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Abstract Serrated chip formed in dry hard turning is consid-
ered one of the major chip types. In this paper, the main ob-
jective was to understand how the crack initiation and propa-
gation, and thermo-plastic instability and pressure from force
contribute to the formation mechanism of serrated chip in dry
hard high-speed orthogonal turning (DHHOT) of the hard-
ened steel with different hardness levels at cutting speed with
50, 450, and 850 m/min. The influences of the cutting speeds
(50, 450, and 850 m/min) and workpiece hardness (40, 45, 50,
55, and 60 ± 1 Rockweel hardness (HRC)) on chip morphol-
ogy, segment spacing, degree of segmentation, chip deforma-
tion coefficient, shear angle, and chip segmentation frequency
also were experimentally investigated. Experimental results
showed that the very high strain in the shear band does give
rise to the high temperature in higher hardness material and at
higher cutting speed and this makes the high-speed slip of the
shear band much easier happen along existing micro-crack.
The critical chip is produced at a cutting speed of 50 m/min
and a hardness level of 50 ± 1 HRC. The strain rate increases
with the increments of the cutting speed, which increases brit-
tleness, and thus induces acceleration of the crack propagation

speed in shear band. Moreover, the increments of the
quenching hardness can increase the brittleness of the work-
piece and thus lead to the large damage in shear band. The
microstructure of the material within the bottom of chip
showed that the elongated grains do appear due to thermo-
mechanical effect between the chip back and the rake face of
the cutting tool.

Keywords Serrated chip . Formationmechanism . Crack .
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Nomenclature
v Cutting speed (meter per minute)
f Feed (millimeter per revolution)
H Workpiece hardness (HRC)
b Chamfer width (millimeter)
α Rake angle (degrees)
γ0 Clearance angle (degrees)
FY Radial cutting force (N)
FZ Main cutting force (N)

1 Introduction

The dry hard high-speed turning technology is characterized
by having brought about many revolutions in manufacturing
the molds, cars on account of such its great advantages as
improving machining precision, surface quality, drastically
shortening machining time, reducing the manufacturing cost,
and eliminating environmental pollution resulted from using
the cutting fluid compared to grinding [1]. Therefore, this
technology should become a most promising machining pro-
cess of the hardened steels.
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However, this technology, so far, has not been widely ap-
plied in modern industry. It may be due to the high cutting
force, high cutting temperature, and serrated chip as machin-
ing high hardness steel (45–65 ± 1 Rockweel hardness
(HRC)), which can give rise to deteriorating the machined
surface quality [2] and shorting the tool life.

An extensive work has been studied on the serrated chip
formation in dry hard turning because the serrated chip mor-
phology and its formationmechanism are related to the cutting
force, cutting temperature, and machined surface integrity.
Poulachon and Moisan [3] have considered that it is the cut-
ting speed and workpiece hardness that have influence on the
morphology of serrated chip. Then, Joshi, Ramakrishnan, and
Ramakrishnan [4] have found that a fracture initiates on the
free surface of the chip, and then it propagates toward the
cutting tool nose. They have thought that the cutting speed
has important influence on the fracture propagation.
Furthermore, Guo, Yen, and David [5] have investigated the
discontinuous chip in high-speed machining hardened steel
AISI4340 with 32HRC hardness. In their paper, the formation
propagation of workpiece crack is simulated by using the
Johnson-Cook model. Dolinšek, Ekinović, and Kopač [6]
have considered that there is a relationship among these chip
parameters by experimentally studying the segmentation fre-
quency and chip shape, as well as chip formation mechanism
in conventional and high-speed (50–1500 m/min) machining
of the hardened steel X63CrMoV51 (629 HV). Then, an at-
tempt has beenmade in the literature [7] by predicting the chip
formation in orthogonal cutting of hardened steel (AISI
52100, 62 HRC) by using the polycrystalline cubic boron
nitride (PCBN) cutting tool. Wan, Wang, and Gao [8] have
considered that the temperature softening fails when the cut-
ting speed reaches very high, and the strain rate hardening
plays a much more significant role. Later, Zhang and Guo
[9] have investigated the influences of the cutting parameters
on the chip morphology and phase transformation by using
milling of the AISI H13 tool steel with 50 ± HRC. The mi-
crostructure analysis showed that serrated chip and white layer
are produced only under a certain condition of the feed and
high cutting speed. In addition, the influences of material brit-
tleness on serrated chip formation and morphology were stud-
ied by Su and Liu [10]. The results showed that the material
brittleness heavily influences the chip morphology. Besides
Mhamdi, Ben Salem, Boujelbene, etc. [11], who have studied
the mechanism of chip formation in dry hard turning of hard-
ened steel EN X160CrMoV12 (62 ± 1 HRC), Sutter and List
[12] have considered that the cutting speed has the most im-
portant influence on the chip formation, shear angles, frequen-
cy of segmentation, and the crack length compared with the
uncut chip thickness.

