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Abstract A deep understanding of the generation and char-
acterization of chip formation can result for practical advices
of chip type controlling in engineering applications. The
chip formation is divided into the continuous chip and the
serrated one in this study. The characterization of the con-
tinuous chip formation is expressed as the chip deformation
and that of the serrated chip formation is expressed as the
frequency of serration, the degree of segmentation, and the
deformation of serrated chip. The chips of 1045 steel under
different cutting speeds (100–3,600 m/min) are collected
during machining. After inlay and polishing of the collected
chips, the chip morphology is observed with VHX-600 ESO
digital microscope. It is found that at the cutting speeds of
100–400 m/min, the chip type is continuous, at the cutting
speeds of 600–2,200 m/min the chip type is serrated, and at
the cutting speeds of 2,500–3,600 m/min the chip type is
segmented. The quantitative relations between the charac-
terization parameters of chip formation and the cutting
speed are obtained. The chip deformation increases with
the cutting speed, and the influence of the cutting speed on
the shear strain rate is more sensitive than that on the shear
strain during the continuous chip formation. All the charac-
terization parameters including the shear strain rate, the
frequency of serration, the degree of segmentation, and the
shear strain increase with the cutting speed during the ser-
rated chip formation. The sensitivity of influence of the
cutting speed on these parameters is in the following: the
shear strain rate, the degree of segmentation, the frequency
of serration, and the shear strain.
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1 Introduction

There is a highly localized deformation during the chip
formation of cutting process in the shear zone connecting
the tool tip and the workpiece surface (primary deformation
zone), and along the interface between the chip and the tool
rake face (secondary shear zone) [1–3]. Within the shear
zone, the workpiece material is deformed in a very short
time interval and caused a large temperature rise. For exam-
ple, during machining 1045 steel at a cutting speed of
300 m/min, the shear strain reaches to more than 1 and the
shear strain rate reaches to the magnitude of 105 s−1 [4].
Furthermore, many observations show that with the cutting
speed, increasing the chip type will be changed from the
continuous chip to the serrated one [5–15]. This phenome-
non may lead to high-frequency fluctuations of cutting
force, accelerating the wear rate of cutting tool, reducing
the machined surface quality and the machining accuracy
[16]. For these reasons, it is necessary to study the mecha-
nism of chip formation in machining process. Study on the
characterization of chip formation can result for practical
advices of controlling the chip type in engineering
applications.

Schulz and Abele [17] have used the degree of segmen-
tation to characterize the serrated chip of high-speed ma-
chining aluminum alloy 7075. The results indicate that the
degree of segmentation increases with the cutting speed and
the feed per tooth. Based on Aifantis [18], the deformation
internal length and the thermal internal length are applied to
measure the degree of segmentation [19]. The relationships
between the deformation internal length, the thermal internal
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length, and shear band width are studied through the linear
perturbation analysis. Molinari et al. [20] have proposed a
model including the space of adiabatic shear band, the
adiabatic shear band width, and the frequency of serration
to characterize the serrated chip formation. Through the
linear perturbation analysis, the analytic solutions of these
parameters are obtained [21, 22]. The results show that the
space of adiabatic shear band decreases with the cutting
speed increasing [23–27] and the frequency of serration
increases with the cutting speed.

1045 steel is a commonly used and high-quality carbon
structural steel. However, the characterization of the chip for-
mation during high-speed machining 1045 steel is still less
involved. In order to study the characterization of chip forma-
tion and the differences of chip formation between the high-
speed machining and conventional machining 1045 steel, in
this paper, the characterization of chip formation classified as
the continuous and serrated chip formation is studied. The
experiment of machining 1045 steel under the heat treatment
of quenching is performed. Some results in the investigation of
the cutting speed influence on chip formation are presented.
The quantitative relations between the characterization param-
eters and the cutting speed are built.

2 Characterization of chip formation

2.1 Characterization of continuous chip formation

The characterization of continuous chip formation is the
deformation in the chip. It can be expressed as the chip
deformation that is the shear strain and the shear strain rate.

The deformation coefficient ξ can be expressed as Eq. 1.

x ¼ ach
ac

ð1Þ

where ach is the chip thickness and ac is the uncut chip
thickness. The shear strain and shear strain rate are usually
expressed as Eqs. 2 and 3.

g ¼ cos g0
sin 8 cos 8 � g0ð Þ ð2Þ

�g ¼ gV sin 8

s
ð3Þ

where g is the shear strain, g0 is the tool rake angle, 8 is the
shear angle, �g is the shear strain rate, V is the cutting speed,
and s is the thickness of the shear zone which can be
expressed as Eq. 4 [28].

s ¼ ac
5:9 sin 8

ð4Þ

The shear angle 8 can be expressed as Eq. 5:

tan 8 ¼ cos g0
x� sin g0

ð5Þ

Submitting Eq. 4 into Eqs. 3 and 6 can be obtained.

