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Abstract 

Inconel 718, a nickel, chrome and iron alloy, has special advantages, such as high-temperature strength, thermal 
resistance and corrosion resistance, which facilitate wide usage in the aerospace industry, especially in the hot sec-
tions of gas turbine engines. However, machining this alloy is correlated closely with the material’s inherent properties 
such as excellent combination of strength, hardness and toughness, low thermal conductivity and the tendency to 
adhere to cutting tools. This nickel alloy also contains inclusions of hard abrasive carbide particles that lead to work-
hardening of the workpiece material and thus abrasive wear of the cutting tool. That is, the machining of Inconel 718 
is always influenced by high mechanical and thermal loads. This article reviews the chip formation mechanism of 
Inconel 718. One of the main characteristics in machining of Inconel 718 is that it will produce serrated or segmented 
chips in a wide range of cutting speeds and feeds. Existing studies show that the chip serration or segmentation by 
shear localization affects the machined surface integrity, and also contributes to the chip’s evacuation and the auto-
mation of machining operations. Thus, research conclusion indicates that the serrated or segmented chip phenom-
enon is desirable in reducing the level of cutting force, and detailed analysis of models and approaches to understand 
the chip formation mechanism of Inconel 718 is vital for machining this alloy effectively and efficiently. Therefore, this 
article presents some summaries on the models and approaches on the chip formation in machining of Inconel 718.
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1 Introduction
Nickel-based superalloys (Ni, Fe-Ni, Co base), which are 
further subdivided into wrought, cast and powder metal-
lurgy alloys [1, 2], were initially created in the 1940s [3]. 
Owing to the properties and features that are compe-
tent for the extreme working conditions, e.g., the excel-
lent mechanical strength, the superb resistance to surface 
degradation and the good oxidation resistance even at 
elevated temperatures [4–6], these alloys outperform 
many other metals and alloys [1]. Thus, up to 45%‒50% 
(weight percentage) of materials used in machining an 
aircraft engine (mainly the gas turbines) are nickel-based 
superalloys [7]. Nickel alloys are also used in rocket 

engines, space vehicles, nuclear reactors, submarines and 
other applications involving high temperatures above 
550 ℃ [6, 8]. Besides, another factor, which has helped 
these nickel alloys enter the aerospace industry, is the 
competition basically from military companies to achieve 
excellent engines with a higher power and performance, 
but meanwhile possessing a minimized weight [8].

Among the nickel alloys, Inconel 718 accounts for 
about 45% of wrought nickel-based products and 
25% of cast nickel-based products [9], and it is widely 
employed as critical components such as vanes, discs 
and liners. Since the 1960s, Inconel 718 has been 
emerged as a standard nickel alloy due to its high-tem-
perature strength, excellent mechanical properties and 
outstanding corrosion resistance produced at relatively 
low costs [10]. Therefore, some articles were published 
on the machining performance of Inconel 718 over 
the last few decades [2, 4]. However, Inconel 718 is 
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considered as one of the most difficult-to-cut materials. 
The mainly poor machinability properties are as fol-
lows [1, 4, 8, 11, 12]: (1) strong tendency to form built-
up edge (BUE), (2) work-hardening behaviors leading 
to high cutting force, (3) rapid tool wear due to hard 
abrasive carbide particles, (4) strength retention at ele-
vated temperatures, (5) low thermal conductivity lead-
ing to high cutting temperature, and (6) high hardness. 
All of these properties make nickel-based superalloys 
extremely difficult to satisfy the quality and production 
requirements. Just because of these inherent character-
istics, machining Inconel 718 leads to many technical 
and economic problems. As a result, the alloy’s milling, 
drilling and turning were carried out at relatively low 
cutting speeds and feeds compared to the machining 
process of other alloys like steel and aluminum. There-
fore, practical machining of Inconel 718 usually needs 
more time and higher cost.

Better understanding of chip formation mechanism 
plays an important role in machining process planning, 
surface integrity improvement and thus product per-
formance [13, 14]. In consideration of its significance, 
researches on chip formation mechanism under dif-
ferent cutting conditions are indispensable to a deep 
insight of the whole cutting process [15]. Therefore, 
an effort to have a thorough understanding of the chip 

formation mechanism in machining of Inconel 718 is 
great necessary, and it is reviewed in this article.

2  Machinability and Associated Problems
2.1  Characteristics and Types of Chip
The chip morphology of Inconel 718 usually depends 
on the properties of the workpiece and cutting condi-
tions, i.e. cutting speed, feed and tool geometry [13]. 
Figure 1 shows the optical micrographs of Inconel 718 
chip, which are related to the longitudinal midsec-
tions at various cutting speeds [16]. At relatively low 
cutting speeds, mechanically continuous chips can be 
observed (Figure  1a, b). As speed increases, the chip 
pattern witnesses a transition from the continuous sta-
tus to a periodic serration (Figure 1a, b, c, d). The ser-
rated chips (Figure 1c, d) are comprised of two regions, 
in which the deformations within the chip are grossly 
inhomogeneous. One is the narrow bands between the 
two arrows related to the neighboring segments in Fig-
ure 1c, d, in which the deformation is very high, and the 
other is the materials within the individual segments 
in Figure  1c, d, in which the deformation is relatively 
low [17, 18]. It is worth noting that these deforma-
tion features are also observed for other materials like 
titanium alloy Ti-6Al-4V [19–21] and AISI 4340 steel 
[22]. Therefore, the shear-localized instability happen-
ing in the primary shear zone results in the intensely 
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Figure 1 Chip patterns of Inconel 718 evolve with the cutting speed [16
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concentrated shear bands between neighboring seg-
ments. With the further increase of the cutting speed, 
the contact area between the neighboring segments 
decreases rapidly (Figure  1c, d, e). At still  higher cut-
ting speed, the segments within the chips are eventually 
separated (Figure 1e to f ), i.e. the discontinuous chip is 
produced.

