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Abstract Themain purpose of this paper is to study the change
of chip morphology with increasing cutting speed by consider-
ing the role of microstructure evolution in chip root. The or-
thogonal cutting experiments of AISI 1045 steel showed that
the chip morphology would be changed from continuous chip
to discontinuous serrated chip as the microstructure softening
events occurred in the secondary shear zone with the increasing
cutting speed. Based on the principle of cutting force balance
and the concept of equilibrium shear angle (ϕe), the influence of
the dynamic behavior of deformation and recrystallization in
chip material on chip morphology was analyzed and modeled.
Three types of chip morphology would be characterized corre-
sponding to the sliding, only severe deformation and dynamic
recrystallization behaviors, respectively, in the secondary shear
zone. It was concluded that the physical mechanism of the
serrated chip morphology is the variation of ϕe controlled by
the mechanical properties of workpiece material in the second-
ary shear zone, which is related to dynamic deformation behav-
ior of material as influenced by microstructural softening
events, such as recrystallization or phase transformation.

Keyword High speed cutting . Chip morphology . Dynamic
recrystallization

1 Introduction

Lots of the experiments have confirmed that, with the increasing
of cutting speed, the chip morphology would gradually be
changed from continuous chip to discontinuous serrated chip
[1, 2], subsequently resulting in tool accelerated wear [3]. These
experimental phenomena have been investigated extensively.
Oxley proposed that the severe tool wear was caused by the
higher temperature due to high cutting speedwithout explanation
of the relationship between serrated chip and accelerated wear
[4]. Karpat et al. claimed that the wear land length is the function
of the stresses at flank face, and then computed the value of wear
land length at different cutting speeds based on the slip line field
theory for steady state cutting [5]. Quiza et al. analyzed the em-
pirical functional relationship between cutting parameters and
wear land length, the depth of the crater wear, and the maximum
depth of crater by the neural network model and statistical re-
gression model [6]. Kagnayadeng et al. discussed the effect of
turning parameters on wear behavior in 1045 steel [7]. However,
the physical mechanism of the formation of serrated chip and its
relationship to tool accelerated wear is yet to be clarified.

Generally, the cutting process would reach a steady state of
constant chip thickness corresponding to an equilibrium shear
angle (ϕe) as shown in Fig. 1, which depends on the cutting
parameters and workpiece properties [8]. That means the cutting
balance is not only related to the cutting parameters, but also to
the workpiece material [9]. During cutting process, when the
mechanical properties of workpiece are changed by microstruc-
tural events, the “original balance” has to be destroyed to form a
new balance, and correspondingly, the ϕe would be varied. As
the ϕe varied, the thickness of the chip would be correspondingly
varied resulting in chipmorphology change. In the present paper,
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the variation of chip morphology due to the dynamic behavior of
workpiece materials in the secondary shear zone is analyzed.

2 Experiments

The AISI 1045 steel was used for orthogonal cutting experi-
ments research, and the composition is shown in Table 1.
Figure 2 described the experimental setup, where the work-
piece of AISI 1045 steel was machined as cylinder with 150-
mm diameter and 500-mm length, and a non-coating ISOF
(6 % Co) cemented carbide with 0° rake angle and 7° clearance
angle was used as cutting tool after mounting on the blade
holder. The cutting parameters were feed 0.1 mm, cutting width
2 mm, cutting speed 50∼700 m/min. The chips produced in
cutting experiment were collected to observe the morphology
and microstructure and were examined under by scanning elec-
tron microscope (SEM) and optical microscope.

3 Results and discussions

3.1 Characterization of chip morphologies

The typical chip morphologies at different cutting speed are
shown in Fig. 3. It can be seen that the macro chip morphol-
ogies and microstructures in the secondary shear zone are
significantly different at the different cutting speeds. Based
on the experimental observation, it was concluded that the
chip morphologies could be classified as the following three

types: (1) continuous strip chip morphology with small severe
strain layer as shown in Figs. 3a, d; (2) continuous strip chip
morphology with severe strain layer as shown in Figs. 3b, e;
and (3) discontinuous serrated chip morphology with white
bright layer as shown in Figs. 3c, f.

