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 A B S T R A C T 

Health and environmental concerns on usage and disposal of cutting fluids 
during machining has led to development of minimum quantity 
lubrication (MQL) technique which requires specialized fluids having 
superior properties. Nano particle-based lubricating fluids have been 
found to satisfy the properties for cutting fluids used in MQL. Nano 
particles are synthesized using various techniques. Herbal based synthesis 
is a recent advancement in preparation of nano particles. In the present 
work, fluids prepared from herbal based synthesis was compared with 
non-herbal synthesis, and were evaluated for their lubricating properties 
like thermal conductivity and viscosity. Both fluids were used in turning 
process via MQL and measurements were taken of the cutting forces and 
surface roughness. Regression equations were developed and 3D surface 
graphs were drawn for the measured responses among herbal nanofluid, 
non-herbal nanofluid and dry machining. Based on the analysis, herbal 
based nanofluid showed improvement in the responses compared to non-
herbal synthesized nano fluid and also when compared to dry machining. 
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1. INTRODUCTION  
 
Nano cutting fluids are prepared by the colloidal 
dispersion of nano particles in base fluids. The 
lubricating effect of nano cutting fluids is 
dictated by the properties of the nano particles 
selected. Al2O3 nano particles have high 
conductivity, wear resistance, phase stability, 
high hardness and good dimensional stability. 
These properties are very conducive to 
machining operations by removing the heat from 
the contact areas and reducing the cutting forces 
required for machining, thereby leading to 

smoother finish, increased hardness and wear 
resistance on the machined surface.  
 
Al2O3 nano particles can be synthesized in multiple 
processes, which can be broadly categorized into 
physical and chemical methods. Some examples of 
physical methods include attrition via ball milling, 
laser ablation, flame spray and thermal 
decomposition in plasma. Examples of chemical 
methods are sol–gel, solution combustion and 
vapor deposition. The advantages, disadvantages 
and economic feasibility for large scale synthesis 
have been extensively studied in existing 
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literature, a brief summary of which is captured in 
the following. Tok, et. al [1] synthesized Al2O3 nano 
particles through flame spray pyrolysis. The 
disadvantage of using this process is that it 
produces both α-phase and β-phase nano particles. 
Agarwal et al. [2] prepared Al2O3 nano particles by 
solution combustion method and concluded that 
Al2O3 nano particles are highly stable in α-phase 
which is very important for any cutting fluid. Park 
et al [3] synthesized Al2O3 nano particles through 
sol-gel process through usage of chemicals. 
Johnston et al[4] used laser ablation method to 
produce small sized Al2O3 nano particles with 
weak agglomerate bond strength which makes 
them more suitable for preparing stable cutting 
fluids. The synthesis of nano particles through ball 
milling is a tedious process which requires longer 
durations [5]. Swihart [6] presents an overview of 
methods used for vapor phase synthesis of nano 
particles. The author presents a broad review of 
recent advances that include modelling 
techniques. The most important recent advances 
include improved control and understanding of 
aggregation and coalescence, and also methods to 
produce multi component nano particles. Most of 
the physical and chemical synthesis methods 
require usage of chemicals and expensive 
equipment, whereas the process is also very 
tedious and time-consuming.  
 
Raveendran et. al [7] synthesized stable silver nano 
particles through green process, and concluded 
that a similar quality (w.r.t various properties like 
size and polydispersity) is achieved, as compared 
to the chemical or physical methods described 
earlier. The reducing, protecting agents and 
solvent medium used in green process are 
environmentally safe and sustainable materials. 
There have been multiple studies based on the 
specific plants / ingredients used in the green 
synthesis process. Sutradhar, et. al [8] used coffee, 
tea and triphala extracts to synthesize Al2O3 nano-
particles. Bar et al. [9] used Jatropha curcas as 
reducing and capping agent to synthesize silver 
nano particles. Sastry et al. [10] in their paper 
proved that large scale synthesis of nano particles 
is possible through green materials and processes.  
 
