = 0.15 - 0.2 

 ap = 1.2 

[59] 
MoS2 and 

Al2O3 
1% and 3% wt. 90CrSi steel MQL 

water-based 
emulsion, Soybean 

oil 

vc = 119.4, 81.7                
f = 0.15 

ap = 0.1 

[60] Nano graphite 

0.1% and 

0.5% 

wt. 

AISI 1045 MQL 
vegetable-based oil 

(LB2000) 

vc = 55, 96 

f = 0.1 

ap = 1.0 

[61] Silver (Ag) 0.5% vol. Mild steel Wet Cutting fluid 

vc = 50.4, 64.8               

f = 0.1, 0.2 

ap = 3, 5 

[62] 
Alumina +MWCNT 

(Hybrid) 
0.25-1.25% 

vol. 
AISI 304 steel MQL 

vegetable oil + 
distilled water 

vc = 60-120 
f = 0.08-0.16 

ap = 0.6-1.2 

[63] 
MWCNT 

𝛾 -Al2O3 
0-4% wt. Inconel 718 MQL ECOLUBRIC E200 

vc = 30-50 
f = 0.2-0.4 

ap = 0.2 

[64] MoS2 0-1% vol. 
AISI 1040 

Steel 
MQL 

Coconut, Canola, 

and  Sesame 

vc = 40 – 100             

f = 0.14 - 0.2    
ap = 0.5 

[65] 
 MoS2+ Alumina 

(Hybrid) 

0.25-1.25 % 
vol. 

AISI 304 
steel MQL 

vegetable oil 

+ water 

vc = 60-120 
f = 0.08-0.16 

ap = 0.6-1.2 

[66] MWCNT 1.0% vol. AISI 4140 MQL Cutting fluid 
vc = 100-300   

f =0.05- 0.2 

ap = 0.4 

[67] 
Alumina+MoS2 

(Hybrid) 

0.25-1.25% 

vol. 
AISI 304 steel MQL Water 

vc = 60-120 
f =0.08-0.16 

ap = 0.6-1.2 

[68] MWCNT 0.2 % vol. EN 31 Wet 
Blasocut 4000 

Strong oil 

N = 1500 
 f = 0.1 

ap = 1 

[69] 

 

Graphite and MoS2 
 

20% wt. Inconel 718 MQL LB 2000 

vc = 100-300 
f = 0.1 

ap = 0.5 

[70] 
MWCNT 

and Al2O3 
0-4% wt. Inconel 718 MQL ECOLUBRIC E200 

vc = 30-50 
f = 0.2-0.4 

ap = 0.2 

[71] nMoS2 0.1-0.9% wt. Ti-6Al-4V MQL 
Jojoba oil 

(vegetable oil) and 

LRT 30 

vc = 80 
f = 0.16 

ap = 0.4 

[72] Graphene oxide (GO) 0.1-0.5% wt. Ti-6Al-4V 
 

- 

Mixture of mineral 

oil and saponified 
nature oil 

vc = 80-240 
f = 0.05-0.1 

ap = 0.1 

[73] Graphene oxide (GO) 
0.1 and 0.5% 

wt. 
Ti-6Al-4V Wet 

ROCOL Ultracut 

Clear (metalwork 

coolant) 

vc = 80-240 
f = 0.05 

ap = 0.1 

[74] Al2O3 0.25-1% wt. Incoloy 800H - Coconut oil 

vc = 40-100 
f = 0.14-0.20 

ap = 0.5 

[75] Al2O3 and TiO2 

0.005-0.05% 

wt. 

AISI D2 steel – 

55 HRC 
Spray Deionized water 

vc =108 
f = 0.04 
ap = 0.1 

[76] Al2O3 and TiO2 

0.5 gm of 

Al2O3 and  1 

gm TiO2 in 100 

Inconel 718 MQL 

ACTIV 4T 

SAE20W40 engine 

oil 

vc =200-400 

rpm 
f = 0.05 



 
 

ml base oil ap = 0.5 

[77] MWCNT 0.06% wt. 
PH 13-8 Mo 

stainless steel 
MQL Vegetable oil 

vc = 120-240 
f = 0.1-0.2 

ap = 0.8 

[78] Graphite 0-0.5% wt. AISI 1040 steel MQL Soluble oil 

vc = 40.7 

f = 0.14 

ap = 0.1 

[79] Graphite 0.3% wt. AISI 1040 steel MQL Soluble oil 

vc = 40 
f = 0.14 

ap = 0.1 

[80] Al2O3 1% wt. AISI 1045 steel MQL Vegetable oil 

vc = 100-150 
f = 0.06-0.18 

ap = 0.25-0.75 

[81] Copper 
1 gm of NPs in 

500 ml base oil 
H 11 steel MQL 

ethylene glycol with 
sodium 

dodecylbenzene 

sulfonate surfactant 

vc = 90-209 

f = 0.1 and 0.2             

ap = 1 

[82] MWCNT and Al2O3 0-4% wt. Inconel 718 MQL ECOLUBRIC E200 

vc = 40-60 
f = 0.2-0.4   

ap = 0.2 

[83] Al2O3 0-4% wt. Ti-6Al-4V MQL ECOLUBRIC E200 

vc = 120-220 
f = 0.1-0.2 

ap  = 0.5 

[84] 
Al+GnP 

(Hybrid) 

0.20-1.20% 

vol. 

hardened-steel of 

48 HRC 
MQL - 

vc = 30-90 
f = 0.1 

ap = 0.5 

[85] 
SiO2 and Copper 

oxide 
10% wt. A286 superalloy MQL 

Water with sodium 
dodecyl sulfate 

surfactant 

vc = 45-95 
f = 0.12-0.32 

ap = 1 

[86] nMoS2 and boric acid 0.25-1% wt. AISI 1040 steel MQL 
Coconut oil and 

sesame oil 

vc = 40-100 
f = 0.14-0.2 

ap = 0.5 

[87] Graphite 0-0.5% wt. AISI 1040 steel MQL Soluble oil 

vc = 105 

f = 0.14     ap = 

1 

[88] 
Al2O3/MWCNT 

(Hybrid) 
0.25-1.25% 

vol. 
AISI 304 steel MQL 

vegetable oil + 
distilled water 

vc = 60-120 
f = 0.08-0.16 

ap = 0.6-1.2 

[89] nMoS2 0-1% vol. 
AISI 1040 

Steel 
MQL 

Coconut, Canola, 
and  Sesame 

vc = 40 – 100             
f = 0.14 - 0.2 

ap = 0.5 

[90] hBN 0.5 % wt. Ti-6Al-4V MQL Vegetable oil 

vc = 60 

f = 0.25 

ap = 2 

[91] MWCNT 0.2% vol. Ti-6Al-4V 1 L/hr 
distilled water with 
0.5% vol. of SDS 

vc = 150 
 f = 0.1 

ap = 1 

[92] MWCNT 0.1% wt. AISI 316L SS - SAE20W40 oil 

N = 125-250 
f = 0.05-0.143 

ap =   0.50 -1 

[93] 
CuO+Al2O3 

(Hybrid) 

50:50, 25:75 

and 75:25 % 
wt. 

AISI 1018 steel MQL Coconut oil 

vc  = 180-710            

f = 0.1-0.224        
ap = 0.5-1 

[94] Al2O3 0-3% vol AISI 1040 steel MQL 
vegetable oil-water 

emulsion 

vc = 96.7 
 f = 0.1 

ap = 1 

[95] SiO2 0-3% vol. AISI 1040 steel MQL 
vegetable oil-water 

emulsion 

vc = 96.7 
 f = 0.1 

ap = 1 

[96] 
Al2O3, MoS2, and 

graphite 
3% wt. 

Titanium 

(Grade-2) 
MQL vegetable oil 

vc = 200-300            

f = 0.1-0.2 
ap = 1 

[97] Graphene oxide (GO) 0.1-0.5% wt. Ti-6Al-4V Wet ROCOL Ultracut vc = 80-240 



 
 

Clear f = 0.05-0.1 

ap = 1 

[98] 
Alumina-graphene 

(GnP) 
0.25-1.25% vol. AISI 304 steel MQL 

Servo Cut S oil (5% 
vol.)+ deionized 

water 

vc = 60-120 

f = 0.08-0.16 

ap = 0.6-1.2 

[99] TiO2- Al2O3 0.05-0.3% wt. AISI 1018 MQL Ethylene glycol 

vc = 350-750             
f = 0.3-0.5 

ap = 0.5-1.5 

[100] 
Al/GnP 
(hybrid) 

1.20% vol. Ti-6Al-4V MQL 

Castrol (Syntilo 

9930) oil was mixed 
with water at an 8% 

fraction 

vc = 130 

[101] 
Al/GnP 

(hybrid) 
1.20% vol. Ti-6Al-4V MQL Oil-water emulsion  

vc = 30-150 

f = 0.1 
ap = 0.8 

[102] Graphene  3% wt. Inconel 800 MQL Sunflower oil 

vc = 100-200 

f = 0.1-0.15 

ap = 0.5 

[103] Graphene  0.1-0.8% wt. Inconel 718 MQL 
Accu-Lube LB 

2000 

vc = 70 
 f = 0.2 

ap = 0.2 

[104] Al2O3 0.20-1.20$ vol. Haynes 25 MQL Blaser vegetable oil  

vc = 30-60 

f = 0.08-0.16 
ap = 1 

[105] 
Al2O3/SiC 

(Hybrid) 
0.5-1.5% wt. EN-24 steel MQL soluble oil  

vc = 40-160 

f = 0.08-0.2 

ap = 1 

*N is rotations of the spindle in RPM,  f is longitudinal feed in mm/rev, ap is a radial depth of cut and vc is 

cutting speed in m/min (Please note that these notations are applicable for this table only) 

 

There is no study from Table 1 which have discussed the stability time of NFs. 

 

2.3 Effect of nanofluids in drilling process 

Chatha et al. [106] compared dry, flood, MQL and NFMQL (1.5% wt. concentration of Al2O3) for 

drilling Al 6063 alloy using HSS drill tools. The better results in terms of lower cutting force, 

torque, surface roughness and tool wear were found for NFMQL (NF aided minimum quantity 

lubrication) as compared with other cooling and lubrication techniques. Garg et al. [107] identified 

the effect of feed rate, spindle speed and % wt. concentration of NPs on thrust force and torque for 

micro-drilling of Aluminum. Minimum values of thrust force and torque were found using 1.4% 

and 4% wt. concentration respectively. The synopsis of other literature surveys indicating the 

impact of NPs in drilling machining is shown in Table 2.  

 

 

 

 



 
 

Table 2 Summary of the literature survey for the drilling operation.  

Ref. No. NPs 
% 

concentration 

Workpiece 

material 

Technique to 

supply 

NFs 

Base fluid Process parameters 

[108] Diamond 1% and 2% vol. Aluminum 6061 MQL 
Paraffin and 

Vegetable oil 

vc = 38 
f = 50 

ap = 0.4 

[109] 
MoS2 and 

hBN 
2 % wt. Ti-6Al-4V MQL Boelube 

vc = 60 
(Orbital drilling) 

[110] Cu 
1gm of NPs in 

500ml base oil 

AISI 4140 

steel 
MQL Ethylene glycol 

vc = 61-123 
f = 50-100 

[111] 
Graphene 

oxide 
0.1-0.5% wt. Ti–6Al–4V - Rocol Ultracut 

vc = 20-70 

f = 0.1-0.18 
mm/rev 

[112] MoS2 and ND 

MoS2 at 2-4% wt. 

and 

ND at 0.5-1% 

wt. 

AISI 4340 

steel 
- Boelube 70104 vc =9.144 

f =0.635 

[113] Al2O3 4% wt. Inconel 718 MQL 
ECOLUBRIC 

E200 vegetable 

oil 

vc = 16 
f = 39.879 
ap = 0.1 

[114] Nano diamond 
0-4% vol. 

Aluminum 

alloy 
MQL 

Paraffin oil and 

vegetable oil 

vc = 9-94 

f = 10-15 

ap = 0.3 

[115] Nano diamond 
0.2% wt. 