The original shear angle was relatively large, close to 45°
depending on the rake angle at the beginning of the tool entering
workpiece. During the cutting process, the shear angle would be
decreased until reached to an “equilibrium shear angle” [10], as
shown in Fig. 1. The ϕe should be dependent both on cutting
parameters and properties of workpiece. Therefore, if the prop-
erties of workpiece were changed due to dynamic behaviors of
the material, the ϕe would be varied corresponding to properties
of workpiece to reach “minimum energy” criterion [11].

Generally, the discussion of the deformation behaviors could
be divided into two shear zones, i.e., primary shear zone and
secondary shear one. The deformation in the primary shear zone
could be simplified as shear along the center line of primary shear
zone. However, in the secondary shear zone, the chip moves
along the tool rake face during which further deformation would
occur. At the different shear angle, the shear stress at the interface
between tool and workpiece (τint) would be different from the
flow stress of the materials (kchip) which could be calculated by
Oxley’s model [4]. Depending on the difference between τint and
kchip, the deformation behaviors in the secondary shear zone
could be different such as friction, plastic deformation, and mi-
crostructure change due to sever heat-force combination, which
would play an important role to influence the cutting balance and
chip morphology. These are examined in further detail.

Under the condition of low cutting speed, the ϕe was cor-
respondingly low. When the tool cuts into the workpiece, and
then the shear angle rotates from original value to ϕe, the shear
stress in the tool/chip interface was not large enough to over-
come the flow stress of the workpiece resulting in the further
plastic deformation in the secondary shear zone (Fig. 3d). In
this case, the dynamic behavior of the workpiece was

Fig. 1 A schematic diagram showing the rotation of shear angle based on
the minimum energy principle

Table 1 Chemical composition of the examined steel AISI 1045 (wt%)

C Si Mn P S Cr Ni Mo

0.43 0.26 0.68 0.01 0.03 0.15 0.1 0.02

Fig. 2 Experimental setup of orthogonal cutting experiments
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controlled dominantly by the friction between tool and chip,
as the chip slides over the rake face. The chip exhibits contin-
uous chip morphology with relatively homogeneous deforma-
tion caused in the primary shear zone as shown in Fig. 3a.

With the increase in cutting speed, the shear stress acted in
the tool/chip interface was increased due to ϕe decreased. It
was possible that the applied shear stress in the interface over-
came the flow stress of workpiece, the further plastic defor-
mation would be promoted. The deformation would be oc-
curred in a narrow zone of the workpiece in the secondary
shear zone to form a severe deformation layer as shown in
Fig. 3e, and the chip still exhibits continuous chipmorphology
(Fig. 3f).

As the cutting speed further increased, the shear stress
acted in the tool/chip interface would be further increased
resulting in more severe deformation in the workpiece. It
should be noted that the deformation heat could not be re-
leased in the condition of high speed machining, which would
result in local temperature increased. The combination of the
temperature and accumulated strain made it possible to pro-
mote the dynamic recrystallization or strain-induced phase
transformation in the narrow deformation zone resulting in
the phenomena of “adiabatic shear band”. The dynamic be-
havior of recrystallization or phase transformation would re-
sult in the change of the microstructure in adiabatic shear
zone, and subsequently, sharp softening would be occurred
in workpiece material at the interface layer. It had to be em-
phasized that the softening of the workpiece in the secondary
zonewould result in the increase of ϕe. In this condition, it was
possible to make the shear angle to be varied between a lower

shear angle corresponding to the workpiece with work-
hardening state and a larger shear angle corresponding to the
workpiece with microstructural softening. The discontinuous
serrated chip morphology with “white layer” was observed as
shown in Fig. 3c, and the dynamic recrystallization grain can
be observed obviously in Fig. 3f. The variation in chip thick-
ness corresponding to variation in equilibrium shear angle
caused by periodic microstructural softening event is shown
schematically in Fig. 4.

