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INVESTIGATING THE EFFECT OF TIG-ASSISTED MACHINING ON
THE SPECIFIC CUTTING FORCE, SPECIFIC CUTTING ENERGY
AND CHIP SHRINKAGE COEFFICIENT

Summary

Heat-assisted machining is one of the methods used to process moderate to difficult-to-
machine materials. Laser, plasma, induction current, oxy-gas flame, and electric current are the
primary energy sources used for preheating. In this paper, the Tungsten Inert Gas (TIG)
technique is used, which can be considered an alternative and economical energy source for
preheating. Both conventional and TIG-assisted machining (TIGAM) experiments in the same
cutting conditions are performed and the results are compared. In the TIGAM method, the
specific cutting force (kc:.7) decreases due to the increase in the work material temperature (7).
The decrease of kc:.; provides a maximum reduction of specific cutting energy (Esc) of 17.17 %.
Thus, plastic deformation of the chip is facilitated, and the chip shrinkage coefficient (1)
decreases. The cutting process is conducted with a high material removal rate (MRR) using a
carbide cutting tool using the TIGAM method.

Key words: heat-assisted machining, specific cutting force, specific cutting energy, chip
shrinkage coefficient, TIG

1. Introduction

It has been known for centuries that heat has a positive effect on the shaping of materials.
Due to an increase in temperature, the elastic modulus, yield strength, and tensile strength of
materials decrease, while the percentage of elongation increases [1]. Therefore, it is possible to
perform plastic deformation with lower forces and higher speeds. This change is valid for many
types of materials [2]. Due to heating, the yield strength, hardness, and work hardening
tendency of material in the cutting zone decrease. Therefore, the power consumed by the
machine tool is also reduced [3], and the chip removal process is achieved with lower cutting
forces [4]. Furthermore, in the heat-assisted machining method, the MRR increases [5], tool
wear declines [6], the surface quality improves [7], hardened parts can be machined with
carbide cutting tools [8], and grinding can be eliminated [9]. Since no coolant is used, there is
less environmental damage [10], and machining is performed at higher cutting speeds (Vc) [11].
The heat-assisted machining method is based on the principle of locally heating the workpiece
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surface with an energy source and then machining this area with a cutting tool. Using the heat-
assisted machining method, different types of energy sources are used for the heating process,
such as laser [12], induction current [13], plasma arc [14], oxy-gas flame [15], and electric
current [16]. When using an oxy-gas flame for preheating, processed and unprocessed surfaces
are affected by the heat [17] because the flame has a wide area of influence. In preheating with
an induction current, it is necessary to use special induction coils for the surface to be processed
[18, 19]. Machining with electric current is an old technique [20]. Using this technique, the
cutting tool performs the task of an electrode [16]. However, the high temperature resulting
from the electric arc may cause damage to the cutting tool. Due to the high heat generated by
the plasma [3], high temperatures can be reached in the cutting zone. For the plasma technique
to be used efficiently, it is necessary to position the torch correctly [7]. It is not as easy to use
as a laser. Compared to other techniques, the laser is easier to control. Due to the adjustable
spot size [21] and high power [22], it is possible to heat a narrow area. Despite its high cost,
these advantages have made the laser a preferred choice.

