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Abstract— Temperature generation in machining plays a vital role in the turning operation. The adverse
effect of very high temperature on both the cutting tool and the work piece needs to be properly studied.
The present analyses is to investigate the temperature generation in machining heat treated medium
carbon steel by experimental analyses in order to predict on the optimal machining variables that can give
the best machining conditions. The specimens were separately machined using an HSS cutting tool
because of the reaction of carbide tool on carbon steel material. The depth of cut of 0.1mm to 1.5mm and
a cutting speed of 100 to 500 rpm were selected for the analyses. The maximum machine length of
14.8mm was used for each of the sample while attaining a steady state temperature within 2 to 4 seconds.
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I. INTRODUCTION

Machining accounts for approximately half of all metal cutting techniques, which is a reflection of the
achieved accuracy, productivity, reliability and energy consumption of this technique. Machining is an
important metal cutting and shaping operation in metal industries. A machining process has as its purpose
the generation of surface with a specified shape and acceptable surface and the prevention of thermal
damage and tool wear that leads to inaccuracy in the geometric of the finished part. When machining
metals, most of the energy required for the chip formation is converted into heat, hence the temperature
generated at the cutting zone is very high. This temperature generation is very important to the
performance of the cutting tool and the quality of the work piece produced [1, 2]. The temperature in the
cutting zone depends on the contact length i.e. length of shear plane, between the tool and the chip, the
cutting forces generated and the friction between the tool and the work piece materials.

The understanding of temperature at the tool-work interface with the tool geometry is an important
parameter to be considered. Many researchers have used different experimental methods to determine the
machining temperatures, amongst which are the Calorimetric method, Thermocouple method, infra-red
photographic technique, thermal paints and PVD technique [3].

Thermocouple is the most commonly used for the measurement of temperature during metal cutting. It
has the ability to easily indicate the effect of cutting parameters on the measured temperature [4]. D. J.
Rall and W. H. Giedt as reported by [5] used an instrumented tool holder to determine the average
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temperature at the chip-tool interface using HSS tools with 0° and 15° back rake angles with the
thermocouple located at different selected distances from the cutting zone. The measured temperature was
extrapolated to the centre of the tool - chip contact area to get the average tool — chip interface
temperatures which was reported to agree reasonably well with the results of other researchers.

The information about the changes in the hardness and microstructure of the steel can also be used in
the determination of the temperature generation as will be investigated in the present work, using medium
carbon steel subjected to various form of heat treatment operation to alter the hardness and the
microstructure.

Il. EXPERIMENTAL METHODOLOGY

In machining, as a result of cutting forces, the friction that occurs between tool and work piece leads to
the generation of temperature. The work done can be divided into three, namely (i) the shearing work
which form the chip from the work piece, (ii) the chip movement work along the rake face, and (iii) the
work to rotate the freshly cut surface over the flank face of the tool [6, 7]. The work to shear the materials
to form the chip involves the dissipation of the heat resulting from internal friction, therefore, the need to
reduce the friction between the tool, chip and the work piece. Increasing power to remove more materials
in a shorter time increases the heat generation near the cutting edge of the tool and the power consumed is
converted to heat which is dissipated to the cutting tool, the work piece, the chip, and of course the cutting
fluid, except in dry cutting where no fluid is applied.

Therefore, to carry out this study, the following sequence of analyses would be adopted,;
a) ldentification of the heat generation zones in machining operations
b) Identification of the influence of the process variable on the machining temperature,
c) Implication of high temperatures on the machining process.
d) Preparation of the sample specimens.
e) Experimental investigation and measurement.

A. ldentification of the Heat Generation Zones

During cutting process the work piece, the cutting tool and the machine tools interact dynamically.
The three major zones in machining processes where heat is being generated are the primary shear zone,
the secondary zone and friction zone, and the tool flank and frication zone as shown in Fig. 1. At the
primary shear zone, there is elasto-plastic deformation, heat generation and phase transformation. The
secondary shear and friction zone produces plastic deformation, friction, heat generation, adhesion and
diffusion, while at the tool flank deformation and friction zone we have elastic deformation, friction, and
heat generation. These three important zones should be carefully monitored during machining operations
for quality and acceptable products and also to minimize cost by promoting the tool life for longer service
life.