It should be mentioned that the microstructure 
within the adiabatic shear band evolves during the 
shear-localized chip formation, and these phenomena 
were observed by the Scanning Electron Microscope, as 
reported in many studies. For instance, Cai and Dai [23] 
pointed out that the transition from the shear localized 
deformation to the homogeneous deformation in cut-
ting of Inconel 718 is not relevant to the cutting speed 
in the dynamic large strain extrusion machining pro-
cesses. Lorentzon et  al. [24] concluded that the chip 
segmentation in machining of the aged and forged alloy 
718 shows thermal softening and material fracture. 
Besides Inconel 718, Wan et  al. [25] summarized that 
the changes from the deformed band to the deformed 
band plus the transformed band and then to the trans-
formed band are the microstructure evolution of adi-
abatic shear bands in machining of Ti-6Al-4V. Murr 
et al. [26] found that the adiabatic shear band evolution 
of Ti-6Al-4V was accompanied by the evolution of dark 
deformation bands composed of α’ martensite plate-
lets. Duan and Zhang [27] concluded that in high speed 
machining of AISI 1045 steel, low cutting speed is easy 
to produce the deformed adiabatic shear band, which is 
usually relevant to severe plastic shear, while high cut-
ting speed can lead to the transformed adiabatic shear 
band, which involves recrystallization, reorientation 
and elongation of the martensite laths.

From the cross sections shown in Figure  1, it can 
be seen that there are mainly two types of chip mor-
phology for Inconel 718, i.e., the continuous chip and 
the cyclically serrated chip. For the continuous pat-
tern (Figure  1a, b), the chips appear to be uniform in 
the direction of thickness. In this case, a long chip 
tends to be formed. Thus, control methods should be 
taken to prevent chip accumulation around the cutting 
region. However, for the serrated pattern (Figure  1c, 
d), the non-uniformity in the direction of thickness 
is very clear. Specifically, the thin shear bands within 
the serrated chips are alternately separated by large 
bulk of segments [16]. This feature may result from 
the dynamic response of the machine-tool structure, 
shear localized deformation in the chip, or fracture 
within the chip [28]. Generally, the continuous chip 
formation occurs under relatively low cutting speeds 
and feeds, while the serrated chips, which are also 
called “the segmented chip”, “the saw-tooth chip” and 

“the shear-localized chip”, are produced at high cut-
ting speeds and feeds. Apart from the chip patterns 
mentioned above, there are other subcategories. For 
instance, Komanduri and Brown [29], and Vyas and 
Shaw [30] subdivided chips into the following types, 
i.e., the continuous ribbon, the shear-localized chip, the 
segmented chip, the chip with BUE, the wavy chip and 
the discontinuous chip.

2.2  Associated Problems
One of the main limitations restricting the wide use of 
Inconel 718 is the conventional type of machining. On 
the one hand, this alloy has excellent resistance quali-
ties, while on the other hand, they make it much less 
suitable for machining [31]. Actually, many factors such 
as the workpiece material, the type of cutting operation, 
the cutting tool used, etc., affects the actual cutting speed 
and feed. However, with technology progressing, the cut-
ting efficiency has improved. For instance, according to 
the Refs. [32, 33], the range of high speed in machining 
of nickel-based superalloys was more than 50 m/min, but 
later, as experimentally reported in Ref. [34], the cutting 
speeds of the nickel-based superalloys Inconel 718 can 
reach up to 2100  m/min by using computer-controlled 
lathe and light-gas gun based device.

As mentioned in Figure  1, the chip morphology of 
Inconel 718 changes greatly under different conditions. 
The continuous chips indicate the steady-state of cut-
ting process, while the cyclically serrated chips imply the 
instable cutting. At low cutting speeds and feeds, the chip 
control is poor because of its continuous ribbon-type 
morphology [14] that may get entangled. At high cutting 
speeds and feeds, the chips mostly tend to be continuous 
but with abrasive saw-tooth edges at the free side. Effects 
of the segmented chip on cutting process of Inconel 718 
have been extensively investigated. Although the ser-
rated chip by shear localization is easy to break, chip 
segmentation also affects cutting force, temperature and 
surface finish quality, and leads to rapid tool wear. For 
instance, Liu et al. [35] found that the periodical change 
of mechanical and thermal loadings affects the segmen-
tation of the chip in orthogonal machining of Inconel 
718. Sun et  al. [36] observed a cyclic force during the 
segmented chip formation in dry turning of Ti-6Al-4V. 
Agmell et al. [37] also observed that the serrated chip of 
AISI 316L leads to periodic change of cutting force, which 
in turn has a drastic effect on the mechanical stresses of 
the cutting tool. Su et al. [38] found that micro-waves on 
the machined surface in cutting of alloy steel AerMet 100 
were caused by the chip serration. Mabrouki et  al. [39] 
also found that the segmentation periodicity can lead to 
the appearance of waved machined surface.
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On the one hand, the shear-localized chip or the other 
types of the periodically serrated chip are desirable from 
the respect of chip disposal [28], and it contributes to the 
automation of machining operations and other applica-
tions involving chip recycling. On the other hand, the 
intensity of chip serration increases with cutting speed. 
At high cutting speeds, intense shear takes place so rap-
idly that the contact between neighboring segments 
reduces and tends to vanish until the discontinuous chips 
are formed [17]. This instability causes fluctuation of cut-
ting force and thus vibration or even chatter [40] in the 
metal cutting process, which limit the material removal 
rate, degrade the surface finish and reduce the tool life 
[28, 41–44]. For these reasons, a number of researchers 
have investigated the formation mechanism of chips to 
seek a balanced solution. Recht [45] firstly recognized 
the localized shear as a process of “catastrophic thermo-
plastic shear” due to the softening of materials within 
the shear zones. Specifically, shear localization tends to 
occur when thermal softening effects outweigh the strain 
and strain rate hardening effects. From this work, Recht 
[45] ranked the affinity of different metals towards shear 
localization, but the transition of the critical cutting 
speed of the chip pattern from the continuous chip to the 
shear-localized chip was not focused. Lately, Komanduri 
et al. [19, 20, 22] and Turley et al. [46] performed simi-
lar work on various alloys such as AISI 4340 steel and 
titanium alloy Ti-6Al-4V. The contribution of their work 
gives a good explain for the mechanism of shear-local-
ized chip flow.

