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Abstract

Wear of cutting tools is a big concern for industrial manufacturers, because of
their acquisition cost as well as the impact on the production lines when they
are unavailable. Law of wear is very important in determining cutting tools
lifespan, but most of the existing models don’t take into account the cutting
temperature. In this work, the theoretical and experimental results of a dy-
namic study of metal machining against cutting temperature of a treated steel
of grade S235]JR with a high-speed steel tool are provided. This study is based
on the analysis of two complementary approaches, an experimental approach
with the measurement of the temperature and on the other hand, an ap-
proach using modeling. Based on unifactorial and multifactorial tests (speed
of cut, feed, and depth of cut), this study allowed the highlighting of the in-
fluence of the cutting temperature on the machining time. To achieve this
objective, two specific approaches have been selected. The first was to meas-
ure the temperature of the cutting tool and the second was to determine the
wear law using Rayleigh-Ham dimensional analysis method. This study per-
mitted the determination of a law that integrates the cutting temperature in
the calculations of the lifespan of the tools during machining.

Keywords

Machining, Cutting Temperature, Modeling, Wear, Cutting Tool

1. Introduction

Conventional machining processes by material removal, such as turning, drilling
and milling, etc., subject the tool to plastic deformation when cutting metals.

Wear is considered to be one of the primary phenomena affecting cutting tools
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during machining operations. Knowledge of the evolution of wear over time al-
lows operators working on machine tools to maximize the performance of cut-
ting tools and improve the quality of the surfaces of machined parts [1]. Howev-
er, knowing this parameter is not the only clue to deciding whether to stop or
continue machining. Other parameters influence the machining process, such as
cutting conditions, tool material, workpiece material, cutting temperature, cut-
ting force as well as machine tools and the work environment. It is known in
advance that worn cutting tools compromise the surface finish of parts [2] [3]
[4] [5]. It is to overcome the consequences of the wear of the cutting tools, which
is imperative to develop modeling, evaluation and monitoring systems of the
cutting tools for the machine tools [6] [7] [8]. All these systems must very
quickly alert the machine tool operator of the state of deterioration and damage
to the cutting edge of the cutting tool. Several systems exist and are based on the
development of mathematical and computer models, automatic monitoring and
finally the identification of tool wear [9] [10] [11] [12] [13]. Figure 1 describes
the temperature distribution around the cutting zone [14]. Many researchers
[15] [16] [17] believe that monitoring the cutting temperature can provide valu-
able information on the importance of the thermal effects associated with the
cut, particularly with regard to the holding of the tool.

Machining is practiced either as lubricated or dry. Dry machining saves lubri-
cant and tool life T (min) can also be shortened.

However, the temperature in the contact zone of the tool and the chip is high-
er than in machining using the lubricant. Recent studies support that the chips
evacuate at least eighty-five percent of the heat generated by the cut [18]. Re-
search shows that the mode of chip evacuation [19] [20] [21] is important and
limits their influence in the cutting zone, in order to facilitate their recovery. The
prediction of the geometry of the formed chip depends on the influence of the
geometry of the active part of the tool on the plastic deformation [22]. It is es-
sential to evacuate the chips because they contain 85% of the heat released in the
cutting zone [23]. Lubrication is a set of techniques that reduce friction and wear
between the workpiece and the cutting tool. It makes it possible to evacuate part
of the thermal energy generated by friction, as well as to avoid corrosion [24].

In order to measure the cutting temperature, several techniques exist, includ-
ing the tool-workpiece thermocouple, the inserted thermocouple, spectral radia-
tion thermography and the recently proposed thin-film thermal sensor [25] [26]
[27] [28]. However, these techniques cannot provide any information on the chip-
ping, breakage and catastrophic failure of the cutting tools, nor on their service
life [8] [29] [30]. The cutting forces are at the origin of the plastic deformation of
the machined material in the various shearing zones, causing the formation of
the chip and consequently contributing to the wear of the cutting tool. They can
be decomposed as shown in Figure 2 [31] [32] [33] [34].

