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Abstract

In the present work, the effect of heating temperature on the workpiece surface in orthogonal machining of Inconel 718 on
chip geometry in terms of chip segmentation, shear band configuration, and equivalent chip thickness has been studied
through scanning electron microscope of chip roots. Chip segment characteristics are an important phenomenon as it
directly influences the cutting force during machining processes. The workpiece was heated with two heating temperatures
of 300 and 600 °C by burning mixture of liquefied petroleum gas and oxygen. It was observed that with an increase in
heating temperature equivalent chip thickness, the degree of segmentation, and serration frequency decrease compared to
room-temperature machining conditions. It was also observed that shear plane length, shear band thickness decrease,
whereas space between the shear band increases with the increase in heating temperature.
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1 Introduction

Inconel 718 alloys are widely used in aerospace, chemical,
automobile, etc., machined components. The inherent
properties which are responsible for the widespread use of
Inconel 718 at high-temperature environment are also
responsible for drastic tool wear during machining. The
properties of Inconel 718 like low thermal conductivity,
chemical reactivity, diffusivity, and high strength at high
temperature are the properties which are unfavorable dur-
ing machining. The temperature, pressure, and stress gen-
erated at cutting edge reduce the tool life, and hence rapid
tool wear. Thermally enhanced machining process can
overcome this problem and can improve machinability
(Sun et al. 2010). In thermally enhanced machining pro-
cess, an outer heating source was applied on the workpiece
surface so that the shear strength of material reduces
without affecting the metallurgical changes (Ezugwu et al.
2003). Different heating methods have been utilized by
various researchers for enhancing machinability of high-
strength materials. To improve machinability of Inconel
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718, vast research has been carried out worldwide. Maity
and Swain (2008) studied tool life using flame heating on
manganese steel, and they found that tool wear decreased
with the increase in heating temperature, and they devel-
oped a tool life equation and compared it with the exper-
iment results. A good correlation between the predicted and
measured tool life was noticed. Thandra and Choudhury
(2010) presented tool life, surface finish, and cutting force
using the gas flame heating method. They found that
heating improves tool life and material removal rate, and
reduces cutting force and surface roughness. Similarly,
advanced technology like plasma and laser has been
implemented for machining hard materials. Leshock et al.
(2001) studied the numerical modeling of plasma-assisted
machining of Inconel 718 and observed that cutting force
reduced up to 30%, tool life increased 40%, and surface
finish improved compared to the conventional machining
process. The numerical results were validated with the
experimental result, and good agreement was found. Lopez
de Lacalle et al. (2016) studied the machining of nickel
base alloy using plasma as a heating source. They dis-
cussed influence of heating on tool wear and surface
integrity of the machined surface. It was observed that the
tool life and surface finish were better at plasma-assisted
machining conditions compared to room-temperature con-
ditions. Other researchers used different heating methods
like laser (Norazlan et al. 2013; Germain et al. 2008),
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plasma (Kittagawa and Maekawa 1990; Novak et al. 1997;
Hinds and De Almeida 1981), flame heating (Maity and
Swain 2008; Parida and Maity 2016a, b, c; Ozler and Ozel
2001), and induction heating (Baili et al. 2011; Ginta 2009;
Ginta and Amin 2013) to study the machinability approach
of high-strength material. These studies are related to the
application of heating on tool wear, tool life, surface
roughness, etc. But the study of chip morphology or chip
segmentation lacks behind as per best knowledge in ther-
mally enhanced machining process.