Minimum quantity lubrication (MQL) is a 
technique in which the cutting fluid is mixed with 
compressed air into a fine mist and is applied at 
the cutting zone with high pressure in the form 
of a jet. The implementation of MQL system 
reduces the amount of fluid used thus having 

economic and ecological benefits [11–14].  
Extensive work has been carried out on MQL 
technique and many reviews [15,16] on this 
technique had been published stating that 
implementation of MQL during machining 
increases cutting efficiency by reducing cutting 
forces and power and reduces surface roughness 
and cutting temperature. The benefits of MQL 
can further be enhanced by using nano cutting 
fluids. Nano cutting fluids are formed by 
dispersing nano particles into the base fluid. Duc 
et. al [17] studied the effect of Al2O3 nano 
particles suspended in emulsion oil and 
soyabean oil on wear behavior and cutting 
performance of the uncemented carbide tools. 

Along with reduced cutting forces and surface 
roughness, the authors noticed an increase in 
tool life of non-cemented carbide tool. Kumar et 
al. [18] concluded that multi walled carbon nano 
tubes result in a better surface finish and feed is 
the significant factor for surface roughness.  
Mohana Rao [19] found that heat transfer 
coefficient and thermal conductivity increases 
with nano boric acid suspension, thus reducing 
the cutting temperature and tool wear. Mamun & 
Dhar [20] developed a model for surface 
roughness and from the analysis it is observed 
that MQL technique enables a reduction in 
surface roughness. Duc et. al [21] showed that 1-
1.5%wt is the optimum volumetric 
concentration obtained while milling 60Si2Mn 
steel under MQL conditions using Al2O3 nano 
particles dispersed in soyabean oil. Fitrina et. al 
[22] investigated the effect of Al2O3 nano 
particles dispersed in conventional cutting fluid 
on surface roughness, cutting temperature and 
chip morphology during drilling process. The 
authors concluded that presence of nano 
particles decreased the surface roughness 
whereas same result is not noticed for cutting 
temperature and chip morphology. Hence 
optimum value of volume concentration of nano 
particles is required to be studied. Thus, volume 
concentration of nano particles is also 
considered as one of the factors for analyzing the 
responses in the present study. 
 
The effects of the nano particle synthesis process 
on their suitability in final applications like 
lubrication in machining have not been fully 
explored. In this study, the authors analyzed the 
resulting lubricant effect of the synthesized Al2O3 
nano particles prepared in two different methods, 
and compared them with dry machining. 
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2. MATERIALS AND METHODS 
 
2.1 Al2O3 nano particles 
 
In the present study, two types of Al2O3 nano 
particles based on their synthesis process were 
used. Type 1 Al2O3 nano particles were synthesized 
through herbal method and the other type of Al2O3 
nano particles were synthesized through non-
herbal process. Herbal Al2O3 nano particles were 
purchased from Aarshadhaatu Green 
Nanotechnologies India Pvt Ltd. XRD spectra of 
herbal Al2O3 nano particles is shown in Figure 1. 
 

 
Fig. 1. XRD of herbal Al2O3 nano particles. 

 
Type 2 Al2O3 nano particles were purchased 
from Nano Research Lab, Jamshedpur. XRD of 
Type 2 nano particles is shown in Figure 2. Both 
the alumina nano particles are spherical in shape 
and have an average grain size of 40nm. 
 

 
Fig. 2. XRD of chemical Al2O3 nano particles.   

 

The cutting fluid required for turning operation 
was prepared by mixing Al2O3 nano particles 
with de-ionized water.  
 
2.2 Preparation of Al2O3 nano fluid 
 
Nano fluids were prepared using the two-step 
process. As a first step in the process, dry Al2O3 

nano particles are obtained. The nano particles 
were suspended in deionized water (base fluid). 
Three different fluids were prepared using 
varying concentration of nano particles (0.2%, 
0.4%, 0.6%). The rule of mixtures which was 
used to measure the weight of nano particles to 
be mixed in the base fluid is given in equation 1. 

% volume concentration =  
[
WAl2O3
⍴Al2O3

]

[
WAl2O3
⍴Al2O3

+
Wbf
⍴bf

]
 (1) 

Sodiumdodecylbenzenesulfonate (SDBS) was 
selected as a surfactant. SDBS improves stability of 
the resulting nano fluids [23]. The mixture is 
magnetically stirred for a period of 15 minutes as a 
first step, followed by ultrasonication at a 
frequency of 60Hz for 60 minutes. Ultrasonication 
ensures proper dispersion of nano particles in base 
fluid. Al2O3 nano fluids at three different volume 
concentrations are shown in Figure 3. 
 

