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Abstract—Nickel based super alloys such as Inconel 718 is the most
difficult material to be machined. These nickel based super alloys
have many advantages in different industries like aerospace industry,
automotive industry etc. These alloys are very hard and corrosion
resistant, so performing machining on these alloys is the most
difficult task for most of the industries. Because of their large number
of advantages over other materials, these alloys are widely used and
are being popular in these days. To check the machinability of these
alloys, some experimental work was carried out in which Inconel 718
was machined under different cutting conditions with the carbide tip
tool. Different cutting speeds were chosen for the experimental
purpose under the constant feed and depth of cut. Machining was
performed without using the coolant, and thus, the problem of
storage, handling, and disposal of cutting fluid was eliminated, and
results were evaluated. Results were evaluated by considering the
material properties and different response parameters were
evaluated by using relations between material properties and these
parameters were plotted. Chip thickness, total work done and Von
mises stress were plotted for the different cutting conditions and
found to have the decreasing trend at higher cutting speeds. Values of
shear angle however increased with increase of cutting speeds. Chips
were collected and micrographs were seen by using SEM and optical
microscope and came to the fact that on machining Inconel 718, saw
tooth and wavy form of chips were formed and also it was further
revealed that on increasing the cutting velocity, the layering of saw
tooth form increased tremendously.
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1. INTRODUCTION

Inconel 718 is a most important alloy of nickel because of its
different properties and its high corrosion resistance and also
due to its high strength retaining property at higher
temperature conditions that’s why it is used in gas turbines
and also in the aviation industry. This alloy is very difficult to
machine as it has high affinity for the tool materials, low
thermal conductivity and also due to its tendency of work
hardening. Turning is the very vast field in machining area as
many of the cutting processes are started with the turning
operations. Different parameters which effect the turning

process are the cutting conditions, holding devices used and
also the speeds at which the operations are performed. All
these conditions effect the final result of the turning operation.
Tool geometry also capable of bringing the changes in the
turning process. The types of chips formed directly influences
the cutting forces. As Inconel 718 is the most versatile super
alloy used in high temperature areas so many people studied
about the different machining aspects of this material as, L.Li
et al. [1] studied the effect of high speed machining of Inconel
718 super alloy with coated carbide and ceramic inserts and
found that coated carbides are more suitable than ceramic
inserts for high speed turning of Inconel 718. R.S.Pawade et
al. [2] investigated the effect of various processes and tool
dependent parameters on cutting forces in high speed
machining of Inconel 718 , and found that magnitude of
cutting forces are two to three times higher than that of other
forces and also at higher speeds the smooth cutting action can
be seen. M.Rahman et al. [3] experimentally studied the effect
of cutting conditions on the machinability of Inconel 718 and
found that tool life is increased by increasing side cutting edge
angle of the tool and also the tool life decreased when the
speed or feed is increased. Muammar Nalbant et al.[4] studied
the effect of cutting tool coating material and cutting speed on
cutting forces and surface roughness on machinability of
Inconel 718 and concluded that minimum cutting force is
obtained by alluminium oxide carbide tools while the
maximum main cutting force is obtained by using titanium
based carbide tools but they found that cemented carbide
inserts have no effect on main cutting force and also surface
roughness increased as the cutting velocity increased. S.Amini
et al. [5] experimentally studied about the high speed turning
of Inconel 718 by using ceramic and carbide tools and found
that ceramic tools produced less effects on surface roughness
and force as compared to the carbide tool. So in this study, an
effort has been made to know the effect of various cutting
parameters on the cutting forces and stresses and also on the
chip surface morphology which was checked by using SEM
testing and also by optical microscopy.
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2. EXPERIMENTAL PROCEDURE

Experiments were performed using the Centre lathe with all
gears drive and having maximum spindle speed as 1000rpm
and minimum spindle speed as 48rpm and feed range as
0.028mm/rev-1.596mm/rev. Detail composition of Inconel
718 is shown in tablel. The cutting conditions and tool
specifications are shown in table 2. Different cutting speeds
are used for the experimental purpose at same feed and depth
of cut.

Table 1: Composition of Inconel 718

C=0.08 Mn=0.35 P=0.015 S=0.015
Si=0.35 Cr=21 Ni=55 Mo=3.30
Nb=5.50 Ti=1.15 Al=0.80 Co=1
B=0.006 Cu=0.30 Ta=0.05 Fe=11.084
Table 2: Specifications of the tool used
Tool Rpm Used Rake Clearance Principal
angle angle (°) Cutting
) edge angle
@)
Carbide 421,646,1000 | 12 10 40

Inconel bar used for this analysis is of round shape having
diameter as 30mm and length as 250mm (Fig. 1) and is
prepared by solution treated and aged as follows:

Solution treatment: 1800°F for 1 hour

Precipitation treatment: 1325°F for 8 hours, then furnace
cooled at 100°F per hour to 1150°F for 8 hours.