The damage evolution mechanisms of adiabatic shear lo-
calized fracture in chip formation have been investigated in
high-speed machining of the hardened AISI 1045 steel

(50 ± HRC) at the cutting speeds ranging from 100 to
1400 m/min [13]. They have thought thermal softening effect
plays a key role in the process of adiabatic shear localized
fracture. Moreover, Wang, Xie, Zheng, et al. [14] have inves-
tigated the chip formation and the chip morphology, as well as
formation condition of continues and serrated chip in high-
speed milling of hardened steel with 51 and 62 HRC hardness.
However, workpiece has merely been hardened to the only
two hardness levels with 51 and 62 ± 1 HRC. Zhang,
Shivpuri, and Srivastava [15] have considered that the crack
does propagate to the chip-free surface when tool advances.
Furthermore, Nakayama, Arai, and Kanda [16] have consid-
ered that the crack initiates at the chip-free surface when the
strain in the chip exceeds the material limiting strain during
the formation of serrated chip. Yang and Li [17] investigated
the formation mechanism of the chip in high-speed machining
of the alloy cast iron. The results show that the serrated chip is
caused by the thermoplastic instability and plastic instability.

The deformation mechanism of chip analysis involved in
the chip formation process as well as the conditions is an
effective way by utilizing to proper and even deeper study
understanding of machining process. It can be indicated from
above literatures that there are few researches focusing on the
formation mechanism of serrated chip in conventional and
high-speed dry hard turning of the hardened tool steel AISI
D2 with different hardness levels ranging from 40 to 60 ± 1
HRC.

In this paper, the main purpose of the study is to investigate
the influence of the cutting speed and hardness level on the
chip formation process. And what is more, the chip formation
mechanism and the transition mechanism from continuous to
serrated chip are obtained in dry hard high-speed orthogonal
turning of hardened AISI D2 tool steel with different hardness
levels. Also, the segment spacing, chip segmentation frequen-
cy, degree of segmentation, chip deformation, shear angle, and
cracking frequency are all discussed in this paper.

2 Experimental procedures

2.1 Workpiece material

The workpiece material used in this experiment was a AISI
D2 tool steel (Cr12MoV, China) bar with chemical composi-
tion shown in Table 1.

Table 1 Chemical composition of the AISI D2 tool steel (wt%)

C Cr Mo Mn Si P S V

1.55 11.25 0.45 0. 35 0.35 0.025 0.025 0.20
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2.2 Heat treatment workpiece

The results in the literature [18] showed that the this marerial
may get much higher hardness and better mechanical proper-
ties if quenching in the temperatures from 1000 to 1040 °C.
The heat treatments were carried out by using the methods in
the literature [19].

Figure 1a–e presents the microstructure micrographs of the
hardened steel AISI D2 with 40 ± 1, 45 ± 1, 50 ± 1, 55 ± 1, and
60 ± 1 HRC hardness levels, respectively.

2.3 Workpiece

The cylindrical workpiece was specifically designed. It has a
diameter of 128 mm and length of 210 mm, as shown in Fig. 2a.