3.2 Modeling the effect of micro-structure on chip
morphology

During the cutting process, the deformation of workpiece will
occur first in the primary shear zone. And then workpiece
“enters” into the secondary shear zone. It should be pointed
that the workpiece has been deformed and work hardened in
the primary shear zone before entering the secondary shear
zone. Therefore, the deformation behavior in the secondary
shear zone is deformation of the material that has already
undergone deformation in the primary shear zone. The calcu-
lation of the strain and material’s flow stress due to work
hardening in the primary shear zone is the first fundamental
step for modeling.

The study of cutting analysis model indicated the state
parameters of cutting process for two plastic deformation
zones at given shear angle, like geometry size, deformation
parameters, and velocity vector diagram. These are illustrated
in Fig. 5, where AB corresponded to the primary shear zone
and SS represented to the second shear zone.

Fig. 3 Typical chip morphology and microstructure in the second shear zone at different cutting speed: 50 m/min (a) and (d), 150 m/min (b) and (e),
350 m/min (c) and (f)
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Based on Fig. 5, the strain and strain rate in the primary
shear zone at given shear angle and other variables could be
calculated as follows [4, 5]:

εAB ¼ cosα

2
ffiffiffi

3
p

sinϕcos ϕ−αð Þ ð1Þ

ε
�
AB ¼ C

V s
ffiffiffi

3
p

l
ð2Þ

V s ¼ V
cosα

cos ϕ−αð Þ ð3Þ

l ¼ t1
sinϕ

ð4Þ

C ¼ l

ΔSp
ð5Þ

ϕe ¼ arctan

t1
t2
cos αð Þ

1−
t1
t2
sinα

ð6Þ

where ϕ is the shear angle, ΔSp is the primary shear zone
width, l is the primary shear zone length, C is the strain rate
constant for primary shear zone, Vs is the shear velocity in
primary shear zone, and V is the cutting speed.

In the high speed machining, the heat generated by defor-
mation could not be dissipated and the near adiabatic

conditions resulted the temperature rise. The temperature in-
crease due to deformation in the primary shear zone, TAB,
could be calculated as [12]:

TAB ¼ T 0 þΔT ð7Þ

ΔT ¼
1−βð Þ

Z ε

0
σ ε; ε�; Tð Þdε
Cpρ

ð8Þ

where T0 is the initial temperature of workpiece (300 K), ρ is
the material density of AISI 1045 steel (8000 kg/m3), σ
ε; ε�; Tð Þ is the flow stress model, β is the percentage of the
total plastic deformation energy turning into sensible (90 % in
this paper), and Cp is the specific heat of AISI 1045 steel as a
function of temperature: Cp=420+0.504T.

The flow stress of the workpiece is not only the function of
strain but also strain-rate and deformation temperature during
high speed deformation. Therefore, Johnson-Cook constitu-
tive equation [5, 12–14] was used to calculate the flow stress
of the workpiece material in the present work:

σ ¼ Aþ Bεnð Þ 1þ CIn
ε
ε

1− T*
� �m

h i� �

ð9Þ

T* ¼ T−T0

Tm−T0
ð10Þ

The J-C constitutive equation parameters for AISI 1045
steel were summarized in Table 2 [14].

The temperature rise could be calculated as [12]:

Z TAB

TW

ρ 420þ 0:504Tð Þ
1− T−TW

Tm−TW

� �m dT ¼ 1−βð Þ AεAB þ B

nþ 1
εnþ1
AB

� �

1þ CIn
ε�AB
ε�0

� �

ð11Þ

Finally, the shear flow stress, kAB, of workpiece after de-
formation in the primary shear zone could be obtained by the
combination of Eqs. (1) to (12):

kAB ¼ σ=
ffiffiffi

3
p

ð12Þ

Fig. 4 Sketch of formation of
discontinuous serrated chip
morphology

Fig. 5 Schematic diagram of state parameters for two deformation zones
at given shear angle
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Furthermore, the kAB should be the “initial” flow stress of
workpiece when the material enters the secondary shear zone.
The applied shear stress, τint, acted on the tool/chip interface as
the function of cutting parameter and material flow stress,
could be modeled by Oxley’s work based on Eqs. (13)∼(16)
[4, 8, 9].