Fig. 1: Work piece

2.1 Mechanical Testing

Mechanical testing was performed on the specimen for finding
out the different properties of the specimen which were further
utilized for evaluating the different process responses. Brinnel
hardness test was performed on the machined sample and
hardness was found to be as 204 BHN and also the tensile test
was performed on the specimen which showed ductile
behaviour of the specimen, Graph of the testing is shown in
Fig. 2.

ENSILE STRESS[MPa]
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Fig. 2: Stress vs. Strain plot for Inconel 718

2.2 Theory used

1. Chip Thickness ,, ¢, = K

1
o (1)

Where,
t,= Chip thickness
W=Weight of the chip in grams

p=Density of the work material in g/cm’ (assumed to be
unchanged during chip formation)

w=Width of the chip in mm
/=Length of the chip in mm

Weight of the chip is evaluated by using the weighing
balance.

Width of the chipw, w—— 94 ()
cos(90 — @)
Where,

d=Depth of cut in mm

¢=Principal cutting edge angle in degree

Length of chip is evaluated by thread bounding method.

2. Uncut chip thickness #;, ¢, = f *sin ¢ 3)
Where,
t;=Uncut chip thickness in mm
f=Feed in mm/rev
. . . 2
3. Chip reduction coefficient ¢, & :l‘_ “)
1
4. Shear angle fy, tan B, = _COS¥y 5
¢ —siny,

Where,

yo- Rake angle in degree
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TRUE STRESS (MPa)

5. Von Mises Stress o,, o.= 1.74K(In &)" (6)

n and K were calculated by using tensile test results, True
stress vs. true strain graph on log-log graph paper was
obtained and from the true stress vs. true strain graph,
values of n and K were determined. The graph is shown in
Fig. 3. True stress and true strain are evaluated by using the
relations as

True stress O, o,=oc(l+¢€) (7
True strain= €, €, =In(1+ €) (3)
Where,

& =strain values obtained from the tensile testing
graph.

o=Stress values obtained from the tensile testing graph.

LUy
0’ '
TRUE STRAIN

Fig. 3: True stress vs. true strain

From the graph, n value is obtained as 0.466 and K as 2720
and the power law equation was established as

o

= 2720 €% . )

6. Total Work done T,, in Nm/rev
Elemental work done Wy,

_ K(@1.15In )" (10)

/4
“ n+l1

Total Work done T, , T, =W, vfdt (11)

Where,

v=Velocity of particular experiment in m/min
f=Feed of particular experiment in mm/rev
d=Depth of cut for particular experiment in mm

t=Time of a particular experiment in minute

From the above equations, different response parameters were
calculated which were further analysed to come to the
conclusions. These relations are totally dependent on material
properties and hence shows the most accurate results.

3. RESULTS AND DISCUSSION

Machining was performed at 3 different rpm and chips were
collected at these rpm for analysis. Images of the chips are
shown in Fig. 4 (rpm 421, Weight 0.150gm, v=39.67m/min),
Fig. 5 (rpm 646, weight 0.150gm, v=58.85m/min) and Fig. 6

(rpm 1000, weight 0.140gm, v=89.96m/min) and results on
machining are shown in tabular form (table 3).

Fig. 4: Chip obtained by experiment no 1

Fig. 5: Chip obtained by experiment no 2

Fig. 6: Chip obtained by experiment no 3

Table 3: Results obtained by analysis

T

\Y% f W

li') l;/[P (m/m | (mm/r dlg;l bt g ﬁno o ~
in) ev) (mm) [ (mm) ) | (MPa) i

ev)

49

0.0 0.09 | 1.10 | 47. | 1645.
1 |421]39.67| 0.138 1 g | 84 | 92 | 33| 70 9.