The control of segmentation of chip and shear band is
the way to improve the machinability (Joshi et al. 2014).
Machinability of Inconel 718 is poor because localization
of heat in a narrow region in primary deformation zone
causes rapid tool wear during machining which decreases
the tool life and surface finish, and reduces material
removal rate, etc. It was observed in the past study that
shear localization is not possible due to less heat generation
at low-cutting-speed condition. Heat-assisted machining
process has some difficulties for studying the mechanism in
terms of chip segmentation and the cyclic cutting force
because of the complex and dynamic thermomechanical
phenomenon. The effect of fracture criteria on chip seg-
mentation was studied (Lorentzon et al. 2009). Two frac-
ture criteria were studied, first, Cockroft—Latham model
which is based on largest principal stress and effective
plastic strain, and second, effective plastic strain. It was
stated that thermal softening and material damage are the
cause for changes of the continuous chip to segmentation
chip, and effect of cutting speed is the most significant
parameter for chip shape during machining. Other
approaches like strain softening and thermal softening
(Biker 2005; Calamaz et al. 2008) were carried out for chip
segmentation using finite element analysis. Chip serration
frequency in machining of high-strength material is mostly
affected by cutting speed compared to feed rate, and depth
of cut was studied by Amin et al. (2012). The effect of chip
morphology depends on the cutting parameters, contact
friction, and thermomechanical loading (Komanduri and
Brown 1981). Formation of chip segmentation of titanium
alloy was studied (Hua and Shivpuri 2004; Cotterell and
Byrne 2008). Effect of coolant pressure on tool wear in
machining of two nickel base alloys (Inconel 718 and
Waspaloy) was analyzed (Polvorosa et al. 2017), and it was
shown that behaviors of both alloys are different in relation
to pressure value. Certain speed ranges and cutting con-
ditions are the two criteria for chip segmentation (Ko-
manduri and Brown 1981). Self-excitation vibration, forced
vibration, and dynamic response of the machine tool
structure are other criteria for chip segmentation. The ratio
between the inside and outside of the shear band within the
chip was analysis chip segmentation is called segment
intensity ratio (SIR). This is the effective way to find out
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segmentation of chip compared to chip thickness, chip
compression ratio for analysis of chip (Atlati et al. 2011).
Lépez de Lacalle et al. (2000) discussed the cutting con-
ditions of machining of hard material like Ti—-6A1-4V and
Inconel 718. They discussed the effect of cutting speed,
tooth feed, and helix angle on tool wear in machining of
both materials. It was observed that both machinability
problems were shown in the experiment. They concluded
that machinability problem in titanium is due to low ther-
mal conductivity and reactivity to the cutting tool, whereas
machining problems in nickel were due to hardness and
mechanical hardening. Parida and Maity (2016) discussed
the effect of nose radius on cutting force and process
parameters in hot machining of Inconel 718. They observed
that the cutting force decreased at heating conditions
compared to room-temperature conditions. In heating
conditions, there was formation of continuous -chips,
whereas at room temperature, small chips or segment type
chips were formed which was validated by using FEM
simulation.

It was found that preheating reduces the shear strength
and shear localization due to suppression of dynamic
recrystallization which is a major reason for adiabatic shear
band formation (Joshi et al. 2014). The aim of this paper is
to investigate the effect of heating temperature on chip
formation process or chip morphology in machining of
Inconel 718 alloy.

2 Experiment Procedure

All cutting trials were carried out on a center lathe. During
heating, the workpiece was rotated at slow speed so that
uniform heating is possible. Gas flame (Oxyacetylene) was
utilized for heating the workpiece. The temperature of the
work surface was measured using thermocouple via the
temperature indicator display unit. The flame handle was
connected with an automatic controller. First, the desired
heating temperature is set to the temperature display unit
and the workpiece was heated to the desired temperature.
As soon as the desired temperature is reached, the flame
handle automatically comes back from the workpiece and
goes toward the workpiece whenever the temperature
decreases. The chemical and mechanical properties of
Inconel 718 are shown in Table 1. The tool properties of
cemented carbide were density 11,900 kg/m’, Young’s
modulus 63 GPa, Poisson’s ratio 0.26, yield limit
4250 MPa, thermal expansion 5.4 x 107°, specific heat
334 J/kg K, and thermal conductivity 100, respectively.
The heating system along with orthogonal machining
schematic diagram is shown in Fig. 1. A tube of 50 mm
outer diameter and 47 mm inner diameter with a thickness
of 1.5 mm was used as workpiece material.
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Table 1 Mechanical and physical properties of Inconel 718 (Yilbas
et al. 2010)