The present work is looking at how the temperature at each of these zones should be determine for
each of the treated samples and made a comparism that can enhance the quality and minimize cost for
effective productions.

B. Influence of Process Variable on Machining Temperature

It has been identified that process variables play an important role in the temperature generation during
machining operation. The process variable includes the tool materials and its geometry, the work piece
materials and whether coolant is applied or not. The work materials properties of course have an influence
on the temperature when machining as would be established in this research work for each of the heat
treated specimen. The most predominant is the cutting tool. The cutting tool geometry is very important
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when machining. The rake angle, friction angle, clearance angle must be properly specified for a given
tool; otherwise there will be intense temperature generation. Also, the shear angle should be properly
selected which should be within 18° — 20°.

C. Implication of High Temperatures on Machining Process.

High cutting temperature is very detrimental to both the tool and the job. The posible consequencies of
high cutting temperature on the cutting tool includes; (i) rapid tool wear and reduction of tool life, (ii)
plastic deformation of the cutting edges; (iii) fracturing of the cutting edges and thermal flaking due to
tharmal shocks, (iv) built-up-egde formation.

primary shear zone secondary shear

—elasto-plzfstic and friction zone
deformation —plastic deformation

—heat generation ~friction

—phase transformation —heat generation

—adhesion and diffusion

tool flank deformation
and friction zone
—elastic deformation
—friction

-heat generation

----------------------

workniece

Fig. 1: The forces acting on the tool in orthogonal cutting

While, on the machined job, it can lead to dimensional inaccuracy of the job due to thermal distortion
and expansion-contraction during and after machining, surface damage by oxidation, rapid corrosion and
also microcracks and introduction of tensile residual stresses at the surface of the work piece. The
machining temperature, because of the above adverse effect, needs to be determined in order to:

a) Assess the machinability which can be judged by the cutting forces and temperature and tool life

b) Design and selection of appropriate cutting tools

c) Assess the role of machining parameters’ variation on cutting temperature as mentioned above,

d) Proper selection and application of cutting fluid, and

e) Measurement and Analyses of temperature distribution in the chip, tool and work piece for further
consideration.
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D. Preparation of the Sample Specimens

The sample specimens were prepared from plain carbon steel of 0.3% Carbon. Five different 30mm
diameter by 120mm length cylindrical rod were used for the experiment. These short cylindrical rods
were subjected to four different heat treatment operations namely, annealing, normalizing, hardening and
guenching [8, 9, 10].

The materials’ properties of the tool and work piece are given in Table 1 below.

TABLE |
TooL MATERIALS AND WORK PIECE PHYSICAL PROPERTIES [11]
Thermal Conductivity [W/(m°C)] 47.8
High Speed Steel Tool i .
Properties Heat Capacity [N/mm“/°C] 2.5325+0.002983T °C
Specific heat [J/kg/°C] 960
Coefficient of thermal expansion 8.45 at room Temp.
[um/(m°C)]
Density [kg/m’] 3399.5
Thermal Conductivity [W/(m°C)] 42.7
Work piece Materials - 5
(Medium Carbon steel) Heat Capacity 3.5325+0.002983T °C
[N/mm?/°C]
Specific heat [J/kg/°C] 432.6
Coefficient of thermal expansion 13.05 at room Temp.
[um/(m°C)]
Density [kg/m’] 7850