The TIG technique is another energy source suitable for heat-assisted machining [23].
Compared to other heat sources, the TIG welding machine is easier to access. It is economical,
and the maintenance cost is lower than that of laser and plasma. It is suitable for point cutting
and can heat a narrow area of work material. In addition, parametric settings (current,
shielding gas flow rate, etc.) can easily be made to control the energy input. As in machining
with an electric current, the cutting tool is not used as an electrode. A TIG welding machine
is suitable for automation applications [24]. The primary disadvantage of the TIG technique
is that work materials have electrical conductivity. The specific cutting force (kcz.z, N/mm?)
value is used in the calculations of the cutting force (F¢, N) [25]. The kc1.; value represents
the cutting force corresponding to the chip section (4, mm?) of 1x1 mm. This value may differ
for each material group (iron alloys, stainless steel, hardened steel, etc.), as may the values
for sub-material groups within each group. In this paper, kc1.; was calculated and compared
with the literature to determine the advantages of the TIGAM method for cutting. Specific
cutting energy (Esc, kJ/cm?) is the amount of energy consumed by the machine tool to cut a
unit volume of material [26]. Esc is an evaluation function for reducing power consumption
[27]. The Esc values are known for many materials [26, 28]. These values can be used to
calculate the energy consumption required for the cutting process. The energy consumed for
preheating means that the TIGAM method consumes more energy than the conventional
method. In the TIGAM method, total energy consumption (E7, kJ/cm?) to cut a unit volume
of chip was determined. Er is another instrument used to compare the conventional method
and the TIGAM method. The chip shrinkage coefficient (1) can be used to evaluate the
performance of the cutting process [29]. 4 gives manufacturers an idea about the cutting
process and allows the operator to control the machining parameters. The decrease in the 4
value indicates that the plastic deformation of the chip is facilitated [30]. There is a
relationship between the Esc and 4. As the Esc value decreases, the 4 value also falls. In the
experiments, the power consumed in the cutting process (P, kW), the work material
temperature (7, °C), and the power consumed by the TIG welding machine for preheating
(P1ic) were measured online. The experiment plan was prepared with the full factorial
experiment approach. In this paper, an analysis of variance (ANOVA) and effect charts were
used to determine the effect of the process parameters on the results and to determine the
interaction between the results. Both conventional and TIGAM experiments were performed
in the same cutting conditions. In the experiments, it was observed that kc;.7, Esc, and A
decrease due to the TIGAM. In addition, as the MRR increases, ET decreases in the TIGAM.
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2. Material and Method

2.1  Experiment equipment, work material and insert

The experiments were carried out on a universal lathe with a maximum power of 7 kW.
An air-cooled TIG welding machine, which can operate at a maximum current of 200 A, was
used as the energy source for preheating during the experiments. To use the TIG welding
machine at high current values, zirconium alloy 4 mm diameter tungsten electrodes were used.
The tip of the tungsten electrode was conically sharpened at an angle of 30° before each
machining. A special electrode grinding machine was employed for this. Argon gas was used
as a shielding gas at a flow rate of 16 I/min. The study used AISI 4340 steel material, which is
a type of steel widely employed in engineering applications. The samples were prepared in
diameters of 104-115.5-127 mm to obtain three different cutting speeds (V) and hardened to a
hardness value of 50 HRC. The chemical composition of the work material and the heat
treatment conditions are given in Table 1. As the cutting tool, Sandvik’s SNMG 120408-QM
4225 carbide insert with CVD method multi-layer coating (TICN+AL203+TIN) and P25
quality was used. A tool holder with the code PSBNR2525M12 with a 75° approach angle (k)
was used for the cutting insert.

Table 1 Chemical composition and the heat treatment process of AISI 4340 steel

Alloy Elements
C (%) Si(%) Mn (%) P(%) S (%) Cr(%) Mo (%) Ni(%)
041 0.21 0.66 0.011 0.005 0.72 0.21 1.7

Thermal Treatment Process

Quenching (°C) Cooling method Tempering (°C)
850 Oil 370

2.2 Process parameters and experiment plan

Since hardened work material was used in the experiments, the cutting speed (V) values
were revised at the rate recommended in the catalogue of the cutting tool manufacturer. When
the speed of the work material or energy source is increased, the amount of heat entering the
work material per unit of time decreases [31]. To increase the heat input, the feed rate (f)
values were taken low. The cutting depth (ap) was taken as a constant 1 mm in the
experiments. In the TIGAM experiments, the TIG welding machine was used for preheating
at a constant current intensity of 200 A. Table 2 shows the process parameters of the
experiments and their levels. The MRR gives researchers an idea about the performance of
the cutting process. This value was obtained by multiplying the cutting parameters (V, f, ap).
The experiment plan and the MRR values of both the conventional and the TIGAM
experiments are given in Table 3.