θ ¼ arctan 1þ 2 π=4−ϕð Þ−Cn½ � ð13Þ
λ ¼ θ−ϕþ α ð14Þ

h ¼ t1sinθ
sinϕcosλ

ð15Þ

τ int ¼ kABt1sinλ
hsinϕcosθ

ð16Þ

where n is the material constants shown in Table 2, θ is the
angle between resultant cutting force (R) and kAB, λ is the
friction angle at chip-tool interface, and h is the chip-tool
contact length.

The relative relationship between kAB and τint was calcu-
lated as shown in Fig. 6 for low cutting speed (50 and 150 m/
min) with the variation of shear angle. As indicated in Fig. 6,
the τint increased with decreasing shear angle, and the effect of
shear angle on the kAB was opposite. It could be seen that a
shear angle, ϕp corresponding to kAB=τint, is predicted for 50
and 150 m/min to be about 26° and 35°, respectively. Based
on the minimum energy criterion, when the total energy in the
primary and secondary shear zone reached the minimum, the
shear angle would be equilibrium shear angle, ϕe, and the
cutting process reached stable cutting. Thus, if the equilibrium
shear angle ϕe is larger than the ϕp, the shear angle would be
rotated firstly to the ϕe and reached stable cutting, resulting in
a continuous chip morphology without severe deformation in
the secondary shear zone as shown in Figs. 3a, d. However, if
the equilibrium shear angle ϕe is less than the ϕp, the shear
angle would be rotated firstly to ϕp, and then the applied shear
stress τint would overcome the flow stress of the workpiece
kAB, resulting in further plastic deformation in the secondary
shear zone. As to this situation, the flow stress in the second-
ary shear zone could be expressed as:

kchip ¼ kAB þ σ εs; εs;Tsð Þ ð17Þ

where εs, εs, and Ts is the strain, strain-rate, and deformation
temperature in the secondary shear zone.

εs ¼ h

2
ffiffiffi

3
p

δt2
ð18Þ

ε
�
s ¼ Vc

ffiffiffi

3
p

δt2
ð19Þ

δ ¼ ΔSs
t2

ð20Þ

V c ¼ V sinϕ=cos ϕ−αð Þ ð21Þ

whereΔSs is the thickness of second shear zone, Vc is the chip
velocity, and δ is the strain rate constant of second shear zone.

The value of Ts can be calculated by Eqs. (11) and
(18)∼(21) in the same way as in the computation of TAB.

When the plastic deformation occurred in the secondary
shear zone, atomic contact between chip and tool rake face
is generally assumed and the sliding friction at chip-tool inter-
face is ignored [15]. In this case, the strain, strain rate, and
deformation temperature could be calculated by Oxley’s mod-
el combining with J-C equation and then the flow stress of the
workpiece could be obtained as shown in Fig. 6 at a given
cutting speed and feed. Subsequently, work hardening would
occur in the secondary shear zone and result in further defor-
mation. The chip morphology was shown in Fig. 3b, and the
microstructure in second shear zone was illustrated in Fig. 3e.

The severe deformation in the secondary shear zone should
accumulate the strain and increase the temperature. Thus, the
microstructural events such as dynamic recrystallization and
phase transformation also should be considered. The study of
modeling dynamic recrystallization behavior shows the criti-
cal strain for dynamic recrystallization (εc) could be expressed
as [16–18]:

εc ¼ AlnZB ð22Þ

where A and B are the fitness constant, Z is the Zener-

Hollomon parameter, Z ¼ εexp Q
RT

� �

, Q is the deformation
energy for deformation, R is the gas constant (8.314 J mol/K).

The research of dynamic recrystallization behavior on
AISI1045 steel is published in Ref [19], and the parameters
could be deduced by this work, where the value of A, B, and Q
is 0.4055, 0.038, and 291 KJ mol−1, respectively.