2.4 Hardness measurement

Measurement of hardness was carried out by digital Rockwell
hardness tester (type: HRS-150). Then, the hardened work-
pieces were classified and chosen according to the experimen-
tal demand. At last, the workpieces with 40 ± 1, 45 ± 1, 50 ± 1,
55 ± 1, and 60 ± 1 HRC hardness levels were obtained.

2.5 Microstructure and measurement of the serrated chip
sample

The chip samples collected in DHHOTof hardened steel were
vertically set into the mixture of epoxy resin. Then, the sam-
ples were polished by utilizing a grinding-polishing machine.
Figure 3 shows the finished specimens.

(b) 45±1 HRC

(a) (c) 50±1 HRC

(d) 55±1 HRC

(e) 60±1 HRC

40±1 HRC

Fig. 1 Microstructure of the
workpiece with different hardness
levels
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Metallographic samples were obtained by etching in
4% nitric acid alcohol solution between 30 and 120 s.
The observation of the micro-morphology and measure-
ment of serrated chip were conducted by using a digital
metallurgical microscope (type: HXD-1000TMJC/ LCD).
As can be seen in Fig. 4, the serrated chip sizes are
described in serrated chip thickness h1, chip thickness at
local shear deformation h2, shear angle Φ, serrated chip
angle Φ1, and distance of serrated chip segmentation pc.

The chip samples were also examined by using an
INSPECT F50 scanning electron microscope (SEM).

2.6 PCBN cutting tool

In this paper, the PCBN inserts (type: BZNHTM 2100,
DI) containing the CBN with 2-μm grain size and 50%
CBN composition by volume were chosen according to

the literature [20] in DHHOT of the hardened tool steel.
In DHHOT, the carbide and CBN can, respectively, pro-
vide shock resistance and very high wear resistance.
The composite PCBN inserts with 5-mm cutting edge
length and 0.1-mm chamfer width made in Beijing
World Company were utilized in DHHOT of the hard-
ened tool steel, as presented in Fig. 5. As shown in
Fig. 2b, it was mounted on a cutter holder resulting in
a rake of 5°, clearance angles of 7°.

2.7 DHHOT tests

As described in Fig. 6, the Kistler dynamometer (type: 9257C)
and thermal infrared imager (type: DM63-II) mounted on a
lathe (type: CAK5085si) with the power of 7.5 kWand speeds
ranging from 22 to 2500 rpmwas employed. The main cutting
force FZ, radial cutting force FY, and cutting temperature were
measured by the Kistler dynamometer and the thermal infra-
red imager.

Experiments have been carried out over different cutting
speeds of 50, 450, and 850 m/min and a fixed feed of
0.20 mm.

(a) Workpiece

(b) Workpiece and tool layout

Fig. 2 Scheme for orthogonal hard turning tests

Fig. 3 Finished specimens

Fig. 4 Chip morphology and measurement of a serrated chip when
orthogonal cutting workpiece with 45 HRC hardness

Fig. 5 PCBN insert
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3 Results

3.1 Chip morphology

Tables 2, 3, and 4 present the influences of the hardness
levels on the chip morphology in three cases of 50,
450, and 850 m/min cutting speeds. It can be seen in
Table 2 that chip macrographs are the spring chip, tight
helix chip, tower chip, spring chip, and incompact helix
chip with increments of the hardness levels. Yet, the
continuous ribbon chip begins to transform into the con-
tinuous serrated chip due to occurrence of shear slip in
primary deformation zone when the workpiece hardness
reaches 50 HRC in a case of 50 m/min cutting speed.

However, as shown in Table 3, the tightly curled chip called
tight helix chip only does occur in DHHOT of the workpiece
with 50 ± 1 HRC hardness. It is interesting that the “C” type
chip appears in the case of a 45 ± 1 HRC. Note the continuous
serrated chip happens in DHHOT of the five hardness level
workpieces at a cutting speed of 450 m/min, which differs
from the lower cutting speed of 50 m/min.

