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Abstract

The nickel-based superalloy Inconel 718 is widely used in aerospace and other fields due to its excellent performance.
However, the alloy elements are presented in the form of compounds with high hardness, such as TiC, NbC, MoC, TiN and
so on, which lead to complex cutting deformation in machining Inconel 718. In this study, the cutting experiments and the
fast tool-drop test were carried out to obtain the chip root. Combining the split Hopkins pressure bar (SHPB) test, a scan-
ning electron microscope (SEM) was used to observe the metallographic micrographs of the specimens and analyzed the
plastic dynamic behavior of the material in the cutting area. The soft and hardening mechanism in the dynamic deformation
process was described. The stress distribution model of material in the cutting area was proposed and the influence of stress
distribution on cutting deformation, side flow and tool wear during the cutting process were also given.

Keywords Inconel 718 - Cutting deformation - Material dynamic behavior - Stress distribution - Tool wear

1 Introduction

Cutting mechanism is the mechanism of chip formation.
In the cutting process, the deformation mechanism of the
workpiece near the cutting edge is very important to explain
the nature of the cutting phenomenon, which is the basis of
cutting theory, including chip shape, cutting deformation
process and its characteristics, formation of built-up-edge
(BUE), etc. In high-speed cutting Inconel 718, the chip is
serrated. The formation of the sawtooth chip has a great
influence on the cutting force, surface quality fluctuation,
and tool wear, which is the focus of theory and practice
fields.

In the experiment of cutting Inconel718 with CBN tool
by Costes et al. [2], it is observed that the chip has a shear
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localization phenomenon and forms a serrated chip. There
are two main concentrated deformation areas, and the high
pressure and high-temperature conditions in the cutting
process change the microstructure. Su et al. [20] find out
the correlation between the chip morphology at different
sawtooth stages and the micro morphology of the machined
surface in the high-speed cutting Inconel 718. In view of the
formation mechanism of the serrated chip, the phenomenon
of shear localization was observed in the cutting experiment
of nickel-based superalloy Inconel 718 by Komanduri et al.
[9] and it was considered that the formation mechanism of
the serrated chip was similar to that of titanium alloy and
high strength steel, mainly due to adiabatic shear. Similarly,
in the experiments of cutting titanium alloy and AISI 52,100
by Recht [18, 19] and Dvaies [3, 4], the mechanism of the
serrated chip is considered to be the effect of adiabatic shear,
and the thermal softening of the material is better than the
hardening effect.

Another point of view is that the cracks initiation on
the free surface in cutting Inconel 718 led to serrated chip
formation. Wang and Liu [26] used an orthogonal cutting
Inconel 718 experiment to observe the chip morphology at
different cutting speeds. It is found that dimples and duc-
tile fracture exist on the free surface of serrated chip, and
the fracture phenomenon is caused by adiabatic shear and
severe plastic deformation. Obikawa et al. [17] analyzed

@ Springer


http://orcid.org/0000-0002-2765-4878
http://crossmark.crossref.org/dialog/?doi=10.1007/s43452-022-00467-9&domain=pdf

146 Page2of16

Archives of Civil and Mechanical Engineering (2022) 22:146

Table 1 Chemical composition

Nb Mo Ti C Si Mn B Fe

Workpiece Chemical composition
of IN718
Ni Cr
Inconel 718 51.75 17

5.15 2.93 1.07

0.042 0.21 0.03 0.006 Other

Table 2 Physical and mechanical properties of IN718

Workpiece  Density, p (kg/m>)  Yield strength, oy, Tensile strength, 6,  Elongation, d5 (%) Shrinkage ratio,y ~ Impact toughness, g,
(MPa) (MPa) (%) (J/cm?)
Inconel 718 8280 1260 1430 24 40 40