It is mentioned in Figure  1 that the plastic deforma-
tion in the chip formation region in machining of Inconel 
718 is inhomogeneous. Highly localized deformations 
are involved in the chip ahead of the cutting tool, and 
the intensely concentrated shear bands appear. Due to 
the low thermal conductivity, all generated heats are 
concentrated within these narrow bands, and thus, they 
dramatically increase the local temperature in the chip 
formation region.

Therefore, it must be emphasized that the mechanism 
of chip formation governs the extent of tool wear, mag-
nitudes of the cutting force and the temperature, and the 
machined surface integrity [47]. But, it is impractical to 
experimentally investigate the nature of machining per-
formance related to Inconel 718 in a large range of cut-
ting conditions, due to the time-consuming, laborious 
and expensive process. To overcome these disadvantages, 
employing new cutting methods is one way that can give 
favorable help. The other is to  establish analytical and 
numerical models, and seek an insight into the kernel of 
the problem that thus contributes to predict and opti-
mize the cutting process.

2.3  New Cutting Methods
Compared with conventional-type machining, new 
methods, which are mainly the ultra-high speed machin-
ing, ultrasonic vibration-assisted machining and grind-
ing, are employed to help cut Inconel 718 and other 
difficult-to-cut materials. Thus, the cutting performance 
improves and exhibits a distinct feature, which relates to 
the chip formation process.

For the ultra-high speed machining, Ye et al. [34] exper-
imentally investigated the evolution patterns of the chip 
in cutting of Inconel 718 by varying the cutting speed 
from 0.05  m/s to 35.78  m/s, and established an expres-
sion to characterize the critical cutting speed for the 
generation of the serrated chip flow. Except this paper, 
articles on ultra-high speed machining of Inconel 718 
are very limited, and many studies were mainly focused 
on the chip formation in ultra-high speed machining of 
other difficult-to-cut materials. For instance, Ye et al. [48] 
observed that in the cutting speed range from 0.05  m/s 
to 31.2  m/s, the continuous chip can be transformed 
to the serrated form in the machining of titanium alloy 
Ti-6Al-4V. Based on a specific ballistic set-up, Sutter 
and List [49] found that in cutting of Ti-6Al-4V, the ser-
rated chip can be transformed to another discontinuous 
pattern when the cutting speed varies from 300  m/min 
to 4400 m/min. Through analyzing the formation of the 
segmented chip, Gente et  al. [50] observed the micro-
structure change of Ti-6Al-4V at extremely high cut-
ting speeds, i.e., from 300  m/min to 6000  m/min. With 
respect to AISI 1045 steel, Ye et al. [51] observed that as 
the cutting speed changes from 30.8 m/s to 67.3 m/s, the 
continuous chip can be transformed to the saw-tooth 
chip.

Ultrasonic vibration-assisted machining can offer dis-
tinct advantages compared to the conventional machin-
ing methods for different materials including Inconel 
718. For instance, Babitsky et  al. [52] found that chip 
formation in ultrasonic vibration-assisted turning of 
Inconel 718 is more regular, and it produces continu-
ous chips with small serrations. This phenomenon was 
also confirmed by the reports in Refs. [53, 54]. Besides 
Inconel 718, Muhammad et  al. [55] realized generating 
shorter chips in the machining of α + β titanium alloy 
by adopting the ultrasonically assisted turning. Ni et  al. 
[56] and Ibrahim et al. [57] obtained shorter, thinner and 
smoother chips in the ultrasonic vibration-assisted mill-
ing of titanium alloy Ti-6Al-4V.

Besides, it should be noted that grinding is another 
special machining process widely used to improve the 
surface quality and accuracy. This process contributes to 
chip evacuation and small force even for difficult-to-cut 
materials like nickel alloys. For instance, Patil et al. [58] 
obtained ample short strained chips and debris in deep 
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grinding of Inconel 718 with cBN wheel at the high speed 
of 180 m/s. Li et al. [59] observed flow chips rather than 
shear chips in ultrasonic assisted grinding of Inconel 718. 
Zhao et al. [60] found that there existed cracks and seg-
ments in the chips produced from the high speed grind-
ing of Inconel 718 with single grain. Besides Inconel 718, 
Peng et  al. [61] obtained continuously smooth and thin 
chips in the vertical elliptic ultrasonic vibration-assisted 
grinding of brittle polysilicon. Tesfay et  al. [62] experi-
mentally obtained thin, smooth and short chips in the 
ultrasonic vibration-assisted grinding of bio-ceramics. 
Kitzig-Frank et  al. [63] found chipping around the pro-
duced scratch in the ultrasonic-assisted grinding of 
Alumina.

3  Analytical Models
Investigations on the chip formation mechanism in 
machining are basically by experimental measurements 
and numerical analyses. However, the chip formation 
mechanism related to Inconel 718 is different from that 
of steels, copper and aluminum [17] because of its dis-
tinct properties. As cutting speed increases, an obvious 
change of chip pattern of Inconel 718 is observed. That 
is, a continuous chip (Figure  2) at relatively low cutting 
speeds and feeds will transform to a serrated pattern (Fig-
ure  3) once high cutting speeds and feeds are adopted. 
As long as the localized shears are initiated, and pen-
etrate through the whole chip thickness, the chip’s free 
side will become saw-teeth shape. The higher the cutting 
speed, the larger the intensity of chip serration [64]. It 
should be mentioned that the serrated chips are easy to 

break. Therefore, establishing good models to capture the 
details of the transition of chip patterns is especially sig-
nificant for the optimization of the cutting process [24]. 
Where in Figures 2 and 3, Vc is cutting speed, t1 is unde-
formed chip thickness, tc is chip thickness, w1 is width of 
cut, wc is width of chip, φs is shear angle, α is tool rake 
angle, γ is tool clearance angle, lc is chip-tool  contact 
length, tc_max is maximum chip thickness, tc_min is mini-
mum chip thickness, δs is shear band thickness.

