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Abstract- Demand for better surface finish and accuracy has been increased rapidly in recent years. A surface finish at macro 
molecular level has become an important parameter for machining carbon nanotubes which have been of great interest both 
from a fundamental point of view and for future applications. The most eye catching features of these structures are three 
characteristics (mechanical, optical and chemical), which open a way to future applications. For commercial applications large 
quantities of purified nanotubes are needed. Carbon nano tubes are to be mixed in a specific ratio (0.2%by wt.) with the 
cutting fluid. The changes in certain properties are to be used to enhance the machinability during turning of AISI 316L 
Stainless Steel. In the present work, cooling abilities of the fluid are assessed by carrying out machining tests using the fluids 
with and without nanoparticles. Comparative study of tool wear, cutting force, workpiece surface roughness, and chip 
thickness among dry machining, machining with conventional cutting fluid as well as nano-cutting fluid has been under taken. 
This paper aims to optimize turning parameters of AISI 316L stainless steel. Experiments were carried out by plain turning of 
48mm diameter and 600mm long rod of AISI 316L Stainless steel on all geared lathe at different cutting velocities and feeds 
under wet machining with and without CNT inclusions. Machining tests were carried out using multi-layered TiN coated 
ceramics inserts. The study reveals that the cutting force is reduced by using cutting fluids with CNT inclusion.  
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I. INTRODUCTION 
 
In modern machining processes, there are continuous 
cost pressures and high quality expectations. Hence it 
is required to explore the techniques that can reduce 
the cost and also increase the quality of the product. 
Cutting fluids are used for solving this problem in 
machining.  Cutting fluids are used for a variety of 
reasons such as lubricating and cooling the 
tool/workpiece interface, improving tool life, reducing 
tool wear and thereby reduces tool costs, increased 
speed of production and flushes away chips from the 
cutting zone. Cooling is one of the most important 
challenges in the machining process faced by 
numerous industries such as automobiles and 
manufacturing. The other challenges while 
machining are expressed in high adhesion affinity up 
to high cutting speed ranges, high thermal loads as 
well as in hardening of the material. The conventional 
methods of enhancing the cooling rate are already 
stretched to their limits. Hence; there is need for new 
and innovative cutting fluids to achieve this high 
performance cooling. Nano-cutting fluid is one of the 
novel concepts. Here nanoparticles are suspended in 
conventional cutting fluid, which are being developed 
to meet more demanding cooling and lubricating 
challenges in machining. Several researchers showed 
that the convective heat transfer coefficient increases 
substantially for nanofluids.  
 
The present work aims at demonstrating the 
possibility of enhancing the desired properties of a 
cutting fluid by adding suitable nanoparticles and 
forming stable nano-cutting fluids. Recent studies 

indicated that suspended nanoparticles can alter the 
thermo-physical and transport properties of the 
conventional cutting fluids. A small amount of copper 
nanoparticles (less than 1% vol. fraction) or carbon 
nanotubes dispersed in ethylene glycol can increase 
the poor thermal conductivity of ethylene glycol by 
40% to 150%. The thermal conductivity of nanofluids 
increases nonlinearly with temperature. Kim and 
Bang showed that addition of nanoparticles enhances 
the wettability of the base fluids. Thus, the 
introduction of nano-cutting fluids has opened up the 
new possibility of enhancing the thermo- physical 
properties of the base fluids in a desired manner. In 
tune with emerging trends, the present study reports 
the successful application of CNT based nano-cutting 
fluids for machining operation. Later, cutting 
performance is compared among dry machining, 
machining with conventional cutting fluid and nano- 
cutting fluid in terms of tool wear (crater wear and 
flank wear), cutting force, average surface roughness, 
and chip thickness. As a matter of fact, one 
characteristic feature of machining stainless steels is 
built-up-edge (BUE) formation, so that the chip being 
formed has a strong tendency to weld to the rake face 
of the tool and when it is broken away, it may bring 
with it a fragment of the tool. Machine vibrations are 
other problem while machining these alloys 
(O’Sullivan & Cotterell 2002; Selinder et al 1998). 
Chatter is a type of self-excited vibration and it can be 
controlled by changing the spindle speed. One 
important issue that is being vigorously researched is 
the hard coating for cutting tools. These hard coatings 
are thin films that range from one layer to hundreds of 
layers and have thickness that range from few 
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nanometers to few millimeters. These hard coatings 
have been proven to increase the tool life by as much 
as 10 folds through slowing down the wear 
phenomenon of the cutting tools. This increase in tool 
life allows for less frequent tool changes, therefore 
increasing the batch sizes that could be manufactured 
and in turn reduces manufacturing cost, setup time as 
well as the setup cost. The hard coating deposited on 
cutting tools allows for improved and more consistent 
surface roughness of the machined work piece. The 
surface roughness of the machined work piece 
changes as the geometry of the cutting tool changes 
due to wear, and slowing down the wear process 
means more consistency and better surface finish. The 
majority of cutting tools in use today employ chemical 
vapour deposition (CVD) or physical vapour 
deposition (PVD) hard coatings. The high hardness, 
wear resistance and chemical stability of these 
coatings offer proven benefits in terms of tool life and 
machining performance. The majority of inserts 
presently used in various metal cutting operations are 
carbide tools coated with nitrides (TiN, CrN, etc.).  
 