Density (kg/m®) 8200
Latent heat of melting (J/kg) 250,000
Solidus Temperature (K) 1528
Liquidus Temperature (K) 1610
Specific heat capacity 600
Thermal conductivity (W/m k) at 1500 K 30
Poisson’s ratio 0.3

The tool used for these experiments was triangular
uncoated cemented carbide insert (TNGP). The machining
experiments were carried out with three cutting speeds (40,
60 and 100 m/min), two heating temperatures (300 and
600 °C), and constant feed and depth of cut of 0.13 mm/
rev, 1.5 mm, respectively. The chip shape and size were
investigated with the help of optical and scanning electron
microscope. The force was measured with the help of strain
gauge dynamometer (SYSCON, INDIA).

3 Result and Discussion

Segmentation of chip and shear localization due to dry and
hot machining has been explained in the result. Mechanism
of chip formation, geometric parameters of a chip like
segmentation ratio (SR), the frequency of serration,
equivalent chip thickness, and its effect on cutting force
were discussed in this section. Shear band spacing, shear
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band thickness, and shear plane length were also analyzed
at different heating and room temperature.

3.1 Influence of Heating on the Mechanism
of Chip Formation

Different chip morphologies were obtained at different
machining condition. At machining of 40 m/min cutting
speed, there was no formation of segmental cutting chip,
whereas as the cutting speed increased to 100 m/min, saw-
tooth-type chip was observed as shown in Fig. 2a—c.

Inconel 718 is a low thermal conductivity material, and
it is sensitive to strain hardening during machining. At
room-temperature machining condition, the chip segments
are formed by fracture and cover the entire chip as seen in
Fig. 3a and its magnification view (b). The work hardening
occurs due to higher strain rate work material deformation.
But when heating temperature increases to 300 °C, thermal
softening and fracture combination change the shape of the
chip due to a decrease in strain rate sensitivity as shown in
Fig. 3c and enlarged view (d).

When the optimum heating temperature was applied,
i.e., 600 °C for Inconel 718, the fracture length decreased
and only thermal softening occurred for segmentation of
chip in Fig. 3e and its magnification view (f). Figure 4
shows the decrease in fracture length with an increase in
heating temperature. The shape of segment chip was also
affected by heating temperature. At room temperature,
trapezoidal type of segment is formed due to plastic and
shear deformation. In these conditions, all of the energy is
not used in cutting process. But when machining

\
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5 Insert [TNGP]

Feed direction

Fig. 1 Schematic diagram of hot orthogonal machining setup
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Fig. 2 Chip formation obtained at different machining environment a at 30 °C, b at 600 °C at cutting speed of 100 m/min

temperature increases, the chips forms a rectangular shape
and the fracture length decrease 38%.

Similar observation was observed in preheating
machining of Ti-6Al-4V alloy (Joshi et al. 2014) and
milling of Ti-6Al-4V and Inconel 718 (Lopez de Lacalle
et al. 2000). It was observed that the fracture length in the
chip root decreases with the increase in heating tempera-
ture. The moment of dislocation in the workpiece is
restricted at low temperature, i.e., room temperature, and
hence the formation of fracture occurs due to large strain
induced in the shear plane during machining. But at high
temperature, the material relieves the strain hardening
because there is no restriction of the moment of disloca-
tion, and hence fracture formation is reduced. At room
temperature, the fracture length was measured and found
0.13 mm, but heating at 300 °C the fracture decreased to
0.13 mm, and again heating to 600 °C it comes to
0.11 mm. So 38% reduction in fracture occurs at 600 °C
heating temperature. All measurements were noted on
SEM image using the ImageJ software.

3.2 Analysis of Chip Segmentation or Chip
Morphology at Different Machining
Conditions

There are different parameters which affect the chip seg-
ment morphology, i.e., saw-tooth spacing, plastic strain,
fracture, shear plane length, as shown in Fig. 5. Another
two parameters which affect the chip morphology are
affected by machining environment (segmentation ratio
and frequency of serration).