As reported in Refs. [16, 19, 20], two stages can be sum-
marized to describe the process of the serrated chip for-
mation in machining of Inconel 718. At the first stage, the 
strain localization and the plastic instability both occur in 
the chip formation region, due to the catastrophic shear 
failure along the shear surface. Then a new shear band, 
which originates from the tool tip, is formed. The new 
shear band will gradually propagate and concavely curve 
upwards until it meets the chip’s free surface. At the other 
stage, gradual bulging of the workpiece material ahead of 
the cutting tool takes place and will result in a saw-tooth. 
Generally, the highly concentrated shear bands observed 
between the neighboring segments are actually formed in 
this stage [22].

However, focuses are placed on the investigation of 
the continuous chip formation due to the relatively sta-
ble cutting process. Moreover, it is commonly asserted 
that continuous chips are produced under the conven-
tional cutting conditions [64]. But at high cutting speeds, 
the narrow shear-localized bands are formed due to the 
plastic instability. The method for describing a serrated 
chip deformation is different from that used to calculate 
the deformation for a continuous chip [67]. To model the 
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serrated chip formation at high cutting speeds, the fol-
lowing three assumptions are made.

(1) Plain strain deformation happens within the work-
piece material.

(2) The workpiece material is isotropic, consecutive 
and incompressible.

(3) The cutting process is stable without BUE.

Figure 3 is a configuration of orthogonal cutting opera-
tion. Note that the cutting edge is vertical to the cutting 
speed Vc, and the chip width wc is much larger than the 
chip thickness tc. Therefore, the assumption of the plane 
strain is adopted. It needs to mention that the investiga-
tion of chip deformation is useful for understanding the 
cutting process of Inconel 718. It is necessary to establish 
a function between the outputs, e.g., chip morphology, 
cutting force and temperature, and the input parameters, 
e.g., cutting speed, feed and depth of cut [68]. But the pri-
mary trouble is that it needs to experimentally analyze 
the chip deformation characteristics in large quantities.

However, the parameters such as the chip thickness 
ratio t1

/

tc , the shear angle φs and the shear strain ε, 
which are often used to describe a continuous chip defor-
mation, cannot fully assess the deformation of a serrated 
chip. Because  the serrated chips are usually comprised 
of two different regions, i.e., the grossly inhomogeneous 
deformation within narrow shear bands, and the segment 
bulks with relatively low deformation [16].

3.1  Chip Formation Theory
Inconel 718 has an affinity to produce segmented chips 
at high cutting speeds. The characteristic of segmenta-
tion often leads to instable machining. Thus, a thorough 
understanding of the characteristic of chip segmentation 
is important. Generally, there are mainly two theories to 
explain the serrated chip formation, i.e., (i) the adiabatic 
shear theory and (ii) the periodic crack theory.

The first one is on the saw-tooth chip caused by the 
periodic thermoplastic shear instability that occurs in 
the chip formation region. The shear instability during 
the cutting process is caused at the critical point that 
the material softening effects outperform the combined 
effects of strain and strain rate hardening [19, 69]. Mean-
while, the generated heats in the shear zones exceed the 
heats diffusing into the environment [70]. Generally, 
shear localization appears once a critical shear strain 
occurs. This criterion for the shear instability has also 
been researched for the other difficult-to-cut metals 
such as titanium alloy and hardened steel [34]. Due to 
the low thermal conductivity of Inconel 718, the heats 
generated by the plastic deformation often accumulate 

in the narrow shear-localized bands. The adiabatic shear 
is also referred as “localized-shear”, “catastrophic shear” 
and “thermoplastic instability shear”. Scholars of the adi-
abatic shear theory include Recht [45], Komanduri et al. 
[22], Semiatin and Rao [28], Davies et al. [42], Joshi et al. 
[71], Molinari et al. [72] and Sutter [66]. Furthermore, the 
experiment observation shows that the widths of adiaba-
tic shear bands are from a few micrometers to a few tens 
of micrometers [69].

The second theory explains that the chip serration is 
caused by the crack initiation and propagation [30, 73], 
and it points out that the crack initiates from the chip’s 
free surface and propagates towards the tool tip in the 
primary shear zone. It is the periodic crack that leads to 
the serrated chip formation. Supporters are Poulachon 
and Moisan [74], Elbestawi et al. [75], Shaw and Vyas [76] 
and Nakayama et al. [77], etc.

Researchers also combine the adiabatic shear theory 
with the periodic crack theory to explain the serrated 
chip formation since both adiabatic shear and periodic 
crack happen in the serrated chip formation [69, 78]. 
Thus, the two theories can be integrated to work as the 
principles for the failure of a material. Despite existing 
divergences, whether the slide surface of a segment is 
caused by adiabatic shear or periodic cracks, a common 
view has been achieved. That is, ductile materials tend 
to produce serrated chip by adiabatic shear, while brittle 
materials prefer periodic cracks in the serrated chip for-
mation [79, 80].

3.2  Chip Morphology Analysis
Chip morphology analysis is a useful method to assess 
a material’s machinability, which directly influences the 
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cutting time and cost. Continuous chip shown in Figure 4 
is usually produced under relatively low cutting speeds 
and feeds, due to the homogeneous shear occurring in 
the primary shear zone [28]. As cutting speed increases, 
Inconel 718 produces the segmented chips, as shown in 
Figure 5. Continuous chip represents the cutting stability 
process. However, the serrated or segmented chip repre-
sents the cutting instability process while the chip sliding 
on the tool rake face.