II. METHODS & MATERIALS. 
 
Various equipment’s, materials (with their 
specifications) selection of Input Parameters that are 
used in the present work are given in Table I. 

Table I 
Workpiece AISI 316L Stainless Steel 
Cutting tool Multi-layered TiN coatedSi3N4 

nitride ceramics, cermets inserts 
Machine tool All geared Lathe 
Cutting fluid Commercial cutting fluid+CNT 

Nanoparticles+water 
Surface 
analyzer 

Stylus type surface 
profilometer(Federal surf 
analyzer 5000) 

Tool wear 
analyzer 

Scanning Electron Microscope, 
Optical microscope 

Cutting force Piezoelectric tool-post 
dynamometer 

Cutting 
temperature 

Embedded thermocouple setup 

 
III. EXPERIMENTAL PROCEDURE 
 
Experiments were carried out by plain turning of 
48mm diameter and 600mm long rod of AISI 316L 
Stainless Steel on all geared lathe at different cutting 
velocities,feeds and nose radius under wet machining 
with and without CNT inclusions. Preliminary 
experimentation is carried out for dry machining and 
machining with conventional and nano- cutting fluids 
to find the optimum range of various input parameters, 
i.e., feed rate, cutting velocity, and depth of cut (Table 
II). Later, complete experiments are carried out in dry 

machining and machining with conventional and 
nano-cutting fluids conditions, respectively, to find the 
relative advantage of nano-cutting fluid over the other 
one. Cutting force (FC) during the machining trials is 
recorded with the aid of a piezoelectric tool-post 
dynamometer. Surface roughness values of the 
machined workpiece at five locations are recorded 
using a stylus type surface profilometer (Federal Surf 
Analyzer 5000). The average of five surface roughness 
values is calculated and represented as the average 
surface roughness (Ra) value of the machined surface. 
Flank wear measurement and morphology is studied 
using optical microscope. Cutting temperatures are 
measured using embedded thermocouple technique. 
                                      

Table II 
Cutting time (t)     50, 100, 150, 200, 250, 300, 
350 (sec) 
Feed (f)        0.1 (mm/rev) 
Cutting velocity (v)   350 (m/min) 
Depth of cut (d)     1.0 (mm) 
Machining                    i. Dry machining 
      Environments         ii. Conventional cutting fluid 
                                     iii. Nano cutting fluid 
 
IV. RESULTS & DISCUSSION 
 
Tool Wear  
In the present study, tool wear refers to the 
morphology of crater and flank wears. The 
temperature generated in the primary and secondary 
shear zone affects the wear of tool materials. The 
existence of high cutting temperature and stress at the 
cutting edge, together with the brittleness of the tool 
material, accelerates the chipping, cracking, and 
fracture of the tool inserts. This is generally seen in 
dry machining process due to the absence of cutting 
fluid. So, crater wear is high in dry machining (Fig.1 
(a)). Due to continuous rubbing of the machined work 
surface on the thermally softened flank face and 
absence of cutting fluid leads to severe flank wear 
(Fig.1 (b)). Conventional cutting fluids provide 
lubrication and partially reduce the generated heat in 
machining zone compared to dry machining. But due 
to dominant adhesive wear mode, crater wear is 
observed near the tool cutting edge. Weak interface 
bonding between tool and workpiece surfaces increase 
the severity of adhesion wear. The adhered workpiece 
surface layer often remains attached to the tool edge. 
Thus the crater wear is observed at the seizure zone of 
machining (Fig.1 (c)). Continuous rubbing of 
workpiece with the flank face tries to chip-off tool 
flank surface layers. But, because of conventional 
cutting fluid lubrication ability, the tool retains its 
hardness and thus flank wear partially reduces 
compared to the dry machining process (Fig.1 (d, e)). 
But in the case of nano-cutting fluid, because of its 
better conduction, convection, and wettability 
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compared to conventional cutting fluid, both tool 
wears (crater and flank wear) reduce enormously. Due 
to better cooling and lubrication properties of nano- 
cutting fluid, the tool retains its original hardness for 
longer times (Fig.1 (f)). Thus the flank wear is 
minimum compared to the other two processes    (Fig.1 
(g)). 
 

