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Abstract: Hard turned products are widely used in manufacturing industries due to their significant features
like superior surface quality and high wear resistance. However, major problem associated with hard turning
is the high heat generation at the cutting zone, it causes earlier tool wear rate and deteriorates the surface
quality of the finished products. Generally, cutting fluids are applied to control the heat generation, but due
to environmental regulations, their uses are limited. Nowadays, many new techniques are available for the
lubrication are during machining process. The use of solid lubricants is one of them. The use of solid lubricants
during machining eliminates all the problems associated with cutting fluids. Therefore, in this research
work an attempt has been made to find the effect of cutting environment (dry, wet and solid lubricant)
during hard turning of AISI 4340 steel. The process parameters selected for this research work are cutting
speed and feed rate. Experiment are analysed by using analysis of variance (ANOVA). The results indicate
that performance of solid lubricant assisted machining is better than dry and wet conditions. The feed rate
is the most significant factor during hard turning.
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1. INTRODUCTION

Now a day, demands of using hardened steel are
increasing worldwide due its broad range of
applications in automobile, bearing, and tool and
die industries. Superior surface quality with high
wear resistance is the key features of hard
turning. The surface finish is the significant
parameter during hard turning because, it
influences characteristics of machined component
like corrosion resistance, wear rate, coefficient of
friction and fatigue strength of the machined
parts. There are large numbers of parameters that
affect the surface quality of finished goods during
machining. These parameters are cutting tool
variables, workpiece variables, and cutting
conditions. The cutting tool variables include tool
materials, tool geometry, tool vibration, tool
overhang, etc. Workpiece materials variables are
material hardness and other mechanical
properties. Cutting parameters are the speed, feed
and depth of cut. The environmental conditions
are dry, wet, working temperature and other

weather conditions. The better surface quality of
finished goods can only be achieved by selecting
appropriate combinations of the process
parameters.

However, major problem associated with the
hard turning is the high heat generation due to
friction at the cutting zone, which affects the tool
life and surface quality of finished products. The
heat generation at the cutting zone is controlled
by the use of coolants. Many researchers have
investigated the effect of using cutting fluids
during machining. F. Taylor reported that cutting
could be done at high speed without reducing tool
life by applying a significant amount of cutting
fluids [1]. DeChiffre described that the cutting
fluid provides a lubricating action which results
in the reduction of the contact length. It leads to
the reduction of cutting forces and the extension
of tool life. In another study, he analyzed that the
surface quality during machining using different
lubricants [2-3]. Kurimoto and Barrow reported
that flooded coolant influence the tool life where
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crater wear dominated by the failure mechanism
[4]. Konig et al. indicated that metallurgical
changes during hard turning could be avoided by
the use of cutting fluids [5]. Tonshoff et al. studied
that tool wear rate is reduced by the use of flooded
soluble oil during hard turning of ASTM5115 steel
(60–62 HRC) with ceramic tools [6]. Seah et al.
studied that use of coolant while the machining
does not essentially lessen tool wear but in some
condition, the wear rate is same as that measured
in dry condition [7]. Ozcelik et al. reported that
8% of the extreme pressure of canola-based
cutting fluid performed better during the
machining of AISI 304L steel [8]. Braham et al.
observed better chip breakup, long tool life and
superior surface quality by using high-pressure
coolants during the machining [9].

Therefore, it is observed from the previous
research work that the use of cutting fluids help
in controlling the temperature of cutting zone that
in turn enhances the surface quality of finished
goods and tool life. However, storage, and disposal
problems are related to the use of cutting fluids.
Moreover, it also leads to environmental
pollutions. Therefore, there is a need to examine
some other environmental friendly lubricants
during hard turning.

The use of solid lubricants during hard
turning is the novel technique. Solid lubricants
technique is an alternative to cutting fluids as it
is environment-friendly as well as operator
friendly. Though, some researchers have explored
the ideas of using solid lubricants during
machining. Shaji and Radhakrishnan observed
high wear rate of the grinding wheel by the use
of graphite as a solid lubricant when compared
to CaF2 as a solid lubricant. It is because of nature
of bond in CaF2 is fusion type and is strong than
the bonding in graphite [10]. Gopal and Rao
studied that the surface finish improved during
the grinding of SiC by the use of graphite as solid
lubricants [11]. Reddy and Rao reported that heat
generation at milling zone was reduced by using
graphite as a solid lubricant during milling of
AISI 1045 steel. In another study, they examined
that milling performance was significantly
enhanced by the uses of graphite and
molybdenum disulphide as solid lubricants during
milling of AISI 1045 steel [12-13]. Singh and Rao
reported that the performance of machining
process was enhanced by the application of solid
lubricants during the machining. They observed

that under similar conditions the performance of
molybdenum disulphide was superior to graphite
and dry conditions [14].

