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Abstract: In the present investigation an attempt has been made to explore the potential of MQL Milling of
Stainless Steel-304 using coated carbide tool inserts. The performance of tool under MQL machining has
been compared with dry machining and machining with flooded lubrication in terms of tool flank wear. The
results showed that milling under MQL conditions gave superior results over wet and dry milling operations
in terms of reduced tool wear. Factorial design of experiments ANOVA analysis was applied to investigate
the statistically significant parameters. Desirability function optimization was applied to find out optimal
setting of parameters to minimize tool wear in MQL machining of stainless steel-304.
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1. INTRODUCTION

High production machining of steel inherently
generates high cutting zone temperature. Such
high temperature causes dimensional deviation
and premature failure of cutting tools [1-2]. Use
of cutting fluids to reduce heat generation and
temperature in high speed machining can be
ineffective, as it becomes difficult for the cutting
fluids to gain access to the secondary contact zone
due to highly localized stress and elevated
temperatures. Moreover, it is assumed that,
machining without the use of cutting fluid oils can
be environmentally friendly. In addition, high
speed dry machining cannot always be
economically feasible due to the limited capability
of cutting tools to withstand and effectively
perform at elevated temperatures [3]. Thus, a
bridging technology is needed to partially fulfil
the functions of cutting fluids without
compromising the environment. The most credible
bridging technology between dry machining and
wet machining is minimum quantity lubrication
(MQL).

The conventional coolant method as based on
a flooding system is not always effective as the
coolant often fails to penetrate into the tool chip
interface during the machining process [4]. Second
method is dry machining, in which coolant is not
used during machining. So it becomes very
difficult to machine soft materials because these
materials tend to stick with tool face when
machined in dry conditions. Therefore the
necessity to do machining by using less harmful
cutting fluids has promoted many researchers to
investigate the use of minimum quantity
lubrication (MQL) in machining [5]. It is a
technique of delivering the cutting fluid directly
at the tool/work interface in the form of mist
(mixture of cutting oil and compressed air. There
are a number of benefits associated with the use
of MQL. Firstly, the amount of coolant used in
MQL is very small as compared to flood
lubrication system. Secondly, it led to better tool
life due to reduced tool wear. Thirdly, the cost of
cutting and also coolant handling is lowered due
to reduced use of cutting fluid and also reduces
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thermal shock which otherwise may account for
7-17% of total production cost [6-8].

1.1. Concept of MQL Milling
In minimum quantity lubrication, a small
volume of cutting fluid is transported to the
cutting zone assisted by air and converted via
orifices into small particles (atomization). These
small particles are delivered to the cutting zone
in the form of air borne particles, a gaseous
suspension of liquid particles. Oil in the
reservoir is kept under constant pressure higher
than in the mixing chamber. This pressure
difference will make the oil flow up to the end
of the nozzle where an orifice is located. The
orifice has the main function of accelerating the
particles movement. As the particles speed
increases, the particles size will be reduced.
Smaller oil particles discharged from nozzle tip
will subsequently be accelerated by the
compressed air hence creating air borne
particles. The lubricant in the form of air borne
particles will have increased penetrability,
especially to intrinsic (i.e. difficult to reach)
areas. In this way, minute capillary created by
two different surface asperities will help the
small size particles of lubricant to gain access
to the margined of the sliding and sticking areas
[9-12]. Additionally, the lubricant in the form
of air borne particles will increase cooling
capacity due to vaporization of lubricant
particles. The concentration of lubricant in MQL
varies between 0.2 and 500 ml/hr. and is not
re-circulated through the coolant delivery
system [13]. Air pressure is roughly 5 bar. MQL
is a consumption type of lubrication because the
bulk of the lubrication applied is evaporated at
the point of application [14].