the formation mechanism of the sawtooth chip using the
finite element analysis method, adopted the brittle fracture
criterion of stress and strain rate as the boundary treat-
ment, and considered that pressure and temperature were
the main reasons for cracks in cutting deformation. When
cutting high strength steel, Elbestawi et al. [5] and Shaw
and Elbestawi [21] also came to a similar conclusion,
believing that the formation mechanism of the serrated
chip is the formation of micro-cracks on the free surface
of the cutting layer and extending to the tool along the
shear zone. In addition, chip morphology is affected by
many factors, such as cutting tool vibration [22], cutting
tool chip form Jawahir and Luttervelt [8], cutting zone
temperature, application of cutting fluid, tool coating [29],
cutting process parameters [10]. The texture of the mate-
rial [11], all of these factors affect the chip formation in
Inconel 718.

Based on the above analysis, the soft and hardening
dynamic behavior of the material in the cutting zone is
the key to the formation of the serrated chip during cut-
ting Inconel 718. However, there is no clear description of
the dynamic behavior of the material in the cutting zone in
the literature. The research on the thermal softening behav-
ior of Inconel 718 is mainly focused on high-temperature
compression test. Thomas et al. [25] carried out the com-
pression experiment of Inconel 718 at high temperature and
low strain rate and established a hyperbolic sine constitu-
tive model to describe the softening behavior of Inconel 718
material. Lin et al. [13] analyzed the influence of thermal
deformation parameters (deformation temperature and strain
rate) on flow stress by compression experiment and estab-
lished a constitutive equation which can accurately reflect
the thermal deformation behavior of nickel-based superalloy.
Mahalle et al. [16] established a constitutive equation which
can predict the flow stress of Inconel 718 under the condition
of high temperature and low strain rate by means of a hot
tensile test, and found the dynamic recrystallization phe-
nomenon of the material at high temperature by using EBSD
analysis. Through Inconel 718 static tensile test, Socha et al.
[23] concluded that the surface crack was related to plastic
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Table 3 Physical and mechanical properties of tool

Tool Density  Elastic Poisson’s  Specific =~ Tempera-
material (kg/mS) model ratio v heat ture con-
(MPa) capacity  ductivity
J/kg °C) (W/m °C)
WC-Co 14.6 6.4x10°  0.22 220 75.4
(8/%)

deformation, and pointed out that hard phase point and grain
boundary contributed to crack initiation.

In this paper, based on the high-speed cutting charac-
teristics of Inconel 718, the plastic dynamic behavior of
the material in the cutting area and the soft and hardening
mechanism in the dynamic deformation process are studied
through the cutting experiments, the fast tool-drop test and
SHPB test.

2 Experimental process

The material used in the cutting experiment is Inconel 718,
whose chemical composition and physical properties are
shown in Tables 1 and 2.

The cutting tool is co WC cemented carbide. The rake
angle of the cutting tool is 0° and the relief angle is 6°. The
material properties of the tool are shown in Table 3

CA6140 ordinary lathe is selected as the cutting experi-
mental machine tool, which can realize stepless speed
change. Explosive fast tool-drop test is adopted in the cutting
process. The quick stop device can make the tool leave the
test piece quickly during the turning process, and "freeze"
the cutting state at the instant of tool withdrawal, so as to
obtain the chip root and retain the cutting state of high tem-
perature and high strain rate in the cutting area. The dynamic
removal process of materials can be analyzed through the
metallographic of chip root.

The high-temperature compression split Hopkinson
bar (SHPB) test was also carried out to study the dynamic
behavior of Inconel 718 at high temperature and high strain
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rate. When the bullet collides with the input rod, an incident
wave is generated. Due to the difference in wave impedance,
when the incident wave reaches the end face of the input rod
and the specimen contact, transmission and reflection phe-
nomena will occur. In addition to reflecting back to the input
rod to form a reflected wave, another part of the pulse will
form a transmitted wave, which will be transmitted to the test
piece for impact loading, and then transmitted to the output
rod, and finally captured by the absorption rod. The tested
sample is placed between the input rod and the output rod
and bears different strain rates and different temperatures.
The experimental parameters are shown in Table 4.
The integrated experimental system is shown in Fig. 1.

