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ABSTRACT
The effects of increase in trace elements like sulphur and phosphorus in C45 medium carbon steel on the machining
characteristics have been investigated. C45 steel is categorised as medium carbon steel having 0.40% to 0.50% of carbon
and trace amounts of elements like Sulphur, Phosphorus, Nickel and Molybdenum in it. This particular steel is used to
manufacture tools, shafts, nuts and bolts, connecting rods and rollers etc. In this work, comparison was made between
two different samples of specific varying percentages of Sulphur and Phosphorus. The round bars were machined with
different cutting speed (11.0m/min, 15.58m/min and 19.47m/min), varying feed rate (0.125mm/min, 0.175mm/min and
0.225mm/min) and depth of cut (0.5mm, 1mm and 1.5mm) using uncoated tungsten carbide tool inserts. Surface finish,

compared with two different samples of specific varying percentages of sulphur and phosphorus. Results showed that
material with higher percentage of trace elements of sulphur and phosphorous has better machining properties and
hence these traces within a minimum quantity give better results. In additional, tool and work sample were analysed
using SEM & Energy Dispersive X-Ray Analysisfor material behaviour and effect on its properties.
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Original Article

tool flank wear, forces acting while cutting, material removal rate and temperature of tool tip were analysed and

INTRODUCTION
C45 is a medium carbon steel that contains approximately 0.40–0.50% carbon. They are classified according to
carbon content in it, and most of the industries widely use plain carbon steels due to their ease and low cost [1]. It
balances ductility, strength, and good wear resistance. C45 steel bars is used for axles, bolts, torsion bars, light
gears, guide rods, shafts, axes and wood working drills etc. Many types of drill bits fabricated using carbon steel
and shafts are made up of hot rolled steels, which are machined using turning operation for good surface finish [2].
Trace impurities of various other elements can have a significant effect on the quality of resulting steel.
Trace of sulphur in steel improves the machinability of medium carbon steel [3] and phosphorus contributes in
improving the machinability to a smaller extent, improves corrosion resistance and increases the yield strength in
metals. Sulphur form the compound manganese sulphide, which is soft and acts as a chip-breaking discontinuity
and an increase in sulphur increases mechanical properties [4]. It acts as a dry lubricant to prevent a built up edge
on the tool.
Turning is a generalised operation in machining and it has several advantages as material removal rate [5]
parts with close tolerance, surface finish can be obtained to an extent [6]. The advantages of using carbon tipped tool is
due to its cost effectiveness, heat dissipating ability, tool life, easy replacement, cleaner cuts and finishes [6,7] [edges
stay sharper for long]. Coated and uncoated carbide, ceramic, and PCD tools are being used in the recent days as a
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result of advances in cutting tool technology. Due to their high hot hardness and toughness, they can with-stand elevated
temperatures generated during high-speed operations [8]. Tool performance depends mainly on the amount of heat generated
at the time of machining. Hence, Study of Cutting tool temperature is very important in turning operation [5].
Number of scientists and researchers are carrying out work to develop new materials and characterize them so that
the appropriate material can be selected for specific end use.
In the present work, turning operation were performed with uncoated tungsten carbide tool for two different
samples of C45 and to understand how these elements contribute in improving the machinability in terms of reducing the
cutting forces required.

MATERIAL
Selection of Sample and Cutting Tool Inserts
Samples were tested at NABL accredited metallurgical testing centers, as per the test method ASTME 415: 2017/IS-88111998. Based on the tests, two samples were identified, the details of which are provided in Table 1. The composition, as
per the standard is also given in the Table 1.
Table1: C45 Medium Carbon Steel Chemical Composition
Description
S%
P%
Standard
0.045 max
0.045max
Sample-1
0.006
0.013
Sample-2
0.017
0.025
Tool inserts selected -DCMT: D-Diamond shape, 15- Width and 04-Thickness

Figure 1: DCMT Tool Insert.