When the accumulated strain in the secondary shear zone εs
is large enough to promote dynamic recrystallization εc or the
deformation heat to increase the temperature higher than the
phase transformation temperature, the material of the work-
piece would be sharply soften because microstructural events.
It would result in the sharp variation of the equilibrium shear
angle and lead to the production of discontinuous serrated chip
morphology as shown in Fig. 2c. There is metallographic
evidence for the occurrence of dynamic recrystallization
(Fig. 2f).

It should be pointed that τint and kAB are the function of
cutting speed. Therefore, the ϕp and the equilibrium shear
angle ϕe are also the function of cutting parameters as the
results of calculation. As the cutting speed increased, the equi-
librium shear angle ϕe, the shear angle ϕp, where the applied

Table 2 J-C follow stress model constants for AISI 1045steel

A (MPa) B (MPa) n C m Tm (°C) T0 (°C)

553.1 600.8 0.234 0.0134 1 1460 25
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shear stress is equal to the flow stress of the workpiece, τint=
kAB, and the shear angle where the accumulated strain is equal
the critical strain for dynamic recrystallization (or the temper-
ature is equal to the phase transformation temperature), εs=εc,
were calculated as shown in Fig. 7. It can be seen that the
equilibrium shear angle has a maximum value when the cut-
ting speed is less than 75 m/min. In this case, continuous chip
morphology would be obtained with an equilibrium shear an-
gle. When the cutting speed increases to larger than 75 m/min
but less than 275 m/min, the shear angle would be change
from entering angle to ϕp and then further plastic deformation
would be occurred in the secondary shear zone. In this case,
the chip morphology would be continuous with severe defor-
mation in the secondary zone as shown in Fig. 3b. The shear
angle would be equilibrium shear angle with work-hardened
materials. As the cutting speed increased over 275 m/min, it
can be seen that from Fig. 7, the ϕR (dynamic recrystalliza-
tion) would be met before the shear angle reaches the equilib-
rium shear angle after the severe deformation occurred in the
secondary zone. It should be noted that the softening event
would be occurred when the dynamic recrystallization was
promoted. The shear angle would be inversely rotated to
new equilibrium shear angle corresponding to softened

workpiece. In this case, the discontinuous serrated chip mor-
phology would be obtained.

4 Summary

Based on the experimental observation, the physical mecha-
nism of formation of three different chip morphology encoun-
tered as a function of cutting speed in AISI 1045 steel is
analyzed using Oxley’s model for equilibrium shear angle
based on the criterion of minimum total energy consumed in
the primary and secondary shear zone. At low cutting speed,
sliding tribological condition of asperity contact at the tool-
chip interface is obtained and there is no severe deformation in
the secondary shear zone. The chipmorphology is continuous.
When the cutting speed is progressively increased, the asper-
ities are squeezed to make atomic contact at the tool-chip
interface. There is an onset of severe plastic deformation in
the secondary shear zone, when the equilibrium shear angle is
decreased with the corresponding increase in chip thickness.
Continuous chip morphology will be predicted by Oxley’s
model even at moderate cutting speeds at the same feed. If
the plastic deformation occurred in the secondary shear zone
but there is no occurrence of the microstructural events before
the equilibrium shear angle reached, the chip morphology
would be still continuous but with severe shear deformation
in the secondary shear zone. However, as the cutting speed
increased further, the microstructural events, such as dynamic
recrystallization and phase transformation, are found to occur
before the equilibrium shear angle reached the steady state
condition for constant chip thickness cannot be met. The shear
angle would vary between the equilibrium shear angle for the
work-hardened workpiece and the equilibrium shear angle for
the microstructural-softenedworkpiece, resulting in discontin-
uous serrated chip morphology. The onset of microstructural
softening event occurs when the temperature corrected strain
rate exceeds the critical value for dynamic recrystallization or
the temperature exceeds phase transformation. The onset of
deviation from continuous chip morphology is related to the
onset of microstructural softening event in the secondary shear

Fig. 6 Plot of of τint and kAB as a
function of shear angle for
different cutting speed: a 50 m/
min, b 150 m/min

Fig. 7 The effect of cutting speed on ϕe, ϕp, and ϕR
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zone that intervenes before equilibrium shear angle for steady
state is reached in accordance with Oxley’s model.
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