Titanium alloy MQL vegetable oil 

vc = 28-132 

f = 10-15 

ap = 0.4 

[116] Nano diamond 
0.2-0.4% wt. 

Ti-6Al-4V MQL vegetable oil 

vc = 57 
f = 10 and 50 

ap = 0.4 

[117] TiO2 
0.3-1% wt. 

- Wet Soluble oil 

vc = 74 
f = 10-15 
ap = 20 

*N is rotations of the spindle in RPM, f is axial feed in mm/min unless otherwise specified, ap is an axial depth 

of cut and vc is cutting speed in m/min (Please note that these notations are applicable for this table only) 

 

There is no study from Table 2 which discussed the stability time of NFs. 

2.4 Effect of nanofluids in milling operation 

Uysal et al. [118] compared dry, MQL with vegetable oil and NFMQL with 1 % wt. MoS2 for 

milling AISI 420 steel. The better results in terms of lower surface roughness and tool wear were 

observed with NFMQL as compared to other cutting fluid techniques. Sahid et al. [119] compared 

dry, MQL and hybrid NFMQL (HNFMQL) comprised of TiO2/ZnO (in a ratio of 80:20 

respectively) based on tool wear and surface roughness for milling AA6061-T6. The 0.1 % wt. 

concentration of hybrid NFMQL resulted in lower tool wear and surface roughness as compared 

to other cutting fluid strategies. Minh et al. [120] compared the flood and MQL machining with 

soybean as a base fluid with and without 0.5 % vol. Al2O3 for milling 60Si2Mn steel (50-51 HRC). 

The NPs immersed in emulsion produced an improvement of 177-230 % for tool life with lower 

surface roughness and cutting force as compared to other cooling and lubrication techniques.  The 



 
 

summary of other literature surveys indicating the impact of NPs in milling operation is presented 

in Table 3. 

Table 3 Summary of the literature survey for milling operation. 

Ref. No. NPs % concentration 
Workpiece 

material 

Technique to 

supply NFs 
Base fluid 

Process 

parameters 

[121] Graphene 
0.1 % and 1.0 % 

wt. 
AISI 1045 steel MQL 

Unist Coolube 

2210 

vc = 36-80 
f = 2500 

ap = 1 

ae = 0.6 

[122] SiO2 0.2% wt. 
Aluminum 

AA6061-T6 
MQL 

 
ECOCUT SSN 

322 

 

vc = 157 

f = 100 
ap = 5 

[123] Carbon onion 0-1.5% wt. 
Duralumin Al-

2017-T4 
Flood 

Alumicut oil 

 

vc = 75.408 

f = 100 

ap = 1 

[124] MoS2 0-1 % wt. 
Aluminum 

Al6061-T6 
MQL 

ECOCUT HSG 

905S 

vc = 157 
f = 100 

ap = 5 

[125] SiO2 0-1% wt. 
Aluminum 

Al6061-T6 
MQL 

ECOCUT SSN 

322 oil 

vc = 157 
f = 100 

ap = 5 

[126] MoS2 0-1% wt. 
Aluminum 

Al6061-T6 
MQL 

ECOCUT HSG 

905S 

vc = 251 
f = 2100 

ap = 5 

[127] 
Water-based 

TiO2 
1.5 % vol. 

Aluminum 

Al6061-T6 
MQL Coolube 2210 

N = 5200-5600 

f = 279-510 
ap = 0.37-3.75 

[128] 

Al2O3, SiO2, 

MoS2, CNTs, 
SiC, and 

graphite 

1.5 % wt. Ti-6Al-4V MQL Cottonseed oil 

N = 1200 

f = 500 
ap = 0.25 

ae = 10 

[129] MoS2 0.5-1.5% wt. 
SKD 11 tool 

steel 
MQCL 

Water-based 

emulsion 

vc = 90-110 

f = 0.012 mm/tooth 
ap = 0.12 

[130] 
GO+SiO2 
(Hybrid) 

0.02% wt. GO and 
0.5% wt. SiO2 

AISI 304 
stainless steel 

MQL 
Water- PEG300 

solution 

vc = 100 

f = 0.12 mm/tooth 
ap = 1 

ae = 5 

[131] TiO2 0.5-1.5% vol. 
AISI 304 

stainless steel 
MQL Ethylene glycol 

N = 1500-2500 

f = 0.02-0.04 
mm/tooth 

ap = 0.1-0.3 

[132] 
Cu, SiC and 

diamond 
1% vol. 

Aluminium 

7050 alloy 
MQL 

Soybean oil, 

Canola oil and 
Natural77 oil 

vc = 180 
f = 0.2 

ap = 1 

 

[133] 
hBN, graphite 

and MoS2 
0.25-1% vol. 

Inconel X-750 

superalloy 
MQL Vegetable oil 

vc = 45 

f = 0.1 

ap = 0.5 

 

[134] 
Al2O3 

 
0.5-2 % wt. Grade 45 steel MQL Cottonseed oil 

N  = 1200 

f = 500 

ap = 0.25 
 

[135] hBN 0.5% vol. 
Nickel alloy X-

750 
MQL 

Vegetable based 
oil  

vc = 45 

f = 0.025-0.075 
ap = 0.5 

 

*N is rotations of the spindle in RPM, f is feed in mm/min unless otherwise not specified, ap is an axial depth of cut in 

mm, ae is a radial depth of cut in mm and vc is cutting speed in m/min (Please note that these notations are applicable 

for this table only) 



 
 

There are minimal investigations on the stability of NFs over time which can affect the storage 

and transportation of the NFs in industrial applications.  Park et al. [121] reported that the stability 

of 1% wt. concentrated graphene NPs immersed Unist Coolube 2210 to be 24 hours. The stability 

of 0.02% wt. GO and 0.5% wt. SiO2 concentrated hybrid GO+SiO2 NPS immersed in water-

PEG300, and 1.5% wt. concentrated TiO2 NPs immersed Ethelene glycol have been reported to 

be  30 days and 3 weeks respectively [130-131]. However, in other research studies, the stability 

time of NFs had not been discussed.  

2.5 Effect of nanofluids in grinding operation 

Zhang et al. [136] compared the dry, flood, MQL with palm and paraffin oil, and NFMQL with 

palm, rapeseed, soybean and paraffin oil with 2-8 % wt. concentration for grinding 45-steel 

workpiece. The MoS2 NPs with 2% wt. dispersed in palm oil resulted in lower specific energy and 

CoF, while comparable results of surface roughness were observed as found in flood machining.  

In another recent study, Zhang et al. [137] compared the effect of hybrid MoS2+CNT for grinding 

Ni-based alloy (GH4169) with mono NPs namely MoS2 and CNT. The minimum value of CoF 

and surface roughness were observed using hybrid NPs (MoS2-CNT in a ratio of 2:1 respectively) 

as compared to mono NPs and other mixing ratios. Kalita et al. [138] identified the effect of 

NFMQL with MoS2 in different mass fractions when grinding operation of EN 24 and ductile cast 

iron were performed. The 53 % reduction in energy consumption and lowest CoF (0.22) were 

observed with NFMQL as compared to flood machining. The synopsis of other literature surveys 

indicating impact of NPs in grinding operation is presented in Table 4. 

     Table 4 Summary of the literature survey for grinding operation. 

Ref. 

No. 
NPs % concentration 

Workpiece 

material 

Technique to 

supply NFs 
Base fluid 

Process 

parameters 

[139] MoS2 2-10% wt. 
GH4169 Ni-based 

alloy 
MQL 

Soybean/castor mixed 

oil  

vc = 30 
f = 3000 

ap = 0.010 

[140] MoS2 20 % wt. 

Dura-Bar 

100-70-02 Ductile 
Iron 

MQL Soybean oil 

vc = 30000 
mm/sec 

vw = 40 mm/sec 

ap = 2 

[141] MoS2 5 % and 20 % wt. 

Dura-Bar 100-70-

02 
Ductile Iron 

MQL 
Paraffin, CANMIST 

and Soybean oil 

vc = 30 

vw = 2400 

mm/min 
f = 500 mm/min 

ap = 0.01 

[142] 

Water-based 

Al2O3 and 

ND 
1- 4 % vol. 

Dura-Bar 100-70-

02 
Ductile Iron 

MQL Deionized water 

vc = 30 

f = 2400 mm/min 
ap = 0.01 



 
 

[143] Graphite 0-2% wt. D2 tool steel MQL IPA and TRIM SC200 

vc = 25 
N = 1600 

f = 0.75 m/sec 

ap = 0.05 

[144] hBN 0.1 % wt. WC-11Co MQCL Distilled water 

vc =30 
f =1,4 

ap =0.005-0.01 

[145] 
MWNCT 

 

2 g of NPs in 

1000 ml of a base 
fluid 

AISI D2 Tool steel Wet SAE-20W40 oil - 

[146] 
Diamond 

and Al2O3 
2 % and 4 % vol. SK-41C tool steel MQL 

Paraffin oil 

 

N = 80000 

f = 120 
ap = 0.005 

[147] Al2O3 0-4 % vol  Ti-6Al-4V MQL Water 

vc = 10.89-21.79 

f = 3-15 m/min 

ap = 0.01-0.03 

[148] 
MoS2 and 

Al2O3 
2 % vol. 

Inconel 718, AISI 

1045 steel, and 

ductile cast iron 

MQL Pure palm oil 

vc = 30 

f = 3000 

ap = 0.02 

[149] MoS2 2 % and 8 % wt. 
Cast Iron 100-70-

03 ductile cast iron 
MQL Paraffin oil 

vc = 30 
vs = 3600 

ap =0.01-0.02 

[150] MWCNT 
10 g of NPs in 

500 ml of a base 

fluid 

AISI D3 tool steel 
- 

 
SAE-20W40 oil 

N = 2000-2500 
vw = 1.9-2.5 

ap = 0.1- 0.2 

[151] 
Al2O3 and 

MoS2 
1-5 % vol. AISI 52100 Steel MQL 

Deionized water and 

Canola oil 

vc = 31.4 
f = 0.05 m/sec 

ap = 0.01 

[152] 

MoS2, SiO2, 

PCD, CNT, 
Al2O3 and 

ZrO2 

6 % wt. 
 

Ni-based alloy 
GH4169 

MQL 
Palm oil 

 

vc = 30 

f = 15 mm/sec 

ap =0.01 

[153] 
Graphite and 

MoS2 

30 g of NPs per 1 
dm3 of 

Demineralized 

water 

Inconel 718 MQCL Demineralized water 

vc =45 
Vw = 0.56 m/sec 

f =10 mm/sec 

ap = 0.01 

[154] MWCNT 0.25 % wt. NAK80 mold steel MQL Castrol Care cut ES1 
vw = 30 

f = 8.4 m/min 

ap = 0.005 - 0.01 

[155] CNT 2 % vol. 
QT400-18 Ductile 

cast iron 
MQL Vegetable oil 

vc = 30 
f =3 m/min 

ap =0.01 

[156] 
Water based 

Cu 
50-150 ppm Inconel 738 Flood Distilled water 

vc = 20 

f = 50-150 
mm/sec 

ap = 0.01-0.03 

[157] 

MWCNT, 
Al2O3 and 

Hybrid 

(MWCNT+ 
Al2O3) 

2.5 % wt. 
100Cr6 hardened 

bearing steel 
MQL Not mentioned 

vc = 30 

f = 3000 

ap = 0.01-0.04 

[158] graphene  3% wt. Ti-6Al-4V  MQL Palm oil 
N = 70 

 

[159] Al2O3 0.5 and 1% wt. Inconel-718 MQL 
sunflower and rice-

bran vegetable oils 

vc = 28 

ap = 0.020 

 

[160] 
Nano-

diamond 
0-4% vol. 