EXPERIMENTATION
Under dry cutting conditions, the round bars were machined with different cutting speeds (11.0m/min, 15.58m/min and
19.47m/min), varying feed rates (0.125mm/min, 0.175mm/min and 0.225mm/min) and depth of cuts (0.5mm, 1mm and
1.5mm) using uncoated tungsten carbide tool inserts. The effect of these parameters on surface finish, material removal
rate, cutting forces, tool flank wear, and temperature of tool tip were analysed.
The diameter of the specimen is in 32mm, length 150mm and machining time is 3minutes.
Process parameters such as surface finish/roughness, material removal rate, tool wear, cutting forces and
temperature determined are as follows:
•

Surface finish by Perthometer

•

The material removal rate (MRR) is found out by dividing the volume of metal removed by the machining time
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•

Forces acting on the cutting tool inserts are recorded with the help of lathe tool dynamometer

•

Tool wear viz flank wear is measured using tool maker’s microscope

•

Tool tip temperature using thermocouple
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RESULTS AND DISCUSSIONS
Surface Roughness

Figure 2: Variation of Surface Roughness with Depth of Cut for
Cutting Speed 11.10m/min.

Figure 3: Variation of Surface Roughness with Depth of Cut for Cutting
Speed 11.10m/min.
Figure 2 and 3 shows variation of surface finish with the varying depth of cut in turning C45 steel using uncoated
carbide tool inserts for different feed rates at a cutting speed of 11.10m/min. From figure 2, it was observed that with
increased depth of cut the surface finish deteriorates at lower feed rates. The surface finish improves with increase in depth
of cut at higher feed rate. The surface roughness increases at lower depth of cut but improves at higher depth of cut
conditions for moderate feed rate.
From figure 3, it was observed that the increase in depth of cut shows the increasing trend of surface roughness.
Even though, it is showing increasing trend, almost all the obtained values of sample 2 is well below sample 1 at higher
feed rates. The presence of more sulphur atoms in the steel increases the lubricating property of the material and causes the
smooth flow of atoms resulting in improved surface finish.
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Figure 4: Variation of Surface Roughness with Depth of Cut for Cutting
Speed 19.47m/min.

Figure 5: Variation of Surface Roughness with Depth of Cut for Cutting
Speed 19.47m/Min.
Figure 4 and 5 shows the variation of surface finish with the varying depth of cut in turning C45 steel using
uncoated carbide tool inserts for different feed rates at a cutting speed of 19.47m/min. It was observed from figure 5 that
the surface roughness improves at higher depth of cut and remains constant at lower depth of cut conditions. The surface
finish improves with increased depth of cut at higher feed rate conditions. The surface finish obtained for C45 steel is
better at higher cutting speed. The scratches on the work piece surface were observed to be less with higher percentage of
sulphur and phosphorous compared to its counterpart.
Material Removal Rate

Figure 6: Variation of MRR with DOC for Cutting Speed 11.10m/min.
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Figure 7: Variation of MRR with DOC for cutting speed 11.10m/min.
Figure 6 and 7 shows the variation of material removal rate with the varying depth of cut in turning C45 Steel
using uncoated carbide tool insert for different feed rates at a cutting speed of 11.10m/min. Form Figure 6, it was observed
that, with increase in the depth of cut for lower feed rate conditions, material removal rate increases gradually. At higher
feed rate, the material removal rate increases at higher rate with increased depth of cut. From Figure 7, it was observed that
at lower depth of cut material removal rate is better for material with higher percentage of sulphur and phosphorous.

Figure 8: Variation of MRR with DOC for Cutting Speed 19.47m/min.

Figure 9: Variation of MRR with DOC for Cutting Speed 19.47m/min.
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Figure 8 and 9 shows the variation of material removal rate with the varying depth of cut in turning C45 Steel
with uncoated tungsten carbide tool insert for different feed rates at a cutting speed of 19.47m/min. Material removal rate
increases by gradual increase in the depth of cut. At higher feed rate, the material removal rate increases and also for lower
feed rate, gradual increase in material removal rate for different depths of cut can be seen. From the Figures 8 and 9, it was
observed that the work material with higher percentage of sulphur and phosphorous yields better material removal rate at
higher cutting speed conditions.
Cutting Forces

Figure 10: Variation of Cutting Forces with DOC for Cutting Speed 11.10m/min.