From the above literature it is clear that in order to effectively monitor the
wear of cutting tools, which influences the its lifespan, and the surface condition

of parts during machining operations, we should determine the influence of the
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Figure 1. Distribution of temperatures in orthogonal section [14].
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Figure 2. Decomposition of cutting forces. Ft. Tan-
gential force; Fa: Effort in advance; Fp. Force of repul-
sion (negligible in the case of an orthogonal cut); Fc.
Cutting force. J. Vergnas [11].

cutting temperature, the speed of cut, the density of the material to be machined,
and the thermal conductivity. In doing so a reliable wear law model can be deter-
mined. This article aims to present the influence of the cutting temperature on the

lifespan of cutting tools and to propose a new mathematical model of the wear law.

2. Materials and Methods

In this study, we implement a temporary device to measure the temperature at
the tool tip during the turning operation on a digital display lathe. A block dia-
gram of the experimental device is presented in Figure 3. The temperature
measurement device is an STC-1000 (Sound Transfer Class) measurement sen-
sor. The high speed steel knife tool was used during this study. A 4 mm diameter
cable connects the sensor to the probe so as to touch the active part of the tool.
In this arrangement, the temperature detected on the active part of the tool will
be displayed on the sensor. The tool is fixed on the tool holder and the work-

piece is fixed on the four-jaw chuck. The reading of the temperature values dis-
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played on the SCT-1000 sensor is carried out for different machining conditions
when varying the cutting parameters such as the feed rate, the depth of cut, the
rotational speed and speed of cut.

2.1. Digital Display Tower

Lathe is the name of the machine tool used for the turning process. Turning is a
metalworking process in which the workpiece is rotated and a single point cut-
ting tool made of hard material is brought to the surface of the workpiece re-

sulting in the removal of the excess material in the form of chips.

2.2. Work Piece

A treated mild steel specimen of grade S235JR of cylindrical shape is chosen as
the workpiece for the experiment. Mild steel is chosen because it has wide appli-
cation in the manufacture of worms, gears, machine parts, tool die set compo-

nents, tool holders, etc. and also, because it is available at low cost.

2.3. Cutting Tool

In this project, we measure the temperature on the cutting tool during the turn-
ing operation. The tool used for this experiment is a straight knife tool with a

high-speed steel tip.

2.4.SCT-1000 Temperature Measurement Sensor

The SCT-1000 sensor is used for temperature measurement in this experiment.
The temperature measurement range of this equipment is -30°C up to 1200 de-
grees Celsius and covers emissivities from 0.10 to 1.00 from -200 to 1250 degrees
Celsius. The SCT-1000 sensor only measures the corresponding temperature. The

measured value is displayed and is read, stored, processed and evaluated.

2.5. Block Diagram

Rotational
movement of the

Workpiece

’ SCT-1000 sensor

Probe placed below
the tool

Connection cable

Display

Figure 3. Diagram of the experimental device.
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2.6. Procedure

The diameter of the sensor probe placed below the active part of the tool is
measured then the cable that connects the probe to the sensor is measured. The
knife tool is fixed on the tool holder while the workpiece is centered on one end
and securely mounted on the four-jaw chuck of the digital display lathe. One end
of the cable is connected to the probe on the tool side, and the other end is con-
nected to the SCT-1000 sensor. The parameters taken into account are the feed
rate, the depth of cut and the rotational speed in rpm and the feed rate.
Calculations have been made to find the values of the rotational speeds and
the forward speed while the depth of pass varies and is regulated. Temperature
values were determined from display readings; the displayed values of the tem-
perature measurement sensor are recorded and stored for different measure-
ment values. Cutting conditions are presented in Table 1. The same procedure is
repeated for different temperature measurement values. After each turning op-
eration, a time of seven minutes was allowed for the tool to cool down to the ini-
tial state of atmospheric temperature. Graphs have been plotted to obtain the re-

lationship between temperature and the various parameters.

2.7. Design of the Mathematical Model

2.7.1. Dimensional Analysis of the Model by the Rayleigh-Ham Method
The dimensional analysis by Rayleigh-Ham method will provide us the unit or
association of units in which the result will be expressed. This analysis will allow
us to check on the validity of the proposed formula. We consider the machining
time as a function of the temperature D= (7/60) = F(V, p, Q, A). Table 2 below

presents the dimension data.