SK-41C (Tool 

Steel) 
MQL paraffin oil (NEO-01) 

N = 80000 
f = 120 

ap = 0.005 

[161] Al2O3 0.75% wt. AISI 52100 Steel MQL Deionized water 
Vw = 31.4 

ap = 0.010  

[162] Al2O3 1.2% wt. AISI 52100 Steel MQL Deionized water 
vw = 31.4 

ap = 0.010 

[163] 
MoS2, ZrO2, 

PCD 
4% wt. hardened 45 steel MQL Soybean oil 

vc = 30 

f = 4000 
ap = 0.010 

[164] MoS2-CNTs 2-12% wt. 
GH4169 Ni-based 

alloy 
MQL Synthetic fat  

vc = 30 

f = 3000 
ap = 0.010 



 
 

[165] 
Nano 

diamond 
10% wt. Ti-6Al-4V MQL Vegetable oil  

vc = 120 
N = 60000 

ap = 0.005 

[166] Al2O3 0.5-2.5% wt. Inconel 718 

Pressurized 

internal 

cooling  

Soybean oil 

N = 2400 

ap = 0.020 
f = 200 

 

*N is rotations of grinding wheel per minute, vc is the peripheral speed of grinding wheel in m/sec unless and otherwise 

not specified, vw is workpiece’s rotational speed in m/sec if not specified,  f is traverse feed of workpiece in mm/min 

unless and otherwise not specified, ap is an axial depth of cut in mm (Please note that these notations are applicable 

for this table only). 

 

The stability of 0.1 % wt. concentrated hBN NPs immersed in distilled water, 2% wt. concentrated 

Al2O3 NPs immersed paraffin oil and 3 % wt. concentrated graphene NPs immersed paraffin oil 

have been reported to be 30 hours, 24 hours and 24 hours respectively [144,146,158]. However, 

in other research studies, the stability time of NFs had not been discussed.  

2.6 Effect of nanofluids in machining processes with EMQL 

Lv et al. [167] explored the machining performance of SiO2 water-based nano lubricant in milling 

of AISI-304 stainless steel with EMQL. The study revealed that the value of cutting force and tool 

wear with SiO2 water-based nano lubricant (0.5% wt.) EMQL (NFEMQL) was somewhat higher 

than that of vegetable-based EMQL. However, SiO2 water-based nano lubricant EMQL with -4 kV 

resulted in the best surface quality and provided the lowest value of surface roughness compared 

to vegetable-based EMQL and MQL. SiO2 water-based nano lubricant droplets exhibited better-

charging capacity than vegetable base which ultimately resulted in better penetrability. Lv et al. 

[168] investigated the tribological and machining performance of graphene NPs immersed in 

EMQL. The graphene nano lubricant-based EMQL with a concentration of 0.06% wt. exhibited 

the lowest tool wear and cutting force compared to the graphene nano lubricant MQL, oil-based 

MQL and oil-based EMQL. Furthermore, the lowest value of surface roughness was achieved with 

graphene nano lubricant EMQL. The charged lubricant possessed a lower wetting angle and 

surface tension which led to better participation of the graphene NPs in the lubrication process. 

These graphene-based NF generated a lubricating film consist of pits and hollows suffuse with this 

lubrication film. This is the reason why the NFEMQL has better and deeper penetration compared 

to MQL as shown in Fig. 4. 



 
 

 

Fig. 4 Penetration mechanism of (a) Graphene NF assisted MQL and, (b) Graphene NF assisted EMQL 

[168]. 

Xu et al. [169] investigated the capillary penetration mechanism and machining performance of 

Al2O3 NFEMQL in the milling of AISI 304 steel. Charged Al2O3 NPs showed an increment in 

penetration performance which resulted in an effective reduction of cutting temperature compared 

to NFMQL with Al2O3 NPs. Al2O3 nano lubricant EMQL lowered the tool wear by 36.8% 

compared to NFMQL with Al2O3 NPs. It also revealed better performance in terms of cutting force 

and surface roughness. Fig. 5 shows the setup through a block diagram of nano lubricant EMQL. 

 

Fig. 5 A block diagram showing the setup of NFEMQL [168]. 



 
 

2.7 Effect of hybrid nanofluid assisted minimum quantity lubrication in machining processes  

Hybrid NFs are a new class of engineered NFs that can be generated by dispersing two or more 

NPs into base fluids. The hybrid NFs are budding fluids that possess better thermo-physical and 

heat transfer characteristics compared to base fluids. The basic issue while using the mono NF is 

that it can have only one favorable property i.e., either rheological or thermal. Hence, mono NFs 

may not possess all the necessary properties that are required for a particular application. Likewise, 

mono NP possesses both favorable and unfavorable properties, for example, Al2O3 NPs have better 

stability and chemically passive but have a lower thermal conductivity while other metals NPs like 

Cu, Al, Ag, etc. have better thermal conductivity but less stable and chemically active [170-171]. 

So, to achieve all the favorable properties of the NPs in a single run, hybridization is indeed 

necessary. With the hybridization of two or more different NPs, the resulting NF can have superior 

rheological and thermo-physical properties with modified heat transfer characteristics compared 

to mono NF and base fluid [21,172].  

The main aim to produce the hybrid NFs is to attain auspicious enhancement in heat transfer 

and hydro-dynamic properties due to the synergic effect of the hybrid NPs. The hybrid NFs can 

have better thermal conductivity even if the particle concentration is low [172]. Some NPs like 

graphene have a plate like structure that can easily grip the NPs of Al2O3 which have a spherical 

shape. This resulting mechanism has a ball-bearing type effect which is shown in Fig. 6 which is 

known as the synergic effect of hybrid NF.  

 

 

Fig. 6 Synergic effect of hybrid NPs [173]. 



 
 

Geetha et al. [174] examined the effect of hybrid NF on tool wear and cutting temperature during 

turning of AISI 4340. The mono NF (containing graphene NP) and hybrid NF (containing 

graphene/Cu NP) provided less flank wear compared to dry machining. The usage of hybrid NF 

reduced the flank tool wear by 22% compared to dry machining. At a lower feed rate (0.15 

mm/rev), the graphene NPs immersed in NF exhibited a 62% decrement in cutting temperature. 

The silver-colored and fragmented chips confirmed the generation of lower temperature using both 

mono and hybrid NF. Shah et al. [173] performed the turning of 15–5 precipitation-hardened 

stainless steel (PHSS) with hybrid Graphene+Al2O3 assisted EMQL (HNFEMQL). The 2.25%, 

4.88%, and 10.75% reduced values of power consumption were achieved with hybrid NPs of 2% 

wt. concentration immersed in soybean oil compared to EMQL, electrostatic lubrication and dry 

respectively. The better performance in terms of chip reduction coefficient was noticed with 

HNFEMQL in contrast with other cutting fluid systems. Safiei et al. [175] compared the effect of 

tri-hybrid NFs (SiO2/ Al2O3/ZrO2 immersed in the solution of deionized water and ethylene glycol) 

on the cutting temperature and surface roughness with dry machining during the end milling of 

Aluminum 6061-T6 alloy. The use of tri-hybrid NF with MQL resulted in a significant reduction 

of 16-76% and 28-75% in cutting zone temperature and surface roughness respectively compared 

to dry machining. The results exhibited that the lower feed rate (100 mm/min), cutting speed (9000 

rpm), and depth of cut (1 mm) led to excellent machining performance with tri-hybrid NF 

compared to dry machining.  

Nowadays, various NPs are existing in hybrid form and they show their characteristics. So, 

before the use of these hybrid NPs, proper studies are required to identify the characteristics so the 

best hybrid combination of NPs can be used. The stability of the hybrid NFs is one of the major 

challenges in real-time application. The problem related to the stability of the mono NFs can be 

resolved using several techniques like surface modification of NPs, accumulation of the surfactant, 

and implementing resilient force on the clusters of the NPs. However, the same cannot apply in the 

case of hybrid NFs as the hybrid NFs contain two or more NPs that possess different surface 

charges and other properties. Hence, the stability characteristic of the mono NFs cannot be 

compared with hybrid NFs due to the different characteristics of bonds between distinct NPs [176]. 

Besides, the higher cost due to the complex production methods of the hybrid NPs is also one 

challenge for technical application in industries. Furthermore, different types of thermal 

conductivity models have been proposed to understand the thermal behavior of the mono NFs but 



 
 

the same model cannot apply to predict the thermal conductivity of the hybrid NFs. Additionally, 

it is difficult to understand the thermal network and rheological variations of the hybrid NF [170].  

The higher viscosity of the hybrid NF may cause pressure drop (pressure difference between 

supplied pressure by pump and exit pressure of NF through nozzle) within the MQL system due to 

the combination of different NPs which ultimately increases the pump power requirements [21]. 

Fig. 7 shows a summary of challenges for the application of hybrid NFs. 

 

Fig. 7 Summary showing the challenges for an implication of the hybrid NFs [177]. 

2.8 Breakup of investigation according to continent, processes, nanoparticles and workpiece 

material 

Fig. 8 describes the break-up of investigations done for NPs in machining field with different 

perspectives. Fig. 8 (a) bifurcates the investigations done as per continents while Fig. 8 (b) and (c) 

bifurcate the researches as per machining processes (turning, drilling, milling and grinding) and type 

of NPs respectively. While Fig. 8 (d) shows the bifurcation according to the workpiece material. 

A total of 134 published research papers have been investigated for bifurcating research studies 

according to continents and type of NPs. Fig. 8 (a) bifurcates the work done in the field of 

nanolubrication assisted machining as per the continents. As shown in Fig. 8 (a), some continents 



 
 

like Australia and South America are identified wherein a little work has been done in this field. 

Nanolubrication is one of the advanced cutting fluid strategies and hence this comparison helps to 

develop efficient industries within those continents, which compete between the environmental 

goals and high productivity. Furthermore, Fig 8 (a) compares the concern regarding impact on the 

environment and human toxicity generated in that regions due to the use of NPs in the machining 

field. The analysis of the literature published since 2015 indicates that there are very few studies 

on the impact of NPs on drilling and milling processes as shown in figure 8 (b). 

 

Fig. 8 Breakup of total investigations done for NPs in machining with different perspectives. 

As shown in Fig. 8 (c), fewer studies are available which have investigated the effect of hybrid 

NPs in machining process. Fig. 8 (d) shows the bifurcation of the publications according to the 

workpiece material. It can be seen that fewer studied have been made to characterize the Nickel-

based superalloys like Inconel followed by aluminum alloys in machining compared to various 

grades of steel. The more improved thermal and lubrication characteristics of NFs can be obtained 

concurrently using an optimized concentration in hybrid NPs as compared to mono NPs [30]. 



 
 

2.9 Mechanism of nanoparticle’s functioning in machining  

Various mechanisms like the mending effect [178], ball-bearing mechanism [179], generation of 

tribofilm [180-181], and the polishing effect [182-184] have been explored by researchers which 

describe the functioning of NPs during machining. Fig. 9 shows different mechanisms that 

functioning during the application of various NPs. 

 

Fig. 9 An illustration showing the role of NPs during the machining [174]. 

Peng et al. [185] specified four different mechanisms which are responsible for friction reduction 

and antiwear properties of the NFs:  

• The rolling action of the spherical NPs between the surfaces changes the sliding friction to 

the combination of rolling and sliding friction which reduces the CoF and hence the cutting 

force is reduced. The reduction in cutting force untimely lowers the power consumption. 

• The propensity of the NPs to interact with adjacent frictional surfaces resulted in a 

generation of surface protective film. Moreover, the generation of the protective film 

reduces the direct rubbing of tool and workpiece which further lowers the thermal stresses 

and friction. 

• The deposited NPs on the contact surface formed a physical tribofilm that compensates the 

lost mass i.e. the NPs fill the grooves in the wear region is called as mending effect. This 

mending effect enhances surface integrity by providing a smooth machining process that 

prevents the surfaces from stuck together in the wear zone. 

• The compressive stress concentration due to high-pressure contact can be lowered by the 

use of NPs which help to bear the compressive force which ultimately prevents the direct 



 
 

contact of the surfaces and generates the polishing effect and hence it reduces the friction 

and tool wear.   

Sarhan et al. [122] observed that the generation of protective film at the tool/workpiece 

interface during the milling of Aluminum AA6061-T6. The 0.2% wt. concentrated SiO2 NPs 

reduced the cutting force by 21.6% as the rolling action of billions of NPs took place at the 

interface. The same results were observed by Sayuti et al. [123] with carbon onion NPs when 

milling of Duralumin Al-2017-T4. The 1.5% wt. concentrated NF lowered the cutting force by 

21.99% compared to conventional cutting fluid. Furthermore, the synergic effect of the hybrid NPs 

has a significant impact on the machining output responses [173]. The synergic effect of hybrid 

NPs can remarkably reduce the tool wear and improve the machinability compared to the 

monotype of NPs. These hybrid NPs generate a lubricating film between two mating surfaces 

which lowers the friction coefficient and also enhances the surface smoothness roughness [88]. 