E. Experimental Investigation and Measurement.

English Hythe Colchester Lathe machine was used to machine the specimens with an HSS cutting tool. A
standard two way HH12A Chromel-Alumel OMEGA digital thermocouple with a temperature range of -
5°C to 1300°C, serial number IEC8F32 was connected to the cutting tool as shown on Fig. 2. The
specimen was held in the chuck as shown with the cutting tool set at a rake angle of 5°, while machining
with 20° shear angle. The thermocouple sensor was fastened with sticky tape to the tip of the carbide
cutting tool, beneath the cutting edge, so that both the thermocouple sensor and the cutting tool tip were at
the same point, Fig. 2. By this arrangement, the thermocouple probe was able to measure and display the
temperature generated at the cutting zone. Since the cutting was along the shear plane, the tip of the
thermocouple sensor was not affected by the cutting action. Various depths of cut, t,, were selected, and
the appropriate cutting speeds as given in Table 2 were used. The maximum machined length for each
specimen was 14.8mm and the ambient temperature was 28°C. The steady state temperature was attained
within 2 to 4 seconds. The depth of cut was then varied, and the process was repeated for all the other
heat treated samples.
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TABLE Il
RECOMMENDED CUTTING SPEED FOR VARIOUS MATERIALS [12]
Materials Speed
Cast Iron (Average) 18-30
Cast Iron (Hard) 12-18
Mild steel 21-25
Tool steel 12-15
Brass 45 - 60
Bronze 12-18

Carbide cutting tool

Tool holder Lathe chuck

Workpiece

Thermocouple
probe attached

to the cutting
Fig. 2: Attachment of the thermocouple probe to the cutting tool
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I1l. RESULTS AND DISCUSSION

The measured machining temperatures for the various heat treated medium carbon steel specimens were
given in Table 3 for various depth of cut. It was observed that it was disadvantageous to machine a
specimen “as received” without heat treatment, as more heat was generated compared to the other
samples that were heat treated. This was so because of the possibility of the inherent manufacturing stress
concentrated in the untreated specimens.

The heat transferred through friction from the cutting tool was propagated by conduction and vibration
of the ferrous and carbon atoms of the medium carbon steel specimen to the chip and environment. More
heat was generated with the “as received” specimen than with the other heat treated specimen to a depth
of cut of 0.4mm (Table 3), after which the hardened specimen was observed to have generated more heat
than all the other specimens. This was because the “as received” was not as homogeneous in its
microstructure, in its core region as it was towards its outer diameter. Therefore, the heat propagation as
the centre or core region was approached became less severe. A temperature of 168.7°C was recorded
when taking a cut of 0.1mm and 175.7°C was registered when cutting at 0.4mm.

The final cut, or undeformed chip thickness of 0.5mm, generated heat of 183.2°C when machining the “as
received” specimen. From observation heat generated and propagated depended on the stress relief
properties as well as the restructuring of the microstructure due to heat treatment. Looking at Table 3, the
annealed samples generated the least heat for all depths of cut. This was because, by heating the specimen
in the furnace at 28°C above the final ferrite stability, for some time and slowly furnace cooling to room
temperature, the annealed samples were both softened and relieved of all stress concentrations. Therefore
they were less prone to propagating the heat generated by the cutting tool. Thus when cutting at 0.1mm,
73.4°C was generated; cutting at 0.4 and 0.5mm, 139.7°C and 157.8°C were generated at the cutting tool
respectively.

The final cut, or undeformed chip thickness of 0.5mm, generated heat of 183.2°C when machining the “as
received” specimen. From observation heat generated and propagated depended on the stress relief
properties as well as the restructuring of the microstructure due to heat treatment. Looking at Table 3, the
annealed samples generated the least heat for all depths of cut. This was because, by heating the specimen
in the furnace at 28°C above the final ferrite stability, for some time and slowly furnace cooling to room
temperature, the annealed samples were both softened and relieved of all stress concentrations. Therefore
they were less prone to propagating the heat generated by the cutting tool. Thus when cutting at 0.1mm,
73.4°C was generated; cutting at 0.4 and 0.5mm, 139.7°C and 157.8°C were generated at the cutting tool
respectively.

The specimens that were tempered were next in line for toughness following close to the annealed
samples. Tempering reduced brittleness and increased ductility, and also removed internal stresses caused
by rapid cooling of the material. The tempered sample was tough to resist shock and fatigue. But these
added qualities made the internal heat propagating qualities to be more than was found with annealed
samples. So the temperatures of 83.2, 157 and 178.2°C were recorded for the cutting tool feed, or
undeformed chip thickness of 0.1, 0.4 and 0.5mm respectively, see Table 3. Normalizing the specimens
caused a homogenization of the grain structure and strain relief. Dislocation caused in the grain
boundaries were removed when the samples were normalized. When cutting feed exceeds 0.325mm
normalized specimens were better for machining, than tempered specimen. For cutting feeds that were
less than 0.375mm, it is recommended that annealed specimen be used instead of tempered, and
normalized as third option. For cutting feeds that exceed 0.325mm, annealed specimen were found to
have generated less heat than normalized and tempered specimen in that order. Cutting temperatures of
103.2 and 164°C were generated when cutting with a feed of 0.1 and 0.5mm respectively while using
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normalized specimen. Normalizing refined the grain structure, improved macinability and tensile strength
of the specimen.