Shear localized bands can develop during the rapid 
deformation in high speed machining. Usually, it is 
observed that the serrated chips are continuous in 
appearance, but microscopically jointed together by 
heavily deformed narrow bands. As mentioned in the 
above section, the chip morphology change is mainly 
due to adiabatic shear and periodic crack. Researchers of 
adiabatic shear pointed out that insufficient heat diffu-
sion leads to the local temperature rising and thus shear 
instability [66, 72], while researchers of periodic crack 
believed that crack initiation and propagation result in 
fracture damage [75, 76]. However, the transition from 
the continuous chip to the serrated chip was originally 
considered to be the thermal softening effect overcom-
ing the work hardening effect, thus encouraging shear 
localization. Therefore, many articles supporting of this 
theory try to focus on a criterion for shear localization. 
For instance, Bayoumi and Xie [85] defined the chip load 
Vc × f  (feed f  ) as criterion for the onset of chip serra-
tion. Zhen-Bin and Komanduri [86] proposed the critical 
cutting speed for the serrated chip formation. Besides to 
them, Recht [45] studied the critical strain rate. Xie et al. 
[87] suggested the flow localization parameter. Li et  al. 

[88] studied the material properties and deformation 
conditions for the onset of adiabatic shear.

Therefore, numerous attempts have been made to study 
the onset of the serrated chip formation in the metal cut-
ting process. Many researchers focused on the mecha-
nism of the serrated chip formation [21, 30, 46, 64, 72, 
79]. One reason is that difficult-to-cut metals, such as 
nickel-based superalloys, titanium alloys and hardened 
steels, show similar chip pattern change during the metal 
cutting process at industries. Another reason is that, chip 
serration in high speed cutting leads to rapid tool wear 
and degraded surface finish. However, the positive side is 
that chip serration contributes to the chip evacuation and 
the automation of machining operations [88].

4  Computational Solution
Finite element method (FEM) has been widely employed 
as an useful means to simulate the metal cutting pro-
cess, and it not only promotes better understanding of 
the cutting process, but also saves time and cost [89]. It 
also reduces the number of actual  experiments by trial 
and error [90, 91]. For the last few years, many researches 
have been focused on the machinability of Inconel 718 
[92]. It has been proved that machining Inconel 718 
needs more time and higher cost because of its low 
machinability compared to other alloys. Therefore, simu-
lation of the cutting of Inconel 718 by FEM is an effec-
tive way to understand the details of the chip formation 
mechanism [93–95].

4.1  Material Constitutive Models
The material behavior during the chip formation is the 
combined result of the workpiece material properties 
and the used cutting conditions. In the metal cutting pro-
cess, large strain, high stress and high temperature usu-
ally occur, and they further affect the microscopic and 
macroscopic response of a material. FEM can be used 
to model this cutting process. The material model is the 
most important factor that influences the accuracy of the 
FEM-based simulation. A correct simulation enables 
good predictions, which in turn contribute to the optimi-
zation of the machining process.

The material constitutive model is usually used for the 
material deformation [96], which is the prerequisite for 
conducting finite element simulation. The accuracy of 
constitutive relation directly affects the accuracy of finite 
element simulation. The purpose of FEM simulation is to 
imitate the real cutting conditions, finally to predict the 
results to provide theoretical and technical support for 
improving the quality and efficiency of actual  machin-
ing. Therefore, for cutting simulation, it is very important 
to select or establish a constitutive relationship which is 
related to the properties of materials.

Tool

Workpiece
A

B

1t
sφ γ

segφ

1L

sL
sδ

chipV

α
_ minct

_ maxct

segV

sV

cV

chipV
sφ

segφ

Figure 5 Schematic diagram of shear localized bands and the 
serrated chip formation (neighboring shear bands spacing Ls, serrated 
chip pitch L1, segment inclination angle φseg, shear planes velocities Vs 
and Vseg) [82–84
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In FEM simulation, Inconel 718 was usually modeled 
as a material with elastic-plastic and isotropic harden-
ing. The flow stress is a function of strain, strain rate and 
temperature [97]. The material constitutive models usu-
ally include the Johnson-Cook (JC) model [98] and its 
modifications [99–101], the Baummann-Chiesa-Johnson 
(BCJ) model [102] and the Steinberg-Cochran-Guinan 
(SCG) model [103]. Among them, the JC model is the 
most widely used. The parameters of JC constitutive 
equation are usually achieved by fitting the data obtained 
by the split Hopkinson press bar (SHPB) test under dif-
ferent temperatures and strain rates.

4.1.1  Johnson‑Cook Constitutive Model
The Johnson-Cook (JC) constitutive equation, which is 
comprised of plastic strain ε, strain rate ε̇ and tempera-
ture T, is expressed as follows [98]:

where σ is the equivalent flow stress. ε is the equivalent 
plastic strain. ε̇ is the equivalent plastic strain rate. ε̇0 is 
the reference equivalent plastic strain rate. T  is the work-
piece temperature. Tm and Tr are the material melting 
temperature and the room temperature, respectively. A , 
B , n , C and m are the material parameters. The parameter 
A is the initial yield strength of the material at room tem-
perature. B is the hardening modulus. n is the work hard-
ening exponent. C is the coefficient dependent on strain 
rate and m is the thermal softening coefficient.

It is assumed that each bracket of the JC constitutive 
equation is independent. The dependence of the stress 
with respect to the strain can be obtained by SHPB test 
under different strain rates and temperatures. Although 
JC constitutive model has been widely used in cutting 
simulations, there are still deficiencies. One is the limita-
tions, which can not characterize the flow stress behavior 
of all materials. The other is that JC model does not con-
sider the coupling effects of strain, strain rate and tem-
perature. In fact, especially in high speed cutting, severe 
plastic deformation is accompanied by high temperature 
and large strain rate. Thus, the mechanical thermal cou-
pling effect is very obvious. Therefore, in order to accu-
rately characterize the plastic flow behavior of materials 
in cutting process, modifications of the basic JC constitu-
tive model have been done [42, 99–101, 104]. It should be 
pointed out that other constitutive models are less used, 
and thus, they will not be elaborated in this review.