Table 1. Values of cutting conditions.

Feedrate (F) Speed of cut (Vc¢) Depth of pass (ap)
(mm/min) (m/min) (mm)
Slow 0.25 2.35 0.5
Medium 4 36.6 0.7
High 13.3 125.2 0.8

Table 2. Data of basic dimensions.

a s y 5 £
|4 P Q D A
Length 1 -3 3 0 0
Mass 0 1 0 0 0
Time -1 0 -1 1 0
K 0 0 0 0 1
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2.7.2. Calculation of Parameters («, 3,7, 8, €)
a-30+3y+¢=0
P+e=0
—-a—-y+0-3¢=0
—-0-¢=0

(2.1)

After solving this system of equations, we have:

We know that:
Ve x p? xQ" xD’ x A =Cte
By replacing these parameters by their values, we obtain:
V% ptxQ’xD'x A =Cte (2.2)

Knowing that:

We obtain:

T
= 5 (2.3)

Replacing by its value %

(2.4)

Verification of units:

D/K: Duration according to temperature (S/K).
V: speed in (m/s).

p: density of the material (Kg/m”).

Q: Chip volume (m?/s).

A: Thermal conductivity (Kg-m/(S*K)).

We have:

_K-Kg-m-$*-m®

S= 2.5
S*.Km*-Kg 23)

After simplifying similar terms, we find that:
S=S (2.6)

The units being verified, we can consider that the model is homogeneous and

therefore the dimensional analysis is validated.

3. Results and Discussions

The experiment of measuring the cutting temperature during machining was
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successfully carried out using an SCT-1000 sensor. During these tests, and for
each specimen, we keep, for each turning operation, the selected rotational speed
constant to vary the depth of passes. The temperature is the parameter followed
during this experimental work and the values of the cutting temperatures were
measured by the sensor at three different depths of cut. The experiment is re-
peated at three different feed, cutting and rotation speeds and the values ob-
tained from one of the tables are presented below. During this experiment, we
drew up five tables, three for a cutting length Lc = 35 mm and two tables for a

cutting length Lc = 25 mm.

3.1. Graphic Representation of Curves

The data of the different tables were used to draw the curves below:
- The temperature curve as a function of the depth of cut (ap in mm);
- The curve of the temperature according to the rotational speed (N in rpm);
- The temperature curve as a function of the speed of cut (V¢ in m/min);
- The temperature curve as a function of the feed rate (F in mm/min).
Table 3 and Table 4 present values of speed of cuts (Vc), feedrates (F), depths
of cut (ap) and temperatures (8 C) for machining operations for different series,

and made it possible to plot the various curves.

Table 3. Values of speed of cuts (Vc), feedrates (F), depths of cut (ap) and temperatures
(& C) for machining operations in the 1-2-3 series for Lc = 35 mm.

5 F Ap ecC
2.35 0.25 0.8 27
2.29 0.25 1.5 26.7
2.23 0.25 2 26.5
3.29 0.35 0.8 30
3.2 0.35 0.7 29.7
3.13 0.35 0.5 274
5.18 0.55 0.8 32.1
5 0.55 0.7 31.5
4.92 0.55 0.5 31
8.0 0.85 0.8 33.6
7.79 0.85 0.7 32.7
7.60 0.85 0.5 315
11.3 1.2 0.8 34.7
11 1.2 1.5 333
10.7 1.2 2 32.9
17.4 1.85 0.8 35
16.9 1.85 1.5 34.7
16.5 1.85 2 33.8
259 2.75 0.8 38.2
252 2.75 1.5 37.3
24.6 2.75 2 36.6
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Continued
37.6 4 0.8 39.9
36.6 4 1.5 38.2
35.7 4 2 37.7
37.6 4 0.8 36.6
36.6 4 1.5 359
35.1 4 2 355
56.9 6.05 0.8 39.3
55.4 6.05 1.5 34.7
54.1 6.05 2 39.3
85.7 9.1 0.8 40.1
83.4 9.1 1.5 38.4
81.4 9.1 2 374
125.2 13.3 0.8 42.9
121.9 13.3 1.5 41.4
119 13.3 2 38.7