Table 4 SHPB test parameters

T, (°C) Strain rates (s™')

20 °C (Toom) 5000t 7000s™!  9000s™! 11,0007
500 °C, 600 °C Specimen sizes (DX L)

700 °C, 800 °C @4 x2(mm)

i1

Workpicce uscd
B’ in cxpcmncnts

Machine tool
(CA6140) .

\' Strain gauge
—_— —L\

3 Results and discussion
3.1 Morphology and microstructure of chip root

The micro morphology of chip root [7] was obtained in the
previous study of the author, as shown in Fig. 2. The cutting
speeds are 40 m/min, 80 m/min and 100 m/min, respectively.
It can be found that the cutting deformation is uneven at
different cutting speeds, and the chip shape is serrated. The
formation process of serrated chip is the performance that
the removed material evolves from a stable state to an unsta-
ble state in the process of high-speed cutting, and finally
reaches a self-adaptive process of stable state. The cutting
layer material produces elastic deformation under the extru-
sion of the tool.

Chip subjected the force on the tool rake face and led
to the extrusion of the cutting layer so that the shear slip
in the lower cutting layer near the tip of the area began
to deformation. At this time, the shear slip was spiky. It
grew inside the cutting layer and gradually extended to

quick-stop tests

Microstructure and
morphology of chip

Dvwnamic behavior

SHPB
e analysis of materials

( Impact bar ] | Incident bar

——  Waveform memory |——] Uitra dynamic strain gauge |

Computer

Fig. 1 Schematic diagram of the comprehensive experimental system
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Fig.2 Metallographic micro-
graph of chip root under differ-
ent cutting conditions

Fig.3 Microstructure of chip root

the top surface of the cutting layer. The direction of shear
force changed continuously to the cutting layer, and the
shear slip instantly extended to the top surface of the cut-
ting layer, forming a shear surface with a certain width.
With the cutting process, the sawtooth chip formed under
the action of shear force.

According to Fig. 2, shear localization and cracks can
also be clearly observed. Serrated chip is a typical feature
of chip morphology in high-speed cutting nickel-based
superalloy Inconel 718.

It can be seen from Fig. 2 that during the sawtooth chip
formation at a cutting speed of 100 m/min, severe defor-
mation occurs between two blocks and at the bottom of
the chip to form a banded structure and the grains in the
band are refined. It is difficult to distinguish the slip line
by optical microscope, and a transition band characterized
by microstructure refinement appears. Fine grains can be
observed in the transition zone, and dynamic soft behav-
ior occurs. In the middle of each chip segment, the grain
is slightly deformed and elongated, and the slip line can
be clearly seen, and the hardening behavior of the mate-
rial occurs. However, cracks appear on the free surface of
the chip edge, and the overall microstructure of the chip
is shown in Fig. 3.

@ Springer
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3.2 Flow stress

The variation characteristics of flow stress can usually
describe the hardening and softening behaviors during
plastic working. It can be expressed as:

0 = oo /oe. (1)

In Eq. (1), 0 is the hardening rate of the workpiece, o is
the stress and ¢ is the strain. At high temperature, the metal
flow process can be divided into two stages. When 8 > 0,
work hardening occurs, and when 8 < 0, dynamic soften-
ing occurs. The stress—strain curves at different strain rates
and temperatures were obtained by SHPB experiment, as
shown in Fig. 4.

According to Fig. 4, it can be found that the stress—strain
curve after dynamic compression can be divided into two
stages, which includes strain, strain rate hardening stage
and temperature softening stage. The stress increases
gradually, then the area is gentle, and finally the stress
decreases with the increase of strain. In Fig. 4, the flow
stress value at a given strain rate decreases significantly
with the increase of temperature, indicating that the influ-
ence of temperature on Inconel 718 is highly sensitive.
At a given temperature, the flow stress increases with the
increase of strain rate. When it reaches 11,000 s~!, the
stress decreases, and it can be found that the change of
stress value with strain rate is not obvious. It shows that
the strain rate is less sensitive to Inconel 718 material. To
observe the dynamic state of the material under different
temperature and strain rate conditions, SHPB experiment
was carried out and microscopic metallographic pictures
at different strain rates and cutting temperatures are shown
in Fig. 5.