Therefore, it is observed from the past
research work that the cutting environments
influence the surface quality of finished products
during hard turning. Although, some researchers
have investigated the influence of solid lubricants
like graphite, molybdenum disulphide and CaF2
during hard turning, but still there is need to
explore the uses of some more solid lubricants like
aluminium oxide, hexagonal boron nitride and
zinc- sulphide during hard turning. Therefore, an
attempt has been in this research work to
investigate the effect of cutting environments
(dry, wet and solid lubricant) during hard turning
of AISI 4340 steel with CBN tools. The zinc-
sulphide is selected as solid lubricant. The cutting
speed and feed rate are taken as process
parameters.

2. EXPERIMENTAL DETAIL

Heat-treatable AISI 4340 steel is selected for the
experimentation. It is used where high tensile and
yield strength of the material is required. AISI
4340 steel has a broad range of applications in
manufacturing sectors such as aerospace,
automobile and general engineering industries.
The chemical compositions of the workpiece are
given in Table 1.

Before machining, the workpieces are heat-
treated to accomplish hardness 45±2 HRC. For
the experimentation, the 65 mm diameter and 350
mm length of the workpiece are selected to
maintain the L/D ratio not more than 10 as per
ISO 3685 standards 1993. The cutting tool inserts
materials selected for this study is grade K5625
with ISO geometry SNGA 431S0425MT of
Kennametal of different nose radius was used in
turning hardened AISI 4340 steel. The inserts
were mounted on an MSSNR2525M12 (ISO) tool
holder. Zinc-sulphide is selected as solid lubricant
with average particle size 5 m.

Table 1
Chemical percentage of element in AISI 4340 steel

AISI- C Mn Si S P Cr Ni Mo
4340
steel

% 0.42 0.58 0.27 0.024 0.026 0.026 1.47 0.22
content
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The solid lubricant feeder arrangement
consists of four components, namely feeder
(Hopper), a shaft with a helical groove, the single-
phase induction motor and the stand as
represented by line diagram in Fig. 1. The flow
rate of the solid lubricant is controlled by
changing the speed of the motor. It is designed to
supply the solid lubricants from 7 g/min to 35 g /
min. In this experimental study, three parameters
are selected, which are cutting speed (v), feed rate
(f) and cutting conditions (dry, wet and solid
lubricant) are selected for experimentation as
shown in Table 2.

The design of experiment plays a vital role in
performing the experiments with the available
resources. Taguchi method for optimization is
selected for planning the experimentation.
Taguchi method is a powerful tool for the design
of the high-quality system. It provides an easy,
proficient and organised approach to optimise
design for performance, quality, and cost.

Taguchi proposed an experimental plan
regarding the orthogonal array that gives a
different combination of the parameters and their
levels for each experiment. According to this
technique, entire parameter space is studied with

a minimum number of experiments. This
approach is based on the use of orthogonal arrays
to conduct small, fractional factorial experiments
up to larger, full factorial experiment. The
orthogonal array chosen was L9, corresponding to
the number of parameter combinations and
degree of freedom. The design matrix as per L9
orthogonal array as shown in Table 3.

The surface roughness (Ra) is taken as a
response variable. Taguchi, design for
optimization smaller the better approach was
chosen for evaluating the surface roughness. A
high precision HMT made lathe was used for
experimentation. The surface roughness (Ra) of
the AISI 4340 steel was measured with Mitutoyo
made surface roughness tester. The average of
three measurements was used as a response
value. Before the actual test, the trial runs have
been performed to get minimum surface
roughness against the different rate of solid
lubricant supply. It was found that at 7 g/min flow
rate, the surface roughness observed to be
minimum. However, for flow rate more than 7g/
min surface quality became degraded. Therefore,
flow rate 7 g/min is selected for this study.