Table 4. Values of speed of cuts (Vc), feedrates (F), depths

(6°C) machining series 4 and 5 for Lc = 25 mm.

of cut (ap) and temperatures

Ve F Ap ec
3.29 0.35 0.8 27
3.20 0.35 1.5 26.7
3.13 0.35 2 26.5
5.18 0.55 0.8 30
5 0.55 1.5 29.6
4.92 0.55 2 27.1
8 0.85 0.8 32.1
7.79 0.85 1.5 315
7.60 0.85 2 31
11.3 1.2 0.8 33.6
11 1.2 1.5 32.7
10.7 1.2 2 315
17.4 1.85 0.8 34.9
16.9 1.85 1.5 34.7
16.5 1.85 2 33.8
25.9 2.75 0.8 38
252 2.75 1.5 37
24.6 2.75 2 36
37.6 4 0.8 39
36.6 4 1.5 38.1
35.7 4 2 37.6
56.9 60.5 0.8 39.3
55.4 60.5 1.5 38
54.1 60.5 2 37.1
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Figures 4-8 present comparative curves of temperature as a function of the

depth of cut with a variable rotation speed (N) for different series.

50
45 —
40 %
35 /\
g 30
) ——N1=25RPM
= 2 ——N2=35RPM
g 2 ———N3=55RPM
=3 > ——N4=85RPM
S 10 /
5
0

0 0.5 1 15 2 2.5
Depth of cut, mm

Figure 4. Curves of temperature as a function of the depth of cut with a
variable rotation speed (N in RPM). Machining series 1, Lc = 35 mm.
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5
0

0 0.5 1 15 2 2.5

Depth of cut, mm

Figure 5. Curves of temperature as a function of the depth of cut with a
variable rotation speed (N in RPM). Machining series 2, Lc = 35 mm.
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Temperature (0°C)

~=N3 =910 RPM

Depht of cut, mm

Figure 6. Curves of temperature as a function of the depth of cut with a
variable rotation speed (N in RPM). Machining series 3, Lc = 35 mm.
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Figure 7. Curves of temperature as a function of the depth of cut with a
variable rotation speed (N in RPM). Machining series 4, Lc = 25 mm.

35

30
25

=——=N1=185 RPM
20

s / ——N2=275RPM
10 / N3 = 400 RPM
5 / ——N4 =605 RPM
0 /

0 0.5 1 1.5 2 2.5

temperature (6°C)

Depth of cut, mm

Figure 8. Curves of temperature as a function of the depth of cut with a
variable rotation speed (N in RPM). Machining series 5, Lc = 35 mm.

3.2. Curves of Temperature According to the Depth of Cut

The data in Table 2 resulting from the machining of twelve specimens made it
possible to draw twelve curves showing the variation in temperature (6°C) as a
function of the depth of cut (ap in mm); and for a cutting length Lc = 35 mm.
Below, the machining data are from machining series 4 and 5.
The data in Table 3 resulting from the machining of eight specimens made it
possible to draw eight curves showing the variation in temperature (6°C) as a

function of the depth of cut (ap in mm); and for a cutting length Lc = 25 mm.

3.3. Discussion on the Curves of Temperature According to the
Depth of Cut

By observing all the curves drawn from the data resulting from the various ma-
chining operations and on all the series of machining operations carried out
(1-2-3-4-5), for the cutting lengths Lc = 35 mm (series 1-2-3) and Lc = 25 mm (se-
ries 4-5), we observe a similarity in the appearance of the curves and a correlation.
When the depth of cut increases (start of machining from 0 to 0.8 mm), the tem-
perature tends to increase. When the depth of cut is low (between 0.8 - 1.5 mm), the

temperature drops and tends to stabilize for a depth of cut of between (1.5 - 2 mm).
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3.4. Temperature Curves as a Function of Rotation Speed
(N in rpm)

The values taken from Table 2 and Table 3 made it possible to plot the curves

describing the variation of temperature as a function of the rotational speed

(Figures 9-13), for length of Lc = 35 mm and Lc = 25 mm.
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Rotational speed (RPM)

60 80 100

Figure 9. The curves of temperature according to the rotational speed with
an advance f = 0.01 mm. Machining series 1, Lc = 35 mm.
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Figure 10. The curves of temperature according to the rotational speed with
an advance f = 0.01 mm. Machining series 2, Lc = 35 mm.
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Figure 11. The curves of temperature according to the rotational speed with
an advance f = 0.01 mm. Machining series 3, Lc = 35 mm.
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Figure 12. The curves of temperature according to the rotational speed
with an advance f = 0.01 mm. Machining series 4, Lc = 25 mm.
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Figure 13. The curves of temperature according to the rotational speed
with an advance f = 0.01 mm. Machining series 5, Lc = 25 mm.