It can be seen from Fig. 5 that dynamic recrystallization
occurs in the process of high-temperature deformation to
refine the microstructure, which is the main reason for
softening behavior. At the same temperature, the increase
in strain rate can inhibit the dynamic recrystallization phe-
nomenon, and grain breakage occurs. At the same strain
rate, with the increase in temperature, the dynamic recrys-
tallization effect is obvious, and the dynamic recrystalliza-
tion occurs preferentially at the deformed grain boundary.
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Fig.4 Flow stress curve

3.3 Description of material dynamic behavior
in cutting zone

In the process of high-speed cutting Inconel 718, the
deformation behavior of the alloy is very complex. The
cutting process can be regarded as the dynamic compres-
sion process of material under high temperature and high
strain rate. With the increase in cutting speed, the strain
rate of material increases in the deformation process, and
the phenomenon of work hardening and material soften-
ing occur simultaneously in the cutting area. Both work
hardening and softening have a great influence on the
cutting deformation behavior, especially on the serrated
chip formation during high-speed cutting. Therefore, it
is necessary to study the dynamic behavior of materials

at high temperature and high strain rate. The grain size,
temperature and strain rate are closely related to the flow
stress in the process of material deformation, so it can
be considered that the flow stress constitutive equation
can reflect the material dynamic behavior evolution in the
plastic deformation process.

3.3.1 Work hardening

According to the constitutive equation proposed by Cin-
gara [1], the flow stress constitutive model of material dur-
ing work hardening can be expressed as follows:

S
2= [iexp<1—i>] . )
% L% €p
where o, is the peak stress, ¢, is the peak strain, S is the
material constant. In Eq. (2), the peak stress o, and peak
strain €, can be calculated from the stress—strain curve
obtained by SHPB tests.

Previous studies have shown that there is a process of
thermal activation during high-temperature deformation.
The Arrhenius, a hyperbolic sine function containing
thermal activation, can better describe the relationship
between strain rate and temperature [24], which is shown

as Eq. (3).

£ = Af(Gp) exp(_Qact/RT) (3)
f(p) = [sinh(¢ay)]".

There are two other models of Arrhenius type that are
largely applied to explore the constitutive relationship [24]:

é=A0; exp(=Q,/RT) {o;, < 0.8, )

é = Ajexp(fo,)exp(—=Q,./RT) &o, > 1.2, 5)

where A, is constant, f and £ stress adjustment factor which
expressed by the following formula & = f§/n.

Zener and Hollomon [27] proposed and verified the
relationship between the strain rate ¢ and temperature 7.

Z =éexp <%> = A, [sinh(Zo,)]™. ©6)

Combined with Egs. (3) and Eq. (6), the peak stress ¢
can be rewritten as Eq. (7).

Loz, z)”'u]“
e \a, A, | @

P
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Fig.5 Microscopic metal-
lographic pictures at differ-
ent strain rates and cutting

£=9000s"

0=800

(b) Microscopic metallographic pictures at different cutting temperatures ( € = 7000s™")
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Iné =1nA, + n;lns,, 9)

Iné =1InA, + fo,. 10
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Fig.7 In¢ —Ino, curve

The value of ff and n, is the slope of the In¢ — In o, curve
and In¢ — ¢, curve. The two curves are obtained by linear
fitting, as shown in Figs. 6 and 7.