3. RESULT AND DISCUSSION

To analyse the influence of each variable on
surface roughness, experiments are analysed by
performing analysis of variance (ANOVA). The
ANOVA for surface roughness is as shown in
Table 4. The ANOVA for surface roughness shows
the percentage contribution of each factor. It also
indicates the sum of squares, mean squares, the
degree of freedom, calculated and F value.
Examinations of F-level are taken at 95%. The R2

value of the model is 0.925. It has been observed

Figure 1: Line diagram showing set–up for solid
lubricant

Table 2
Process variables and their levels

Factors Level -1 Level-2 Level-3

Cutting Environment Dry Wet Solid Lubricant

Cutting Speed v (m/min) 100 125 150

Feed rate f (mm/rev) 0.1 0.15 0.2

Table 3
Orthogonal array L9 for experimental design

Run No. Environment v(m/min) f(mm/rev)

1 dry 100 0.10

2 dry 125 0.15

3 dry 150 0.20

4 wet 100 0.15

5 wet 125 0.20

6 wet 150 0.10

7 solid 100 0.20

8 solid 125 0.10

9 solid 150 0.15
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from the ANOVA that the feed rate is the
significant parameter.

The effects of each process variables i.e.
cutting speed, feed rate and environmental
conditions on surface roughness are shown in Fig.
2. It illustrates the main effects for means of
surface roughness.

The main effect plot of means for surface
roughness is as shown in Fig. 2. It has been
observed from the plot that surfaces roughness
decrease with increase in cutting speed. It is due
to the time for which the chip surface remains in
contact with a cutting tool decreases with the
increase in cutting speed. This leads to decrease
in friction between chip-tool interface which
causes the reduction in surface roughness.

It has been observed from the plot 2, that
surface roughness increases with an increase in
feed rate. It is due to the extra energy is required
per revolution with an increase in feed rate.
Therefore, high heat is generated at the cutting
zone which resulted in deteriorating the surface
quality at higher feed rates. Fig. 2, also show the
effect of cutting environments, It is observed from

the plot, that the lower value of surface roughness
is achieved with Zinc sulphide as solid lubricant
assisted machining when compared to dry and wet
conditions of machining. It is because of the lower
coefficient of friction of ZnS, which helps in
reducing friction at tool-workpiece interface. In
addition, the crystal structure of ZnS provides
lubricating properties, which helps in reduction of
surface roughness. Therefore, it can be concluded
that ZnS assisted hard turning provides a better
finish than dry and wet conditions of machining.

4. PREDICTION OF OPTIMUM SURFACE
QUALITY

The best response of the process parameters is
the ideal technique for determination of the
optimum value of surface roughness.The response
Table 5, for the means of surface roughness, is
generated with the help of Taguchi optimization
technique.

Table 5
Response table for means of surface roughness

Level Conditions Cutting speed Feed rate

1 1.1167 1.0533 0.7733

2 1.0367 1.0167 0.9500

3 0.7800 0.8633 1.2100

Delta 0.3367 0.1900 0.4367

Rank 2 3 1

The objective is to minimise surface roughness
by taking machining parameters in range as a
constraint. The minimum values of surface
roughness are observed at feed rate 0.1 mm/rev,
cutting speed 150 m/min and with solid lubricant
as cutting condition. It has been observed that
minimum surface roughness is at a low value of
feed rate because the feed is the most dominating
factor for evaluating the surface roughness.

5. CONCLUSIONS
The experiments have been performed to
determine the influence of cutting environments
(dry wet and solid lubricant) conditions on surface
roughness during hard turning of AISI 4340 steel
along with other process parameters such as
cutting speed and feed rate. The optimization of
the process parameters are carried out with the
help of Taguchi Technique. The following
observations are made from the experimental
outcomes;

Table 4
Analysis of Variance for Means

Source DF Seq SS Adj MS F *C

lubricant 2 0.18562 0.09281 4.29 32.03

cutting speed 2 0.06096 0.03048 1.41 10.52

feed rate 2 0.28949 0.14474 6.69 49.96

Residual Error 2 0.04329 0.02164 7.47

Total 8 0.57936

            S = 0.1471      R-Sq = 92.5% R-Sq(adj) = 70.1%

*C = Percentage Contribution

Figure 2: Main Effects plot for Mean of surfaec
roughness
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• The feed rate is the significant
parameters, which affect the surface
quality during hard turning. The feed rate
is contributing 49.96%.

• The minimum values of the surface
roughness are observed at feed rate 0.1
mm/rev, cutting speed 150 m/min and
with solid lubricant conditions.
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