�g ¼ 5:9V sin 8 cos g0
ac cos 8 � g0ð Þ ð6Þ

2.2 Characterization of serrated chip formation

The mechanism of serrated chip formation during high-speed
machining plastic metallic material can be regarded as cata-
strophic thermoplastic shear instability [29, 30]. The charac-
terization of serrated chip is expressed as the frequency of
serration, the degree of segmentation, and the deformation of
serrated chip.

It is an assumption that a serrated chip segment can
be regarded as a trapezoid as shown in Fig. 1 [31]. The
frequency of serration is the number of segments pro-
duced per unit time, therefore it can be expressed as
Eq. 7 [20].

f ¼ V sin 8

d
ð7Þ

where d is the pitch of serrated chip as shown in Fig. 1.
From metallurgical observation in the serrated chip, the
chip segmentation is characterized by the degree of
segmentation expressed as Eq. 8 [17].

Gs ¼ h1 � h2ð Þ=h1 ð8Þ

where Gs is the degree of segmentation, h1 is the maximum
height of the serrated chip, and h2 is the height of the contin-
uous part of the serrated chip shown in Fig. 1.

On the basis of metallurgical observation in the serrated
chip, it is found that the deformation in the serrated chip is
different from that in the continuous chip [31–34]. The
serrated chip segment EFGH is transformed from the paral-
lelogram ABCD. Therefore, considering the change of AB
in the cutting process, the model of serrated chip formation
is shown in Fig. 2.

h2

h1

d

Fig. 1 Diagram of the serrated chip
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The deformation in the serrated chip can be defined as
Eqs. 9 and 10.

gse ¼
lEF � lCDj j
lBC sin 8

ð9Þ

�gse ¼
gse
Δt

ð10Þ

where g se is the shear strain of the serrated chip, �gse is the
shear strain rate of the serrated chip, lEF is the length of CD
after deformation, lCD is the length of CD, lBC is the length
of BC and Δt is the required cutting time to produce a
serrated chip segment. It is assumption that the volume of
the material during the deformation is const. That is SABCD0
SEFGH, so the lBC can be obtained as Eq. 11.

lBC ¼ d lEF þ lGHð Þ
2ac

ð11Þ

The Δt can be expressed as following.

Δt ¼ lBC
V

ð12Þ

By the geometric relationship, the lCD can be expressed
as Eq. 13.

lCD ¼ ac
sin 8

ð13Þ

Submitting Eqs. 11, 12, and 13 into Eqs. 9 and 10, the
deformation in the serrated chip can be expressed as the
following:

gse ¼
2ac lEF sin 8 � acj j
d lEF þ lGHð Þsin28 ð14Þ

�gse ¼
4ac2V lEF sin 8 � acj j
d2 lEF þ lGHð Þ2sin28 ð15Þ

3 Experimental work and results

The high-speed cutting experiment was performed on a
DAEWOO ACE-V500 vertical machining center. A 90°
SN slot milling cutter (Kennametal, 4.96164-210) was used
in the cutting experiment with coated carbide (KC110M)
inserts whose type is SNHX12L5PZTNGP. The chemical
composition of 1045 steel is presented in Table 1. The
workpiece material under the heat treatment of quenching
is used in the experiment. The diagram of workpiece is
shown in Fig. 3. The thickness of workpiece is 2 mm. The
hardness of the workpiece is measured with 200HRS-150
Rockwell hardness tester. As shown in Fig. 3, the measure-
ment of workpiece hardness is carried out along MN at ten
points and along OP at five points. Repeated this method
three times, the average hardness of the workpiece is 38–42
HRC. 1045 steel was machined at the cutting speeds of 100,
200, 400, 600, 800, 1,000, 1,300, 1,600, 1,900, 2,200,
2,500, 3,200, and 3,600 m/min while the feed per tooth is
0.1 mm/z. The axial depth of cut above all is 2 mm.

The chips under different cutting speeds have been col-
leted after machining. Through inlay, polishing, and wash-
ing with alcohol and water, the chips are observed in VHX-
600 ESO digital microscope. The result shows that at the
cutting speeds of 100, 200, and 400 m/min, the chip type is
continuous. At the cutting speeds of 600, 800, 1,000, 1,300,
1,600, 1,900, and 2,200 m/min, the chip type changes to the
serrated chip. At the cutting speeds of 2,500, 3,200, and
3,600 m/min, the chip changes to segmented one. The
micrograms of different chip types are shown in Figs. 4, 5,
and 6. The enlarged segmented chip is as shown in the upper
right corner of Fig. 6.