&= B/n, = 0.002266. (11

Take logarithm on both sides of Eq. (3) to obtain:

_ dlné d1n [sinh(é0)]
Quc _R<dln [sinh(ga)]>T< o(1/T) > 12)

According to Eq. (12), there are two parts on the right
side of Eq. (12). Two curves which show the relationship
of Iné — In[sinh(és)] and In[sinh(éc)] — 1/T are drawn
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Fig.9 In[sinh(¢0)] - 7 curve

respectively, as shown in Figs. 8 and 9. According to
Figs. 8 and 9, we can get the following results:

dlné
— = =3953
dlnsinh(Zo,) (13)
d1Insinh(éo,)
IS _ Qun _ g oy (14)

o(1/T) =R

Taking the above calculated values into Eq. (14), the
deformation activation energy of Inconel 718 is calculated
as follows:

0, = 140334.46

The value of Q,, and the corresponding strain rate at dif-
ferent temperatures are brought into Eq. (6), and the Z value
is obtained as follows:

Z = ¢éexp

< 140334.46 ) a5)

RT

According to the curve which describe the relationship
between InZ and In [sinh(éop)] (see Fig. 10), the slope can be
calculated as 8.045, and A,,=29,000,000.

The peak flow stress o, can be written as a function of Z,

as shown in Eq. (16).
7 0.12 7 0.24 05
gp=441.306x{(m> +[(m) oy
(16)

Through the analysis of the experimental results (see
Fig. 11), it is easy to find the relationship between the peak
strain €, and Z value, as shown in Eq. (17).

g, = 0.2352001%, 17

Therefore, the critical strain for dynamic recrystallization
can be expressed as follows.

£, = 0.8, = 0.18882%°1%, (18)

As long as the temperature and strain rate are given,
the critical strain value of dynamic recrystallization can
be obtained. It can be found from Eq. (18) that the lower
the temperature, the higher the critical strain for dynamic

70 T T T T T T T T T T

60 + E

50 -

40+ ]

InZ

30~ E

20+ b

10+ E

14 16 1.8 2.0 22 2.4 26 2.8 3.0 32 34 3.6
In[sinh(aop)]

Fig. 10 an—ln[sinh(fap)] relationship diagram
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Fig. 11 Ine,~InZ relationship diagram

recrystallization. This is because that there is stored energy
for deformation in the process of deformation, and the higher
the deformation storage energy contained in the microstruc-
ture at high temperature, the lower the deformation energy
required for dynamic recrystallization. With the increase in
strain rate, the critical strain of dynamic recrystallization
will increase.

The value of S can be obtained by fitting the In(c/ o))
—In [(e/ep) exp(l — e/sp)] curve, as shown in Fig. 12. Sis a
straight line and these graphs show that the parameter S is a
function of temperature. It can well describe the relationship
with temperature, as shown in Eq. (19).

S=aT +b. (19)

In((¢/e,)*exp(1-€le,))

T
7 -6 5 4 3 2 -1 0

In(c/c,)
Fig. 12 Relationship diagram of ln(a/ap)—ln [(s/ep) exp(l — e/sp)]
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In Eq. (9), the a and b are constants, which can be calcu-
lated by Fig. 13.

S = 0.0006T — 0.11. (20)

Based on the above analysis, the dynamic behavior for
work hardening of Inconel 718 at high temperature and high
strain rate can be described as follow.

2= [cen(1-5)]
—=|—exp|(l—-—
% &p &p
7 0.12 7 0.24 0.5
— 441306 x (—) +(—) +1
% { 29% 107 29% 107

£, = 0.8¢, = 0.188820014
140334.46)
RT
S = 0.00067 — 0.11.

Z=éexp<

The accuracy of the work hardening model is verified
by comparing the experimental values with the predicted
values, as shown in Fig. 14.

To verify the established constitutive model of flow stress,
the predicted value is compared with the experimental value
at high temperature and high strain rate, as shown in Fig. 15.
The results show that the correlation coefficient between the
predicted flow stress value and the experimental value is
0.94, and the relatively high relative coefficient verifies the
accuracy of the established flow stress constitutive model.