TABLE 3
EXPERIMENTAL MEASURED CUTTING TEMPERATURES FOR EACH OF THE SPECIMEN
Undeformed chip Temperature, °C
thickness, (mm) Annealed Normalized Hardened Tempered
0.1 66.06 100.12 97.2 74.65
0.125 71.65 104.26 102.28 80.71
0.15 77.12 108.34 107.25 86.68
0.175 82.48 112.35 112.1 92.55
0.2 87.72 116.31 116.85 98.32
0.225 92.86 120.2 121.48 103.99
0.25 97.88 124.04 130.42 115.04
0.275 102.79 127.81 130.42 115.04
0.3 107.59 131.52 134.72 120.42
0.325 112.27 135.18 138.91 125.7
0.35 116.84 138.77 142.99 130.89
0.375 121.3 142.3 146.96 135.97
0.4 125.65 145,78 150.82 140.96
0.425 129.88 149.19 154.57 145.86
0.45 134.01 152.54 158.2 150.65
0.475 138.02 155.83 161.73 155.35
0.5 141.91 159.06 165.15 159.95

The hardened specimen generated more heat than all the other treated specimen when cuts of more
than 0.4mm were taken, 178.7 to 190.9°C. This was possible because the concentration of the ferrous and
carbon atoms towards the core of the specimen of hardened medium carbon steel conducted, vibrated and
propagated the heat arising from friction during the machining process at the tool-work piece interface.
The brittleness and stress concentration which the sample was subjected to during the rapid quenching
when it was hardened was more pronounced on the outer part than the inner part of the specimen.
Consequently part of the machining heat was likely to have been spent to relieve the outer brittleness and
stress concentration. Therefore, the temperature of 112.4 and 117.4°C for 0.1 and 0.4mm of cut for the
hardened specimen were less than the 168.7 and 175.°C of the “as received” specimen.

In metal cutting, the heat generation is important for performance of the cutting tool and also on the
guality of work piece being machined. The maximum heat is generated in the tool-chip interface during
machining. The efficiency of machining lies on the temperature generated during the machining process.

When machining metals, most of the energy required for the chip formation is converted into heat,
hence the temperature generated at the cutting zone is an important factor. This factor is of course a major
importance to the performance of the cutting tool and the quality of the work piece produced [13, 14, 15].
The temperature in the cutting zone depends on the contact length i.e. length of shear plane, between the
tool and the chip, the cutting forces generated and the friction between the tool and the work piece
materials. About 99% of the heat generated during machining is transferred into the cutting tool and work
piece and the highest temperature is recorded in the shear flow zone. The knowledge of temperature
at the tool-work interface with the tool geometry is an important parameter to be considered. Several
analytical and experimental techniques have been used by many researchers for the measurement of the
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temperature generated during machining process. As a result of the nature of the metal cutting, it is not
very easy to effectively measure the temperature in the cutting zone; hence the experimental results
cannot be adequately compared with the numerical. Because of the nature of the metal cutting,
determination of the temperature on the cutting tool are very difficult, hence for measuring this
temperatures, various methods have been developed amongst which are the Calorimetric method,
Thermocouple method, infra-red photographic technique, thermal paints and PVD technique [3].

The thermocouple methods have been used by many researchers being a very simple and accurate
method to effectively determine the cutting temperature; difference researchers have positioned the
thermocouple at different locations in the cutting tool. The cutting zone forms the hot junctions and the
cold parts of the tool and the work piece form the cold junctions [3].

IV. CONCLUSION

The results of the analysis reveal that temperature generation plays an important role in machining
operation. The temperature generation affects the quality of the machined products and also produces
cutting tool wear, which has an adverse effect on the economics of machining.
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