3.5. Discussion on Temperature Curves as a Function of
Rotational Speed

The curves above (Figures 9-13) drawn from the data taken from the (Table 2
and Table 3), for different cutting lengths (Lc = 25 mm and Lc = 35 mm) show a
similarity. We find that, when we vary the rotational speed (N), the temperature
increases remarkably. This increase in heat can accelerate the deterioration of

the cutting edge of the cutting tool.

3.6. Curves of Temperature (8°C) According to the Speed of Cut
(Ve)

The values taken from Table 2 and Table 3 made it possible to plot the curves of
temperature as a function of the speed of cut with a feed f = 0.01 mm (Figures
14-18), for a length of Lc = 35 mm and Lc = 25 mm

3.7. Discussion on Temperature Curves as a Function of Speed of
Cut

The curves above (Figures 14-18) drawn from the data taken from (Table 2 and
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Table 3), for different cutting lengths (Lc = 25 mm and Lc¢ = 35 mm) show a si-
milarity. We find that, when the speed of cut is varied, the temperature increases

remarkably. This increase in heat can accelerate the deterioration of the cutting

edge of the cutting tool.
35 40
30 4%}' L 35
9 25 - 30
e - 25
£ 20
2 - 20 ——N1=25RPM
< 15
8 - 15 ——N2=35RPM
g 10
kS - 10 N3 =55 RPM
5 s
0 0

0 2 4 6 8 10

Speed of cut, m/min

Figure 14. Curves of temperature as a function of the speed of cut with a
feed f = 0.01 mm, N variable. Machining series 1, Lc = 35 mm.
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0 10 20 30 40

Temperature (6°C)
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Figure 15. Curves of temperature as a function of the speed of cut with a
feed f = 0.01 mm, N variable. Machining series 2, Lc = 35 mm.
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Figure 16. Curves of temperature as a function of the speed of cut with a
feed f = 0.01 mm, N variable. Machining series 3, Lc = 35 mm.
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Figure 17. Curves of temperature as a function of speed of cut with a varia-
ble N. Machining series 4, Lc = 25 mm.
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Figure 18. Curves of temperature as a function of speed of cut with a varia-
ble N. Machining series 5, Lc = 25 mm.

3.8. Curves of the Temperature (6°C) According to the Feedrate
(F)
The values taken from Table 2 and Table 3 made it possible to draw the curves
below, for a length of Lc = 35 mm.
The data in Table 3 resulting from the machining of eight specimens made it
possible to draw eight curves showing the variation in temperature (6°C) as a

function of the feedrate (F in mm/min); and for a cutting length Lc = 25 mm.

3.9. Discussion on Temperature Curves as a Function of Feed Rate

The curves above (Figures 19-23) plotted using data from (Table 2 and Table
3), for different cutting lengths (Lc = 25 mm and Lc = 35 mm). From the analy-
sis of the graphs above, it appears that the increase in the feed rate generates an
increase in friction and deformations, which raises the temperature in the dif-
ferent cutting zones of the machining series 1-2 -3-4 and 5. During these opera-
tions, the maximum heat is evacuated by the chip, this prevents the phenomena

of thermal expansion of the part to be machined.
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Figure 19. Curves of temperature as a function of the feedrate. Machining se-
ries 1, Lc = 35 mm.
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Figure 20. Curves of temperature as a function of the feedrate. Machining se-
ries 1, Lc = 35 mm.
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Figure 21. Curves of temperature as a function of the feed rate. Machining se-
ries 3, Lc = 35 mm.
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Figure 22. Curves of temperature as a function of the feed rate. Machining
series 4, Lc = 25 mm.
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Figure 23. Curves of temperature as a function of the feed rate. Machining
series 5, Lc = 25 mm.

