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Abstract
The characteristics of adiabatic shear localized fracture in high-speed machining of pure titanium alloy were further inves-
tigated experimentally and analytically. The formation laws of isolated segment chip were revealed under high cutting 
speeds, negative rake angles, and large feeds. The damage process of adiabatic shear localized fracture was analyzed through 
microscopic observations on the fractured surface of isolated segment. Considering the pre-peak and post-peak constitutive 
relations, a thermo-visco-plastic constitutive model with kinematics hardening algorithm was developed into finite element 
subroutine. Considering the energy dissipation in the propagation of adiabatic shear band, the energy criterion of adiabatic 
shear localized fracture was further applied in the constitutive model. The simulated formation process of isolated segment 
chip and the corresponding cutting forces were verified and discussed. The results showed that the austenite grains in shear 
band material were tore to small pieces and the austenite twins were observed in the chip segment. The cold welding effect 
between the fractured segment surfaces suppressed the free surface cracking. High cutting speed induced strengthening 
effect leads to abrupt brittle-ductile fracture in adiabatic shear band. Higher fluctuation amplitude of cutting force and lower 
average cutting force were found in isolated segment chip formation.

Keywords  High-speed machining · Adiabatic shear localized fracture · Isolated segment chip · Kinematics hardening 
algorithm · Finite element analysis

1  Introduction

High-speed machining (HSM) is an efficient material  
removing technology with the advantages of high efficiency 
and good surface quality in most manufacturing fields. 
Under high cutting speed, the work material is inevitably 
subjected to the large and fast heating and deforming. Under 
such extreme loading environment, adiabatic shear evolu-
tion from instability to fracture tends to occur, transforming  
serrated chips to isolated segment chips. As the final stage  
of adiabatic shear evolution, the occurrence of adiabatic shear  
localized fracture (ALSF) in adiabatic shear bands (ASBs) 
inevitably influences the performances of machinability, 

such as chip morphology, cutting force, and energy dissi-
pation. Although the fracture mechanism of serrated chip 
was studied in most existing experimental works, the ALSF 
mechanisms of titanium alloy under high cutting speed are 
rarely involved. Therefore, the transient fracture mechanisms 
and the critical characteristics of ALSF in isolated segment 
chip formation need further investigations through appropri-
ate analytical models.

A few studies developed some constitutive models in finite 
element analysis on machining of titanium alloys. Three modi-
fied Johnson–Cook models (JCM) without damage condition 
were built by Sima and Özel [1] to simulate the process of 
adiabatic shearing in serrated chip of Ti6Al4V with the car-
bide cutting tools. Based on JCM and its damage criterion  
in the subsequent studies, Zhang et al. [2] built a finite ele-
ment model with thermo-mechanical coupling condition to 
explore the chip morphology transition under different cut-
ting parameters. Wu and To [3] found the sensitivity of tool 
angle to the serrated chip formation in machining of TC21 
titanium alloy. Modifying the components of strain hardening 
and strain rate strength of JCM by using the Fortran routine 
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via available interface, Hokka et al. [4] compiled the isotropic 
hardening model, He et al. [5] simulated the flow stress of ser-
rated chip in machining of Ti6Al4V, and Gao et al. [6] devel-
oped a stress-updating algorithm to construct a HCP model 
via Abaqus/Explicit software. Shuang et al. [7] improved the 
simulated model with both the hyperbolic tangent law and the 
Johnson–Cook law in machining of Ti6Al4V. Calamaz et al. 
[8] built a hyperbolic tangent model (HTM), and Che et al. [9] 
considered the material defects via JC-THAN model.

Some failure criterions were developed in analyzing the frac-
ture mechanisms of serrated chip. Guo and Yen [10] applied the 
JCM and its damage model, and Hua and Shivpuri [11] applied 
JC damage model to simulate the process of crack propagation 
and the stress field in serrated chip. The chip flowing behavior 
of titanium alloy was simulated by Ye et al. [12], and the bal-
ance conditions between the kinetic and surface energies were 
analyzed by Ma et al. [13]. Wang and Liu [14] adopted the 
JCM with Hillerborg fracture energy criterion in simulating the 
machining process of Ti6Al4V. Cui et al. [15] investigated the 
discontinuous chips of hardened steel through the JC damage 
model and Atlati contact model.

In the present work, through the high-speed machining 
experiments and the quick-stop tests of α-pure titanium alloy, 
the cutting conditions of isolated segment chip formation 
under the various cutting speeds, negative rake angles, and 
large feeds are obtained, and the damage characteristics of 
ASLF are analyzed microscopically. The thermo-visco-plastic 
constitutive model with the pre-peak and post-peak constitu-
tive relations is developed into finite element subroutine. The 
saturation limit energy criterion of ASLF is further deduced 
and applied in the finite element analysis. The isolated seg-
ment chip formation in the fracture process is simulated, and 
the corresponding cutting forces are verified and discussed.