 
Fig. 3. Al2O3 nano fluids at three different volume 
concentrations. 

 
2.3 Properties of nano fluid 
 

Thermal conductivity and viscosity are the two 
main properties of the fluid which determines the 
heat transfer capability and flowability. Heat 
transfer is an important property of a cutting fluid. 
From the literature survey it can be observed that 
inclusion of nano particles in base fluid will further 
enhance the heat transfer capabilities of the cutting 
fluid. Kristiawan et al [24] investigated and 
concluded that the presence of TiO2/water nano 
fluids in various volumetric concentrations 
enhanced the heat transfer coefficient of microfins. 
Tawfik [25] made a review on nano fluid thermal 
conductivity enhancement, applications and 
concluded that thermal conductivity increases 
with decrease in size and nano particle 
concentration. Chandrasekhara et. al [26] 
proposed theoretical models for predicting 
thermal conductivity and viscosity respectively 
which are in reasonable agreement with their 
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experimental results. The Brownian motion of 
nanoparticles, particle clustering, the formation of 
an interface layer around the nanoparticle, and the 
natural heat transport in the nanoparticles might 
be some factors that result in enhanced thermal 
conductivity. This was also explained by 
Kristiawan et. al [27]. Chon et al. [28] made an 
empirical correlation finding the role of 
temperature and particle size for nano fluid 
thermal conductivity enhancement. Thermal 
conductivity of Al2O3 nano fluids is measured by 
using KD2 pro thermal properties analyzer. 
Stainless steel KS-1 sensor with a range of 0.2-
2W/mK and an accuracy of ±5% was used. 
Viscosity of Al2O3 nano fluids is measured by using 
Brookfield DV-E Viscometer. Spindle S61 with 
motor speed 30rpm was used. The thermal 
conductivity and viscosity for different volume 
concentrations of type 1 and type 2 fluids were 
measured at room temperature and are tabulated 
in Table 1. 
 
Table 1. Thermal conductivity and viscosity at 
different volume concentrations. 

Sample 
name 

Vol. 
concentration 

(%) 

Thermal 
conductivity 

(W/mK) 

Viscosity 
(Cp) 

Type 1 0.2 0.662 1.4 
Type 1 0.4 0.665 2.8 
Type 1 0.6 0.673 5.4 
Type 2 0.2 0.627 1.4 
Type 2 0.4 0.638 2.2 
Type 2 0.6 0.659 3.8 

 
2.4 Experimental Details 
 

All the experiments were conducted on a 
precision lathe machine with AISI 1040 steel of 
diameter 40mm and length 300mm as 
workpiece material and tungsten carbide with 
standard designation TNMG160408H as cutting 
insert. The experiments were well planned using 
design of experiments. Face centered design 
(CCF) in response surface designs is best suitable 
for finding the relation between responses and 
factors. Kenco MQL system with compressed air 
pressure of 5kg/cm2 was used for conducting 
experiments under MQL conditions. CCF design 
requires 28 experiments out of which 16 are 
factorial points, 10 are star points and 2 are 
center points to determine the effect of five 
factors at 3 levels on responses i.e., surface 
roughness (SR) and cutting force (CF). The 
factors that are under study and their levels are 
mentioned in Table 2. 

Table 2. Machining Parameters and Their Levels 

Factor 
symbol 

Factor Level 
1 

(-1) 

Level 
2 

(0) 

Level 
3 

(+1) 
A MQL Flow rate 

(ml/min) 
3 4 5 

B Vol.concentration 
(%) 

0.2 0.4 0.6 

C Speed (m/min) 80 100 120 

D Feed (mm/rev) 0.051 0.102 0.153 
E DOC (mm) 0.25 0.5 0.75 

 
Experiments were performed under dry 
conditions and machining with herbal synthesized 
Al2O3 nano cutting fluids and non-herbal 
synthesized Al2O3 nano cutting fluids. Surface 
roughness is measured by using Taylor Hobson 
Surtronic S128. Cutting force is measured by using 
Kistler piezoelectric dynamometer. Taylor Hobson 
Surtronic S128 and experimental set up are shown 
in Figure 4 and 5 respectively. Temperature in the 
cutting zone is measured by using infrared 
thermometer. The CCF layout along with the 
response surface roughness and cutting force are 
shown in Table 3.  
 

 
Fig. 4. Surtronic S128.   
 