2. EXPERIMENTAL DETAIL
2.1. Equipment, Materials and

Methodology
The work material selected in current
investigations was: Stainless steel 304 in the form
of slab: 200mm  150mm  50mm, having
hardness HRB85), which is the common austenitic
stainless steel, having lower thermal conductivity
than carbon steels. The rate of thermal expansion
is greater than ordinary steel. These steels exhibit
excellent resistance to corrosion over a wide range
of atmospheric conditions, and up to maximum

temperature of about 1650°F (899°C). This steel
is non-hardenable by heat treatment and finds
application in chemical, textile and food industry.
The chemical composition of SS304 is given below
in Table 1. Coated Carbide (Mitsubishi- F7030,
ISO Designation: SOMT12T308PEER-JH) inserts
coated with a thin layer of TiCN-Al2O3-TiN were
employed for face milling. The hardness of tool
grade inserts is 88.8 HRA and these are highly
suitable for machining stainless steel. The
experiments were conducted on Vertical
Machining Centre (HAAS SUPER VF-2) at R&D
Polytechnic College; Ludhiana (India) with a
cutter diameter of 50 mm, mounted with
rectangular coated tool inserts (MITSUBISHI
TOOLS). Brief specifications of the machine are:
Max. X-Axis travel=762mm, Max. Y-Axis travel
= 406mm Max. Z-Axis travel = 508mm, length of
table = 914mm, width of table = 356mm, Max.
Tool Dia. = 89mm, Max. Spindle rating 2.24kw
and Max. Torque = 122Nm @200rpm.

The inserts were rigidly clamped on the milling
cutter tool. The top surface of the work piece was
machined first to remove the oxidized layer. Each
experimental run was performed by using a fresh
cutting edge of indexable inserts. After finding the
optimized level of machining parameters during
MQL machining, experiments were also conducted
under dry and flooded coolant conditions to
compare performance of tool under MQL
conditions, with that in dry and wet machining.

2.2. MQL Set-up

The MQL set up used in current investigation was
imported from Israel (Noga). As shown in Fig. 1,
it has two inlet pipes and two discharge tubes
which are joined at mixing chamber. There are
nozzles at the end of both discharge tubes. One
inlet pipe is connected to the compressed air pipe
while the other is dipped in the container
containing oil. Depending on the pressure of the
air, the oil from the container is sucked and
delivered through the discharge tubes in the form
of aerosol. There is a pull-push button which
allows the aerosol supply when pulled out and
stops the supply when pushed inwards. Cutting
oil was applied on tool cutting edge in the form of
fine mist (aerosol) delivered at 5 bar pressure
through 2 nozzles at an angle of 450 to the tool
feed direction. Face milling tests were completed
for various combinations of machining
parameters.
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Table 1
Chemical Composition of SS304 (wt %) [15]

C Mn P S Si Cr Ni N

8 2 0.045 0.03 0.75 18 8-12 0.1

2.3. Design of Experiments
In current investigation, Factorial Design was
applied for planning of experiments. Three
controlling factors selected in the present study
were: cutting speed (A), feed rate (B) and depth
of cut (C) with the objective to achieve minimum
average tool flank wear (VB). Three levels were
selected for each controlling factor. The levels of
machining parameters were selected based on
literature review, recommendations of tool
manufacturer [15 -18], and pilot studies conducted
before performing actual experiments. The
experiments were interrupted at regular intervals
to record average values of tool flank wear. The
experiments were ended when the condition VB
 300 µm was achieved.

The objective was to evaluate feasibility of
milling SS-304 under MQL conditions and also
to compare its performance in dry and wet
machining; in order to investigate the influence
of machining parameters: cutting speed, feed and
depth of cut on VB; optimize machining
parameters to minimize VB and to optimize MQL
regimes to minimize tool wear.

3. ANALYSIS AND DISCUSSION OF
RESULTS

Table 2 shows the experimental plan and the
results for each experimental run in terms of

average flank wear (VB). In order to analyse the
results of experimentation, the observed data was
processed with Design Expert software, to apply
ANOVA and Lack of Fit tests and regression
models were applied on both response
parameters.

3.1. ANOVA test

The analysis of variance (ANOVA) test was
performed to evaluate statistical significance of
the fitted 2F1 models and factors involved therein.
In addition to this, the goodness of fit of the fitted
2F1models was also evaluated through Lack of
Fit test. The ANOVA results obtained are
summarized in Table 3 and model statistics are
given in Table 4.