Table 5 shows the summary of the mechanisms that function during machining with different NPs.  

 

Table 5 Summary of the different NPs’ functioning mechanisms during machining processes. 

NPs Ref. No. Process Mechanism of functioning/effect 

Al2O3 
[56], [74], [80], [94] Turning Rolling action of NPs and formation of thin protecting film 

[147], [159], [162] Grinding Tribofilm generation and ball-bearing effect 

SiO2 
[95] Turning Rolling action of NPs 

[125] Milling Generation of thin protective film 

TiO2 [48] Turning Rolling action of NPs 

MoS2 

[64-65], [67], [71] Turning Generation of lubricating film 

[124], [126], [129] Milling Rolling action of NPs 

[139-141], [141] Grinding 
Formation of the tribo-chemical film due to penetration and 

entrapment of NPs 

Nano diamond 
[114-116] Drilling 

Ball-bearing effect of NPs 
[146], [160], [165] Grinding 

Cu 
[186] Turning 

Formation of the thin solid lubricating film 
[110] Drilling 

Carbon onions [118] Milling Rolling action of NPs 

Nano boric acid [57] Turning Formation of the durable and strong lubricating film 

 

 

 

 

 



 
 

2.10 Technical limitations to implement the nanofluids in machining processes 

Generally, the long-term dispersion stability of the NPs in the base fluid is a basic 

requirement of industries. The strong Vander Waals attraction force among the NPs always forms 

aggregates and hence the formulation of homogeneous suspension of the NPs is persisting 

continually technical challenge. The long-term dispersion stability of the NPs has a direct influence 

on the thermal conductivity behavior of the NFs. As time passes and the agglomeration of the NPs 

start, the dispersion stability reduces which ultimately lowers the thermal conductivity of the NFs 

[187]. The dispersion stability of NPs immersed in fluid decreases due to sedimentation, 

dissolution, transformation, homo aggregation and hetero aggregation mechanisms. The 

sedimentation process is described as the adsorption of NPs to the organic or non-organic 

suspended solid matter or clusters of NPs themselves. The sedimentation velocity is considered 

very low due to the small size of NPs so, it may take several days to settle down NPs at the bottom 

of fluids. Instead of dispersing, some NPs like oxides of silver and zinc dissolve in the base fluid 

and hence their Brownian motion hinders and change in their properties is expected. On the other 

side, metallic NPs like titanium quickly react with oxygen and make oxide of titanium by 

transformation. Certainly, the properties of titanium oxide are different from titanium NPs and 

degradation in properties is observed. In homo and hetero aggregation processes, clusters of NPs 

are made by capturing the free NPs in case of homo aggregation or over the foreign substance in 

case of hetero aggregation [188]. 

 The above mechanisms degrade the dispersion stability. The dispersion stability of NP 

depends on methods of production, used surfactant with its % concentration, and method of 

dispersion. The excess amount of the surfactant degrades the functioning of NFs due to lower 

chemical stability, drastic change in thermal properties, change in viscosity, and hence the addition 

of the surfactant should be optimized [14]. One step method produces the NF in one process i.e., 

synthesis and dispersion of NPs in base fluid occurs concurrently. Unlike one step method, the 

synthesis of NPs is made in one place and dispersed in the base fluid through some mechanical 

processes like mechanical stirring, ultrasonication, high-pressure homogenization in two step 

method. Comparing these two methods, approximately 3 nm diameter size NPs were produced 

without having any sedimentation for 60 days using one step method as the lowest size of NPs was 

found as 35 nm for two step method using high-pressure homogenization technique along with 

oleic acid as surfactant when Ag NPs immersed NF was prepared considering Silicon oil as a base 



 
 

fluid [189]. Involvement of evaporation process and low-pressure requirement, one step physical 

method is found to be costly for large-scale production and one step chemical method is being 

developed [190].  

 However, the research has been done to combat this technical limitation of nanofluid like 

usage of surfactant as a surface modifier and alternation in pH value of base fluid to make the NFs 

more stable concerning two step method. Surfactants also known as dispersants are a polar group 

that maintains the stable contact between cutting fluid and NPs. They reduce the surface energy of 

liquid and increase the dispersibility of NPs. Sodium dodecyl sulfate, Sodium Dodecyl Benzene 

Sulphonate, salt, oleic acid, polyvinylpyrrolidone, and gum Arabic are generally used as 

surfactants. But, the usage of surfactants is found to be effective when the particle size is smaller 

than 10 nm [191]. It has been observed that higher the difference between the pH and isoelectric 

point of NF, the higher stability of NPs is observed. Moreover, the stability of the NFs has a direct 

relation with the electro-kinetic properties and therefore the higher stability could be obtained by 

controlling the pH of the base fluid. Addition of a little HCl or NaOH to become the NF acidic or 

basic was found to be effective for an increment of NP’s dispersion stability. However, its usage 

should be optimum considering corrosion effect on the machined surface, worker’s health and 

environment [190].  

Formerly, the production of the NFs has been done at the laboratory level. The main 

challenge that produces hindrances is to bring the production scale to the industrial level. The 

large-scale production of NFs has its deficits. As the volume fraction of production increases, the 

reaction of the NPs to the base fluid and the constituents of the NFs drastically change which may 

lead to the change in desired properties of the finally produced NFs [192]. Besides, the higher 

manufacturing cost of the NPs is a barrier to implement the nanolubrication techniques in 

industries [193].  

During the application of the NF to the machining zone, the clogging and sedimentation 

occurred within the microchannels due to the formation of clustered NPs which required higher 

pumping power [194].  As discussed above, the NFs are manufactured by either a one-step or two-

step method which involves the chemical reduction or ion exchange mechanism. Similarly, base 

fluid has its reaction mechanism and hence it is complex to separate the NPs from the NFs after 

usage. This is the reason why the waste treatment of the NFs is another biggest challenge to the 

application of NPs into the industries [195]. High-temperature generation is a common task during 



 
 

machining. The generation of normal stresses at secondary shear zone between tool and chip, 

rubbing of tool and machined surface at worn out flank and heat generation at primary shear zone 

resulted in higher temperature. [196]. At this high temperature, the dispersant effect deteriorated 

due to the formation of foams [189,197-198]. The flow rate of NPs immersed oil can be increased 

in MQL machining so the issues related to high concentration and cutting zone temperature can be 

combated. As NPs are provided in the form of MQL, the limitation of excessive oil mist degrades 

the quality of droplets and hence poor machining performance is expected. In MQL machining, 

the large amount of smaller size droplets is always preferred as they have a larger surface to volume 

ratio which can enhance the heat transfer from the cutting zone. But, the interaction of MQL spray 

with the surrounding atmosphere generates the vortices. The adverse impact of the vortices can be 

reduced by a coherent jet of mist having high axial velocity. However, excessive oil mist 

concentration results in incomplete atomization and hence large oil droplets result in lower jet 

velocity. In addition to it, the excessive oil mist concentration results in sticking of chips to the 

cutting tool and hence adhesion and diffusion-related tool wear issues are promoted rapidly [199]. 

Apart from these issues, the higher cutting zone temperature generated during the machining of 

low thermally conductive and harder materials like Titanium-based alloys or Nickel bases super 

alloy requires an efficient heat transfer to reduce the tool wear and thermal load on machined 

surface. However, the heat transfer capacity of NFMQL is highly dependent on air so it cannot 

escape the generated heat quickly from the cutting zone due to the lower thermal conductivity of 

air. This characteristic limits its application up to softer material [18]. 

3. Characterization by machining output responses   

3.1 Cutting force and Power consumption 

The cutting force is an important parameter that has a significant impact on power consumption. 

During the turning of AISI 1040 steel [48], the 1% vol. concentrated TiO2 based vegetable cutting 

fluid lowered the cutting force up to 35.38%, 34.88%, and 62.67% compared to MQL, wet and dry 

machining as shown in Fig. 10. Jamil et al. [58] worked on the machining of Ti-6Al-4V with 

cryogenic cooling and hybrid NF (MWCNT/Al2O3). The study revealed that the addition of NPs 

in base fluid resulted in the reduction of cutting force by 11.8% while the tool life was increased 

by 23% compared to cryogenic cooling. At a high cutting speed of 150 m/min, the heat extraction 



 
 

capacity of hybrid NFs and cryogenic CO2 cooling was comparable. Duc et al. [59] compared the 

performance of MoS2 and Al2O3 NPs dispersed soybean oil in hard turning of 90CrSi steel. It was 

concluded that the MoS2 dispersed NF provided lower cutting force compared to Al2O3 immersed 

NF however, the thrust force was increased. Sharma et al. [62] discussed the machining force 

variation in turning of AISI 304 steel using hybrid (Al2O3+MWCNT) NF. The synergic effect of 

hybrid NPs between the sliding surfaces of workpiece and tool was responsible for reducing the 

cutting force, thrust force, and feed force by 20.2%, 21.3% and 13.6% respectively. The enhanced 

thermophysical property and reduction in CoF of hybrid Al2O3/MWCNT NPs resulted in lower 

(33.4%) surface roughness compared to conventional machining. The improvement of 11.13% in 

thermal conductivity of hybrid NF was observed compared to base fluid (distilled water with 5% 

vol. of vegetable oil). 

 

Fig. 10 The effect of different lubrication strategies on the cutting force (a) Thrust force vs time, (b) Feed 

force vs time and (c) Main cutting force vs time [48]. 



 
 

Sharma et al. [65] performed the hard turning of AISI 304 steel using Al2O3/MoS2 hybrid NFMQL. 

The hybrid NF reduced the thrust force, feed force, and cutting force by 5.73%, 18.08%, and 7.35% 

respectively. During the hard turning of Ti-6Al-4V with NFMQL, the NPs of nMoS2 with 0.1% 

wt. concentration suspended in jojoba oil resulted in the reduction of primary cutting force by 

34.39% and 30.21% compared to dry machining [71]. Yi et al. [72] investigated various output 

responses in the turning of Ti-6Al-4V with GO NPs immersed in cutting fluid. NPs with GO NPs 

reduced the cutting force by 50.83% with various concentrations. The GO NF lowers the vibrations 

than the conventional coolant. Amrita et al. [78] compared the tool performance of HSS and 

carbide tools in the machining of AISI 1040 steel using nano graphite NF. The nano graphite NPs 

with 0.5% wt. concentration exhibited in a reduction of cutting force of 76.25%; 56.98% with a 

cemented carbide tool and 84.02%; 77.76% with HSS tool compared to dry and flooded machining 

respectively. Padmini et al. [86] worked on the effect of NF on output responses in turning of AISI 

1040 steel. The 0.25% and 0.5% wt. concentration of nMoS2 suspended in coconut oil exhibited a 

reduction in cutting force as compared to sesame oil. Sharma et al. [95] investigated the machining 

performance of SiO2 NF suspension in turning of AISI 1040 steel. The rolling action of NPs at the 

workpiece/tool interface and the lubrication property of vegetable oil reduced the CoF which 

ultimately resulted in a reduction of cutting force compared to those in dry, wet, and mist turning. 

Singh et al. [98] evaluated the machining performance of hybrid Al2O3-GnP NF in hard turning of 

AISI 304 steel. The research revealed that the produced machining forces were lower in the case 

of HNFMQL compared to Al2O3 NF because the shearing of chips at the rake face of the tool 

generated exfoliation of GnP NPs due to their sheet-like structure. Furthermore, the higher 

viscosity of hybrid NF generated a tribofilm at the tool/chip surface that lower the friction force 

and hence the machining forces. 