 
Fig. 5. Experimental set up. 
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3. RESULTS AND DISCUSSION 

 
3.1 Thermal conductivity and viscosity of 

Al2O3 nano fluids 
 
From table 1 we can notice that the thermal 
conductivity and viscosity increases with 
increase in volume concentration. Also, the 
thermal conductivity and viscosity values are 
higher for herbal synthesized nano fluid than 
non-herbal synthesized nano fluid. The 
percentage increase in thermal conductivity of 
nano fluid with that of base fluid is shown in 
Figure 6. The relative viscosity of Al2O3 nano 
fluids with that of base fluid DI (deionized) 
water is shown in Figure 7. The enhancement 
in the properties of nano cutting fluid is due to 
the high surface to volume ratio of nano 
particles. 
 

 

Fig. 6. Percentage increase in thermal conductivity 
with that of base fluid. 

  

 

Fig. 7. Relative viscosity of Al2O3/water nano fluid as 
a function of volume concentration. 
 
3.2 Cutting temperature 
 
The variation in cutting temperature with 
respect to the number of experiments is shown 

in Figure 8. From the figure it is evident that in 
most of the experiments, the temperature at 
the cutting zone is lower when using HNMQL 
than NHNMQL and dry machining.  

 

 

Fig. 8. Variation in cutting temperature. 

 
It is also clear that nano fluid in MQL technique 
results in a lower cutting temperature than 
using dry machining. The MQL nano-fluid 
forms a thin film at the cutting zone, and the 
base fluid evaporates quickly, leaving a thin 
tribological film of nano-particles at the 
cutting zone. This evaporation takes away the 
heat quickly from the cutting zone, resulting in 
a lower temperature at the cutting zone. In 
addition, the high-pressure mist due to MQL 
technique also takes away a part of the 
shearing heat from the surface. Also, the chips 
are taken away from the cutting zone quickly, 
reducing the friction at cutting zone, and 
preventing an increase in cutting temperature 
due to the presence of chips at the cutting zone. 
Additional reduction in cutting temperature 
using herbal nano-fluid could be explained due 
to the increase in thermal conductivity in 
section 2.3, which means the nano-fluid 
evaporates even more quickly than non-herbal 
nano-fluid. The herbal capping agent which 
was used during the synthesis of herbal nano 
particles forms a thin layer around the surface 
of the nano particle. This layer helps in 
increasing the Brownian motion within the 
base fluid. The Brownian motion leads to 
particle clustering to a certain extent without 
forming agglomerations. The particle clusters 
move heat away from the machining zone 
quickly, and thereby enhancing the thermal 
conductivity. Khan et. al [29] reasoned 
similarly in their article on enhanced thermal 
conductivity when using nano-fluids. 



Mukkamala Usha and Gunji Srinivasa Rao, Tribology in Industry Vol. 44, No. 1 (2022) 1-15 

 6 

Table 3. CCF layout with responses. 

Exp 
No. 

A B C D E 
SR1 

(μm) 
SR2 

(μm) 
SR3 

(μm) 
CF1 
(N) 

CF2 
(N) 

CF3 
(N) 

CT1 
(oC) 

CT2 
(oC) 

CT3 
(oC) 

1 -1 -1 -1 -1 1 1.90 0.99 1.73 130.0 131.8 203.4 55.7 55 96.65 
2 -1 -1 -1 1 -1 1.64 2.35 1.95 131.8 159.0 176.2 55 46.1 57.7 