3.2. Analysis of Flank wear

The Model F-value of 74.20 implies that the model
is significant. There is only a 0.05% chance that
a “Modal F-Value” this large could occur due to
noise.

Valuesof “Prob > F” less than 0.05 indicate
model terms are significant. In this case A, BC
are significant model terms. Values greater than
0.10 indicate the model terms are not significant.
The “Curvature F-value” of 18.77 implies there
is significant curvature (as measured bydifference
between the average of the center points and the
average of the factorial points) in the design space.
There is only a 1.23% chance that a “Curvature
F-value” this large could occur due to noise.

The “Lack of Fit F-value” of 3.02 implies the
Lack of Fit is not significant relative to the pure

Figure 1: MQL Setup fixed on HAAS CNC Machine

Table 2
Experimental Plan and Results

Run Speed-A Feed-B DOC-C VB
No. (m/min) mm/rev. (mm) (µm)

1 120 0.13 0.50 258

2 100 0.10 0.25 280

3 100 0.16 0.25 292.5

4 140 0.16 0.25 260

5 100 0.10 0.75 295

6 140 0.10 0.75 256.25

7 140 0.10 0.25 235.5

8 100 0.16 0.75 280

9 140 0.16 0.75 245

10 120 0.13 0.50 255
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error. There is a 39.44% chance that a “Lack of
Fit F-value” this large could occur due to noise.

The “Pred R2” of 0.9149 is in reasonable
agreement with the “Adj R2” of 0.9734.”Adeq
Precision” measures the signal to noise ratio. A
ratio greater than 4 is desirable. A ratio of 21.546
indicates an adequate signal. This model can be
used to navigate the design space. The regression
model for VB in terms of input parameters speed
(A), feed (B) and depth of cut (C) is given by eqn.1:

VB = 268.03 – 18.84 * A + 1.34 *
B + 1.03 * C – 7.91 * B * C (1)

3.3. Effect of Input Parameters on Flank
Wear (VB)

3.3.1. Effect of Cutting Speed

Figure 2 shows the plot of flank wear VB Vs speed.
From the graph it can be observed that flank wear
VB is minimum at speed of 140 m/min and
increases with decrease in speed. The maximim
value of tool wear occurs at minimum value of
speed i.e.100 m/min. As higher values of VB are

not desired, it is adviced that experiments should
be conducted at higher speed in order to get
reduced flank wear and hence increased tool life.

3.3.2. Effect of Feed Rate

The effect of feed on flank wear is illustrated in
Fig. 3. The plot shows the variation of flank wear
VB with change in feed for a constant value of
depth of cut. The red coloured curve represents
variation of VB with change in speed at a depth of
cut of 0.750 mm and black coloured curve
represents the variation of VB with change in speed
at depth of cut 0.250 mm. It is observed that flank
wear VB for 0.750 mm depth of cut is minimum at
feed of 0.16 mm and increases with decrease in

Table 3
Analysis of Variance for VB

S SS DF MS F- P- Rem.
value value

Model 3363.7 4 840.93 74.20 0.0005 S

A 2840.7 1 2840.7 250.64 0.0001 S

B 14.4 1 14.44 1.28 0.3220

C 8.5 1 8.51 0.75 0.4351

BC 500.1 1 500.1 44.12 0.0027 S

Curv. 212.7 1 212.7 18.77 0.0123 S

Resid. 45.3 4 11.3

Lack of Fit 40.84 3 13.6 3.03 0.3944 NS

Pure Error 4.5 1 4.50

Corr. Total 3621.8 9

Note: S, DF, SS, MS, Rem., S and NS represents source,
degree of freedom, sum of square, mean of square, remarks,
significant and not significant respectively.