2 � Experiment processes

TA2 alloy, a typical α-pure titanium alloy, is an important bio-
material for the excellent biocompatible performance and was 
selected as the workpiece material. Its physical parameters are 
of high specific strength and low thermo-physical property 
as shown in Table 1. The heat treatment processes, vacuum 
annealing (520 ℃) and temperature holding (9 min), were 
made to relax the residual stress and improve the machining 
performance. The obtained metallographic structure was aus-
tenite block (Fig. 1) with the hardness of 58 HRA.

The triangular PCBN inserts were used under dry condi-
tion with OKUMA mill-turn machine tool. The cylindrical 
workpiece with diameter of 200 mm and thickness of 2 mm 

was made to meet the plane-strain condition in orthogonal 
machining tests. The uncut thickness was accurately controlled 
by the feed rate and the tool edge detector. The cutting speed 
was ~ 1600 m/min, the feed rate was 0.2 mm/r, and the tool rake 
angle was −10° ~  −20°. The chip specimens obtained from the  
experiments were cleaned ultrasonically and observed by met-
allographic microscope, and the fractured surfaces of isolated  
segment were observed by scanning electron microscope (SEM).

In order to analyze the ASB fracture process between the chip 
segments, the quick-stop device [16] are shown in Fig. 2a. The 
quick-stop workpieces (QSWs) were fixed with the workpiece 
fixture which was held with the lath chuck. When the rotating 
spindle attained to the required speed, the insert fed forward 
to the predefined position to arrest the chip root. As illustrated 
in the quick-stop principle (Fig. 2b), the cutting speed is v, the  
feed is f, and the times t0 and tf are the initial and finish times 
of obtaining chip root, respectively. Due to the machined hole 
in the QSW, the cutting stress �cut attains to the tensile strength 
�b at the time tf. The arresting acceleration can be attained to 
106 ~ 107 m/s2 under the cutting speed nearly 103 m/min due 
to the small mass of chip root. The chip roots were cleaned  
ultrasonically and observed by metallographic microscope.

3 � Experiment results

3.1 � Chip morphology

The typical chip morphology development of α-pure tita-
nium alloy under negative rake angle of −10° with the 

Table 1   Physical and 
mechanical parameters of 
α-pure titanium alloy

�(kg/m3) c(J/kg.K) k(W/m.K) E(GPa) v �
b
(MPa) �

s
(MPa) �(%) �(%)

4510 480 19.3 107.9 0.34 500 435 29 43

Fig. 1   Metallographic structure of α-pure titanium alloy
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increase of cutting speed is shown in Fig. 3. The material in 
generated chip experienced the process of adiabatic shear 
evolution that includes general shear flow in ribbon chip 

(Fig. 3a), adiabatic shear flow in deformed bands (DBs) and 
transformed bands (TBs) in serrated chip from the cutting 
speeds of 60 ~ 200 m/min (Fig. 3a–c), cracks formation and 
propagation in TBs (Fig. 3d and e), and complete fracture 
along TBs forming isolated segment chips when the cut-
ting speeds attained 1600 m/min (Fig. 3f). The influence 
of cutting speed and feed on chip morphology under nega-
tive rake angles of − 10° and − 20° is shown in Fig. 4. We 
found that ASLF-induced isolated segment chip formation 
was prone to occur under negative rake angle and large feed 
which shortened the speed range of adiabatic shear evolu-
tion. Gu et al. [17] found that negative rake angle increased 
the pressure and friction imposed on chip surface. Accord-
ingly, α-pure titanium alloy is an ASLF sensitive material to 
pressure stress under negative rake angle. Gente et al. [18] 
found that the ASLF of titanium alloy were not sensitive 
under the small uncut thickness. The small uncut thickness 
easily leaded to distinct softening effect in the chip material, 
resulting in the reinforcement of fracture toughness of shear 
band under high cutting temperature.
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Fig. 2   Quick-stop device and its quick-stop principle

Fig. 3   Typical chip morphology 
development companying with 
adiabatic shear evolution in 
high-speed machining of α-pure 
titanium alloy. (a) Ribbon chip 
at 30 m/min; (b) serrated chip 
with DBs at 60 m/min; (c) ser-
rated chip with TBs at 200 m/
min; (d) serrated chip with 
cracks in TBs at 500 m/min; (e) 
serrated chip with cracks in TBs 
at 800 m/min; (f) isolated seg-
ment chip at 1600 m/min
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The TBs formation in Fig.  3c and its sharp-tip crack 
propagation in ASB in Fig. 3d under larger magnification are 
shown in Fig. 5. The intense plastic flowing in transformed 
band occurs as shown in Fig. 5a. The austenite grains in shear 
band were tore to small pieces, and the austenite twins could 
be observed in the chip segment. Due to the poor heat dis-
sipation, thin shear bands were formed under higher cutting 
speed, resulting in an increase of adiabatic shear sensitivity. 
Subsequently, the ductility of ASB decreases so that sharp-
tip cracks formed and brittle fracture took place in ASB, as 
shown in Fig. 5b. Although the trace of sliding line due to 
plastic flowing was found near the boundary of shear band, 
the fragmentation of austenite grains in the shear band was 

more serious due to the weakening effects, including thermal 
softening, phase transition, and degenerating.