0.010.09|1.02|50.|761.0
2 | 646 | 58.85| 0.138 1 88 | 0 o |28 | 11 .8

8
100 0.010.08|1.01 189.2 32
3 0 87.96 | 0.138 1 38 | 87 0 51 4 ;)

Recorded data are represented in graphical form (Fig. 7,
figure8, figure9 and figure10) and subsequently explained.

| CHP THCKNESS VS CUTTING VELOCITY PLOT FOR INCONEL T13 |
T T T T T

E]
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Fig. 7 : Variation of chipthickness vs. velocity
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SHEAR ANGLE VS CUTTING VELOCITY PLOT FOR INOONELT1S
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Fig. 8: Variation of Shear angle vs. Cutting velocity

| VON MISES STRESS VS CUTTING VELOCITY FLOT FOR NCONEL 718 ‘
T T T T
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Fig. 9: Variation of Von mises stress vs. cutting velocity

[TOTAL WORK DONE VS CUTTIG VELOCITY FLCT FOR INGOREL 710
T
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50
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Fig. 10: Variation of total work done vs. cutting velocity

Different graphs are showing variation of the different
parameters with respect to cutting velocity. In Fig. 7 it can be
seen that chip thickness reduces when the cutting velocity
increases, this indicates that the requirement of machining
force decreases as the cutting velocity increases. This could be
because of recrystallization of the chip material during
machining at higher cutting speed. When the speed increases,
there is rise in the temperature of work piece causing softening
effect that leads to reduce the chip thickness resulting lesser
values of machining force. Extent of recrystallization in the
chip material seems to be extensive which can be easily
predicted by lower chip thickness at higher cutting speed. As
the temperature rises, plastic deformation of chip material

promotes the recrystallization which reduces the force
requirement during machining. On the other hand, it can also
be seen that the shear angle value increases with increase in
cutting speed (Fig. 8). This is in agreement with reduced chip
thickness at higher cutting speed. Von Mises stress also
reduces when the cutting velocity increases, (Fig. 9). This is
due to reduced force at higher cutting velocity. Thus the
cutting force decreases at higher cutting speeds which leads to
the decrease in the total work done which can be seen in Fig.
10.

To validate the above results, SEM testing was performed on
the collected chip samples and also the chip microstructures
were obtained through optical microscopy and results are all
seen in subsequent figures.

2.0kx

300x

1.0Kx

2.0Kx

Fig. 11: SEM testing results showing different
surfaces of the chip at 421 rpm.

From the SEM micrographs (Fig. 11), it can easily be seen that
fracture of the chips took place by brittle mode and also it can
be seen that chip formation takes place by saw tooth chip
formation mechanism.
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Fig. 13: SEM testing results showing different surfaces of the
chip at 1000 rpm.
It can be seen in the above micrographs (Fig. 13) that on
increasing the cutting velocity better cutting action is revealed
and also the frequency of saw tooth formation increases in
comparison to the previous cases and fracture of chips takes
place by ductile mode.
(OF 300x To validate the above points on SEM micrographs
microstructures of the chips were seen under optical
Fig. 12: SEM testing results showing different surfaces of the microscope and results were interpretted (Fig. 15 and Fig. 16).

chip at 646 rpm.

oAl ©

SEM micrographs (Fig. 12) revealed that frequency of saw
tooth formation increases with increasing cutting velocity and
also the cutting action takes place in a better manner than the
lower rpm.

Fig. 14: Microstructures of parent metal

2.0Kx
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200 pm

3

Fig. 15: Unetched and etched sample shows saw tooth chip
formation when chips are kept in vertical position.

Same chips when kept in horizontal position saw tooth in the
chip were distinctly appeared as shown in Fig. 16.

2)

Fig. 16: Unetched and etched sample shows saw tooth chip
formation when chips are kept in vertical position.

The saw tooth chip formation is actually taking place by
generation of higher amount of heat in a localized shear band
during the process of chip formation. Such developed heat
however getting confined within the narrow shear band area
without getting dissipated i.e. the heat is stored in a narrow
region under adiabatic state. Actually, during the process of
saw tooth chip formation, the developed heat gets accumulated
in the narrow band without further heat dissipation and finally
getting slided segmentally along the weakest narrow heat
concentrated shear band successively forming the shape of a

saw tooth.
4. CONCLUSIONS

1. Effect of cutting speed on machining responses (chip
thickness, shear angle, Von mises stress, total work
done) based on material properties has been
identified i.e. chip thickness, Von mises stress and
total work done decreases with increase in cutting
velocity whereas shear angle increases with increase
in cutting velocity.

2. Saw tooth chip formation is attributed to successive
lamellae formation and propagation along the tool
rake face during machining on Inconel 718.

3. Machining responses produced (through material
property consideration) can be validated through
microstructural study i.e. saw tooth and wavy form of
chips are obtained. Mechanism of saw tooth chip
formation occurred through shear sliding along heat
concentrated shear band area without any heat
dissipation.
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