Figure 11: Variation of Cutting Forces with DOC for Cutting Speed 11.10m/min.
Figure 10 and 11 shows the variation of cutting force with the varying depth of cut in turning C45 steel using
uncoated carbide tool insert for different feed rate conditions at a cutting speed of 11.10m/min. From figure 10, it was
observed that, for higher feed rate cutting force will be low at lower depth of cut. Cutting force increases by increasing
depth of cut for C45 Steel material.
From Figure 11, it is evident that the increase in sulphur percentage in C45 Steel improves the lubricating property of
the material which in turn helps in smooth penetration of the tool tip in to the work piece surface as a result of which cutting
forces required for detaching the work piece in the form of chip is reduced in turning operation. The cutting force required
shows increasing trend with the increase in depth of cut but the force required decreases for increased feed rate conditions.
Impact Factor (JCC): 8.8746
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Figure 12: Variation of Cutting Forces with DOC for Cutting Speed 19.47m/min.

Figure 13: Variation of Cutting Forces with DOC for Cutting Speed 19.47m/min.
From Figure 12 and 13, it was observed that, the moderate feed rate gives good surface finish at higher
cutting speed. Increase in percentage of sulphur and phosphorous improves the surface characteristics with increased
depth of cut.
Tool Wear
Figure 14 and 15 shows the variation of tool wear with the varying depth of cut in turning C45 steel using uncoated
tungsten carbide tool insert for different feed rates at a cutting speed of 11.10m/min. As depth of cut increases, due to the
temperature tool wear also increases. From the Figures 14 and 15, it is observed that the tool wear is less at lower depth of
cut for C45 steel with lower percentage of sulphur. For higher feed rate, tool wear will increase till moderate depth of cut
and then gradually decreases.
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Figure 14: Variation of Tool Wear with DOC for Cutting Speed 11.10m/min.

Figure 15: Variation of Tool Wear with DOC for Cutting Speed 11.10m/min.
Tool wear mainly depends on temperature and depth of cut. It is observed from the graph that tool wear also
depends on feed rate.
Figure 16 and 17 shows the variation of tool wear with the varying depth of cut in turning C45 steel using
uncoated tungsten carbide tool insert for different feed rates at a cutting speed of 19.47m/min. From figures 16 and 17, it
was observed that, at moderate feed rate sample 1 and 2 shows decreasing in tool wear characteristics.
Scanning Electron Microscopy
Scanning electron microscopy was carried out to determine some non-linearity in properties as observed in graphs.
Figure 18 illustrates the SEM image of C45 steel surface with higher percentage of sulphur and phosphorous,
which is machined using uncoated tungsten carbide tool insert at low speed and moderate feed rate condition. From the
figure, it is observed that smooth flow of the atoms in the material is due to lubricating characteristics of more percentage
of sulphur present in the material.
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Figure 16: Variation of Tool wear with DOC for cutting speed 19.47m/min.
19.47m/min

19.47m/min
Figure 17: Variation of Tool wear with DOC for cutting speed 19.47m/min.

Figure 18:: SEM Photograph of Material C45 Steel having Sulphur
ulphur 0.017%
and Phosphorous 0.025%. in Turning using Uncoated Tungsten Carbide
Tool Insert.
Work sample with speed 11.10m/min and moderate feed rate of 0.175mm/min for depth of cut 0.5 mm
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Figure 19:: SEM Showing Material Flow C45 Steel having Sulphur
0.006%
06% and Phosphorous 0.0013% in Turning with Uncoated
Tungsten Carbide Tool Insert.

Figure 20:: SEM Showing Material Flow C45 Steel having sulphur 0.017%
and Phosphorous 0.025% in Turning with Uncoated Tungsten Carbide
Tool Insert.
In Figure 19, marks of tool scratches were observed on the machined work surface for sample with speed
11.10m/min and feed rate of 0.175mm/min for depth of cut 1.5 mm.
mm The deformation and deterioration of work surface is
found more in figure 19.
In Figure 20, better surface characteristics were observed due to more percentage of sulphur present. Sample
with speed 19.47m/min
m/min and feed rate of 0.175mm/min for depth of cut 0.5 mm. This sample analyzed due to nonnon
linearity in the graph with this speed and at 0.175mm/min
0.175mm/min feed rate conditions. Figure 20,
20 shows some deterioration
in the sample.