Table 4
ANOVA statistics for VB

Std. Dev. 3.37 R2 0.9867

Mean 265.73 Adj. R2 0.9734

C.V. 1.27 Pred. R2 0.9149

PRESS 308.39 Adeq. Precision 21.546

Figure 2: Effect of Speed on Flank Wear (VB)

Figure 3: Effect of Feed on Flank Wear VB
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feed. But the plot for depth of cut 0.250 mm shows
reverse behaviour. At feed 0.1 mm, the flank wear
VB plot is minimum and it increases with increase
in feed. It can be noticed from the graph that for
smaller depth of cut, the flank wear VB increases
with increase in feed and for larger depth of cut,
the flank wear VB decreases with increase in feed.

3.3. Optimization Of Cutting Conditions

In the present study, Desirability function
optimization has been employed for response (VB)
optimization. The optimization module searches
for a combination of factor levels that
simultaneously satisfy the requirements imposed
on each of the response factor, in an attempt to
establish the appropriate model. The objective of
optimization is to find the optimal values of input
parameters to minimize the value of flank wear
(VB) during MQL milling of Stainless steel-304
with carbide tools. The constraints used for
optimization are given in Table 5. The lower and
upper limits of input parameters correspond to
the range of input parameters selected in this
study. The optimal solutions obtained are
reported in Table 6 in order of their decreasing
desirability level.

It is clear from Table 6 that the most optimal
solution is: Speed = 140m/min., feed rate =
0.10mm/rev. and DOC = 0.25mm with VB
approaching 238.91µm.

4. COMPARISON WITH DRY AND
FLOODED MACHINING

After evaluating the optimized levels of input
parameters under MQL milling, experiments
under dry and wet conditions (corresponding to
centre point in Factorial experiments) were
performed to compare tool performance in terms
of tool flank wear with those dry and wet milling.
Results have revealed that MQL results in lower
tool flank wear compared to dry and wet milling.
Table 7, clearly validates that MQL is a better
alternative to dry and wet cutting of sticky
materials like stainless steel. It validates that
MQL results in increased tool life than dry and
wet lubrication techniques.

Table 7
Comparison of Dry, Wet and

MQL Technique in terms of VB

Cutting Feed DOC Dry Wet MQL
Speed (mm/rev) (mm) VB VB VB

(m/min) (µm) (µm) (µm)

120 0.13 0.5 317.5 323.75 255

5. CONCLUSIONS

The present investigation was carried out to
explore the potential of MQL milling of stainless
steel 304 with coated carbide tool inserts. The
performance of cutting tool in terms of tool flank
wear under MQL conditions has also been
compared with wet and dry face milling. Following
conclusions are drawn from the analysis of
results:

1. Face Milling under MQL conditions has
shown superior results over wet and dry
milling in terms of low tool wear, which
validates the benefit of MQL technique
in face milling application compared to
wet and dry system.

2. For same feed and depth of cut, the tool
flank wear decreases with increase in
speed.

3. For smaller depth of cut if the feed is
increased, the tool flank wear increases
and at large depth of cut the tool flank
wear decreases with increase in feed.

4. The optimum combination of parameters/
conditions to minimize the tool wear is:
cutting speed = 140 m/min, feed rate =
0.10 mm/rev and depth of cut = 0.25 mm.

Table 5
Constraints for Optimization

Name Goal L-lt. U-lt. L-wt. U-wt. Imp.

Speed in range 100 140 1 1 3
Feed in range 0.1 0.16 1 1 3
DOC in range 0.25 0.75 1 1 3
VB minimize 235 295 1 1 3

Note: L-lt., U-lt., L-wt., U-wt. and Imp. represents lower limit,
upper limit, lower weight, upper weight and importance
respectively.

Table 6
Optimal Solutions

No. Speed Feed DOC VB Desirability

1 140 0.10 0.25 238.91 0.81
2 140 0.10 0.26 239.42 0.80
3 139 0.10 0.25 239.72 0.80
4 140 0.10 0.25 239.52 0.79
5 140 0.10 0.25 239.63 0.79
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5. The predicted optimum response from
ANOVA analysis for VB is 238.91 µm.

6. The Factorial optimization results have
been validated statistically by ANOVA F-
test and Lack of Fit tests for the response
parameters.
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