Table 2 Process parameters and levels

Factor Unit Level 1 Level 2 Level 3
Cutting speed (V<) m/min 159 176 194
Feed rate (f) mm/rev 0.11 0.18 0.24
Processing method Conventional ~ TIGAM
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2.3 Energy and temperature measurements

PAC2200 model digital display energy meters of the Siemens company were used to
determine the power consumed by the lathe, and by the TIG welding machine. A panel was
made for the energy meters, and the circuit elements connected to it. The panel of the energy
meter system is shown in Figure 1.

Table 3 Experiment plan for the conventional method and TIGAM
Exp. No Ve(m/min) f(mm/rev) MRR (cm’/min)

1 159 0.11 17.49
2 159 0.18 28.62
3 159 0.24 38.16
4 176 0.11 19.36
5 176 0.18 31.68
6 176 0.24 42.24
7 194 0.11 21.34
8 194 0.18 34.92
9 194 0.24 46.56

Power data were taken once per second with the software of the energy meter, and the
measured power data were saved to the computer via an ethernet connection as files with an
xlsx file extension. The power measured on the lathe represents the power consumed by the
lathe. Some of this power is spent on mechanical movements such as chuck rotation and
automatic feed. When the cutting tool starts to remove chips, additional power is needed other
than this power. This refers to the Pc. The Pc was determined from the difference between the
power measured after it started cutting and the power measured before it started cutting.

Power meter-I  Power meter-11

Current transformers
for power meter-1

Current transformers
for power meter-II

Power inlet Power outlet  Electrical fuses

Fig. 1 Energy meter system panel view

Example graphs of the P and for power consumption by the lathe are shown in Figure 2(a)
and Figure 2(b). If an example is given for calculating P, the power consumption read in the
energy meter before cutting is 1.98 kW, and after the cutting tool starts cutting the power
consumption increases to 3.69 kW. When the difference between the two is taken, P is realised
as 1.71 kW. Pc is determined by calculating the arithmetic average of the power data in the five-
second time period in which the data are stable, and repeating. In Figure 2(a), an immediate
increase in power is seen at the beginning. The reason is the resistance to plastic deformation at
the start of cutting due to the hardness of the work material. In Figure 2(b), it is seen that the
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cutting process becomes more stable [32] because the resistance decreases due to preheating.

Esc (kJ/em®) was determined using Equation (1). Thus, the change in energy consumption

depending on the increase in MRR was evaluated. The total energy consumption (E7) for the

cutting process was calculated by dividing the sum of the power consumed in the cutting process

(Pc) and the power consumed by the TIG welding machine for preheating (Pric) to the MRR, as

in Equation (2). In the conventional method, Esc and Er are equal, because there is no preheating.
7 7

|—®—Power consumed by the TIG welding machine (PT1g) ] —=—Power consumed by the TIG welding machine (Pyg)
|—e—Power consumed by the lathe 1 —&—Power consumed by the lathe
6 //.‘ —&—Power consumed in the cutting process (P,) 6 —4—Power consumed in the cutting process (P)
@) ] ()
5 {Start 5]
£ [ 4 P
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p 5 ]
23 | 23 ‘
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2 epidakiaaadd JOTT, 2 Yivees
142 11 £ 2
= a 1 8% =
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Fig. 2 Power measurements (V=159 m/min, f=0.18 mm/rev) conventional method (a), TIGAM (b)

Pc
Esc = MRR (1)
Pc+P
Er = CMR;IG ' )

As shown in Figure 3, temperature measurement was made from a point on the cutting
edge, approximately 9 mm from the cutting zone. The measured temperature is expressed, at
the time of cutting, as the work material temperature (7). The cutting zone temperature was
not measured directly in order to prevent the chip from getting in front of the thermometer and
causing measurement errors. A Raytek MI3 infrared thermometer, which can measure
temperature in the range of 250-1400 °C, was used to determine the work material temperature
(Twr). To go above 250 °C, preheating was done for about 8-10 seconds, at the beginning of the
rotating workpiece, and then the cutting was started. Through the original software of the
infrared thermometer, 10 pieces of temperature data per second were taken and recorded on the
computer. In the determination of the 7, the path followed in the determination of the P was
followed, and temperature data corresponding to the same time were used. The position of the
cutting tool, the TIG torch, and the infrared thermometer relative to each other is schematically
shown in Figure 3, and the experimental setup is given in Figure 4.