As can be seen explicitly in Table 4, the tightly curled helix
chips occur in the cases of 40 and 50 ± 1 HRC hardness levels
at a 850 m/min cutting speed, and tower chip happens only in
the case of a 45 ± 1 HRC hardness level. The section of chip
indicates that serrated chips appear.

3.2 Segment spacing

Figure 7 describes the variation of the segment spacing with
the hardness at three cutting speeds of 50, 450, and 850 m/
min. It can be observed from this figure that the cutting speed
and quenching hardness have the significant influence on the
segment spacing. In the cases of 40 and 45 ± 1 HRC hardness
levels, the segment spacing is zero at a 50m/min cutting speed
shown in Table 2, while it gradually increases with increments
of the cutting speed. However, there is a more complex chang-
ing law for the segment spacing at 450 m/min compared to the
cutting speeds of 50 and 850 m/min. In addition, it is obvious
that the segment spacing gradually decreases in the wavy way.
The segment spacing gradually increases with increments of
the hardness and attains the peak value in the case of a 55 ± 1
HRC and then a sudden drop does occur in the case of a 60
HRC at 850 m/min.

3.3 Degree of segmentation

Here, the degree of segmentation can be generally described
as follows [21]:

Gs ¼ h1−h2ð Þ=h1 ð1Þ

As can be seen in Fig. 8, the degree of segmentation
gradually increases with increments of the hardness at
50, 450, and 850 m/min cutting speeds. Clear visible
result is that the degree of segmentation is more signif-
icant at the cutting speeds of 450 and 850 m/min than
that at 50 m/min. It shows that the workpiece hardness
and cutting speed have important influence on the de-
gree of segmentation.

3.4 Chip deformation coefficient

The deformation coefficient ξ of the continuous chip is that the
ratio of the chip thickness hch to the depth of cut hD (here is the
feed), as expressed in Eq. (2).

ξ ¼ hch
hD

ð2Þ

The deformation coefficient ξ of the serrated chip can be
obtained by using Eq. (3).

ξ ¼ h2 þ h1−h2ð Þ=2
hD

ð3Þ

(a) DHHOT test system 

(b) Photograph of the partial enlargement 

Fig. 6 Experimental setup employed during the DHHOT tests
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Table 2 Morphology of chip in DHHOT of workpiece with different hardness levels in a case of 50 m/min cutting speed

Quenching hardness

(±1 HRC)

Morphology of chip

Macrograph of chip Micrographs of chip (SEM) Section of chip (SEM)

40

45

50

55

60
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Table 3 Morphology of chip in DHHOT of workpiece with different hardness levels in a case of 450 m/min cutting speed

Quenching hardness

(±1 HRC)

Morphology of chip

Macrograph of chip Micrographs of chip Section of chip

40

45

50

55

60

Int J Adv Manuf Technol (2017) 93:2341–2356 2347



Table 4 Morphology of chip in DHHOT of workpiece with different hardness levels in a case of 850 m/min cutting speed

Quenching hardness

(±1 HRC)

Morphology of chip

Macrograph of chip Micrographs of chip Section of chip

40

45

50

55

60

2348 Int J Adv Manuf Technol (2017) 93:2341–2356



It can be observed in Fig. 9 that the deformation coefficient
sharply drops as the workpiece range from 40 to 45 ± 1 HRC
in the cases of 50, 450, and 850m/min. In the range from 45 to
60 ± 1 HRC hardness levels, it varies in different ways. A
gradual decline continues in a case of 50 m/min cutting speed,
while it slowly increases and attains the highest peak in a case
of 450 m/min, then gradually decreases with increments of the
workpiece hardness, as shown explicitly in Fig. 9. In addition,
the similar variation in a case of 850 m/min does occur. The
only difference is that the peak value appears at a hardness of
55 ± 1 HRC.

3.5 Shear angle

Figure 10 shows that there are similar changing laws for the
shear angle in the cases of 450 and 850 m/min in the range
from 40 to 50 ± 1 HRC hardness. They slowly decrease and
then increase considerably as the workpiece hardness in-
creases. However, it begins to gradually decrease at a cutting
speed of 850 m/min, while continuous increase occurs as the
cutting speed reaches 450 m/min.