4.2  Chip Separation Criterion
For simulation, describing the separation between 
chip and workpiece  matrix as close as possible to 

(1)

σ =
(

A+ Bεn
)

[

1+ c ln

(

ε̇

ε̇0

)][

1−

(

T − Tr

Tm − Tr

)m]

,

reflect the actual cutting  process will directly affect 
the result accuracy [105]. If the separation principle is 
not selected properly, the simulation process may not 
converge or even report errors. There are two kinds of 
criteria to describe the separation between chip and 
workpiece matrix. The first kind is geometric criterion 
[106], which determines whether the distance between 
the tool tip on the cutting path and the unit node ahead 
of the tool tip reaches the preset critical failure value. 
Once the distance reaches the preset critical failure 
value, the node will fracture and separate into two 
nodes. One will continue to flow with the chip formed 
and the other node will remain on the machined sur-
face. The second kind is physical criterion [107, 108], 
which uses the equivalent plastic strain, fracture stress, 
strain energy density or other physical variables as the 
chip separation principle. Similarly, when the physical 
variables at the tool tip reach the preset critical value, 
the unit nodes are separated.

Appropriate chip separation criterion dominates the 
cutting simulation. Therefore, a powerful chip separa-
tion criterion needs to be established to accurately pre-
dict the chip formation process. Generally, continuous 
chip formation has been considered in the development 
of numerical models for metal cutting. Saw-tooth chip 
formation has been simulated by different methods, such 
as the strain-based fracture criterion [109], the Johnson-
Cook (JC) damage model [110, 111], the energy-based 
fracture criterion [112], the Baummann-Chiesa-Johnson 
(BCJ) model [113, 114] and the pure deformation method 
[115]. As for the discontinuous chip formation in simu-
lation, the strain-based fracture criterion [116] is usually 
adopted.

Usually, a good criterion can exhibit the mechanics and 
the physical mechanism of materials, and  can also give 
reasonable results related to the chip pattern, cutting 
force, temperature and residual stresses. In addition, the 
critical value of a sound criterion for a particular mate-
rial keeps constant at different cutting conditions [117]. 
For instance, Strenkowski and Carroll [118] adopted the 
effective plastic strain as the chip separation criterion to 
simulate the chip formation, and found that changing the 
critical value of the effective plastic strain had little effect 
on the chip morphology and cutting force. Komvopou-
los and Erpenbeck [119] found that the preset value of 
the distance criterion must be carefully chosen to avoid 
cutting instability in simulation. Lin and Lin [120] found 
that the strain energy density in chip separation was 
independent of the uncut chip thickness. Watanable and 
Umezu [121] used the normal failure stress as the fixed 
separation criterion and obtained a good correlation of 
cutting force and chip deformation.
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The criteria discussed above assumed that the critical 
damage value is a constant depending on the workpiece 
material, but does not depend on the cutting conditions 
[122]. However, these criteria have various problems in 
practice. For instance, there are no sound rules in deter-
mining the strain energy density, tool-node distance 
and effective plastic strain. Furthermore, they may be 
only known by experience and chosen by trial and error 
method [117].

4.2.1  Fractural Model
To model the separation of the chip from the workpiece 
matrix, the Johnson-Cook (JC) damage model [123] 
(shear failure) was usually used as the damage initiation 
criterion [10], combined with the JC constitutive model. 
The JC damage model is based on the equivalent plastic 
strain at the element integration points. It is assumed 
that failure occurs when the damage parameter is large 
than one [10]. The damage parameter is given as follows:

where �ε is the increment of equivalent plastic strain, 
and εf  is the equivalent strain to fracture. The strain at 
fracture is given by [123]:

where the variables σ ∗=
σm
σ

 , ε̇∗= ε̇
ε̇0

 and T ∗ =
T−Tr
Tm−Tr

 are 
constants, and the dimensionless pressure-stress ratio 
meets the condition of σ ∗ ≤ 1.5 . σm is the average of the 
three normal stresses, and σ  is the von Mises equivalent 
stress. The dimensionless strain rate ε̇∗ and the homolo-
gous temperature T ∗ are identical to those used in the 
strength model of the JC constitutive equation. The five 
constants D1 , D2 , D3 , D4 and D5 are the failure param-
eters measured at or below the transition temperature.

The first term implies the strain to fracture [124] as σm 
increases. The second term represents the effect of strain 
rate. The third term represents the effect of tempera-
ture. Different relationship [123] is used when σ ∗ > 1.5 . 
The material is to fracture when D = 1.0 . The JC damage 
equation captures the coupled effect of stress, strain rate 
and temperature.

According to the thermal softening theory, the flow 
stress will decrease once the damage initiation criterion 
is satisfied. The material fracture process is the evolution 
of damage [10]. An element will be removed from the 
surrounding elements once it fails, and a crack will ini-
tiate and propagate in the shear zone. Usually, the chip 

(2)D =
∑ �ε

εf
,

(3)εf =

[

D1 + D2 exp
(

D3
σm

σ

)]

[

1+ D4 ln

(

ε̇

ε̇0

)][

1+ D5

(

T − Tr

Tm − Tr

)]

,

pattern is determined by the combined effects of work-
piece properties, cutting conditions and tool geometry 
[13].

4.3  Tool‑Chip Friction Model
Besides the material constitutive model, the friction at 
the tool-chip interface is also very important in the simu-
lation. The contact between the chip and the tool tends to 
increase since Inconel 718 is a ductile alloy, which con-
tributes to the cutting force and temperature [8]. There-
fore, a better understanding of the friction phenomenon 
is necessary in order to produce a more realistic cutting 
simulation [89].