Torch Infrared thermometer
L

U 2
Fjﬂ

o
)
A Infrared
~thermometer

~

Work material

4 Toae (°C)
—» L measurement point

' ) |
|
Cutting tool

Fig. 3 Schematic view of the TIGAM system Fig. 4 Experimental setup
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2.4 Calculation of the chip shrinkage coefficient (1)

The chip shrinkage coefficient (1) was obtained by dividing the cut chip thickness (%) by
the uncut chip thickness (#) [30]. This ratio is realised as A>1. To determine the 4. (mm), the
thickness of 10 chip samples belonging to each experiment was measured with a digital caliper
with a precision of 0.01 mm, and the arithmetic average was taken. When determining the
h (mm), the approach angle (k) of the cutting tool should be taken into account. The x used in
our study is 75°. The 4 is calculated by Equation (3). After measuring the 4. and calculating the
h, 2 was calculated by Equation (4):

h = f - sink 3)
A=7E (4)

2.5 Calculation of specific cutting force (ke:.1)

The ker.1 refers to the specific cutting force (N/mm?) used to cut the chip section (4) with
an uncut chip thickness (%) of 1 mm and a width (b) of 1 mm. kc;.; values according to the
different hardness values of the work material are given in Table 4. The multiplication of the
feed rate (f) and the depth of cut (ap) can be used for A. However, considering the cutting tool
approach angle (x), it would be more accurate to calculate # with Equation (3) and b with
Equation (5) since 4 is a parallel edge. 4 can be calculated with Equation (6).

Table 4 k. ; values for different hardnesses of the work material [33]

Brinell (HB) Rockwell C (HRC) ker.1 (N/mm?) m

240 ~23 1950
330 =35 2000 0.25
475 50 3090
=
b= sink (5)
A=h-b (6)

As h increases, the cutting resistance of the work material decreases. The increment value
(m) 1s the slope of the curve showing the logarithmic relationship between cutting resistance
and chip thickness (h). m takes a fixed value according to the material type. In this paper, the
value of 0.25 given in Table 4 determined by the cutting tool manufacturer was taken. While
calculating the kc1.; value, first of all the cutting force Fc¢ (N) was calculated with Equation (7)
by using the Pc obtained in the experiments. The transformation of Equation (8) to Equation (9)
is used to find the value of kcz.1.

P¢60000
F = v (7)
Fe=Ake,-h7™ 8)
Fc
Kein = 5 )
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3. Experimental Results

Table 5 shows the measured data in the experiments (7w, Pc, Pric), and in Table 6 the
calculated data (Esc, E7, 4, kc1.1) are given.

Table S Data measured in the experiments

Exp. Tnr (°C) Pc (kW) Pric (kW)
No | Conv. TIGAM |Conv. TIGAM| TIGAM
1 | 458 501 1.43 1.22 3.95
2 | 441 493 1.99 1.71 3.95
3 | 398 479 | 248  2.09 3.99
4 | 451 500 1.57  1.37 3.90
5 | 435 488 2.21 1.87 3.98
6 | 397 475 2.77 231 3.95
7 | 447 497 1.77  1.47 4.09
8 | 432 486 | 244  2.06 3.98
9 | 3% 465 3.07 2.54 4.06

The increase in Tr causes the P value to decrease. Through the TIGAM, a maximum
decrease of 17.17 % was achieved in the Esc value. In the same cutting conditions, lower P,
Esc, A, and kcr.s values are obtained in the TIGAM method compared to the conventional
method. In the TIGAM method, E7 is higher due to Prc.