3.6 Chip segmentation frequency

The chip segmentation frequency of the serrated chip can be
obtained by using Eq. (4).

CF ¼ vsinϕ
pccos ϕ−αð Þ ð4Þ

As can be seen in Fig. 11, the chip segmentation frequency
decreases slightly with increments of the hardness varying
from 50 to 60 ± 1 HRC at a 50 m/min cutting speed. It is
clearly observed from this figure that the changing law at a
cutting speed of 450 m/min is similar to that at 850 m/min
when the hardness ranges from 40 to 50 ± 1 HRC, while it has
distinctly different changing law at 50 and 60 ± 1 HRC hard-
ness. It firstly suddenly rises for a 50 ± 1 HRC hardness and
then gradually increases for a 55 ± 1 HRC hardness at 450 m/
min, while it abruptly drops in the range from 45 to 55 ± 1
HRC hardness and then suddenly increases for a 60 ± 1 HRC
at 850 m/min. Besides, it is much higher at higher cutting
speeds in comparison with that at the lower cutting speeds,
which is in agreement with the literature [22].

4 Discuss

4.1 Formation mechanism of the serrated chip

Figures 12, 13, and 14 present the microstructures of chips in
DHHOTof the hardenedAISI D2 steel with different hardness
levels from 45 to 60 ± 1 HRC at 50, 450, and 850 m/min
cutting speeds and 0.2 mm/r feed.

It can be seen in Fig. 12a–c that the ribbon chip does occur
when the hardness varies from 40 to 50 ± 1 HRC hardness,
and not only the crack but the localized shear deformation
does not occur. The shear deformation does happen and the
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serrated chip begins to appear in Fig. 12d, e in DHHOTof the
two hardness levels of 55 and 60 ± 1 HRC. It can be seen also
in Fig. 12e that the adiabatic shear band that originated within
a localized region does propagate to the free surface in the case

of a 60 ± 1 HRC, while it does not happen at 55 ± 1 HRC. In
addition, it can be observed in Fig. 12d, e that the crack peri-
odically initiates on the free surface and propagates due to the
promotion resulted from the compressive hydrostatic stress in
shear band direction, which is in agreement with the literature
[23]. It can be shown from above experimental evidences that
it is the adiabatic shear and crack that induces serrated chip
formation in DHHOT of the hardened AISI D2 steel with 55
and 60 ± 1 HRC hardness levels.

Further increasing the cutting speed to 450 m/min, no rib-
bon chip does occur, while serrated chip appears and the de-
gree of segmentation increases with increments of the
quenching hardness, as shown in Figs. 8 and 13a–e.
Furthermore, the localized shear band becomes much clearer
with increments of the quenching hardness. Instead of the
localized shear band, a distinct crack along the shear plane is
observed in a case of 40 ± 1 HRC hardness at a cutting speed
of 450 m/min, as shown in Fig. 13a.

(a) Ribbon chip micrograph at 40±1 HRC 

(b) Ribbon chip micrograph at 45±1 HRC

(c) Critical chip micrograph at 50±1 HRC 

(d) Continuous serrated chip micrograph at 55±1 HRC

(e) Continuous serrated chip micrograph at 60±1-HRC

Fig. 12 Chip micrograph of
hardened AISI D2 steel at a
cutting speed of 50 m/min
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The adiabatic shear band does propagate to the free surface
at the hardness levels of 55 and 60 ± 1 HRC, as shown in
Fig. 13d, e, while it does not occur at 45 and 50 ± 1 HRC. In
addition, the crack on the free surface can be observed in all of
the five hardness levels. The microstructure of the material
within the back of chip shows that the elongated grains do
appear owing to the friction between the chip back and the
rake face of the cutting tool as the hardness reaches to 55 and
60 ± 1 HRC, as presented in Fig. 13d, e. Furthermore, it is
clearly visible that the white layer within the chip bottom does
occur, which is a consequence of the effect of thermo-
mechanical effect.