It is noted that various friction models have been 
researched under different cutting conditions [125–
128]. For instance, Haglund et  al. [89] developed a fric-
tion model based on the Arbitrary-Lagrangian-Eulerian 
(ALE) approach in metal cutting simulation of hardened 
steel. Peng et  al. [10] found that the friction coefficient 
in the tool-chip interface decreases with the tempera-
ture by using a temperature-dependent friction model. 
The conventional Coulomb friction model is no longer 
able to cover all cutting conditions since the tool-chip 

Tool
Chip

Workpiece

Tool-Chip friction area

Tool-Machined Surface friction area

Figure 6 Illustration of friction area in the metal cutting process

contact condition appreciably changes with friction [10]. 
Therefore, the temperature rises in the chip formation 
region, and thus the friction coefficient changes. The chip 
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pattern in simulation is also affected by the used friction 
models [129].

In the metal cutting operations, violent friction exists 
between the tool and the workpiece. There are mainly 
two pairs of friction, i.e., the tool-chip friction and the 
tool-machined surface friction, as shown in Figure  6. 
The friction at the tool-chip interface significantly 
influences the frictional force, the normal force and the 
generated heat, while the friction at the tool-machined 
surface interface greatly affects the machined surface’s 
roughness, hardness and residual stress. It is has been 
reported in Ref. [125] that the frictional condition is 
very complicated at the tool-chip interface and the 
tool-machined surface interface. Therefore, it is a chal-
lenge, due to the uncertainties in metal cutting process, 
to set up a good friction model as close as the realistic 
friction when conducting cutting simulation [130].

For the contact between the chip and the tool rake 
face, Zorev [131] divided the tool-chip interface into a 
sticking area and a sliding area. Figure 7 shows the dis-
tribution of the normal stress and friction stress acting 
on the tool rake face. In the sticking zone, it is consid-
ered that the shear stress is a fixed value, which is equal 
to the yield stress of the material. In the sliding zone, 
the friction coefficient µ is a constant in accordance 
with the Coulomb friction model [99]. In the process 
of metal cutting simulation, researchers generally use 
this friction model. According to Zorev’s friction model 
[131], the normal stress initially is the maximum value 
at the tool tip, and gradually reduces and tends to zero 
once the chip separates from the tool rake face.

It is reported in Ref. [131] that the distribution of 
friction shearing stress is more complex than the nor-
mal stress. The relation between the normal stress and 

the shear stress can be expressed by the following equa-
tion [131]:

where τ is the shear stress, and τmax is the maximum 
equivalent shear stress. σ is the normal stress acting on 
the interface, and µ is the friction coefficient.

Eq. (4) indicates that the friction at the tool-chip 
interface is the result of the weight between the normal 
stress σ and the shear stress τ via fiction coefficient µ . 
Sliding happens when the shear stress is smaller than 
τmax , and sticking stands out when the shear stress is 
equal to or larger than τmax regardless of the normal 
stress.

5  Experimental Observation
Chip morphology is an important evaluation index of the 
metal’s machinability and cutting characteristics, and it 
is relevant to the cutting force, machined surface quality 
and temperature. The trend and final aim of metal cut-
ting is to achieve high material removal rates and thus to 
realize the automation of the machining operations [132]. 
This needs reliable cutting process with improvements in 
surface finish, workpiece accuracy and tool life [133]. To 
obtain reliable cutting, much attention needs to focus on 
producing desired type of chip that is easy to be removed. 
Because the mechanism of chip formation and break-
ing are both greatly important in machining. Problems 
related to surface finish, workpiece accuracy and tool life 
may caused by a minor crack in the chip formation pro-
cess, especially in high speed machining where detrimen-
tal effect tends to be magnified during the undesirable 
chip formation process [20, 134–139]. Scientific meth-
ods to analyze the chip formation mechanism is shown 
in Figure 8. Usually, the analysis procedure is as follows. 
Firstly, a chip formation model is proposed based on chip 
morphology to cover the chip patterns. Then, chips are 
quantitatively analyzed with a statistical method to know 
the effects of cutting parameters and tool geometry.

The chip morphology of Inconel 718 and other diffi-
cult-to-cut metals will significantly change under various 
cutting parameters. For instance, Ye et al. [34] observed 
that the intensity of chip serration increases with the 
cutting speed in machining of nickel alloy Inconel 718, 
titanium alloy Ti-6Al-4V, AISI 4340 steel and aluminum 
alloy 7075. Ozel and Ulutan [83] observed that chip seg-
mentation degree of nickel-based superalloy Inconel 100 
will be increased at high feeds and cutting speeds, and 
it is dominated by the increase of feed. Thellaputta et al. 
[6] concluded that the chip segmentation of the nickel 
alloy can be enhanced by using the rhomboid shaped 

(4)τ =

{

µσ , µσ < τmax, sliding area,
τmax, µσ ≥ τmax, sticking area,
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Figure 7 Distribution of normal stress and friction stress on the 
tool rake face [131
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inserts with relatively great approach angle. Moreover, 
Li et  al. [91] observed that the free surface of the chip 
shows a serrated lamella pattern in high-speed dry mill-
ing of Ti-6Al-4V, and the segmentation degree increases 
with the cutting speed, feed and depth of cut. Barry et al. 
[137] found that the increase of the uncut chip thickness 
and the cutting speed results in a transition from aperi-
odic to periodic saw-tooth chip formation in machining 
of Ti-6Al-4V. However, Liu and Su [140] found that the 
saw-tooth chip pattern of AerMet 100 steel evolves with 
cutting speed from the white-layered shear bands to the 
cracked shear bands, and it appears the changes from 
relatively large separated segments to small and irregu-
lar separated segments, and finally to very small grains. 
Wang and Liu [15] observed that the microstructure of 
the chip’s free surface of the hardened AISI 1045 steel 
and 7050-T7451 aluminum alloy evolves from lamellae 
to folds and then to dimples at different combinations of 
cutting speed and feed.