Table 6 Calculated data

Exp Esc (kl/cm?) Er (kl/cm?) y) ker.1 (N/mm?)
No |Conv. TIGAM Reg‘sft(‘% M conv. TIGAM |Conv. TIGAM |Conv. TIGAM
1 [ 491 419 14.66% | 491 17.74 | 1.60  1.56 | 2801 2390
2 | 417 359 13.91% | 417 1187 | 148 143 |2694 2315
3 1391 329 1586% | 391 956 | 136 125 |[2710 2280
4 | 486 424 1276% | 486 1631 | 1.54 152 |2773 2423
5 | 418 353 15.55% | 4.18 11.06 | 1.46 133 |2698 2283
6 |3.93 328 16.54% | 3.93 888 | 132 123 |2725 2273
7 | 498 4.14 1687% | 498 15.66 | 1.49 142 |2846 2364
8 | 419 355 1527% | 419 1040 | 144 129 |2707 2289
9 396 328 17.17% | 3.96 852 | 131 126 |2750 2279

3.1 Material removal temperature (7»r) and power consumed in the cutting process (Pc) results

Figure 5 shows the changes in the 7o values according to the process parameters. Due to the
hardness of the work material, the cutting process was carried out with high Esc. If the 7 values
of the conventional method are evaluated, it is seen that there is a small decrease in the 75 value as
the cutting speed (V%) increases. This reduction in temperature can be attributed to the higher MRR,
which results in more heat being carried away by the chip, and thus less heat being conducted into
the workpiece [34]. As the feed rate (f) increases, the heat released is removed with the chip, and
therefore the 77 value measured from the work material surface decreases [35]. If the 7o values
of the TIGAM method are evaluated, the 7 value decreases as the cutting parameters (V, f)
increase. As the machining time is shortened, the heat input is reduced. As a natural consequence
of the additional heat input provided in the TIGAM method, the 7 value increases.
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Figure 6 shows the changes in P. values according to the process parameters. The physical
increases in the MRR value cause an increase in the Pc value. The TIGAM method provides
lower Pc values.

V. (m/min) V, (m/min)
550 159 176 194 159 176 194 159 176 194 35 159 176 194 159 176 194 159 176 194
! '+ | Conv. " {E—Conv. ! !
i Y TIGAM N TIGAM| '
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500 £=0.11 mm/rev : £20.18 mm/rev : 3,0 : :
1 1 1 1
: : 1=0.24 mm/rev : :
6 : : 25 : £=0.18 mm/rev :
< | | Z | |
. 450 - 2 i !
a E ] & 2,0 ! |
= — Tl o0t mmrey ) .
= = ! !
[— [— 1 1
400 | — = ! !
| — 154 | |
[— — > 1
= = — |
= ] — I
— = = |
[— —
[ = — !
350 -+ — 1,0 +—
17.49 19.36 . 28.62 34.92 . . . 17.49 1936 21.34 28.62 31.68 3492 38.16 4224 46.56
MRR (cm®/min) MRR (cm®/min)
Fig. 5 T, (°C) values measured in the experiments Fig. 6 P. (kW) values measured in the experiments

3.2 Total energy consumption (£7) using the TIGAM method

Total energy consumption (Er) was determined according to Equation (2). When
Figure 7 is examined, it is seen that E7 in the TIGAM method is approximately three times
higher than the conventional method at the beginning, but this value decreases very quickly
as the MRR increases. In the TIGAM method, Pri¢ remains constant while the P. changes
depending on the cutting parameters. Therefore, E7 decreases as the cutting speed (V:) and
feed rate (f) increase.