 Industries have been seeking metals that have excellent machinability with desirable 

mechanical properties for automotive, aerospace, railway, food packing, high-speed ship 

industries, and vehicles. Aluminum alloys are widely accepted for these applications, especially 

for aerospace industries because some of the aluminum alloys exhibited magnificent properties of 

strength at high temperature, good weldability, lightweight, and hardness. Many researches have 

been done to evaluate the machining performance of aluminum alloys. Nam et al. [108] 

characterized the machining performance of aluminum 6061 in micro-drilling with NFMQL. NPs 

immersed in paraffin oil at 1% vol. concentration increased the number of drilled holes with a 



 
 

reduction in torque and thrust force as compared to other lubrication strategies. The NFMQL 

almost terminated the burr and remaining chips within the holes which improved the quality of 

holes. Khanafer et al. [113] investigated the performance of NFMQL in micro-drilling of Inconel 

718 superalloy and also compared the various output responses of NFMQL with pure MQL and 

flood cooling. The 4% wt. concentrated Al2O3 immersed NFMQL produced lower thrust force and 

friction due to the ball bearing effect of NPs between tool and workpiece. In another study, Nam 

et al. [114] used a genetic algorithm and response surface methodology to optimize the sustainable 

micro-drilling of aluminum alloy using NFMQL. The ANOVA examination disclosed that the 

drilling diameter was a more important factor impacting the thrust force and torque over spindle 

speed and feed rate. The 2% vol. concentration of NPs with high spindle speed resulted in lower 

thrust force and torque. In another study, Nam et al. [115] used the desirability function and 

response surface technique to identify the effect of NFMQL in drilling titanium alloy. The higher 

concentration of NPs can significantly enhance the sliding and ball-bearing effect which led to 

better machining performance. Hence, the improvement in lubrication property effectuated in a 

reduction of thrust force, drilling torque, and edge radius. In one more recent study, Nam et al. 

[116] identified the effect of nano diamond immersed NF in drilling Ti-6Al-4V. The NFMQL can 

significantly lower the thrust force and torque at a low feed rate. The spherical shape of the nano 

diamond particles produced a ball-bearing effect that favorably satisfied the burr and tool chip 

adhesion and resulted in better lubrication property of NF. 

 Sarhan et al. [122] performed the milling of aluminum AA6061-T6 under NFMQL 

condition to evaluate the power and lubrication consumption. NPs of SiO2 with 0.2% wt. 

concentration produced a lower CoF at tool/chip interface, cutting force, specific cutting energy, 

and power consumption as compared to conventional flood lubrication. Sayuti et al. [123] 

investigated cutting force in end milling of duralumin AL-2017-T4. NPs of carbon onion with 1.5 

% wt. concentration reduced cutting force by 21.99 % due to the rolling action of quasispheroidal 

carbon onion NPs compared to flood lubrication strategy. Yuan et al. [132] compared the 

machining performance of various base oil in end milling of aluminum 7050 alloy. The lowest 

cutting force (reduction of 10.71%) was achieved with diamond NPs suspended in canola oil. 

 Kalita et al. [140] studied the tribological effect of NF altered MoS2 NPs in grinding of 

Dura-bar 100-70-02, ductile iron using MQL condition. The study revealed that the shearing of 

NPs between tool and workpiece generated a thin friction lubrication transfer film which reduced 



 
 

the CoF and so the reduction in tangential grinding force was found. The higher G-ratio ( which 

define as the ratio of the volume of material removed to the volume of wheel wear) could be 

achieved with NFMQL. The reduction in grinding forces due to the NPs ensured the lower plastic 

deformation and less wheel wear and hence the grit sharpness could be retained. Shen et al. [141] 

compared the machining performance of different base oils altered MoS2 NPs. The reduction of 

27%, 21%, and 9% in grinding force was perceived using MoS2 immersed CANMIST oil, paraffin 

oil, and soybean oil respectively. The improved entrapment at the machining interface and better 

penetrability of NPs generated durable tribofilm at the contact interface which enhanced the 

slipping action of grains between the workpiece tool interface and consequently the grinding force 

reduced. Lee et al. [146] revealed that the lubrication property of NPs has a more dominant impact 

on the reduction of grinding force rather than the cooling property of NPs for grinding SK-41C 

tool steel with diamond and Al2O3 NPs immersed NF. The exceptional lubrication property of NPs 

can be attributed to the increment of extreme pressure of tribofilm and the ball-bearing effect of 

the NPs during machining. The higher size of diamond NPs had more contribution towards the 

reduction in grinding force than that of Al2O3 NPs. Li et al. [152] examined the heat transfer 

performance of various NPs for grinding Ni-based GH4169 alloy. The maximum grinding force 

ratio (ratio of tangential force to the normal force) of 0.40 with polycrystalline diamond (PCD) 

and 0.387 with ZrO2 was noticed while the lowest grinding force ratios of 0.365 (SiO2) and 0.367 

(MoS2) were observed. Hence, the comparison revealed that the SiO2 and MoS2 NPs exhibited 

better lubrication properties than PCD, CNT, Al2O3, and ZrO2. Huang et al. [144] compared the 

machining performance of dry, pure MQL, NFMQL, and ultrasonic NFMQL for grinding NAK80 

mold steel. The ultrasonic-assisted NFMQL (0.25% wt. MWCNT) can effectively increase the 

lubrication capacity of NF by providing in-line vibration during spraying so that the NPs can 

uniformly disperse and reach every small fractured groove. This reduced the sliding force and 

consequently, the tangential grinding force was lowered. Rabiei et al. [157] compared the 

machining performance of individual NPs (MWCNT-Al2O3) and hybrid NP (MWCNT/Al2O3) 

suspended base fluid in grinding 100Cr6 hardened bearing steel. The hybrid NF lowered the 

friction force by 27.3% compared to individual NPs immersed NFs while the reduction of 47.1% 

and 56.3% in the values of normal grinding force and grinding temperature were observed 

respectively. Mao et al. [162] studied the machining characteristics using Al2O3 NFMQL for 

grinding AISI 52100 steel. The NFMQL was effective in reducing the grinding force due to better 



 
 

penetrability of NPs caused by MQL compared to dry, wet, and pure MQL. Huang et al. [164] 

investigated the impact of NF (MoS2-CNT) concentration on the machining performance for 

grinding GH4169 Ni-based alloy. The increment in NF’s (2-12% wt.) concentration decreased the 

G-ratio before the lowest G-ratio was obtained. This could be attributed to the fact that the 

increasing concentration of the NPs led to the change in viscosity of the NF. In continue, the 

excessive higher concentration caused the agglomeration of the NPs which turned in the increase 

of G-ratio.  

 The manufacturing industries have been pressurized to develop a well-structured 

machining plan that meets the sustainability requirement and also consumes lower power. Many 

researchers have claimed that the machining aided NFs as a cutting fluid result in lower power 

consumption. Amrita et al. [79] claimed that 0.3% wt. concentrated graphite NPs significantly 

reduced the cutting force in turning AISI 1040 steel and so the power consumption was decreased. 

The same above-mentioned result was obtained by Prasad and Srikant [87] for turning AISI 1040 

steel using graphite NPs immersed soluble oil. In the turning AISI 1045 steel with Al2O3 NPs 

immersed NF, the researchers had disclosed that the effective penetration of NPs at tool/workpiece 

interface creates the ball-rolling effects which ultimately prompt the lower power consumption 

[80].  

Fig. 11 shows the comparison of power consumption between different lubrication 

strategies. It can be seen that the HNFEMQL consumed lower power than other lubrication 

strategies. During the turning of 15-5 PHSS, it was observed that 2.25%, 4.88% and 10.75% less 

power was consumed by using Al2O3-graphene HNFEMQL compared to EMQL, EL and dry 

machining respectively [173]. 

 

Fig. 11 Compression of power consumption of different lubrication strategies with feed rate at cutting 

speed of (a) 199 min/min, (b) 129 min/min, and (c) 83 min/min [173]. 



 
 

3.2 Tool wear 

The tool life, tool machining performance and the machined product have been directly influenced 

by the tool wear and hence the tool wear is an important machining parameter. Titanium alloys 

have a widespread application in industries (such as power generation, automotive, aerospace, etc.) 

because of their remarkable physical, chemical, and mechanical properties. Though, the machining 

of titanium alloys is intrinsically difficult due to the generation of higher temperature during 

machining and high chemical reactivity. The arduous extraction process and a higher melting point 

of titanium and its alloys make these materials very costlier than other alternatives. Many 

lubrication systems were proposed to achieve favorable results for machining titanium-based 

alloys. Hegab et al. [51] evaluated the machinability of Ti-6Al-4V alloy using MWCNT NPs 

immersed in vegetable oil. It was observed that the NPs with 2% wt. concentration lowered the 

flank wear. MWCNT improved interface bonding between workpiece surface and tool which 

resulted in the enhancement of cutting performance. Nickel-based Inconel exhibited very high-

temperature strength, creep resistance, chemical stability, and has also good corrosion resistance 

which makes it a good alternative for automotive, aerospace, and biomedical industries. However, 

the machining of Inconel is more difficult due to the emergence of higher temperatures. Yildirim 

et al. [52] investigated the effect of NF contained hBN NPs on various output responses for turning 

Inconel 625. The hBN NPs (0.5% vol.) suspended Plantocut 10 SR cutting fluid reduced the tool 

wear by 43% and provided the best surface quality. The improvement in tool life was noticed with 

0.5% vol. hBN concentration (105.9%) compared to pure (68.8%) and 1% vol. hBN concentration 

(64.39%) using MQL machining as shown in Fig. 12.  

 

Fig. 12 Wear progression with time in turning of Inconel 625 with hBN NF [52]. 



 
 

In the turning of austempered ductile iron using hybrid NFMQL Eltaggaz et al. [53] observed that 

the low tool wear can be achieved with a lower feed rate and the highest tool life was achieved at 

the feed rate of 0.2 mm/rev and cutting speed of 120 m/mm. Rahman et al. [55] investigated the 

influence of NFs with minimum quantity cooling and lubrication (MQCL) for turning a biomedical 

grade of titanium alloy. The NPs of Al2O3, MoS2, and rutile TiO2 were dispersed into canola and 

extra virgin olive oils with different concentrations. Moreover, the tool life could be enhanced by 

using NF assisted MQCL as it controlled the progression of flank wear of insert and the attrition 

wear could be delayed (Fig. 13). It was also concluded that the efficacy of the nano-lubrication 

was decreased as the concentration of NPs increased. 

 

Fig. 13 Wear progression of inserts by using 0.5% vol.  (a) Al2O3-canola oil, (b) MoS2-canola oil, (c) 

TiO2-canola oil NF altered MQCL and (d) dry turning condition [55]. 

The usage of NPs created a thin lubricating film on the tool-workpiece interface which 

lowered the plastic contact leading to a reduction in flank wear [57]. Kumar et al. [75] observed 

that 0.01% wt. concentered MoS2 NPs suspended NF resulted in a remarkable reduction in tool 

wear compared to those with Al2O3 NPs. Also, 27.7% and 29% reduction of tool wear was noticed 

compared to air-water-based spray cooling and dry machining respectively. One study revealed 



 
 

that the maximum reduction in tool wear of cemented carbide tool was 94.4% and 75.24% 

compared to dry and flood machining respectively while the same with HSS tool was 71.92% 

compared to flooded machining for turning AISI 1040 steel using NFMQL (0.5% wt. graphite 

suspended soluble oil) [78]. Sahu et al. [91] investigated the machining performance of MWCNT 

suspended cutting fluid for turning Ti-6Al-4V. The NPs with 0.2% vol. concentration resulted in 

the reduction of tool flank wear by 34% and 56% compared to conventional fluid and dry 

machining respectively at the speed of 150 m/min and 680 mm of cutting length. Fig. 14 provides 

information about the impact of monotype and hybrid NF on the wear of AISI 304 pin compared 

to pure base fluid. As above-mentioned, the synergic effect of hybrid NPs significantly reduced 

the wear by improving the performance characteristic of NF. It can be seen that initially; a higher 

wear rate was observed and as the formation of tribofilm occurred, the wear rate got stabilized for 

all types of cutting fluid. Bertolini et al. [103] observed that the graphene NPs when immersed in 

base fluid provided the lowest wear volume using the highest concentration (0.8% wt.) and flow 

rate (130 ml/h) each during turning of Inconel 718. However, the highest flow rate (130 ml/hr) and 

the lowest concentration (0.1% wt.) resulted in the highest wear volume. The surface roughness 

was significantly influenced by the flow rate of NF while the flow rate and concentration of NF 

had a combined effect on the tool wear. 