For most metals, the chip pattern changes at various 
cutting conditions, especially with the increase of cutting 
speed. Generally, the evolution of chip types is the follow-
ing three patterns, i.e., the continuous chip, the serrated 
chip and the discontinuous chip [22, 36]. The onset of 
chip serration determined by the cutting speed has been 
researched for nickel alloy Inconel 718, titanium alloy 
Ti-6Al-4V, AISI 4340 steel and aluminum alloy 7075 [34]. 
The chip pattern changes from the continuous pattern 
to the serrated form at the critical cutting speed (CCS), 
and highly concentrated shear bands are formed within 
the serrated chips. As cutting speed further increases, 
microcracks grow up within the shear localized bands. 
At still higher cutting speeds, the continuous chip with 

saw-tooth edge at the free side is broken into individual 
segments, i.e., the discontinuous chip [140].

It is known that, metal cutting is a process influenced 
by many factors. The machining of Inconel 718 involves 
shear instability that leads to intensely localized defor-
mation [18]. A minor change in chip formation process 
may give rise to problems related to cutting force vari-
ation, rapid tool wear and degradation of the machined 
surface [132]. It is also known that the saw-tooth chip 
formation mechanism can be explained by the adiaba-
tic shear theory [19, 42, 137, 141] or the periodic crack 
theory [75–77]. According to these two theories, the adi-
abatic shear theory can explain the chip serration at CCS 
of plastic materials because there is no crack observed 
within the concentrated shear bands [42, 137], while the 
periodic crack theory suggests that brittle material tends 
to produce saw-tooth chips [76], in which the cracks 
within the concentrated shear band are obvious. How-
ever, for Inconel 718, cracks initiating from the saw-tooth 
edge within shear bands tend to emerge at high cutting 
speeds. This may be caused by the change of workpiece 
properties at high cutting speeds having phase transition. 
Unfortunately, the variations of material properties with 
cutting speed increasing, and consequently, the influ-
ences of the changes on chip formation both were not 
researched.

Many researches have been done by turning, drilling 
and milling to investigate the chip formation mecha-
nism of Inconel 718. For example, Shaw and Vyas [76] 
observed the aperiodic and periodic saw-tooth chips 
in milling. Komanduri et  al. [22], and Komanduri and 
Brown [29] researched chip segmentation and shear 
instability in the chip formation process. It is understood 
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Figure 8 Experiment variables involved in the analysis of chip formation [14]
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that the shear localization of Inconel 718 is mainly influ-
enced by cutting speed [17, 142]. Therefore, when cut-
ting speed crosses a critical value, shear-localized chip 
appears. However, the chips are continuous when cutting 
speed is below this critical value [143]. As cutting speed 
continuously increases to a high level, high temperature 
concentrates in the cutting zone, which causes ductility 
of workpiece material that may explain the emergence of 
cracks within shear bands at high cutting speeds. Thus, 
long and continuous chips with saw-tooth edge at the 
free side are produced [14, 144]. But at still higher cut-
ting speeds, discontinuous chips are produced [145]. 
Therefore, a thorough understanding of the machining of 
Inconel 718, especially at high cutting speeds, is impor-
tant for improving part quality, tool life and the overall 
product cost [18].

6  Conclusions

(1) At high cutting speeds, due to the unique proper-
ties, Inconel 718 tends to produce the serrated or 
segmented chips that lead to shear instability in 
the cutting process. Therefore, conservative cutting 
parameters are usually employed in actual cutting. 
In order to improve efficiency and effectiveness, 
extensive investigations on the mechanism of the 
chip formation have been carried out.

(2) One the one side, the serrated or segmented 
chips are favored for the automation of machin-
ing operations and the other applications involv-
ing chip recycling because they are easy to break. 
On the other side, chip serration or segmentation 
is also believed to be a strong incentive to the peri-
odic variation of cutting force, which is correlated 
with the increased tool wear, the degraded surface  
finish and the reduced part accuracy. Therefore, the 
causes and effects of chip serration or segmentation 
have been placed much attention in order to select 
the optimal cutting conditions to improve product 
quality and then to increase tool life.

(3) Failure occurs when the critical damage value is 
reached. To define a proper damage value for the 
criterion of chip separation is not easy due to the 
difficult in experimental measurement or selection. 
It is believed that the segmented chips are produced 
when the cutting speed is larger than the critical 
value. Although insights into this process have been 
researched extensively, they were mostly depend-
ent on some simplified assumptions. Furthermore, 
they do not take into consideration of other features 
such as phase transformation.

(4) Discontinuous chips are also produced at enough 
high cutting speeds in hard machining in order to 

get high product efficiency. However, efforts have 
been mostly placed on dealing with the shear-local-
ized chip formation mechanism such as the adiaba-
tic shear formation and the periodic crack propa-
gation. The discontinuous chip formation process 
during very high cutting speeds has not been mod-
eled. Consequently, the discontinuous chip forma-
tion mechanism has not been fully understood.

(5) The mechanisms related to chip formation in the 
metal cutting process are complicated, and they are 
associated with interfacial friction, heat generation, 
strain and stress in the chip formation region. The 
metal cutting process is a material deformation pro-
cess that is highly concentrated within a small zone, 
and thus, theoretical model or experimental means 
to analyze this process is limited. Therefore, it is dif-
ficult to have a clear configuration.

(6) In the past years, the improvement in FEM has 
made it possible to simulate the cutting process, 
and thus to better understand the chip formation 
mechanisms. Although there are many studies on 
cutting simulations of chip formation, a thorough 
research of chip segmentation, such as chip seg-
mentation frequency and its correlation with the 
cutting parameters, is still not available for Inconel 
718. In addition, the relevant research of chip mor-
phology with cutting force and surface degradation 
in high-speed machining of Inconel 718 is also not 
available.
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