V., (m/min)
20 159 176 194 159 176 194 159 176 194
E—1cConv.
18 f=0.11 mm/rev - TIGAM

f=0.18 mm/rev

TR A

mmm |
T
o |
i

I

1749 1936 21.34 28.62 31.68 3492 38.16 42.24 46.56
MRR (cm?/min)

Fig. 7 Variation of the total energy consumption (E7) depending on the process parameters

3.3 Specific cutting energy (Esc) and chip shrinkage coefficient (1) results

In the graph given in Figure 8, it is seen that as the MRR value increases, the Esc decreases
in both the conventional and the TIGAM methods. Due to the closeness of the cutting speed
(Ve) values, there was no significant effect of the cutting speed (V) on the Esc value [36]. The
decrease in uncut chip thickness (%) due to the decrease in the feed rate (f) causes an increase
in the energy consumed due to the phenomenon called “size effect” [37]. Therefore, Esc is high
at low MRR values. Compared to the conventional method, lower Esc values were obtained in
the TIGAM method. The TIGAM method allowed the kci.; value of the work material to
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decrease, so the cutting process was performed with a lower Esc. As the cutting speed (Ve)
increases, the cut chip thickness (%4c) decreases. This result is also supported by 4 [30]. In Figure
9, it 1s seen that the increase in the cutting speed (V¢) has an effect on the decrease in A. The
effect of the feed rate (f) on 4 is seen the most. As the feed rate (f) increases, the cut chip
thickness (/c) also increases [38]. However, it is not possible to compress the chip at the amount
of increase in the feed rate (f), so as the feed rate (f) increases, 4 decreases. Figure 9 shows that
lower A values are obtained in the TIGAM method.

High temperatures due to high Esc values cause continuous chip formation in both the
conventional method and the TIGAM method. The chip formations (V=194 m/min,
/=0.24 mm/rev) are shown in Figure 10 and Figure 11. When chip formation and chip-tool
contact surfaces are examined, a temper colour is seen in the conventional method, and a
metallic colour in the TIGAM method. The metallic color formation shows that the cutting
process is facilitated.
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55_ 159 176 194 159 176 194 159 176 194 18- 159 176 194 159 176 194 159 176 194
! 't |E— Conv. £ Conv. !
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1 1 1
5.0 = ! L6 FO1l mmvrey !
s S I |
e 1 !
—] 1 1 _ 1
4.5 | v f=0.18 mm/rev [ =0.18 mm/rev .
g = | !
§ = I 024 mmvrey 14l !
~ 1 1 |
mmo ul ! ! :
1 ==
I =
1 LR
= = 12 4 —
3.5 ] L = E
[—
=
=
=
3.0 — ] — 1o 4 =
17.49 1936 21.34 28.62 31.68 3492 38.16 4224 46.56 17.49 1936 21.34 28.62 31.68 3492 38.16 4224 46.56
MRR (cm*/min) MRR (cm’*/min)
Fig. 8 Variation of specific cutting energy (Esc) Fig. 9 Variation of 1 depending on
depending on the process parameters the process parameter

L 505
Conventional TIGAM Conventional TIGAM
Fig. 10 Chip formation Fig. 11 50x magnified photographs of chips

3.4 Effect of the TIG-assisted machining (TIGAM) method on changes in the specific cutting
force (ker.1)

The additional energy spent for preheating reduced the kc;.; (N/mm?) values. Figure 12
shows the changes in the kcs.; values according to the conventional method and the TIGAM
method. It is seen that the kc;.; values calculated for the conventional method are close to the
highest value given in Table 4 for the work material, while the values calculated for the TIGAM
method are lower. There is no significant change in the kc;.; values depending on the increase
in the MRR. Figure 12 shows that the kc;.; is a constant and different value from the Esc.
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Fig. 12 Variation of the specific cutting force (k.; ;) depending on the process parameters

3.5 Analysis of variance (ANOVA) results and effect plots

ANOVA is a statistical approach used to determine the most influential processing
parameter on experimental results [39]. The low error rate in the ANOVA tables is an indicator
of the accuracy of the findings. Effect graphs are also used to see the effects of the process
parameter levels on the results. Tables 7-11 give the ANOVA results showing the effects of the
process parameters on T, Pe, Esc, A, and kc1.1 respectively. When their effects are examined, it
is seen that the one with the least effect is the cutting speed (V%). In a previous paper, it was
seen that the cutting speed (V) was the process parameter that had the least effect on the 7in-
difference in the TIGAM method [40]. As can be seen in Table 7, the processing method was
the process parameter that had the most impact (71.43%) on the increase in 7mr. The effect
graph in Figure 13 shows that the other process parameter affecting the 7 increase is the feed
rate (f). In the TIGAM method, the processing time is prolonged at the low feed rate (f), which
increases the heat input [40, 41].