3.2.1 Segmentation Ratio (SR)

The degree of segmentation ratio is the ratio between the
differences of maximum chip thickness (Hy.x) and mini-
mum chip thickness (Hy,) to the maximum chip thickness
(Hmax) as Eq. 1 is shown in Fig. 5.

) @ Springer

Hmax - Hmin

Segmentationratio (SR) = i
max

(1)
Due to the application of heating, the strength of material
reduced compared to room-temperature machining. In
heating conditions, plastic strain along the shear band
increased and reduced maximum deformation segment
Hyax. At heating temperature, maximum deformation of
material Hyax decreased due to low strain rate sensitivity
of work material. The segmentation ratio (SR) decreases
41, 40, and 56% at cutting speed 40, 60, and 100 m/min,
respectively. But increasing cutting speed from 40 to
100 m/min, the segmentation ratio increased 65, 26, and
24% at 30, 300, and 600 °C heating temperature, respec-
tively, as shown in Fig. 6.

3.2.2 Chip Segmentation Frequency (f;)
Number of saw-tooth chip formed per second during the

machining process. It can be calculated as Eq. 2 (Joshi
et al. 2015)

. Cutting speed
Segmentation frequency (f) = Undeformed Surface Length’

(2)

The frequency of chip segmentation decreased with the
increase in heating temperature as shown in Fig. 7. The
chip segmentation decreased 36, 13, and 11% at cutting
speed of 40, 60, and 100 m/min, respectively, from room
temperature to 600 °C heating temperature. This is due to
undeformed chip length at room temperature which is less
compared to 600 °C heating temperature. But when cutting
speed increased from 40 to 100 m/min, the chip segmen-
tation frequency increased 28, 51, and 78% at 30, 300, and
600 °C heating temperature. This may be due to plastic
deformation at high strain rate and shear localization at
high cutting speed.
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18kLU

Fig. 3 Different chip segment taken in SEM at cutting speed of 100 m/min and feed rate of 0.13 mm/rev: a and b at room temperature ¢ and d at
300 °C, e and f at 600 °C heating temperature

3.2.3 Equivalent Chip Thickness (H, Hpox — Hy;
q p ( Eq) HEq _ Hmax + max 2 mn. (3)
Equivalent chip thickness in segmented chip can be cal-

culated (Wang et al. 2014) in Bq. 3. The formation of chip thickness in both room and the

heating temperature is shown in Fig. 8. The equivalent chip

“n @ Springer
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Fig. 5 Observation of mechanism of chip segmentation at cutting
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Fig. 6 Degree of segmentation ratio with respect to cutting speed at
room and elevated temperature

thickness decreased with the increase
temperature.

There was an increase of 15, 28, and 23% of equivalent
chip thickness at cutting speed 40, 60, and 100 m/min from
room temperature to heating temperature of 600 °C. With

the increase in cutting speed from 40 to 100 m/min, the

in heating
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Fig. 8 Effect of heating temperature on equivalent chip thickness at
different cutting speed

equivalent chip thickness increased 215, 194, and 164% at
30, 300 and 600 °C heating temperature, respectively.

3.2.4 Average Chip Pitch or Saw-Tooth Spacing (C,)
It was observed that the average chip pitch decreased with

the increase in heating temperature as shown in Fig. 9.
There was a decrease of 21, 20, and 15% of average chip

E30°C @300°C B600°C -

40 60 100
Cutting speed [m/min]

Fig. 9 Average chip pitch versus cutting speed at different heating
temperature
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Fig. 10 Influence of heating temperature on average chip pitch and
shear plane length at different cutting speed

pitch at cutting speed 40, 60, and 100 m/min, respectively,
from room temperature to 600 °C heating temperature.

But with the increase in cutting speed from 40 to 100 m/
min the average chip pitch decreased again 10, 11, and 4%
at 30, 300 and 600 °C heating temperature, respectively.
Similar observation was also found on thermally enhanced
machining of Ti—6A1-4V (Joshi et al. 2014).