The chip thicknesses of the continuous chip and the
parameters h1, h2, lEF, lGH, and d of the serrated chip are

A

B

Cutting
tool

ac

C

D
E

F

G

H

d

V

Fig. 2 Formation model of the serrated chip

Table 1 Chemical composition of 1045 steel

Element C (%) Si (%) Mn (%) Cr (%) Ni (%) Cu (%)

Wt.% 0.42–0.50 0.17–0.37 0.50–0.80 ≤0.25 ≤0.30 ≤0.25

R50

M NO

P

Fig. 3 Diagram of workpiece
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measured in VHX-600 ESO digital microscope. The method
of measurement is shown as Fig. 7, and every parameter is
measured five times to take the average value. Submitting
the chip thicknesses into Eqs. 1, 2, 5, and 6, the shear strain
and the shear strain rate of the continuous chip under dif-
ferent cutting speeds are obtained.

The shear angles φ of the serrated chip can be obtained by
using the method described in [35]. Submitting these parame-
ters h1, h2, lEF, lGH, d, and φ into Eqs. 7, 8, 14, and 15, the
frequency of serration, the degree of segmentation, the shear
strain, and the shear strain rate of the serrated chip under
different cutting speeds are obtained. The curves of the shear
strain, the shear strain rate, the frequency of serration, and the
degree of segmentation with the cutting speed are presented in
Figs. 8, 9, 10, and 11. From these figures it is found that the
shear strain, the shear strain rate, the frequency of serration, and
the degree of segmentation all increase with the cutting speed.

From Fig. 8 it is shown that the relationship between the
shear strain and the cutting speed under different chip types

is different. While the chip type is continuous, the quantita-
tive relation between the shear strain and the cutting speed
can be expressed as Eq. 16.1. While the chip type is serrat-
ed, it can be expressed as Eq. 16.2. From Eqs. 16.1 and 16.2,
it is proclaimed that the growth rate of the shear strain with
the cutting speed while the chip type is serrated is faster than
that of the continuous.

g / V 0:18 ð16:1Þ

g / V 0:40 ð16:2Þ
Figure 9 shows that the growth rate of the shear strain

rate with the cutting speed while the chip type is serrated is
faster than that of the continuous. While the chip type is
continuous, the quantitative relation between the shear strain
rate and the cutting speed can be expressed as Eq. 17.1.

50µm

Fig. 4 Micrography of the continuous chip (V0100 m/min)

50µm

Fig. 5 Micrography of the serrated chip (V01,900 m/min)

Enlarged

1000µm

Fig. 6 Micrography of the segmented chip (V03,200 m/min)

50µm

Fig. 7 Micrography of the serrated chip measurement (V02,200 m/
min)
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While the chip type is serrated, it can be expressed as
Eq. 17.2.

�g / V 1:12 ð17:1Þ

�g / V 1:88 ð17:2Þ
The differences between the serrated and the contin-

uous chip are the frequency of serration and the degree
of segmentation. From Figs. 10 and 11, the quantitative
relation between the frequency of serration, the degree
of segmentation, and the cutting speed can be expressed
as Eqs. 18 and 19.

f / V 1:34 ð18Þ

Gs / V 1:57 ð19Þ
From Eqs. 16.1, 16.2, 17.1, and 17.2, it is found that

the influence of cutting speed on the shear strain rate is
greater than that on the shear strain during the contin-
uous chip formation. The influence degree of cutting
speed on the serrated chip deformation is greater than
that of continuous chip. As the deformation increases,
the shear strain hardening and the shear strain rate

hardening will increase the flow stress of the workpiece
material in the shear zone. At the same time, the in-
creasing of the chip deformation leads to the tempera-
ture rising in the shear zone. This phenomenon could
promote the workpiece material softening. The com-
bined action of the shear strain hardening, shear strain
rate hardening, and thermal softening lead to adiabatic
shearing in the shear zone. From Eqs. 16.1, 16.2, 17.1,
17.2, 18, and 19, the size of influence degree of the
cutting speed on these parameters is in the following:
the shear strain rate, the degree of segmentation, the
frequency of serration, and the shear strain.

4 Conclusion

The characterization of chip formation in machining
1045 steel is classified into that of the continuous and
serrated chip formation. The characterization of the con-
tinuous chip formation is regarded as the chip deforma-
tion and that of the serrated chip formation is expressed
as the frequency of serration, the degree of segmenta-
tion, and the deformation of serrated chip. Through
machining 1045 steel, the chips under different condi-
tions have been collected. The conclusions are that:
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Fig. 8 Shear strain as a function of cutting speed for a tool rake angle
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1. The shear strain and shear strain rate both increase with
the cutting speed in continuous chip formation. The
influence of the cutting speed on the shear strain rate
is more sensitive than that on the shear strain.

2. An analytical serrated chip deformation model is
established.

3. The frequency of serration, the degree of segmentation,
the shear strain rate, and the shear strain all increase
with the cutting speed during the serrated chip forma-
tion. The quantitative relations between these parame-
ters and the cutting speed are obtained. The sensitivity
of influence of the cutting speed on these parameters is
in the following: the shear strain rate, the degree of
segmentation, the frequency of serration, and the shear
strain.
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