Impact Factor (JCC): 8.8746

SCOPUS Indexed Journal

NAAS Rating: 3.11

Effect of Variation of Sulphur and Phosphorous on the Machining
Characteristics of C45 Carbon Steel

135

Figure 21:: SEM Showing Worn Out Flank Surface of Uncoated Tungsten
ungsten
Carbide Tool
ool Insert used to Turn C45 Steel
el Work Material having
Sulphur 0.006% & Phosphorous 0.013%.

Figure 22:: SEM Showing Worn Out Flank Surface of Tungsten Carbide
Tool Insert used to Turn C45 Steel Work Material having Sulphur
ulphur
0.017% & Phosphorous 0.025%
Figure 21 illustrates the worn out flank surface of the tungsten carbide tool insert used for machining
mac
C45 Steel
material. Deeper and wider craters were observed on the tool surface in the tool sample used for speed 11.10m/min and
feed rate of 0.225mm/min for depth of cut 0.5 mm.
mm From figure 22, it was observed that the deterioration of the surface
was less due to the lubricating characteristics of work material due to the presence of more percentage of sulphur and
phosphorous trace elements in the tool sample used for speed 19.47m/min and feed rate of 0.175mm/min.
0.175mm/min The worn out
flank surface of the tool illustrated in figure
igure 22 depicts the formation of white layer. It is observed that ferrous material has
been transported and bonded on to the surface of the tool insert.
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EDXA Analysis for Work Surface and Tool

Figure 23: EDXA Image of Tool Insert.

Figure 24: EDXA Image of Work Piece Material.
Figures 23 and 24 illustrate EDX analysis of tool and the work piece material.
From Figure 24, it was observed that transportation of uncoated tungsten carbide tool material on to the work
piece surface in very small amounts. This affects the properties of the work material.
Similarly, it is evident from Figure 23 that, iron from the work piece is transported on to the tool surface. This
affects the tool properties and tool behavior.
The temperature generated between the tool and the work piece due to friction causes the detached tool material to
strike the work surface and weld on to it.

CONCLUSIONS
The following conclusion was made from the evaluation of the experimental results.
•

The surface finish improves with increased depth of cut at higher feed rate conditions. The surface finish obtained
for C45steel is better at higher cutting speed turning conditions. It is also observed that more percentage of
sulphur and phosphorous gives good surface finish compare to less percentage.
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The Material removal rate increases gradually at lower depth of cut and increases very rapidly at higher depth of
cut conditions. The material removal rate increases with the increase in feed rate. From the results it is observed
that, better material removal rate is obtained for material having higher percentage of sulphur and phosphorous
when compared to lower percentage of sulphur and phosphorous.

•

Cutting forces exerted on the tool tip increases with the increase in depth of cut conditions. From the graph, it is
observed that smooth flow of chips in higher percentage of sulphur and phosphorous was due to lubricating
properties of sulphur.

•

Increase in depth of cut increases the flank wear of uncoated tungsten carbide tipped tool, the flank wear will be
lower at higher feed rate conditions and at higher cutting speed tool wear will be minimum.

•

Temperature plays the major role in turning operation
o

At cutting speed of 11.10m/min: The temperatures of tool tip were increasing linearly with increase in depth
of cut and feed rate. But the temperature of the tool was found to be comparatively higher while machining
sample 1 than sample 2.

o

At cutting speed of 15.58m/min: It is observed that sample 2 has very good results in terms of tool tip
temperature. The tool tip temperature was comparatively higher for sample 1 than sample 2 while machining
at feed rate of 0.225mm/min.

o

At cutting speed of 19.47m/min, there was huge difference in tool tip temperature for machining sample 1
and sample 2. And this speed is very much suitable for machining sample 2 as the temperature of tool tip was
found to be minimal.

It is understood from the above graphs that the material with higher percentage of sulphur and phosphorous has
better machining properties due to the presence of more sulphur atoms in the steel increases the lubricating property of the
material and causes the smooth flow of atoms resulting in improved surface finish and hence these traces within a
minimum quantity gives better machining compare to lower percentage of sulphur and phosphorous and also samples
which shows variation or non-linearity in different conditions are analysed using SEM and checked for material
transportation due to friction using EDXA.
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