 

Fig. 14 Wear behaviour of AISI 304 pin concerning time for different NFs [98]. 



 
 

Mosleh et al. [109] worked on the orbital drilling of titanium alloy with NFMQL. NPs immersed 

in base oil resulted in lesser wear when 4-ball testing was performed for MQL and NFMQL. The 

NFMQL with MoS2 NPs produced lower tool buildup with a tungsten carbide tool. Muthuvel et 

al. [110] worked on the NFMQL for drilling AISI 4140 steel. The formation of a protective coating 

of NPs lowers the rubbing action which reduced the attained friction and thermal stresses. The 

rolling action (Fig. 15) of Cu NPs at too/workpiece interface resulted in a 47% reduction of tool 

wear compared to the oil lubrication. Mosleh et al. [112] investigated the effect of NPs in the 

drilling of AISI 4340 steel. The built-up edge on the tool was easily removed due to the reduction 

in transfer film by deagglomeration of MoS2 NPs translated into a reduction in chisel damages and 

hence prompted a longer tool life.  

 

Fig. 15 An illustration showing rolling action of NPs at tool/workpiece interface [113]. 

 Uysal et al. [118] performed the milling AISI 420 a martensitic stainless steel using 

NFMQL. The pulverization of cutting generated due to MQL and the lubrication property of MoS2 

NPs lowered the friction between workpiece and tool and hence lesser tool wear was observed 

than dry machining. Najiha et al. [127] worked on the flank wear in end milling of AA6061-T6 

under NFMQL condition. NPs immersed in base oil produced lower tool damage in terms of 

cutting-edge geometry. Though adhesion wear was comparable for all cutting fluid strategies, 

NFMQL produced lower chipping on the cutting edge. Muthusamy et al. [131] analyzed the wear 

mechanism in end milling of AISI 304 steel using ethylene glycol altered TiO2 NPs. The oxidation 

and attrition at the cutting edge were observed to be the dominant wear mechanisms. The TiO2 

NPs filled the hole on the insert surface and generated a layer of NF which acted as a thermal 

bridge to the insert. The use of hybrid NF improved the tool life by 40.55%.  

 



 
 

3.3 Surface roughness 

Surface roughness directly relates to the final product of machining. The lower surface roughness 

is a prerequisite necessity for many industries. Several studies have been revealed that better 

surface roughness could be achieved with NFMQL. In the turning of AISI 1040 steel, Krishna et 

al. [57] disclosed that the lower surface roughness was observed with 0.5% wt. concentrated nano 

boric powder immersed coconut oil than that of SAE-40 oil due to better lubrication property of 

coconut oil which reduced the friction force between workpiece and tool. In the hard turning of 

90CrSi steel, it was observed that the 1% wt. concentrated Al2O3 immersed soybean oil provided 

a lower surface roughness than that of MoS2 immersed NF [49]. Hegab et al. [63] compared the 

machining performance of two different NPs (MWCNT and 𝛾 -Al2O3) suspended cutting fluid in 

turning Inconel 718. The study demonstrated that the NPs of MWCNTs showed better 

performance compared to Al2O3. However, both NPs provided better results in terms of energy 

consumption and surface quality. Gaurav et al. [71] studied the hard turning of Ti-6Al-4V under 

the condition of NFMQL. The NPs of nMoS2 with 0.1% wt. concentration immersed in jojoba oil 

improved the surface roughness by 40.67% and 10.3% than dry machining. The NFMQL can be a 

stronger alternative for sustainable machining which resulted in better tool life and improved 

surface roughness, especially for titanium alloys. Abbas et al. [80] assessed the surface 

morphology for turning AISI 1045 steel with NFMQL aided machining. The NFMQL with 1% 

wt. concentration of Al2O3 imparted lower surface roughness values due to reduction in friction, 

better sliding behaviour of NPs, and seizure action at the tool-chip-workpiece interface. Kishawy 

et al. [83] assessed the sustainability of NFMQL for turning Ti-6Al-4V. The surface roughness 

and power consumption were highly influenced by the concentration of NPs and feed rate. The 

lower surface roughness was perceived with 2% wt. concentration with a specific set of machining 

parameters. The collation between forecasted and optimal responses values exhibited that the 

NFMQL provides better machining performance along with sustainable characteristics. Musavi et 

al. [85] explored the impact of reinforced NPs (NF with surfactant) on the surface quality of A286 

alloy in the turning process. The study exhibited that the cutting mechanism can be enhanced by 

using reinforced NPs with surfactant compared to those without surfactant and traditional cutting 

fluid which resulted in better surface quality. This can be attributed to the fact of high dispersion 

ability of surfactant which prevents the congregation of NPs. Besides, the spherical structure of 

CuO NPs provided improved surface quality compared to SiO2 NPs; the addition of surfactant and 



 
 

NF without surfactant enhanced the surface quality by 14% and 4% compared to conventional 

cutting fluid respectively. In turning of AISI 4140 steel, the minimum surface roughness was 

obtained at 0.5% wt. the concentration of SiO2 NF with 30º of nozzle angle and smaller air-steam 

pressure [90]. Kumar et al. [93] examined the surface quality of AISI 1080 steel in the turning 

process using CuO/Al2O3 HNFMQL. The study revealed that the appropriate selection of 

machining parameters, a combination of NPs, and concentration of NPs enhanced the heat 

dissipation rate which resulted in the lower surface roughness. The HNFMQL reduced the surface 

roughness by 13.72% compared to conventional machining. The Al2O3/GnP hybrid NF produced 

lower surface roughness in the hard turning of AISI 304 steel. The synergic effect of hybrid NPs 

responsible for the generation of tribofilm of NF between the sliding surfaces which lowers the 

friction coefficient. Additionally, the GnP NPs improved the wettability of cutting fluid which led 

to a higher available contact area of tool and hence higher heat extraction. Secondly, this improved 

wettability lowers the CoF due to the ball-bearing effect of NPs [98]. 

 Fig. 16 exhibited the comparison of average surface roughness between dry, flood, pure 

MQL, and NFMQL at various cutting speeds for drilling aluminium 6063 alloys with 1.5% wt. 

concentrated Al2O3 NF. The NFMQL provided a lower surface roughness of 0.84 µm due to the 

polisher and filler effect NPs. The burr and chip formation can be significantly averted because of 

the rolling action of NPs at too/workpiece interface and welding of chips can be also prevented 

resulting in a lower surface roughness [106]. Yi et al. [111] performed drilling of Ti-6Al-4V with 

GO suspended NF. NPs immersed base oil resulted in 15.1% lesser surface roughness respectively 

as compared to conventional coolants. The examination of the drilled hole disclosed that the 

thermal crack propagation was lower compared to the conventional cutting fluid. 

 

Fig. 16 Compression of average surface roughness value at cutting speed of (a) 30 m/min and (b) 53.7 

m/min with dry, flood, pure MQL and NFMQL in drilling process [106]. 



 
 

 During the milling of AISI 420 martensitic stainless steel using MoS2 NFMQL, it was 

inspected that the lubrication effect of NPs has more influence on the obtained lower surface 

roughness than the flow rate of the cutting fluid. However, in pure MQL the surface roughness 

was interestingly affected by the flow rate because a higher flow rate caused better penetration of 

the cutting fluid [118]. Rahmati et al. [124] studied the surface morphology of AL6061-T6 in end 

milling using NFMQL. NPs of MoS2 with 0.5 % wt. concentration resulted in better surface 

morphology of machined surface as compared to other cutting fluid which attributed to the fact of 

filling, rolling, and polishing action of NPs at the tool/workpiece interface. Sayuti et al. [125] 

examined the surface morphology of AL6061-T6 machined surface for end milling using NFMQL. 

NPs of SiO2 with 0.2 % wt. concentration reduced friction, cutting zone temperature, cutting force, 

and surface roughness than other cutting fluid strategies due to the formation of a thin lubrication 

layer (Fig. 17) on the machined surface.  

 

Fig. 17 Formation of thin layer of lubrication at (a) 0% wt. of SiO2, (b) 0.2% wt. of SiO2, (c) 0.5% wt. of 

SiO2, and (d) 1.0% wt. of SiO2 [125]. 

 



 
 

Bai et al. [128] compared the different output responses with various NPs (Al2O3, SiO2, 

MoS2, CNTs, SiC, and graphite) suspended cutting fluids for milling Ti-6Al-4V. Different NPs 

resulted in machined surface roughness in following order: Al2O3 (Ra = 1.772 µm) < SiO2 < MoS2 

< CNTs < graphite < SiC. NPs with Al2O3 and SiO2 also resulted in higher dynamic viscosity with 

change in temperature as compared to others. Also, Al2O3 and SiO2 immersed NF resulted in the 

lower surface morphology and proved more sustainable additives compared to others. Dong et al. 

[129] inspected the surface quality of SKD 11tool steel in hard milling using minimum quantity 

cooling lubrication (MQCL) with MoS2 NPs. The MQCL with NPs exhibited better surface 

roughness compared to dry, MQL, and MQCL due to the generation of a lower friction coefficient. 

Lv et al. [130] examined the machining performance of hybrid GO/SiO2 NF in milling of AISI 

304 stainless steel. It was observed that the hybrid GO/SiO2 NPs lowered the surface roughness 

by 6.1% compared to dry machining because of the synergic effect of hybrid GO/SiO2 NPs, the 

rolling action of SiO2 NPs, and a shear slip of GO NPs which improved the lubrication properties 

of NF. Sirin et al. [135] compared the machining performance of nickel alloy, X-750 in terms of 

surface morphology, machining temperature, flank wear, microhardness, and surface roughness 

with dry, MQL, and NFMQL (0.5% vol. concentrated hBN NPs) environment. The NFMQL 

provided superior machined surface topography in terms of 39% and 47.2% reduction in surface 

roughness with MQL and NFMQL respectively compared to dry machining. The cutting force and 

cutting temperature were lowered by 6% and 27.8% respectively using NFMQL compared to dry 

machining. However, the use of NFMQL reduced the tool wear flank tool wear by 34.4% and the 

microhardness was increased by 19.6% compared to dry machining.  

 Prabhu et al. [145] examined the nano surface of AISI D2 tool steel in the grinding process. 

The 0.2% wt./vol concentrated MWCNT suspended in SAE-20W40 oil caused lower surface 

roughness with reduced micro-cracks and better surface morphology compared to oil base 

lubrication strategy. The lower hardness of Al2O3 NPs in the grinding of SK-41C tool steel 

prompted lower surface roughness compared to the diamond NPs. Besides, the size of NPs has a 

significant impact on the surface roughness in contrast with the concertation of NPs [146]. Prabhu 

and Vinayagam [150] did the atomic force microscopic inspection of AISI D3 tool steel after the 

grinding process using MWCNT immersed SAE-20W40 oil NF. The surface roughness with NPs 

was lower than that without NPs. The addition of MWCNT NPs into the base fluid brought 

increment in fire and flashpoint. The higher surface-to-volume ratio of NF can control the 



 
 

deviation in viscosity at a higher temperature. Wojtewicz et al. [153] explored the effect of 

minimum quantity cooling (MQC) in the grinding of Inconel 718 alloy using MoS2 and graphite 

NPs immersed NFMQL. NPs suspended in demineralized water resulted in lower grinding wheel 

active surface (GWAS) which proved better penetrability of NPs in active grinding surface and 

hence tribological characteristics. Pashmforoush et al. [156] investigated the impact of water-based 

Cu NF in the grinding of Inconel 738 superalloy. The nano-based coolant reduced the wheel 

loading ratio by 59.19%; 62.16% and surface roughness by 35.13%; 36.36% compared to dry 

machining and conventional machining respectively. The increment in concentration of NPs 

exhibited a decreasing trend of wheel loading and surface roughness while both increased with 

increasing feed velocity. The increasing depth of cut led to an increment in surface roughness and 

an increasing to decreasing trend of wheel loading. The lower surface roughness was achieved in 

grinding of SK-41C tool steel with diamond NPs due to the ball bearing effect of NPs at the cutting 

zone which enhanced the lubrication property of NF [160]. The surface roughness is also 

influenced by the viscosity followed by the concentration of the NF. The value of surface 

roughness (Ra) was increased from 0.284 at 2% wt. with MOS2-CNT NPs to 0.341 at 12% wt. 

concentration in grinding of GH4169 Ni-based alloy. However, the surface quality of the machined 

surface increased with increasing the concentration to some extent, and then it deteriorated 

gradually when the concentration exceeds the optimum concentration, and agglomeration of NPs 

occurred [164]. Besides, some researchers claimed better surface roughness in flood machining 

[136,151,162]. 