3.2.5 Average Shear Plane Length

Shear plane length indicates the maximum length of
deformation a material undergoes while forming a seg-
ment. Material strength and heat generation during
machining is also dependent on this parameter (Joshi et al.

Fig. 11 Chip microstructure with different heating temperature (a—c) and their corresponding magnification image (d-f) at cutting speed of

100 m/min and feed of 0.13 mm/rev
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2015). With the increase in heating temperature the aver-
age shear plane length decreased. The decrease in average
shear plane length was 7, 15, and 12% at cutting speed 40,
60, and 100 m/min, respectively, from room temperature to
heating temperature of 600 °C. This is because at high
temperature heat generated due to plastic deformation
decreases and lowers the material strength which is
responsible for the increase in shear band spacing and
segment pitch. But the average shear plane length
increased 50, 45, and 42% with the increase in cutting
speed from 40 to 100 m/min at 30, 300, and 600 °C heating
temperature, respectively, as shown in Fig. 10.

3.3 Shear Band Configuration in Chip Due
to Heating

Influence of shear band configuration was studied at room
and different heating temperatures. Chip structure and
shear band configuration at room and heating condition are
shown in Fig. 11.

Again it was noticed that heating reduces the shear band
thickness. This is due to suppression of dynamic recrys-
tallization and increase in dynamic recovery during
machining process as shear band formation involves the
mechanism of rotational dynamic recrystallization (Xue
et al. 2002). There was 66% (from 0.009 to 0.003 mm)
reduction in the shear band from room temperature to
600 °C heating temperature as shown in Fig. 12a. Different
types of assisted machining of hard material were also done
by Lopez de Lacalle et al. 2016.

Furthermore, the shear band spacing was also affected
by heating temperature as shown in Fig. 12b. It was found
that there was a 40% (from 108 pm to 152 pm) increase in
spacing between the shear band from room temperature to
600 °C heating temperature. But at a heating temperature
of 600 °C, segments are attached to a large part of the shear
plane length. It concludes that contribution of plastic strain
compared to fracture is high in segment formation and
forms a more continuous type of chip.

3.3.1 Effect of Heating Temperature on Cutting Force

It was observed that the cutting force decreased with the
increase in heating temperature. The reduction in cutting
force 14, 15, and 11% at 40, 60, and 100 m/min cutting
speed at a heating temperature of 600 °C was observed
compared to room-temperature machining. This is due to
the reduction in shear strength of the material due to
heating of the workpiece. When cutting speed increased
from 40 to 100 m/min, the cutting force again decreased
47, 50, and 45% at the room temperature, 300 and 600 °C
heating temperature, respectively. This is because with
increase in cutting speed the cutting zone temperature was

2
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Fig. 13 Effect of heating on cutting force at different cutting speed

also increased which again reduced heat generation due to
plastic deformation during machining, and hence cutting
force decreased as shown in Fig. 13. This type of obser-
vation was observed by Thandra and Choudhury (2010) in
machining of high-strength material.

4 Conclusion

With the effect of heating on shear localization and chip
segmentation, the following conclusions may be drawn:
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e At room temperature, the mechanism for chip segment
formation is a combination of plastic strain and
fracture, whereas for heating conditions (600 °C) is
the plastic strain. In both room and heating conditions,
mode II type fracture occurs, but the fracture at heating
temperature was found less compared to room
temperature;

e Due to heating, the material strength decreased, so
cutting force decreases which represents that the
segmentation ratio and frequency of serration were
decreased with the increase in heating temperature;

e Equivalent chip thickness decreased with the increased
heating temperature, but it increases with increase in
cutting speed;

e Shear plane length and saw-tooth spacing decreased
with the increase in heating temperature compared to
room temperature;

e Shear band thickness decreased with heating, but shear
band spacing increased with heating compared to room
temperature;

e The cutting force decreased with increase in heating
temperature and increase in cutting speed again reduced
the cutting speed due to reduction in heat generation as
a result of plastic deformation during machining.
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