3.3.2 Softening behavior
At present, the Avrami equation [15] is generally used to

express the dynamic recrystallization volume fraction
(Xprx) 1n the process of thermal deformation.
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e—e \™
Xprx = 1 —exp [—Kd< " > ](s > E.). 21

p

When the strain is greater than the critical strain,
dynamic recrystallization usually occurs, especially at
high temperature. In general, the material volume fraction
of dynamic recrystallization during thermal deformation
can be expressed as Eq. (22) [15].

% o — O'p
bR = S (22)

where €, is peak strain, ¢ is critical strain. K, and ny are
parameters in dynamic recrystallization equation respec-
tively, whose values can be calculated by regression analysis
of formula (22) [15].

£— &,
e, > (23)

According to the experimental calculation, it is easy to
obtain the values of K, and n,4, and the average value of
K, is 4.28. The relationship between ny with InZ is shown
in Fig. 16.

The dynamic recrystallization expression of Inconel
718 can be expressed as Eq. (24).

In[—In(1 = Xp)] =InK; + nyln <

ng = 0.81325 - 0.0105In Z. (24)

Therefore, the dynamic recrystallization kinetic equa-
tion of Inconel 718 at high temperature and high strain rate
is expressed as follows.
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— of chip root of AISI1045 steel. Compared with the AISI1045

steel, inhomogeneous plastic deformation was observed in
i the metallographic graph of Inconel 718. It contains two
areas: large deformation and non-deformation zone. Accord-
ing to Fig. 17a, it can be inferred that there are two deforma-
tion stages in cutting Inconel 718: compression deforma-

c 0 _—I-'-—l-'—..-l——...l.l.__ tion and shear deformation.

Because of the non-uniform strain and local large defor-
mation in cutting Inconel 718, the deformation coefficient is

2] 1 larger than AISI1045 steel, as shown in Fig. 18.
Owing to the small heat transfer coefficient, the cutting
41 7 temperature in tooltip is very high and the gradient of tem-
perature distribution is large. Therefore, the yield strength o
-6 T T T T T T T T of a material in the wedge layer in front of the cutting tool is
28 30 32 4 3?nz 3 40 42 44 reduced because of the high temperature. The cutting force
appeared in the form of compressive stress o,.. After receiv-
ing the compressive stress o, the material in the wedge layer
Fig-16 Relationship diagram of g —InZ flowed along the tool rake face. The flow line of material and
( o 3.5 -
Xppx=1 — exp [—Kd<> ](e > €,
e, = 01747007 07
] € = 0.8 &, = 0.1393200% (25) 2.5
ng = 0.81325 - 0.0105InZ O\Q\O\O
K, =4.28. = 207
L <
1.5 -
3.4 Influence of dynamic behavior of material 0] —¢— Inconel718
in cutting zone on cutting process 0.5 4 o4
0.0 T T T

3.4.1 Effect of cutting deformation

0.08 0.10 0.12 014 0.16 0.18 0.20
f(mnvr)

Metallographic graph of chip root of Inconel 718 is shown

in Fig. 17a. Figure 17b illustrates the metallographic graph

Fig. 17 Metallographic graph of
chip root
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(a) Inconel718 (b) AISI1045 (Liu, 1985)

Fig. 18 Deformation coefficient of Inconel 718 and AISI1045
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backflow phenomenon was observed clearly, as shown in
Fig. 19. The stress, when the above phenomenon occurred,
should meet the following requirement.

The normal stress distribution of the material AISI1045 is
shown in Fig. 20. However, for Inconel 718, because of the
extrusion-flow deformation of the material in the compres-
sive stage, the distribution of normal stress has been changed.
When o, increased to equal to o, (6, = o), the cutting force
appeared in the form of shear stress 7. The equilibrium posi-
tion of shear stress for cutting layer material changed. The
shear plane moved to the cutting layer inside. Therefore, there
is a micro deformation zone between the extrusion zone and
the shear zone, which promotes the formation of cutting seg-
ments, as shown in Fig. 21.