3.4 Machining temperature 

A significant body of research claimed that NFMQL is one of the best alternatives to reduce the 

cutting temperature. The 3% wt. concentrated nano boric acid powder immersed in soybean oil 

and coconut oil can significantly reduce the tooltip temperature compared to wet and dry 

machining for turning AISI 1040 steel [54]. The lower tool temperature was achieved with nano 

boric acid powder suspended in coconut oil compared to those suspended in SAE-40 oil because 

the coconut oil has higher lubrication property than SAE-40 oil [57]. Li et al. [73] analyzed the 

lubrication and cooling effect of the GO NPs in turning of Ti-6Al-4V. The increment in 

concentration of NPs significantly reduced the tool/chip interface temperature. Nanosheets of 

graphene oxide resulted in the reduction of friction coefficient and friction force on the flank face. 



 
 

The cutting temperature was reduced significantly by using 0.01% wt. concentrated TiO2 NF 

compared to dry, air-water mist spray and 0.01% wt. concentrated Al2O3 NF in turning of AISI 

D2 steel [75]. The cutting temperature in turning of AISI 1040 steel using nMoS2+coconut oil was 

lower than that with boric acid NPs suspended coconut oil at all weight concentration [86]. Sharma 

et al. [88] studied the temperature distribution over the cutting tool during the turning of AISI 304 

steel using HNFMQL (Alumina/MWCNT). The reduction in the nodal temperature of 22.86 ºC 

was noted compared to Al2O3 NPs immersed in base fluid. It was also noted that the distribution 

of the temperature over the flank and rake face was reduced using hybrid NF compared to 

individual NPs immersed base fluid. 

 Salimi-Yasar et al. [117] studied the heat transfer performance of soluble oil altered TiO2 

NPs in the drilling process. It was concluded that the NF with TiO2 NPs exhibited a higher Nusselt 

number which indicated the higher heat transfer capacity of the cutting fluid. Furthermore, the 

evaporation rate of TiO2 immersed soluble oil was higher than that of pure soluble oil, and hence, 

the effective available time of cutting fluid at machining zone was increased which imparted a 

higher removal of cutting zone temperature.  

 During the comparison of heat transfer performance for various NPs in grinding Ni-based 

GH4169 alloy [152], the following observations have been made: The higher machining 

temperature was observed with 6% wt. the concentration of ZrO2 dispersed palm oil while the 

CNT suspended NF exhibited an 11.9% reduction in cutting zone temperature than ZrO2 NF (Fig. 

18). Hence, it was concluded that the CNT NP shows better heat transfer property among MoS2, 

SiO2, PCD, Al2O3, and ZrO2 NPs. The order of the thermal conductivity of these NPs can be given 

by ZrO2< SiO2< Al2O3< MoS2< PCD< CNT.  

 

Fig. 18 Grinding temperature with different NPs [152]. 



 
 

 The ultrasonic-assisted NFMQL (0.25% wt. MWCNT; NAK80 mold steel; grinding) can 

interestingly reduce the cutting zone temperature due to proper agglomeration of NPs in the base 

fluid followed by in-line vibration provided during spraying compared to NFMQL [154]. Mao et 

al. [161] studied the impact of spraying parameters on the machining performance for grinding 

AISI 52100 steel using NFMQL. It was disclosed that the direction of the nozzle spraying has a 

major impact on grinding performance. The increment in air pressure reduced the grinding 

temperature.  

3.5 Chip morphology   

Chip morphology is studied to understand the mechanism and behavior of the cutting tool. In the 

hard turning of AISI D2 steel, it was noticed that the Al2O3 suspended NF imparted in higher curl 

radius and helix angle contained chip and both the parameters were increased with increasing the 

concentration of NPs. The emergence of a thick hydro-dynamic layer between tool and chip caused 

the formation of a higher helix angle [75]. Hegab et al. [82] evaluated the machining performance 

and chip morphology using NFMQL in the machining of Inconel 718. The study announced that 

the NPs of MWCNT exhibited better machining performance compared to NPs of Al2O3. The 

surfactant has a major influence on the behavior of NF. During the inspection of chip morphology 

for turning A286 superalloy, it was observed that after a short interval of time the NF without 

surfactant closely behaves like a conventional cutting fluid, and hence the surfactant is a 

prerequired ingredient for the proper functioning of NF [85]. During the turning of AISI 1040 

steel, the silver color chip was produced. This was mainly due to the presence of NPs in cutting 

fluid notably improved the thermal conductivity of the cutting fluid which imparted improved 

cooling and lubrication property of the NF [95]. Yi et al. [97] studied the effect of GO NPs in the 

machining of Ti-6Al-4V. The NF lowers the surface roughness as well as cutting temperature than 

conventional coolant. The GO NPs exhibited less plastic deformation and scratches contained 

surface compared to the conventional coolant. Furthermore, the protection layer generated by the 

GO NF at tool/workpiece interface turned into a smoother free surface of chip. The free chip 

surface with conventional cutting fluid contained fracture, irregular chip, feed marks and deposited 

particles, however, the free chip surface generated with GO NF only contained material adhesion 

and feed marks as shown in Fig. 19. 



 
 

 

Fig. 19 Chip free surface generated with (a) conventional coolant, (b) 0.1% wt. concentrated GO NF, (c) 

0.3% wt. concentrated, and (d) 0.5% wt. concentrated [97]. 

In the drilling of AISI 4140 steel using Cu NPs suspended NF, the continuous reduction of cutting 

zone temperature due to the NPs resulted in the white-colored chip. Furthermore, the lower surface 

tension and contact angle reduced the friction which provided a small saw-tooth [110]. 

 From the above literature regarding impact of NFs on machining performance, it is clear 

that NFs certainly increases machining performance in turning, drilling, milling and grinding 

operations. The superior machining performance obtained through NFs is attributed due to 

enhancement in lubrication and cooling characteristics at tool/workpiece and tool/chip interface 

which is mentioned in some research studies [70,123]. When NPs assisted oil-mist form was 

applied to the cutting zone, the efficacious contact area reduced due to the formation of a 

protective layer at the rubbing surfaces. This is the reason why friction is reduced and hence tool 

wear and surface roughness of machined surface decreases. Besides, ploughed off of nano-particles 

formed a tribofilm on machined surface and tool. This tribofilm exhibits higher thermal dissipation 

characteristic and hence low heat transfer take place from the machining zone. This cooling 



 
 

mechanism consequences in maintaining the sharpness of tooltip and better surface integrity of 

machined surface due to lower thermal load. Fig. 20 shows the cooling and lubrication effect 

generated at tool/workpiece interface due to NPs assisted MQL 

 

Fig. 20 Schematic presentation showing mechanism of NPs assisted MQL [70]. 

4. Hazardous effect of nanoparticles on environment and human health with sustainability 

aspects of the nanoparticles  

Many workers are badly affected due to the toxic effect of NPs. Many researchers have claimed 

the hazardous effect of NPs on human health as well on the environment [200-204]. The different 

NFs that have low biodegradability bringing lots of environment-related problems and also cause 

severe diseases like skin cancer, pulmonary inflammation, genetic disorder, and many more. The 

undesirable behavior and exorbitant changes in characteristics of NPs bring out the concern of 

toxicity. Many studies have been made to study the interaction between living orgasms and the 

NPs and many are yet going on. The toxicity of NPs is highly dependent on the several factors 

shown in Fig. 21 [205-206]. 



 
 

 

Fig. 21 Influenced factors on the toxicity of the NPs [206]. 

The surface area is the dominant factor that determines the level of exposure of the human body 

to the NPs [207]. The NPs mostly set the feet into the human body through implantation, lungs, 

gastrointestinal tract, and skin (Fig. 22) attaining with the circulation system and deposited on 

different parts of the body. These deposited NPs can lead to several serious diseases and adverse 

effects. Some of the adverse effects of NPs on the human body are reviewed in Table 6.  

Table 6 Summary of the adverse impact of NPs on human health  

Ref. Types of NPs Risk associated with human body  

[208-210] ZnO NPs 

• Increase in oxidative stress 

• Human neutrophil apoptosis delay 

• Cytotoxicity on human pulmonary adenocarcinoma cell line LTEP-a-2 

[211-215] Ag NPs 

• Cause DNA damages 

• Human cells dysfunctionality 

• Endothelial cell damages  

• Kidney damages 

• Irritation of eyes 

• Skin and respiratory damages  

[216-217] TiO2 NPs 

• Cause DNA damages 

• Human cells functional impairment 

• Skin penetration 

• Suppression of IDO (indoleamine 2,3-dioxygenase) activity in human blood cells  

• Possess more toxicity compared to micron size particles 

[218] CuO NPs  

• Reduction in cell viability 

• Exhaustion of glutathione 

• Induce the lipid peroxidation    

[219-221] Al2O3  
• Cause DNA damages 

• Possess more toxicity compared to micron size particles 

[222-224] Metal oxide NPs 

• Reduction in cell viability 

• Inflammation  

• Genotoxic effect induced in lung cells  



 
 

 

Fig. 22 Potential impacts of NPs on human body. 

 Naturally immersed NPs are already existing in the environment due to the natural 

combustion processes for thousands of years. However, the aggregation and often disappearance 

of these NPs led to the settlement of the NPs in the environment. But artificially generated NPs 

have their own deficits and cannot easily settle down in the environment due to the mixture of 

stabilization or fixing agent and also possess some chemically toxic components that do not exist 

in natural NPs [225]. The interaction of these NPs with living orgasms, with plants, and other 

component nature, cause several damages that may be proved harmful in the future [226]. The life 

cycle assessment of these NPs is indeed a prerequisite [227-228].  



 
 

 There are some sustainability issues related to the manufacturing and usage of different 

NPs in the machining field. In this regard, the life cycle assessment (LCA) analysis of different 

NPs was performed to identify their impact on the environment like Grimaldi et al. [229] compared 

the production methods viz. “batch synthesis” and “Milli-continuous flow” based on  LCA results 

using International Life Cycle Data system/ Potentially Disappeared Fraction of species 

(ILCD/PEF) method for gold NPs. Gold NPs synthesized by the continuous-flow production 

method showed a lower environmental impact as well as the production cost in comparison with 

the batch synthesis method. The implementation of the continuous flow production method 

reduced the ecotoxicity of the fresh water and cancer effect on a human. Barberio et al. [230] 

analyzed the ecological risk and LCA analysis performed by the Impact 2002+ method for the 

production of alumina NPs using two methods viz. single-step process and two-step process. The 

risk to worker’s health and environment associated with single-step produced alumina NF was 

quite comparable with two-step produced alumina NF. Furthermore, the risk associated with 

alumina nanopowder which was a prerequisite process of the two-step method was observed to be 

high. However, the LCA results revealed that the environmental impacts generated due to two-

step produced alumina NF were lower than that of single-step produced alumina NF. Temizel-

Sekeryan and Hicks [231] investigated the impact of silver NPs production on the global 

environment using the Tool for Reduction and Assessment of Chemicals and Other Environmental 

Impacts (TRACI) and Cumulative Energy Demand (CED) methods. The increasing usage of Ag 

NPs in different industries was taken into consideration and future life cycle impact on the 

environment was presented using various scale-up factors. The six different production methods 

of synthesis were compared i.e. two chemical (Chemical reduction and microwave) and four 

physical (Arc plasma, spark system, flame spray pyrolysis, and reactive magnetron sputtering) 

methods. The flame spray pyrolysis route was observed to be the least environment friendly as 

compared to others while the reactive magnetron sputtering method was found to be more 

environmentally friendly. To implement the laboratory level environmental impact to industrial 

level, the scaling factor was used. The predicted results divulged that the used scale-up approach 

reduced environmental emission up to 90%. It was also shown that the environmental impact of 

Ag NPs was strongly dependent on the scale and synthesis method. Marimón-Bolívar and 

Gonzalez [232] proposed an environmentally friendly method to synthesize the Fe3O4 NPs using 

glutathione as a reductant. These Fe3O4 NPs had better magnetization properties compared to those 



 
 

Fe3O4 NPs which were synthesized with the co-precipitation method. The NPs of Fe3O4 that 

synthesized with the co-precipitation method had more environmental impacts in terms of water 

depletion, terrestrial eutrophication, climate change, and human toxicity. However, the NPs 

synthesized with glutathione had a greater influence on terrestrial and marine toxicity. The energy 

consumed to synthesize Fe3O4 NPs using glutathione as a reductant was 10 times lesser than that 

synthesized with a conventional method. Additionally, Fe3O4 NPs synthesized using glutathione 

had reactive and free -SH groups which could effectively adsorb the toxic metal like mercury from 

contaminated water. Arvidsson et al. [233] compared the LCA results for graphene NPs produced 

by two different methods i.e. chemical reduction and ultrasonication using the USEtox model. The 

study revealed that the graphene produced by the ultrasonication route had higher ecotoxicity and 

human impacts but lower water and energy consumption compared to those produced with the 

chemical reduction method.  

