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Abstract: The major focus of this paper is on the wellbeing of mankind and environment. For this, in the
field of manufacturing, every possible attempt has been made to make the manufacturing processes
environment friendly and safer for the health. This gave birth to a unique approach of Green manufacturing.
Green manufacturing involves the use of energy efficient, non-polluting techniques for making the products.
The main source of health hazards in machining operations is cutting fluids. These fluids are composed of
minerals and synthetic compounds. A number of methods like Minimum Quantity Lubrication (MQL), dry
machining, cryogenic machining have been suggested to eradicate the pollution problems. In this paper, the
concept of green manufacturing has been applied on surface grinding process, which is one of the main
processes leading to aerosol or particulate pollution. It is observed that dry machining, which is considered
to be most ecofriendly, leads to high aerosol generation, high surface roughness and consumes more force
and energy. On the other hand, the flood and MQL methods are somewhat comparable to each other but
overall the MQL method leads the other two techniques in all the three spheres of mechanical, quality and
health considerations

Keywords: Green manufacturing, Cutting fluids, Minimum Quantity Lubrication (MQL), Dry machining,
Aerosol generation.

1. INTRODUCTION

The insufficiency of natural reserves and the
increasing worry for environment have forced the
manufacturing companies to manage operations
within an environmental perspective. Many
nations and industries such as chemicals,
fabrication, automotive, engineering, etc. are
looking improvements in environmental
performance as one of the immediate priorities
[5]. While the growth of manufacturing sector is
crucial, the environmental concerns can be never
be kept on back seat. In order to fulfil this goal,
the manufacturing sector is always directed to use
energy and resources efficiently, and minimize
generation of waste and harmful by-products. It
is estimated that even if every manufacturing unit
is halted, still the temperature of earth would
increase by 0.6°C which will lead to the end of
mankind that is why ‘Green Manufacturing’ is

now the need of the hour and no more a mere
slogan [6], [7].

The term green manufacturing was brought
into light in order to reflect  a new
manufacturing scenario that employs various
green strategies and techniques, to match up
with environmental needs of today’s world. The
word green is coined to reflect environmental
awareness and when it is associated with
machining or manufacturing it is used to
illustrate such a manufacturing approach that
consider its working impact on the environment
and resources [4]. Nowadays green machining
includes all the major machining processes like
turning, milling, grinding etc. as well as many
micro machining processes. Cutting fluid which
is considered as the main source of
environmental pollution in manufacturing and
in green machining the main focus is how to
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decrease this environmental degradation by the
application of cutting fluids in machining [3].

Therefore, the proper selection of cutting fluid
and its application is a major facet of green
manufacturing [2]. In MQL, small droplets of oil
in a compressed air jet are sprayed over the
machining zone. To vanish these ill effects,
biodegradable or vegetable oil based cutting fluids
are used which are considered environment
friendly and sustainable. Vegetable based cutting
fluids are well known for their biodegradable
nature, less toxicity and renewability. Keeping in
mind the above mentioned issues, effects of
cutting fluid types are investigated as a function
of following grinding factors (cutting speed, depth
of cut and feed rate) on process outputs (specific
energy, aerosol generation and surface quality).

2. DESIGN OF EXPERIMENTATION

2.1. Grinding machine
The Whole experimentation was performed on
horizontal surface grinder machine manufactured
by Hindustan Machine Tools Ltd., Bangalore,
India as shown in Fig.1. The various accessories
used in the grinding machine include outlet air
pressure regulator, compressor, flow meter and
the atomizing nozzle.

2.2. Set up for the generation of Mist

A nozzle is specially designed with variable diameter
ranging from 1 mm to 2 mm. It has two inlet ports
Port 1 and Port 2. Air coming from compressor
through pressure gauge at a desired pressure enters
into nozzle through Port 1 and metered amount of
water coming through flow meter enters into the

nozzle through Port 2 by employing Non return
valve and centrifugal pump. Due to pressure
difference created at the outlet of the nozzle fine
mist was produced by mixing of the cutting fluid
and the compressed air. Cutting fluid was flown
from the tank with help of centrifugal pump
attached with 0.25 HP motor. As the pressure was
increased, the mist production was more up to
certain level and reached to a saturation of about 8
kg/cm2, then the drawing capacity of cutting fluid
at the nozzle stopped because the pressure of air
was too high and it pushed the cutting fluid towards
the cutting fluid tank . The maximum pressure of
air in the experiment was limited to 5 kg/cm2. The
mist, thus generated was directed towards the
cutting zone but due to its diverging nature it
covered total heat generated area. Mist flow rate
may be varied by varying the amount of cutting fluid
using flow meter at desired pressure.