 
FIGURE 1.—Crater and flank wear in (a-b) dry turning, 

(c-d-e) turning with conventional   cutting fluid, and (f-g) turning   
with   nano- cutting fluid. 

 
Cutting Force  
As machining starts, the cutting forces are less as the 
tool is sharp and machining is smooth. As machining 
time increases, the cutting edge wear gradually 
increases either by deformation or by chipping. Thus, 
the cutting force also increases. Figure 2 shows the 
variation of the cutting force with machining time. As 
the machining time increases, the cutting edge wears 
out gradually, irrespective of the presence or absence 
of the cutting fluid. Due to the absence of cutting fluid, 
tool cutting edge wears out early because of the quick 
thermal softening of the cutting tool material. This in 
turn leads to rapid increase in cutting force which is 
clearly seen around in 120s (Fig. 2). The presence of 
conventional cutting fluid improves the life of cutting 
edge by providing better cooling and lubrication. So, 
tool hardness is retained for more time and rapid 
increase in the cutting force is observed around in 

210s of machining time. But in case of the 
nano-cutting fluid, rapid increase in cutting force is 
not observed because of improved cooling and 
lubrication. Though there is a continuous increase in 
the cutting force from the start of machining, while 
machining with nano- cutting fluids, cutting force 
magnitude is smaller as compared to dry machining. 
 

 
FIGURE 2.—Variation of cutting force with machining time for 

dry machining and machining with conventional and 
nano-cutting fluids. 

 
Chip Thickness 
In the dry machining process, because of high 
temperature in the shear zone, the work and tool 
materials get thermal softening. The workpiece 
material is much softer compared to the tool material, 
so continuous helical chips are generated. These chips 
weld to the top surface layers of the rake face and take 
away thermally softened tool rake surface layers. Thus 
the chip thickness is high in dry machining process 
(Fig.3).While machining with conventional cutting 
fluid, a hydrodynamic cutting fluid layer forms 
between chip and tool rake face. This hydrodynamic 
cutting fluid layer tries to push the chip away from the 
rake face. So, chip helix angle increases. Thus, the 
chips are semi long with more helix angle (Fig. 3).In 
machining with nano-cutting fluid, due to 
impingement of CNT, longer chips are forced to 
break, and this leads to tiny segmented chips. 
Nano-cutting fluid provides better cooling and 
lubricating properties which reduce the crater wear. 
So chip thickness is less compared to the other two 
machining techniques (Fig. 3). 
 
Surface Roughness 
 In the dry machining process, the cutting edge wear 
occurs rapidly. So the machining process is no smooth 
and the Ra generated on the workpiece surface is high 
(Fig. 4).When machining with conventional cutting 
fluid, the cutting fluid presence protects the cutting 
edge partially due to its cooling and lubrication 
properties. So, the machining process is partially 
smooth and thus the Ra generated is better compared 
to dry machining. But nano-cutting fluid greatly 
improves the wetting/lubricating properties of rake 
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and flank regions. The net effect leads to better heat 
dissipation, so the machining process is smoother and 
causes retaining of hardness of tool cutting edge. 
Hence the surface roughness achieved during 
machining with Nano-cutting fluid is minimum 
compared to other two machining conditions (Fig. 4). 

 
FIGURE 3.—Effect of feed on chip thickness during dry 

machining and machining with conventional cutting fluid as well 
as nano-cutting fluid. 

 

 
FIGURE 4.—Variation of average surface roughness while dry 
machining and machining with conventional and nano-cutting 

fluid. 
  
SUMMARY AND CONCLUSIONS  
 
In the present work, a comparative study of the 
performance during dry machining and machining 
with conventional and nano-cutting fluids is reported. 
It also investigates the effect on wettability 
characteristics of base fluids when nanoparticles are 
added. This study aims to provide a cheaper nano 
cutting fluid by studying the feasibility of use of nano 
CNT based cutting fluid in mist application, by 
evaluating its performance based on experimental 
measurement of average chip-tool interface 
temperature, tool wear and cutting forces.  The 
following conclusions are made based on the work. 
 
a. It is found that adding CNT to the conventional 
cutting fluid greatly enhances its wettability 
characteristics compared to pure water and 
conventional cutting fluid. 
 b. The great reduction of crater and flank wear is 
attributed to enhanced thermal properties, 
improvement in wettability, and lubricating 
characteristics of the nano-cutting fluid 

 c. There is a reduction of 55% and 35% cutting force 
while machining with nano-cutting fluids compared to 
dry machining and machining with conventional 
cutting fluid, respectively.  
d. There is 54.5% and 28% reduction in the Ra value 
of the machined surface when nano-cutting fluid is 
used compared to dry machining and machining with 
conventional cutting fluid, respectively. 
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