3 -1 -1 1 -1 -1 2.00 2.04 1.99 120.1 086.7 082.8 40.5 54.95 95.7 

4 -1 -1 1 1 1 1.50 1.65 2.35 299.0 339.0 145.6 32.2 92.5 62.5 

5 -1 1 -1 -1 -1 1.74 1.59 2.00 037.7 084.9 080.0 34.6 38.75 42.8 

6 -1 1 -1 1 1 1.80 1.37 1.82 405.7 404.0 411.7 65.35 67.4 110 

7 -1 1 1 -1 1 0.7 1.45 1.47 197.6 191.2 189.3 54.7 70.5 87.45 

8 -1 1 1 1 -1 3.32 1.86   2.50 178.0 155.0 088.1 58 54.9 50.5 

9 1 -1 -1 -1 -1 0.95 1.70 - 202.0 102.5 - 59.2 36.55 - 

10 1 -1 -1 1 1 2.40 2.26 - 180.0 415.6 - 45.5 59.9 - 

11 1 -1 1 -1 1 0.97 1.54 - 190.0 209.4 - 50.2 49.8 - 

12 1 -1 1 1 -1 1.10 1.38 - 134.0 121.0 - 48.1 50.45 - 

13 1 1 -1 -1 1 1.10 1.85 - 146.0 205.5 - 64.01 40.25 - 

14 1 1 -1 1 -1 1.40 2.79 - 114.40 153.0 - 35.1 42.3 - 

15 1 1 1 -1 -1 2.10 1.56 - 053.2 074.8 - 60.3 37.9 - 

16 1 1 1 1 1 2.10 1.65 - 199.0 296.6 - 47.5 88.55 - 

17 -1 0 0 0 0 1.40 1.23 - 185.0 196.5 - 43.1 74.7 - 

18 1 0 0 0 0 1.10 1.13 - 140.0 165.5 - 33.3 61.9 - 

19 0 -1 0 0 0 0.97 1.89 - 178.5 212.3 - 51.35 68.75 - 

20 0 1 0 0 0 1.20 1.83 - 180.5 222.7 - 56 64.35 - 

21 0 0 -1 0 0 0.70 1.55 1.49 151.3 243.0 373.1 45.6 63.4 96.4 

22 0 0 1 0 0 1.11 1.46 1.42 177.0 206.0 202.0 43.7 55 84.15 

23 0 0 0 -1 0 0.75 1.59 1.34 151.8 136.6 224.5 41.4 52.5 79.1 

24 0 0 0 1 0 1.56 1.75 1.88 239.9 251.4 267.0 34.3 53.5 81.1 

25 0 0 0 0 -1 0.80 1.24 2.00 091.4 117.8 080.0 48.78 56.9 53 

26 0 0 0 0 1 1 . 2 3 1 . 0 9 1 . 6 2 1 8 0 . 0 337.0 195.0 61.43 7 2 . 8 82.85 

27 0 0 0 0 0 0 . 9 5 1 . 1 5 1 . 3 0 1 6 5 . 0 204.9 219.3 52.68 6 5 7 0 . 4 

28 0 0 0 0 0 0 . 9 7 1 . 2 5 1 . 3 5 1 7 0 . 0 206.2 183.2 5 0 . 8 6 5 77.75 

SR1, CF1 and CT1- Surface roughness, cutting force and cutting temperature for herbal synthesized Al2O3/water nano cutting fluid 
SR2, CF2 and CT2 - Surface roughness, cutting force and cutting temperature for non-herbal synthesized Al2O3/water nano cutting fluid 
SR3, CF3 and CT3 – Surface roughness, cutting force and cutting temperature under dry conditions 
 
3.3 Model for surface roughness and cutting 

force while using herbal synthesized 
Al2O3 nano cutting fluid 

 
Central composite designs are best for fitting a 
second order model. The input data to SPSS 
software is given in coded form. The insignificant 
factors are eliminated one at a time by backward 
linear regression process. 
 

Analysis of variance is carried for surface roughness 
and cutting force to check the model adequacy and 
to determine the significant factor effecting.  
 

The ANOVA, R2 and regression equation for surface 
roughness are computed from SPSS software. The 
results indicated that the regression model 
explains 93.4% variation in surface roughness. The 

main objective of analyzing the effect of MQL flow 
rate, volume concentration (vol. conc), speed, feed 
and depth of cut (DOC) on surface roughness is 
fulfilled by analysis of variance (ANOVA).  
 
The regression equation of surface roughness in 
coded form is 

SR1 = 0.964 − 0.154A + 0.113B + 0.256D +
0.394A2 + 0.299D2 + 0.239AE + 0.219BC +
0.135BD − 0.246BE − 0.295CE + 0.154DE  

(2) 

From Equation 2 it shows that MQL Flow rate, vol. 
conc., feed, interaction terms - MQL Flow rate and 
DOC, vol. conc., and speed, vol. conc., and feed, vol. 
conc., and DOC, speed and DOC, feed and DOC, 
square terms - MQL flow rate2, feed2 have significant 
effect on surface roughness. It is also observed from 
the equation that surface roughness decreases with 
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increase in MQL flow rate, increases with increase in 
vol. conc. and feed with feed rate having more 
influence. The abrasive grains between workpiece 
and tool interface reduces the surface roughness. 
The friction at the machining zone is reduced by the 
formation of mist because of ball bearing effect of 
number of rolling nano particles. Also, the chips 
were removed because of high pressure spray, thus 
leading to the reduction in surface roughness[30]. 
The increase in surface roughness with increase in 
vol. conc., is due to the presence of interaction terms. 
 