2.3. Specifications and characteristics of
Cutting fluid

In this research work, the experiments were
performed by varying machining input conditions
(like feed rate and length of cut) and measuring
responses such as cutting force, shear plane
temperature and roughness of work piece. The
cutting fluid used was servo cut S which is a
product of Indian oil and also it is high quality
soluble cutting oil. When this oil is mixed with
water a homogeneous rich milky emulsion is
formed which is stable in nature. The flow of
coolant was kept constant throughout the
experiments and it was approximately litres/min.
The main characteristics of this cutting fluid are:

• It has very good lubricating properties
and highest cooling.

• A long lasting stable emulsion was
obtained.

• Very excellent surface finish of the work
piece was obtained because of this cutting
oil.

• The work piece and all the machine
accessories were protected against rust
and corrosion because of this cutting oil.

• Tool wear rate was minimized and thus
excellent surface quality was obtained.

2.4. Air Particle Counter

Lasair II particle counter model no. 310 A was
used in this experiment for counting the no. ofFigure 1: Horizontal surfce grinder machine
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• RPM of the grinding wheel : 1500 rpm
(Constant),

•  Grinding wheel speed (Vs) : 22 m/s
• Table Speed (Vw)(variable) :  5m/min,

l0m/min, 15m/min
• Depth of cut(variable) : 6ìm,

10m,
14m

Table 1
Values of Parameters for “Dry, Flood coolant

and Mist Coolant” conditions:

Serial no. Parameters/Phase (P) Values

1. Dry phase NIL

2. Flood coolant 3 litres/min

3. Mist coolant 36ml/hr.

2.8. Design of Experiments
The experiments consist of total 3 phases namely
Dry grinding, Flood grinding and Mist mineral
grinding. For the evaluation of grinding forces,
lab view software was used through which all the
forces were obtained on the connected computer
monitor.3 levels of table speed and 3 levels of
depth of cut were selected and thus according to
full factorial methodology, a total of 3 × 3 = 9
experiments for each phase and 2 centre point
treatments were obtained. 3 phase of grinding was
to be done, so according to this methodology, a
total of 11 × 3 = 33 experiments were conducted.

3. RESULTS AND DISCUSSIONS
From all the experimental work, the following
results have been achieved and plotted in the
graphs mentioned below. The three solid lines in
all the plots shows responses for various
parameters with respect to Depth of Cut, Work
piece speed and MRR for three different phases
of grinding i.e. dry, flood and MQL phase.

3.1. Measurement of cutting forces
The experimental data of forces obtained during
grinding of Titanium specimen using the
conventional methods (dry and flood), and MQL
(mist) techniques with varying depth of cut and
table speed. There is a increasing trend in force
with increase of wheel speed and the amount of
force is maximum in case of Dry machining due
absence of any kind of lubrication or cooling
mechanism which also leads to high wear rate and

Figure 2: Air particle counter

particles emitted during grinding process. This
particle counter is helpful in the real time
measurement of defects causing particles with
more accuracy. This is portable counter for
localizing particle sources. The specifications of
this instrument are as follows:

• Operating conditions: Temp: (15-35°C);
Humdity: (10-85% non-condensing)

• Channels: 0.3, 0.5, 1.0, 5.0, 10.0, 25.0 ìm
• Flow rate: 1.0 CFM (28.3LPM)
• Maximum concentration: >375,000/ft3

2.5. Work piece used in the experiments
The Work-piece used in this experiment was
Titanium alloy Ti6Al4V. The Dimension of
specimen was, 150mm  40mm. To avoid thermal
distortion of dynamometer, the work-piece was
mounted over MS plate size, 179mm  60mm 
16mm in dimension directly on to the
dynamometer with the help of screws.

2.6. Specifications of the grinding wheel
In this experiment, the Grinding wheel used was
A46J5VCL whose diameter was 290 mm and it was
kept same while performing all the experiments.
The width of the grinding wheel was 25 mm. Before
operating the machine it was checked and found
that the wheel was properly balanced.

2.7. Different machining conditions for
grinding

The different conditions used in the experiment
were as follows:
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frequent dressing of grinding wheel. In MQL, as
there is better lubrication, the main force factor
i.e. tangential force (Ft) is least in comparison with

dry and flood technique. This is because of the
better slipping of the grains the tool and
workpiece. Also the peripheral velocity of
workpiece is less which also leads to lesser
tangential force. The little difference in trend from
that of experimental trend is due to the physics
of grinding, i.e. due to decrease in diameter of
wheel after every pass. It is also observed that
after a certain amount of speed, the force during
flood and MQL phase becomes comparable and
after a certain speed, the forces tends to become
almost constant.