According to Fig. 21b which illustrates the stress distribu-
tion of Inconel 718, the cutting layer received compress force.
In the light of the cutting principle that the angle between the
direction of normal stress and the maximum shear stress is
45°, in cutting Inconel 718, the real shear angle is 45°. There-
fore, between the areas which received normal stress and shear
stress respectively, the undeformed zone occurred (shown in
the shadow region in Fig. 22), which led to a non-uniform
deformation of the chip.

According to Fig. 22, the shear angle ¢ has a relationship
with the parameter /, which can be written as [6]:

hp/ sin45° l
sin ¢ - sin(45° — ¢)
hp/sind5° /
sin sin(45° —
hy/ cof45° e ! (26)
sin ¢ - sin45° cos ¢p — cos 45° sin ¢
19 = fip <1.
I+ hp

Fig. 19 Micrographs by SEM
and schematic diagram of cut-
ting deformation

o.<0,

1

Normal stress distribution curve

Fig.20 Normal stress distribution of the material AISI1045 [28]

It can be seen from the above equations that the theoreti-
cal shear angle ¢ < 45" in the process of machining Inconel
718.

Through cutting simulation analysis (using ABAQUS
software, the material parameters are obtained from the
stress—strain curve and the cutting speed v, = 90 m/min),
and according to the analysis results, the stress distribution
diagram in the cutting area can be observed intuitively, as
shown in Fig. 23. According to the analysis, the material in
the cutting zone near the rake face bears the compressive
stress, while the material near the free surface of the chip
bears the tensile stress. The stress diagram of the shear
band during the cutting deformation is shown in Fig. 23a.
Therefore, under the condition of tensile stress on the free
surface between the chip segment and the cutting layer
material, cracks will occur along with the cutting process,
resulting in stress concentration. The shear localization
resulted in serrated cutting, which was consistent with the

(a) Enlarged view of area A in Fig.16- a  (b) Schematic diagram of back flow phenomenon
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(a) Enlarged view of area B in Fig.16-a

Shear zone

Large deformation area
of extrusion

AlS

o
N N

4 b
a -
‘7 a < a4
P P

Micro deformation zon

(¢}

Normal stress distribution curve

(b) Schematic diagram of stress distribution

Fig.21 Micrographs by SEM of shear zone and schematic diagram
of stress distribution

observation of the metallographic diagram of chip root, as
shown in Fig. 23b.

According to the above analysis, the chip formation
mechanism can be summarized as follows: high cutting
temperature makes the material in the cutting zone soften
(dynamic recrystallization) — the wedge-shaped cutting
layer is extruded plastic deformation — the shear plane
moves to the internal cutting layer — the shear surface and
the extrusion deformation area form a micro deformation
area — the cutting section forms a fast forming tensile
stress — under the condition of tensile stress, crack occurs

@ Springer

Fig.22 Schematic diagram of stress distribution in cutting layer

in the free surface — stress concentration — the shear is
localized and the chips are serrated.

The complex deformation of the material in a cutting
zone not only led to the formation of a serrated chip but also
the fluctuation of cutting force, thereby leading to alternative
loads in the cutting process. The frequency of alternative
load is the generation frequency of the serrated chip.

The frequency of alternative load can be expressed as [6]:

Vchip
7

x= @7
The frequency of alternative load changed with the cut-
ting speed, as shown in Fig. 24.

3.4.2 Chip side flow

The chip side flow was observed in the process of cutting
Inconel 718. There are basically two types of chip side flow.
One is irregular burrs and the other is a micro-ribbon chip,
as shown in Fig. 25.

Owing to the tool nose radius and negative edge inclina-
tion angle, chip thickness gradually reduced to O at tooltip
along the cutting edge, and the material at tooltip subjected
to high compressive stress. Therefore, integrated above fac-
tors and the thermal softening behavior of the material, the
material at tooltip squeezed out easily and led to the forma-
tion of the irregular burrs in the stage of plastic deformation,
as shown in Fig. 26.