Table 7 ANOVA results for the effect of the process parameters on 7, (°C)

Factor DF AdjSS AdjMS F-Value P-Value Contribution
Ve (m/min) 2 196.83 98.42 1.49 0.2640 0.90%

f (mm/rev) 2 5257.60 2628.80  39.83 0.0000 24.05%
Processing method

(Conv. /T%GAM) 1 15617.34 15617.34 236.65  0.0000 71.43%
Error 12 791.92 65.99 3.62%
Total 17 21863.69 100.00%

T T T T T T T T
159 176 194 0.11 0.18 0.24  Conventional TIGAM
V, (m/min) f (mm/rev) Processing method

Fig. 13 Main effect plots for 7., (°C)
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An increase in the feed rate (f) makes the plastic deformation of the chip more difficult
and increases the cutting forces, resulting in higher power consumption. As seen in Table 8, the
feed rate (f) is the process parameter with the greatest effect (76%) on P.. The effect graph in
Figure 14 shows that the increase in the cutting speed (V) and feed rate (f) increases the P
value, but the TIGAM method reduces the P. value. The additional heat input provided by the
TIGAM method increases the Ty value, thus lowering the P. value.

Table 8 ANOVA results for the effect of the process parameters on P. (kW)

Factor DF AdjSS AdjMS F-Value P-Value Contribution
Ve (m/min) 2 0.49 0.25 40.26 0.0000 10.78%
f(mm/rev) 2 3.46 1.73 283.73  0.0000 76.00%
Processing method

(Conv. /T%GAM) 1 0.53 0.53 86.72 0.0000 11.61%
Error 12 0.07 0.01 1.61%
Total 17 4.55 100.00%
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193
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V, (m/min) f (mm/rev) Processing method

Fig. 14 Main effect plots for P. (kW)

Table 9 shows that the most effective (58.53%) process parameter on the Esc is the feed
rate (f). As stated in Equation (1) above, there is a natural relationship between Pc and Esc. The
increase in the feed rate (f) increases the P. value as well as the Esc value. The effect graph
given in Figure 15 displays that the TIGAM method has a significant effect on Esc. In the
TIGAM method, the cutting process is carried out with lower Esc values.

Table 9 ANOVA results for the effect of the process parameters on Esc (kJ/cm?)

Factor DF AdjSS AdjMS F-Value P-Value Contribution
Ve (m/min) 2 0.00 0.00 0.19 0.8282 0.02%
f(mm/rev) 2 2.86 1.43 699.03  0.0000 58.53%
Processing method

(Conv. /T%GAM) 1 2.00 2.00 978.05  0.0000 40.95%
Error 12 0.02 0.00 0.50%
Total 17 4.89 100.00%
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Fig. 15 Main effect plots for Esc (kJ/cm?®)

TRANSACTIONS OF FAMENA XLVIII-2 (2024) 11



F. Kafkas, A. Ugras Investigating the Effect of TIG-Assisted Machining

on the Specific Cutting Force, Specific Cutting Energy

and Chip Shrinkage Coefficient

The most effective process parameter on / is the feed rate (f) [29]. In Table 10, it is seen

that the most effective (73.93%) process parameter on 4 is the feed rate (f). When the

relationship between the experimental results is investigated, it is seen that /1 is related to Esc.