It can be seen in Fig. 14a–e that when the cutting speed
further increases to 850 m/min, the localized shear band be-
comes more obvious and it begins to occur at a lower hardness
of 45 ± 1 HRC compared to the cutting speeds of 50 and
450 m/min, shown in Fig. 14b. The reasons can be attributed
to the below further reasons: when high-speed cutting, the
generated temperature in localized shear band cannot flow
into the chip in a very short time, which induces the rate of

heat generation much more than the rate of heat dissipation,
and thus the material in localized shear band becomes softer
than those in the cutting speeds of 50 and 450 m/min.
Additionally, the serrated chip thickness h1 in turning of work-
piece with 60 ± 1 HRC hardness is evenwith thinner thickness
in comparison to those of the other four lower hardness levels.

Based on the examinations in Figs. 12, 13, 14, and 17, the
width of shear band varies along the primary zone, and com-
paringwith the width of shear band nearer the free surface, it is
far thicker in the vicinity of the serrated chip bottom where, in
general, the shear band initiates. This supports the thermo-
plastic shear theory of serrated chip formation [24].
Obviously, the very high strain in the shear band does give
rise to the high temperature in higher workpiece hardness and
higher cutting speeds, which make the high-speed slip of the
shear band much easier to happen along existing micro-crack.
The crack continues to propagate until it stops at the limit of
the material plastic deformation zone. In general, this phe-
nomenon is promoted by the high heat generated in the cutting
zone, which is in good agreement with literature [25]. The fact

(b) Continuous serrated chip micrograph at 45±1 HRC

(c) Continuous serrated chip micrograph at 50±1 HRC 

(d) Continuous serrated chip micrograph at 55±1 HRC

(e) Continuous serrated chip micrograph at 60±1 HRC

(a) Continuous serrated chip micrograph at 40±1 HRC

Fig. 13 Chip micrograph of
hardened AISI D2 steel at a
cutting speed of 450 m/min
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is that workpiece hardness is very important in further urging
the crack initiation.

The adiabatic shear band that originates within a localized
region also does propagate to the free surface as high-speed
turning of workpiece with the hardness from 45 to 60 ± 1
HRC, as observed in Fig. 12b–e. Meanwhile, the crack occurs

only in the cases of 40, 55, and 60 ± 1 HRC. Figure 14b–e
shows that the white layer within the chip bottom is more
obvious and much wider compared to those at 50 and
450 m/min.

Note the serrated chip size h1 in a case of 60 ± 1 HRC
hardness at a cutting speed of 850 m/min is much thinner
relative to lower cutting speeds. Figure 15 presents that the
temperature field of chip is conducted by the thermal infrared
imager in case of 60 ± 1 HRC at 850 m/min. As shown in the
figure, the temperature reached the height of over 887 °C,
which indicates the high heat generation occurs, and it is
absorbed sufficiently by chip flying away the rake face of
the cutting tool, and thus these heat soften the chip, together
with the pulling force, and the serrated chip size h1 grows thin.

Figure 15 also presents that the temperatures in shear band
should reach a phase transformation value of above 900 °C as
turning of the hardness from 55 to 60 ± 1 HRC at a cutting
speed of 50 m/min, from 50 to 60 ± 1 HRC at 450 m/min, and
from 45 to 60 ± 1HRC at 850m/min, as shown in Figs. 12d, e,
13c–e, and 14b–e. These white areas have been identified as
fine un-tempered martensite, which indicates that serrated

(a) Continuous serrated chip micrograph at 40±1 HRC (c) Continuous serrated chip micrograph at 50±1 HRC a

(d) Continuous serrated chip micrograph at 55±1 HRC

(e) Continuous serrated chip micrograph at 60±1 HRC

(b) Continuous serrated chip micrograph at 45±1 HRC

Fig. 14 Chip micrograph of
hardened AISI D2 steel at a
cutting speed of 850 m/min

Fig. 15 Temperature field of chip in a case of 60 ± 1 HRC at the cutting
speed of 850 m/min
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chip may be hardened once again when it is cooled rapidly. At
the same time, the material in shear band is exposed to a high

compressive stress. It should be noted that the hardened tool
steel AISI D2 is more inclined to the adiabatic shear theory
with increments of the cutting speed and the hardness levels
owing to its low thermal conductivity and specific heat, which
is similar to the literature [26].