The model equation for cutting force CF1 is given 
in Equation 3. 

CF1 = 166.586 − 18.128A + 36.25D +
48.039E + 10.507B2 + 26.407D2 − 33.293E2 −
20.719AB − 9.731AC − 30.806AD −
22.081AE − 10.956BC + 22.494BD +
22.119BE − 4.194CD + 17.181DE  

(3) 

The regression model shows that the R2 value of 
0.993 represents the variation in the response 
(cutting force). The accuracy of the model is 
indicated by a high R2 value. From the 
mathematical model, it can be inferred that the 
primary parameters MQL flow rate, feed and DOC 
are showing significant effect on the cutting force. 
Further, secondary components like the products 
of MQL flow rate with vol. conc, speed, feed and 
DOC, vol. conc. with speed, feed rate and DOC, 
speed with feed rate, feed with DOC are also 
identified as significant terms. The square terms – 
(vol. conc)2, feed2 and DOC2 are present in the 
Equation 3. This clearly demonstrates the 
quadratic nature of response. 
 

3.4 Model for surface roughness and cutting 
force while using non-herbal synthesized 
Al2O3 nano cutting fluid 

 

ANOVA, R2 and the coefficients to estimate the 
surface roughness and cutting forces are 
obtained by using backward multilinear 
regression process using SPSS software. 
 

The results showed an R2 value of 0.956. From 
this, it can be inferred that the model is accurate 
up to 95.6% variation in output response i.e., 
surface roughness with respect to input 
parameters. The mathematical model for surface 
roughness is shown in Equation 4.  

SR2 =  1.379 +  0.074A −  0.103C + 0.153D −
0.148E − 0.195A2 + 0.482B2 + 0.295D2 −
0.21E2 +  0.108AB −  0.198AC +  0.141AE −
 0.168CD +  0.088CE  

(4) 

From Equation 4, it can be deduced that MQL flow 
rate, speed, feed and DOC have significant primary 
effect on surface roughness. Further, other terms 
like MQL flow rate*vol.conc., MQL flow rate *speed, 
MQL flow rate *DOC, speed*feed, speed*DOC are 
shown to have a secondary effect on surface 
roughness. The square term MQL flow rate2, 
vol.conc.2, feed2 and DOC2 can explain the quadratic 
nature of the equation. 
  
From model accuracy for cutting force from SPSS 
software, R2 value of 0.975 indicates the adequacy 
of the model in determining the output response 
i.e., cutting force. The data from parameter 
estimation showed that speed, feed and DOC are 
the predominating parameters for cutting force. In 
addition, interaction terms MQL flow 
rate*vol.conc., MQL flow rate*speed, MQL flow 
rate*feed, speed*feed, feed*DOC also signifies their 
effect on cutting force. The presence of square term 
(MQL flow rate)2 indicates the quadratic nature of 
the Equation 5. The developed mathematical 
equation for cutting force is given as 

CF2 = 214.633 − 12.2C + 59.511D + 81.86E −
 20.633A2 − 14.825AB − 10.437AC −
 10.525AD − 16.088CD + 29.888DE  

(5) 

 
3.5 Model for surface roughness and cutting 

force while dry conditions 
 
Similar analysis has been carried for experiments 
conducted under dry conditions. Since the analysis 
has been carried under dry conditions, there is no 
cutting fluid used. Hence the terms MQL flow rate 
and volume concentration do not exist.  
 
R2 value of 93.8% represents the good variation 
in predicting surface roughness, the regression 
equation for surface roughness was generated 
and is given as 

SR3 = 1.411 + 0.074C + 0.197D − 0.146E +
0.185D2 + 0.382E2 + 0.171CD  

(6) 

From Equation 6 it can be concluded that speed, 
feed and DOC, interaction terms - speed and feed, 
square terms – feed2, DOC2 are the significant 
factors effecting the surface roughness.  