The most effective process parameter for both A and Esc is the feed rate (f). The effect graph

given in Figure 16 shows that the increase in the cutting speed (V<) and the use of the TIGAM

method provide a decrease of 4. The increase in cutting speed (V¢) and preheating causes the

temperature in the cutting zone to increase. It is considered that this situation causes thinner
chip formation and decreases 4.

Table 10 ANOVA results for the effect of the process parameters on 1

Factor DF AdjSS AdjMS F-Value P-Value Contribution
Ve (m/min) 2 0.02 0.01 8.36 0.0053 8.56%
f(mm/rev) 2 0.17 0.08 72.24  0.0000 73.93%

Processing method
(Conv. /TIGAM)

Error 12 0.01 0.00 6.14%
Total 17 0.22 100.00%

1 0.03 0.03 22.23 0.0005 11.37%

1.554
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1.45-] .\ .
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Fig. 16 Main effect plots for 4

The decrease in the k.7 value in the TIGAM method causes the P. value to decrease. The
ANOVA results in Table 11 indicate that the process parameter that has the most (94.46%)
effect on kc1.1 is the processing method. This situation also reveals the relationship between kc;.s
and 7. In both, the most effective processing parameter is the processing method. The other
process parameter that affects kc:.; is the feed rate (f). However, it can be seen in the effect graph
given in Figure 17 that this effect is too low.

Table 11 ANOVA results for the effect of the process parameters on k;

Factor DF AdjSS AdjMS F-Value P-Value Contribution
Ve (m/min) 2 334 167 0.27 0.7710 0.04%
f(mm/rev) 2 39364 19682 31.33 0.0000 4.61%
Processing method

(Conv. /TfIgGAM) 1 806086 806086 1283.31 0.0000 94.46%
Error 12 7538 628 0.88%
Total 17 853322 100.00%
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Fig. 17 Main effect plots for k.; ; (N/mm?)

4. Conclusions

In this paper, AISI 4340 steel material with a hardness of 50 HRC was processed with
heat-assisted machining using the TIG technique as the energy source. A CVD-coated carbide
cutting tool was used. This study showed that the TIG technique is a suitable energy source for
heat-assisted machining. In this regard, the TIG technique is an alternative energy source that
can be used for heat-assisted machining, among other energy sources. The results from this
research are summarised below:

>

In the cutting speed (Vc), both the conventional method and the TIGAM method have
almost no effect on the work material temperature (7»») difference. This situation is
due to the use of cutting speed (V.) values close to each other. Therefore, it was the
process parameter that had the least effect on other experimental results.

The feed rate (f), in both the conventional method and the TIGAM method, is the
most effective process parameter in the power consumed in the cutting process (Pc),
the specific cutting energy (Esc), and the chip shrinkage coefficient (4). This
describes the relationship between the feed rate (f), the specific cutting energy (Esc),
and chip formation.

In the TIGAM experiments, an increase of up to three times is observed in the total
energy consumption (Er) compared to the conventional method. As the MRR
increases, the total energy consumption (£7) decreases. As the MRR increases, the
TIGAM method becomes the more economical method.

The processing method is the process parameter that has the greatest influence on
the Twmr and the specific cutting force (kcr.r). It also has a very significant
effect on Esc.

The immediate power increase that occurs at the start of cutting in the conventional
method does not occur in the TIGAM method. Compared to the conventional
method, the cutting process is more stable in the TIGAM method.

Through the additional heat input provided in the TIGAM method, while the
calculated k1.7 value of the work material is a maximum of 2846 N/mm? in the
conventional method, this value falls to 2364 N/mm? in the TIGAM method.

The Esc value of AISI 4340 steel with a hardness of 50 HRC was determined,
between 3.28-4.98 kJ/cm® depending on the process parameters. In the TIGAM
method, a 17.17% reduction in the Esc value was achieved. Reducing heat losses by
optimising the TIGAM method can result in lower Esc values.

The reduction of Esc in the TIGAM method provides lower 4 values.
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> Although extra electrical energy is consumed for preheating, not using coolant and
cutting with carbide cutting tools are important advantages of the TIGAM method.
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