When wear occurred at tool tip, under the compressive
stress, the materials would fill the wear valley and squeezed
out along the chip edge. The micro-ribbon chip formed, as
shown in Fig. 27.
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Tensile stress zone

ressive stresszone

(a) Stress diagram of the shear band during
the cutting deformation

“ N N N BS >
(b) Metallographic diagram of chip root

Fig. 23 Stress distribution of the shear band and metallographic dia-
gram of chip root

3.4.3 Influence on tool wea

Since the cutting tool subjected to cyclic loads, the wear
debris formed and fell away from the tool surface. At the
same time, the plastic flow of the material in the tool rake
face, it led to erosion wear, as shown in Fig. 28. Due to the
hard particles and the randomness of wear debris generation,
the erosion surface morphology generated is also diverse. It
can be seen clearly that there were furrows, micro cutting
and deformation lips, and so on in the tool rake face, as
shown in Fig. 28b, c.

In high-speed cutting of Inconel 718, the Fe and Ni
elements in the workpiece and the Co element in the tool
substrate belong to the same family and have high affinity.
Under the high temperature and high stress in the contact

10
6 f=0.1mm/r
ap=lmm

fx (Hz)

3 .

24

1 4

0 ) T T T T T T T
40 50 60 70 80

ve (m/min)

Fig. 24 Variation of f, with cutting speed v,

(b) Micrographs by SEM of micro-ribbon chip

Fig. 25 Micrographs by SEM of chip side flow
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Fig. 26 Chip side flow (irregu-
lar burrs)

(a) Formation diagram of irregular burrs (b) Wear morphology of tool tip

Fig. 27 Chip side flow (micro-
ribbon chip)

(a) Formation diagram of micro-ribbon chip (b) Wear morphology of tool tip

Fig. 28 Tool wear morphology

N
L |

(b) Erosion surface morphology (¢) Furrow and deformation lips
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o

Fig. 30 Peeling off of tool materials

area, the Fe and Ni elements in the workpiece material
and the Co element in the cutting tool diffused to the tool
surface layer through the grain boundary [12]. The new
generated material weakens the contact with the tool (WC,
Tic, TaC), which can reduce the strength of the tool sur-
face, and the hard particles in the plastic flow can impact
the tool surface to cut out the pits, or the hard particles
pressed into the cutting surface can plough to plow out the
groove marks. The mechanism model is shown in Fig. 29.

In the case of material plastic flow in front of the tool,
the workpiece material adheres to the tool rake face due
to softening, forming a bonding layer. Its peeling will take
away the tool material and form an exposed tool matrix.
The wear morphology is shown in Fig. 30.

4 Conclusions

In this paper, the cutting experiments, explosive fast tool-
drop tests and SHPB tests were carried out to study the
plastic dynamic behavior of the materials in the cutting
zone and its effects on the cutting process in machining
Inconel 718. The conclusions can be drawn as:

(1) The constitutive model characterizing plastic behavior
of Inconel 718 under high temperature and the high
strain was established, which can better reflect the
softening and hardening mechanism of the material
during deformation. The main softening mechanism is
dynamic recrystallization.

(2) The mechanism of non-uniform deformation and
shear localization in the process of chip formation was
revealed, which leads to the formation of sawtooth
chips, and then caused the fluctuation of cutting force
at a certain frequency. It made the tool surface bear the
alternating load.

(3) When cutting Inconel 718 at high speed, due to the
behavior of tool wear and material softening, the mate-
rials in the cutting area flow laterally under the action
of tool extrusion, and there are two types: one is an
irregular burr, and the other is micro-chip.

(4) In the cutting process, due to the special deformation
form of the material in the cutting area, the tool surface
leads to the erosion wear of the tool surface under the
plastic flow of softened material and alternating load.
Due to the randomness of the formation of hard parti-
cles and wear debris, the wear patterns of the formed
erosion surface are also diverse.
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