3.2. Effect of volumetric MRR on specific
energy

The experimental results shows the same trend
as in the theoretical model proposed by
Bauer(1999), that is with increase in MRR or Width
of cut, there is decrease in the specific energy. As
this trend of decrease in specific energy is found to
be steeper in case of MQL than the other two i.e.
with little increase in MRR or width of cut, there

Figure 3: Cutting forces at different feed rates.

(a)

(c)

(b)

(b)

(a)
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is considerable decrease in specific energy. In case
of dry and flood machining, lesser steepness has
been observed. Hence, the MQL phase with steeper
slope is best in terms of specific energy.

3.3. Effect of work speed on aerosol
diameter (d)

In case of dry machining, the aerosol particles are
of very minute size i.e. about 10-15 µm which is
comparable to that of the particles which we can
easily inhale through our nose. In flood
machining, although the particle size is larger
than dry machining i.e. about 45-53 µm but
worker is still prone to its inhalation. But in case
of MQL or mist, there is a commendable increase
in particle size because in MQL the fluid is
already in the mist form and the aerosol get mixed
up and their diameter increases immensely. In
this phase, the diameter of aerosol particle ranges
from 371–794 µm.

(c)

Figure 5: Effect of Work Speed on Aerosol Diameter

Table 2
Experimental data for “Dry, Flood coolant

and Mist Coolant” conditions

S P Vw DOC Ft,c Ra U d
(µm) (N) (µm) (µm)

1 Dry 5 6 25.38 1.35 50.11 10.66

2 Dry 5 10 37.24 1.36 43.79 12.31

3 Dry 5 14 48.68 1.41 40.57 11.14

4 Dry 10 6 50.12 0.93 58.14 15.42

5 Dry 10 10 73.95 1.12 51.38 12.52

6 Dry 10 14 97.05 1.19 47.87 21.07

7 Dry 15 6 76.67 0.81 68.67 16.95

8 Dry 15 10 113.30 1.01 60.56 12.55

9 Dry 15 14 148.89 1.09 56.53 14.88

10 Flood 5 6 30.50 0.68 64.22 45.57

11 Flood 5 10 37.34 0.78 46.85 42.311

12 Flood 5 14 47.17 1.01 41.98 41.08

13 Flood 10 6 35.26 0.67 43.4 32.1

14 Flood 10 10 42.53 0.70 31.22 39.48

15 Flood 10 14 47.45 0.94 24.73 46.2

16 Flood 15 6 36.32 0.72 34.12 53.72

17 Flood 15 10 44.73 0.72 25.08 48.17

18 Flood 15 14 50.09 0.82 19.95 46.14

19 MQL 5 6 20.23 0.68 45.25 654.96

20 MQL 5 10 29.86 0.70 39.82 746.03

21 MQL 5 14 39.18 0.88 37.06 743.29

22 MQL 10 6 39.36 0.65 51.03 794.91

23 MQL 10 10 58.52 0.68 45.27 371.32

24 MQL 10 14 77.15 0.79 42.4 541.48

25 MQL 15 6 59.68 0.64 58.59 510.54

26 MQL 15 10 88.81 0.68 52.13 542.13

27 MQL 15 14 117.28 0.77 48.92 695.34

4. CONCLUSIONS

Following conclusions have been drawn for the
surface grinding of a Titanium alloy (Ti6Al4V):

• In case of aerosol generation, the flood
type is a good trade-off between flood and
MQL as in MQL the size as well as the
number of aerosol particles generated is
very large. Dry machining leads to the
formation of very small sized particles
which can enter very easily into workers
body.

• With increase in MRR, there is decrease is
specific energy and this decrease in energy
is steeper in case of MQL. In case of flood
and dry, the trend is decreasing but after

Figure 4: Effect of Volumetric MRR on Specific Energy
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some time, it becomes almost constant and
no further decrease was observed.

• In context to force, dry machining
constitutes maximum energy as there is
no lubrication or cooling of interface,
whereas at high speed and low depth of
cut, the force value in both the cases i.e.
flood and MQL, becomes equal. In MQL
there is more lubrication and better
slipping of wheel grains than flood and
dry phases. The experimental data shows
25 % and 31% lesser tangential forces by
MQL method as compared to flood and
dry methods respectively.
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