4.2 The cutting force contribution to the formation
mechanism of serrated chip

The relationship between the cutting force and chip is ana-
lyzed in Fig. 16a–c in order to study the formation mechanism
of the serrated chip. It is interesting that the main cutting force

(a) SEM of section serrated chip micrograph

(b) SEM of free side of serrated chip micrograph

Fig. 18 The SEM of micrographs in DHHOT of hardened steel with
55 ± 1 HRC at the cutting speed of 850 m/min and the feed of 0.2 mm
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Fig. 16 Relationship between the cutting force and chip

Fig. 17 The crack initiation and propagation and thermo-plastic
instability in serrated chip (SEM) (f = 0.20 mm/r, v = 450 m/min,
H = 60 ± 1 HRC)
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FZ and radial cutting force FY do decrease with the transition
from ribbon chip to serrated chip. It can be seen in Fig. 16a
that the ribbon chip is produced in the steady cutting process
and the mean value of the main cutting force FZ is much
higher comparing with the radial cutting force FY. In addition,
the main cutting force FZ is characterized by the quasi-
dynamic cutting as the critical chip appears and the main cut-
ting force FZ and radial cutting force FY are approximately
equal, as shown in Fig. 16b. However, note that only the main

cutting force FZ presents larger vibration related to the radial
cutting force FY.

As can be observed in Fig. 16c, the cyclic main cutting
force FZ and radial cutting force FY present dynamic change
according to the change law of the serrated ship, which shows
the segmented chips do generate the cyclic dynamic load on
the cutting tool and the cutting force frequency is very similar
to the chip segmentation frequency. This reason contributes to
the two mechanisms: crack and thermo-plastic instability. On
one hand, obviously, the cutting pressure imposed in the ad-
vancing direction of the cutting tool should be considered
resulting in the crack initiation decreasing the cutting force.
On the other hand, the critical thermo-plastic instability at the
initial stage of turning does occur owing to heat soften effect
[11] in the shear band, which contributes to the decrease of
flow stress and thus the main and radial cutting forces abruptly
decrease. After this, the sliding along dashed line occurs and
even extends from the cutting tool tip to the free surface pro-
moted by the crack initiation and propagation, thermo-plastic
instability, and the cutting pressure imposed in the advancing
direction of cutting tool, and thus, the root A and tip B of the
serrated chip form, as shown in Figs. 16 and 17.

Figure 18a, b presents a section optical and SEM micro-
graph of a serrated chip in a case of 60 ± 1 HRC hardness at a
cutting speed of 850 m/min. Obviously, the shear plane on
each serrated chip segment is characterized by the presence
of parallel slip marks resulted from the thermo-plastic insta-
bility and pressure from the cutting tool rake face.

4.3 Critical condition and transformation mechanism
from the ribbon chip to serrated chip

It can be observed in Table 2 that the lamellar chips that appear
with relatively constant thickness appear in cases of hardness
with 40 and 45 ± 1 HRC at 50 m/min, while a new structure
termed folds on the free surface of a ribbon chip in a case of
hardness with 50 ± 1 HRC does occur. Further increasing the
hardness level and cutting speed, the transition from the la-
mellar ribbon chip to the folded ribbon chip and then to the
serrated chip occurs. The chip surface temperatures measured
by the thermal infrared imager in cases of 40, 45, and 50 ± 1
HRC at a cutting speed of 50 m/min are 522, 530, and 621 °C,
respectively. This reveals that there is a relationship between
the transition of chip and the thermal-softening effect in the
shear band.