 Apart from sustainability analysis of NF production, the comparison of nano lubrication in 

machining with other cutting fluid strategies was done in terms of their environmental impact and 

machining cost. Such as, Salem et al. [234] analyzed the LCA using the TRACI method and cradle-

to-gate approach for turning AISI 4043 for MoS2, Al2O3, TiO2 and MWCNT NPs assisted MQL 

using rapeseed and soybean as base cutting oils, MQL using rapeseed and soybean as base cutting 

oils. The nano-cutting fluids had a higher (41-470%) impact on human health and the environment 

compared to vegetable-based cutting fluids. Moreover, the MoS2 and TiO2 NFs have a higher 

impact compared to Al2O3 NFs. All NPs when immersed in rapeseed oil exhibited a higher impact 

on the environment compared to NFs of soybean oil. Within the considered combination of base 

oils and NPs, the nano-cutting fluid of Al2O3/rapeseed oil-assisted MQL exhibited the highest 

impact factor. Hegab et al. [235] proposed a sustainability assessment model to optimize the level 

of sustainable machining parameters when Inconel 718 was turned with 0-4% wt. the concentration 

of MWCNT and Al2O3 immersed Ecolubric E200 vegetable oil. The machining performance 

parameters like tool wear and surface roughness while power consumption, environmental impact 

and human health as sustainability parameters were considered to develop the assessment model. 

The 2% wt. concentration was predicted as an optimized level of concentration for both NFs using 

the assessment model [70]. Khan et al. [100] assessed the sustainability of the hybrid NF 

containing Al-GnP NPs during the turning of Ti-6Al-4V alloy. The assessment exposed that the 

use of hybrid NF proved to be sustainable in terms of lower carbon emission, production cost, 



 
 

consumption of electric energy compared to dry machining. Moreover, at the higher cutting speed 

of 130 m/min, the NF consumed less cumulative energy compared to flood condition. Thy hybrid 

NF reduced production cost by 4.33% compared to flood machining. However, the reduction in 

CO2 emission and consumed specific energy was noted by 5.96% and 1.50% respectively using 

hybrid NF compared to flood machining. Gupta et al. [102] evaluated the sustainability of 

lubrication/cooling methods during the turning of Inconel-800. The remarkable reduction (46.6%) 

in tool wear was observed with cryogenic cooling technique (46.6%) followed by NFMQL 

(36.3%) compared to the dry machining environment. The NFMQL lowered the machining cost 

and carbon emission by 6% (per part) and 32.81% respectively compared to dry machining. 

Besides, 11.3% and 9.4% reduction in energy consumption was noted using NFMQL at 200 m/min 

and 100 m/min cutting speed respectively compared to dry machining. In another recent study, 

Khan et al. [104] optimized the machining parameters and developed a process performance 

simulator for turning Haynes 25 with Al2O3 NPs immersed in Blaser vegetable oil. The 

nanolubricaion technique was proved to be more economical as it reduced the CO2 emission and 

the cutting energy which ultimately reduced the consumption of electrical energy. NPs assisted 

turning consumed 18.1% less power compared to conventional machining. The holistic component 

activity-based cost model was proposed to analyze the workpiece and overhead cost. Moreover, 

the product cost and the carbon emission were reduced by 16.25% and 22.17% respectively 

compared to conventional machining. 

4.1 Hazard control strategies of nanoparticles   

The hazardous effect of NPs can be prevented by using any substitution of NPs or processes which 

can eliminate the risk associated with the usage of NPs. Exposure to NPs is the main concern that 

can prevent the hazardous effect of NPs. However, the total elimination of the exposure is not 

possible and hence the exposure should be controlled by appropriate safety measures. The 

techniques that are used to control the exposure of general aerosol can also be used to control the 

airborne exposure of nanoaerosloes. The working place of the NPs can be isolated or the proper 

exhausted ventilation system can be implemented to prevent the airborne exposure of the NPs. The 

high-efficiency particulate air-assisted filter system is one of the feasible alternatives that can 

effectively reduce the concentration of NPs in the environment of the workplace [236-238]. 

Furthermore, the operational area should be regulated, and the only accessed person should be 



 
 

allowed to enter the operational area with proper safety norms [239]. To handle the nanomaterial, 

proper equipment like fume hoods, a closed channel of pipes, glove box, and bag; and a proper 

ventilation system should be used. However, the use of the fume hood should be avoided if the 

nanomaterial is in powder form. The turbulence created by the fume hood exhaust system can 

inhale the nano powder which may cause some serious diseases. The non-agglomerated airborne 

NPs are behaving much like gases and hence the safety systems like ventilation and enclosure can 

be also helpful to reduce the hazard due to NPs [240-241].  

The Biological Safety Cabinets (BSC) are also used to prevent the exposure of 

nanoaerosloes to the operator and protect the workplace environment [242]. Inadequate personal 

protective equipment (PPE) is one of the major reasons that cause the exposure to the NPs. The 

proper dressing sense including close shoes of lower permeability material, nitrile gloves with 

extended sleeves, laboratory aprons, chemical splash goggles, long pants and shirt that properly 

cover the body should be involved in PPEs [243-244]. The penetration of the NPs to the body can 

be prevented by some standard cloths like non-woven fabrics such as heavier density contained 

polyethylene textile while the usage of cotton fabrics should be avoided [245-246]. Commercially 

available gloves can be easily penetrated by the NPs and hence the two-layer gloves were advised 

to use while working with NPs [243]. Furthermore, respirators with high-efficiency filtration are 

often used to avoid the operator exposure to the airborne NPs. The administration of an 

organization should follow the norms and regulations decided by registered international 

organizations and government bodies. They include the operator’s working hours, personnel 

hygienic measures, proper maintenance of the system, and operator training. To clean the 

workplace, a wet wiping or highly efficient particulate air filtered vacuum cleaner should be used 

[238,245]. International organization for standardization (ISO) has announced the rules to handle 

the nanomaterials for minimizing the associated risk [247].  

 Also, to prevent the hazardous effect of nanoparticles, there are some methods like surface 

passivation method which reduces the cytotoxicity of the metal oxide NPs. There are some 

physicochemical properties of the metal oxide NPs such as oxidative potential and ion shedding 

known as surface reactivity features that are responsible for the cytotoxic nature of the metal oxide 

NPs. The pulmonary toxicity and cytotoxicity associated with the metal oxide NPs can be reduced 

by providing ethylenediamine tetramethylene phosphonic acid surface coating which passivates 

the surface reactivity of the metal oxide NPs [248]. Moreover, the toxic nature of the NPs can be 



 
 

reduced or prevented by surface modification or by changing the shape and the size of the NPs 

without affecting the desired properties of the NPs [249]. The toxicity of the Ag NPs can be 

reduced by providing a thin layer coating of SiO2 which prevents the separation of the ions from 

the NPs [250].   

5. Future scope of research 

In this study, a brief review of the impact of the use of NF on machining performance has been 

summarized. Based on the finding presented in this review, the nano lubrication system has 

appeared as a potentially sustainable lubrication strategy. The following areas have been identified 

as potential direction of research related to nano lubrication: 

• Various types of NPs can be used for enhancing the performance of base coolant and 

lubricant fluids. Further analysis is required to characterize their impact on machining 

performance and the mechanism that they contribute to. 

• Further in-depth investigation of the impact of NPs on tribology during cutting processes 

is required. Currently, the majority of studies are concentrated on improved 

thermomechanical performance and little is known about the chemical behaviour at the 

cutting zone. 

• There is a minimal analysis on the convective heat transfer analysis on the impact of NPs. 

• There are minimal investigations on the stability of NFs over time which can affect the 

storage and transportation of the NFs in industrial applications.   

• There is a minimal analysis for the impact of NPs in coolants and lubrication on the health 

and safety of the workers. 

• The investigation on the effect of NPs on surface integrity is limited to surface roughness 

in most cases. Further investigation is required on particle embedment, residual stresses 

and fatigue performance. 

• There is a minimal analysis regarding the impact of process hybridisation using NPs. For 

instance, hybridisation with electrostatic, ultrasonic, and cryogenic lubrication systems is 

required. 

 

 



 
 

6. Conclusions  

This review presents a synopsis of the use of NFs in machining and the induced effect on the output 

responses. The review of the literature has shown that NPs enhance machinability by reducing 

cutting force and cutting temperature leading to increased tool life and improved surface 

roughness. Their main functions are enhanced lubrication and thermal conductivity. The addition 

of NPs resulted in better sliding and rolling action of NPs which leads to the enhanced lubrication 

property. The NPs significantly increase the thermal conductivity of the base fluid resulting in 

improved thermal properties of the fluid and hence better machining performance. The following 

remarks have been concluded based on this deep review: 

• The synergic effect of the hybrid NPs could significantly reduce the cutting force, surface 

roughness, and tool wear. The NPs generate a stable lubrication film at the tool/workpiece 

interface which leads to the reduction of friction force. Besides, the size of NPs and the 

concentration of NPs has a notable impact on the cutting forces.  

• The lower feed rate can be provided the higher tool life with optimized machining 

parameters. The tribofilm generated at the tool/workpiece interface reduces the direct 

rubbing action and hence the tool wear is reduced. 

• The addition of NPs into conventional cutting fluid remarkably improves the thermal 

characteristics and lubrication property of the cutting fluid which results in the smoother 

machining and so it motivates the lower surface roughness. Also, some studies revealed 

better surface roughness with flood lubrication strategy in the grinding process.  

• The ball-bearing action of NPs at the tool/workpiece interface reduce the power 

consumption followed by the cutting force. 

• The better heat transfer property of NPs significantly enhances the heat dissipation 

characteristic of the base cutting fluid which ultimately leads to the reduction in machining 

temperature.   

• Based on the bifurcation of studies, it can be concluded that there were few studied have 

been existed that described the effect of hybrid NPs on the machining output responses. 

Moreover, the NFMQL assisted drilling followed by milling process holds insufficient 

research studies. 



 
 

• Moreover, the majority of researches have been done using Al2O3 NPs followed by MoS2 

and carbon nanotubes, but the highest heat transfer coefficient is possessed by carbon 

nanotubes. 

• From the above literature survey, it can be concluded that the rolling action of some NPs 

such as Al2O3, MoS2, TiO2, SiO2 could be more effective to reduce the cutting force 

followed by the power consumption in the turning and milling operations of hard-to-cut 

materials. However, the better heat dissipation characteristic of graphene and MWCNT 

NPs can reduce the cutting temperature in all high-speed machining processes. The ball-

bearing effect of nanodiamond can reduce the burr formation and the tool chip adhesion 

and hence it is proved to be better for drilling and other machining operations. Furthermore, 

the shearing effect of MoS2 NPs between tool and workpiece generates a thin lubrication 

film which decreases the COF and thus the grinding force.  
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