 
R2 value of 94.8% represents the amount of 
variation the model (cutting force) can explain 
with respect to the input parameters. The model 
for cutting force under dry conditions is shown 
in Equation 7. 
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CF3 = 240.556 − 53.660C + 30.860D +
63.785E + 41.486C2 − 108.539E2 −
42.869CD − 24.356CE  

(7) 

From Equation 7 it can be noticed that speed, 
feed and DOC, interaction terms speed and feed, 
speed and DOC, square terms speed2, DOC2 are 
the significant factors effecting cutting force.  
 
3.6 3D Response graphs for surface roughness 

and cutting forces 
 
Response surface graphs are drawn for surface 
roughness measured during machining with 
herbal synthesized MQL (HNMQL), and also when 
machining with non-herbal synthesized MQL 
(NHNMQL). Figure 8 shows the 3D graphs with 
two of the axes corresponding to two factors 
(Interaction Effects) at a time, with the Surface 
Roughness (Response) plotted on the third axis. 
The interaction effects of the factors can be easily 
studied with the help of these 3D response graphs 
as it shows the entire response surface variation. 

 
It is very clear from Figure 8 that low SR values are 
obtained using HNMQL than NHNMQL. SR 
decreases with increase in MQL flow rate, whereas 
SR decreases first and then increases with vol. 
conc. This may be due to the presence of 
interaction terms. From BC, it is clear that SR 
values are smaller for HNMQL than NHNMQL. SR 
decreases with increase in speed and minimum SR 
is obtained at the middle level of vol. conc. The 
increase in speed causes the increase in chip flow 
thereby reducing the coefficient of friction at the 
point of interaction of tool and workpiece, thus 
reducing the surface roughness. From BD, it is 
observed that feed rate is the dominating factor 
than vol. conc. The SR increases with increase in 
feed rate. Minimum SR values are obtained at 
middle levels of vol. conc. and lower levels of feed 
rate. From BE, it is clear that depth of cut is more 
influential to SR than vol. conc. SR increases with 
increase in DOC. This may be due to the removal of 
large amount of material. SR decreases with 
increase in vol. conc. to some concentration and 
then it increases. From BE, CE and DE, it is evident 
that DOC is more sensitive to SR than vol. conc. and 
speed. But from DE, feed is a highly sensitive factor 
to SR than DOC. The key to a good surface finish is 
to have good lubrication that removes the chips 
away from the tool workpiece junction as quickly 
as possible. Also, if the chips are of a good quality, 
it leads to a good surface finish on the workpiece. 

When using Minimum Quantity Lubrication with 
nano fluids, the pressurized mist enters the tool- 
workpiece junction. The Al2O3 nano particles in the 
fluid provide ball bearing effect which makes the 
chips slide over the workpiece instead of 
scratching it. In addition, the pressurized mixture 
helps in taking away the chips as soon as possible. 
Both the actions result in a better surface finish. 
Tawakoli et al. [31]  had provided a similar 
explanation. 
 

Response surface graphs are drawn for cutting 
force measured during machining with herbal 
synthesized MQL (HNMQL), and also when 
machining with non-herbal synthesized MQL 
(NHNMQL). They are plotted for each factor in the 
Figure 9. 
 

From AB, it is very clear that minimum cutting 
force is achieved when both MQL flow rate and vol. 
conc. are at higher levels. It is also evident that 
minimum cutting force is achieved while 
machining using herbal nano cutting fluid. Flow 
rate has more effect than vol. conc. on cutting force. 
Cutting force reduces with increase in flow rate. 
This may be due to the excellent penetration into 
the work surface and superior lubricating 
properties. From AC, it can be observed that MQL 
has more effect on cutting force than cutting speed. 
The CF decreases with increase in cutting speed, 
which coincides with established theory. From AD 
& AE, feed and depth of cut has more effect on 
cutting force than MQL flow rate. The cutting force 
increases with increase in feed and DOC since 
higher amount of material is removed. Similar 
observations were made from BC, BD, BE, CD, CE & 
DE. In all the plots cutting force is less when 
machining with herbal nano cutting fluid. The 
Al2O3 nano particles used in the lubricating mist 
have high hardness and nearly spherical 
morphology. The rolling friction provided by the 
nano particles reduces the overall friction at the 
tool-workpiece interface. As the friction is reduced, 
the cutting force required is much lesser compared 
to traditional lubrication.  
 