Figure 19 illustrates the influence of the cutting speed and
quenching hardness on the transition from ribbon chip to ser-
rated chip. The cutting speed has a significant influence on the
serrated chip formation. The higher the cutting speeds are, the
easier the formation of the serrated chips are, and the lower the
quenching hardness of forming the serrated chip is. It indicates
that the strain rate heightens with the increments of the cutting
speed, which increase brittleness, and thus induces the

Fig. 19 The critical cutting conditions of continuous serrated chip and
isolated chip

Fig. 20 The critical chip in transition between ribbon chip and serrated
chip (SEM) (f = 0.20 mm/r, v = 50 m/min, H = 50 ± 1 HRC)
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accelerating crack propagation speed in shear band.
Moreover, the increments of the quenching hardness can in-
crease the brittleness of the workpiece and thus lead to the
large damage in shear band. As a result, it is both the cutting
speed and quenching hardness that are the crucial factors pro-
moting the shear band formation.

The critical chip may be defined as the chips in transition
between the ribbon chip and serrated chip formation. In this
experiment, the critical condition of forming the critical chip is
the cutting speed of 50 m/min and hardness level of 50 ± 1
HRC. As shown in Fig. 20 of the critical chip, there is evi-
dence of some upward rise, but no evidence of crack initiation.
Moreover, the interesting shear band does occur, yet the slip
distance of shear band is very short. The transformed band has
begun to form in three cases of 55 ± 1 HRC hardness level and
50 m/min cutting speed; 50 ± 1 HRC hardness level and
450 m/min cutting speed; and 45 ± 1 HRC hardness level
and 850 m/min cutting speed.

5 Conclusions

In this paper, chip formation mechanism in DHHOT of the
hardened AISI D2 tool steel with different hardness levels was
investigated. The conclusions are as follows:

(1) The chip macrographs are the spring chip, tight helix
chip, tower chip, spring chip, and incompact helix chip
with increments of the hardness levels. The tight helix
chip only does occur at a 50 ± 1 HRC. It is interesting
that the “C” type chip appears at a 45 ± 1 HRC. The
tightly curled helix chips occur at 40 and 50 ± 1 HRC
in a case of 850 m/min, and the tower chip only happens
at 45 ± 1 HRC.

(2) The workpiece hardness has the significant influence on
the degree of segmentation, chip deformation coefficient,
segment spacing, chip segmentation frequency, and
shear angle in DHHOT of the hardened steel AISI D2.

(3) The width of shear band varies along the primary zone,
and comparing with the width of shear band nearer the
free surface, it is far thicker in the vicinity of the serrated
chip bottom where, in general, the shear band initiates.
The localized shear bands become clearer with incre-
ments of the hardness. The microstructure of the material
within the bottom of chip shows that the elongated grains
do appear due to thermo-mechanical effect between the
chip back and the rake face of the cutting tool.

(4) The very high strain in the shear band does give rise to
the high temperature in higher hardness material and at
higher cutting speed, which make the high-speed slip of
the shear band happens more along existing micro-crack.
The crack continues to propagate until it stops at the
ultimate limit of the workpiece material plastic

deformation zone. The hardened tool steel AISI D2 is
more inclined to the adiabatic shear theory owing to its
low thermal conductivity and specific heat.

(5) Not only cracks but localized shear deformation do not
occur in cases of hardness ranging from 40 to 60 ± 1
HRC at 50 m/min cutting speed. The localized shear
deformation does happen and the serrated chip appears
in cases of 55 and 60 ± 1 HRC. The adiabatic shear band
that originated within a localized region does propagate
to the free surface in a case of 60 ± 1 HRC hardness,
while it does not happen at a 55 ± 1 HRC.

(6) The reasons generating high dynamic load on the cutting
tool contribute to the two mechanisms of crack and
thermo-plastic instability. The sliding along the shear
band occurs extending from the cutting tool tip to the
free surface helped by the crack initiation and propaga-
tion, thermo-plastic instability, and the cutting pressure
imposed in the advancing direction of cutting tool.

(7) The brittleness induced by promoting the cutting speed
and quenching hardness leads to large damage in shear
band. The critical chip does occur in a case of 50 ± 1
HRC hardness at a 50 m/min cutting speed.
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