For machining series 1 we find:

- A rise in the speed of cut ranging from 0.25 to 0.35 mm/min with a ratio of
1.48 leads to the rise in temperature of the cutting tool § max equal to 30°C;

- An increase in the speed of cut ranging from 0.55 to 0.85 mm/min with a ra-
tio of 1.51, leads to an increase in the temperature of the cutting tool € max
equal to 33.6°C.

For machining series 2 we find:

- A rise in the speed of cut ranging from 1.2 to 1.85 mm/min with a ratio of
1.54 leads to the rise in temperature of the cutting tool § max equal to 35°C;

- An increase in the speed of cut ranging from 2.75 to 4 mm/min with a ratio
of 1.45, leads to an increase in the temperature of the cutting tool § max equal to
39.9°C.

For machining series 3 we find:

- A rise in the speed of cut ranging from 4 to 6.05 mm/min with a ratio of 1.51
leads to the rise in temperature of the cutting tool # max equal to 39.3°C;

- An increase in the speed of cut ranging from 9.1 to 13.3 mm/min with a ra-
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tio of 1.46, leads to an increase in the temperature of the cutting tool € maxi
equal to 42.9°C.

For machining series 4 we find:

- A rise in the speed of cut ranging from 0.35 to 0.55 mm/min with a ratio of
1.57 leads to the rise in temperature of the cutting tool d max equal to 30°C;

- An increase in the speed of cut ranging from 0.85 to 1.2 mm/min with a ra-
tio of 1.41 leads to an increase in the temperature of the cutting tool & maxi
equal to 33.6°C.

For machining series 5 we find:

- A rise in the speed of cut ranging from 1.85 to 2.75 mm/min with a ratio of
1.48 leads to the rise in temperature of the cutting tool d max equal to 38°C;

- An increase in the speed of cut ranging from 4 to 6.05 mm/min with a ratio
of 1.51 leads to an increase in the temperature of the cutting tool § max equal to
39.3°C.

3.10. Proposed Mathematical Model

From the dimensional analysis provided above, the mathematical model pro-
posed is given in Equation (3.1); coefficient where determined using experimen-

tal data.
0-1
T=—m—" (3.1)
V*.p
where T: Effective machining time of the cutting tool in seconds (S);
V Speed of cut (mls); 6 Cutting temperature (°C); A Thermal conductivity
(Kg-m/(S-K))
This mathematical model, which integrates the temperature parameter of the
cutting tool, will make it possible to calculate the service life of the cutting tools

during the machining of mechanical parts.

4. Conclusions

This paper addressed the problem of wear of cutting tools during machining. A
reliable wear law model will provide a great tool for manufacturer when con-
ducting their production process, and will be cost effective for their activities.
This article focused on the development of the mathematical model of the ser-
vice life of cutting tools (law of wear). The proposed model comes to improve
the existing models of Taylor. The work presented has two parts, an experimen-
tal part and a theoretical part. Sets of machining experiments were made on a
treated mild steel specimen of grade S235JR of cylindrical shape. Mild steel was
chosen because it has wide application in manufacture. For each set of experi-
ment temperature was measured using a SCT-1000 temperature sensor, and pa-
rameters such as feed rate, speed of cut and depth of pass were monitored. The
experiments carried out permitted us to determine the relationship between the
above listed parameters and the temperature. A new wear law has been designed

using experimental data using Rayleigh-Ham dimensional analysis method.
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The main findings of this study were that:

- For a high rotational speed (N in rpm) and with a low depth of cut (ap) and
a medium feed rate (F in mm/min), a minimum increase in temperature at the
nose of the cutting tool.

- For a minimum increase in temperature (§°C) at the cutting edge of the tool
is an average rotational speed (N in rpm), with an average depth of cut (ap) and
a speed d high feed rate (F in mm/min). A minimum machining time (T) is ob-
tained.

The experimental results allowed the design of mathematical model using
Rayleigh-Ham dimensional analysis method, which will permit the calculation of

the machining time as a function of the cutting the temperature.
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