Both cutting force and surface roughness are lower 
when using HNMQL compared to NHNMQL. This 
could be explained as a result of the capping agent 
used in herbal nano particle manufacturing, it 
forms a thin layer of coating on the surface of the 
nano particles, further enhancing the rolling 
properties, and thereby leading to lower cutting 
force and smoother surface finish.  
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CE (a) 
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Fig. 8. 3D surface plots for (a) SR1 and (b) SR2. 
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BE (a) 

 

BE (b) 

 
CD (a) 

 

CD (b) 

 
DE (a) 

 

DE (b) 

 

Fig. 9. 3D surface plots for (a) CF1 and (b) CF2. 
 
 

3.5 Comparison of surface roughness and 
cutting force under different lubricating 
conditions 

 
The variation in cutting forces and average 
values of surface roughness under different 
lubricating conditions is depicted in Figure 10 
and Figure 11 respectively. From the graphs it 
is clear that the surface roughness and cutting 
forces are minimum for machining with herbal 
synthesized nano Al2O3 fluid as cutting fluid 
with MQL followed by machining with non-

herbal synthesized nano Al2O3 fluid as cutting 
fluid with MQL and under dry cutting 
conditions. The same can also be evidenced 
from 3D surface plots drawn in Figures 8 and 
8. The herbal capping agent used during the 
herbal synthesis process plays a crucial role in 
improving the Brownian motion, due to 
formation of a thin layer around the surface of 
the nano-particles in the base fluid. The 
increased Brownian motion is just enough to 
push particles together into clusters, but weak 
enough to sustain the integrity of the 
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suspension and prevents sedimentation. The 
particle clusters move heat away from the 
machining zone quickly than individual nano 
particles spread more evenly in the base fluid, 
and thereby enhancing the thermal 
conductivity.  As the thermal conductivity is 
better in herbal synthesized Al2O3 nano 
particles than non-herbal synthesized Al2O3 
nano particles, the temperatures are less 
resulting in low frictional forces in first case. 
The roughness is reduced due to low frictional 
forces when machined with herbal synthesized 
Al2O3 nano cutting fluids. This may be due to 
the presence of herbal coating on Al2O3 nano 
particles which increases the cooling and 
lubrication effects. Geometric factors have a 
high correlation with the surface finish in 
machining operations. The Al2O3 nano 
particles are spherical in shape and have high 
hardness (i.e., they will not deform easily). 
Because of this, they have good rolling effect, 
leading to good lubrication and smoother 
surface finish. The importance of geometric 
factors was also highlighted by Duc et. al [32]. 
 

 
Fig. 10. Variation in cutting force Fz (CF) under 
different lubrication conditions.  

 

 

Fig. 11. Variation in average surface roughness under 
different lubrication conditions. 

4. CONCLUSIONS 

 
The following conclusions were drawn from the 
analysis carried out 
 
1. Thermal conductivity and viscosity 

increased with increase in volume 
concentration of nano particles. 

2. The percentage increase in thermal 
conductivity of herbal nano fluid and non-
herbal nano fluid with respect to base fluid 
for volume concentration of 0.2%, 0.4%, 0.6 
are 10.15%, 10.65%, 11.98% and 4.33%, 
6.16% and 9.65% respectively.  

3. Based on the above observations, we can 
conclude that herbal-synthesized nano fluids 
have better thermal conductivity when 
compared to the base fluid and also when 
compared with non-herbal nano fluids. 

4. Viscosity of herbal nano fluids is more than 
the non-herbal nano fluids. 

5. The average cutting force obtained was 
168.89N, 201.07N and 195.06N respectively 
for herbal nano fluid, non-herbal nano fluid 
and under dry conditions. 

6. The average surface roughness measured 
was 1.41µm, 1.63µm and 1.76µm 
respectively for herbal nano fluid, non-
herbal nano fluid and under dry conditions. 

7. Thus, the surface roughness and cutting 
force are minimum while machining with 
herbal nano fluids than with non-herbal 
nano fluids and dry machining. 
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ANOVA  analysis of variance 
CCF  central composite face centered 
CF, Fz  cutting force (N) 
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DOE  design of experiments 
MQL  minimum quantity lubrication 
SR  surface roughness(µm) 
vol. conc volume concentration (%)
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