3.2 � Damage and fracture in ASB

The damage and fracture mechanisms in ASB were  
inspected through observing the single fractured segment  
surface via SEM. The observation results are illustrated 
in Fig.  6. According to the view direction in Fig.  3f,  
the dimple region, smooth region, and the transition region 
are examined as shown in Fig. 6a. The dimple structure on 
the fractured surface is usually considered as the mark of 
ductile fracture which was also observed on the fracture 
surface of serrated chip [19] and cup-cone sample in impact 
test [20]. Due to the FCC crystal structure of titanium gains 
and the temperature and stress states near the tool tip, the 
dimple structure was gradually faded away, forming smooth 
surface. The transition region from dimple surface to smooth 
surface was relatively lager at small feed due to the remark-
able thermal softening effect (Fig. 6a, c). It was indicated 
that the thermal softening effect was more obvious under 
smaller feed due to the occurrence of ASLF. The melting 
state has not been found on the fractured ASB surface in 
the SEM observation. The dimple structure means the duc-
tile fracture via voids nucleation and coalescence, and the 
smooth region means the brittle fracture via sharp-tip crack 
propagation. Thus, the ductile–brittle transition is the ASLF 
damage characteristic of α-pure titanium alloy. In the first 
stage, the ductile voids nucleated from the inclusions, sec-
ondary phases, or defects in material. The growing voids 
were elongated under the pressure stress near the chip sur-
face. In second stage, the coalescence of elongated voids 
leaded to ductile crack, generating transition surfaces with 
parabolic dimples. Finally, the smooth surface without melt-
ing trace was formed on the fractured surface due to the fric-
tion induced cold welding and subsequent cracking between 
the segments.

Fig. 4   Experimental results of 
chip morphology with the cut-
ting speed and feed under nega-
tive rake angles in high-speed 
machining of α-pure titanium 
alloy

1000 1200 1400 1600 1800

0.2

0.4

0.6

0.8

600 800200 4000
0

F
ee

d
 f/

(m
m

/r
)

Cutting speed v/(m/min)

Fig.3(a)

Fig.3(b) Fig.3(c) Fig.3(e)Fig.3(d) Fig.3(f)

Fig.6(a)

Fig.6(b)

Ribbon chip

Serrated chip

Isolated segment chip

Rake angle of -10°

Rake angle of -20°
Fig.6(c)

Fig. 5   (a) TBs formation and (b) its sharp-tip crack propagation in 
ASB during high-speed machining of α-pure titanium alloy
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The multi-stage ASLF process in the chip root of α-pure 
titanium alloy was observed in Fig. 7. In first stage (Fig. 7a), 
the cutting tool pushed a segment upward along the tool rake 
surface, and the TBs between the segment and the workpiece 
material were formed. In second stage (Fig. 7b), with the tool  
cutting forward, the crack in the TBs formed and propagated 
from the upside of segment. Being different from other 
carbon steel and stainless steel, the color of TBs was dark 
comparing with the matrix. In final stage (Fig. 4c), the chip 
segment was completely fractured and separated from the 
workpiece, and the crystal structure in primary shear zone 
was still kept due to the localized fracture in ASB. The chip 
root observation results were similar as Gente et al. [18] who 
suggested that ASB was the fracture path of isolated seg-
ments. As for the brittle fracture in ASB, Elbestawi et al. 
[21] thought that the work hardening easily leaded to brittle 
cracks on free surface; Poulachon and Moisan [22] hold that 
the quenching brittle effect resulted from the heat treatment. 
It was inferred that the complexity problem of ASLF mech-
anism was still unsolved through online detection method. 
Even so, these chip-root observation results provided an 
effective method for the post-investigation on the ASLF 
characteristics of α-pure titanium alloy.

4 � Theoretical model

4.1 � Constitutive framework

The evolution of ASB leads to the development of chip mor-
phology from serrated chip to isolated segment chip in which 
complete fracture takes place along ASB. Considering the 
propagating effect of ASB in the fracture process, the high-
speed machining model of isolated segment chip formation 
is illustrated in Fig. 8 which includes the models of serrated 
segment deformation [23], the distributions of velocity and 
strain rate in ASB, and the normal and shear stresses state. 
The meanings of the parameters in the figures are provided in 
the Appendix.

From the continuum point of view in the finite element 
constitutive framework, the total deformation of chip material 
is decomposed into elastic part and plastic part. The negligible 
elasticity part is taken into account in the whole deformation 
process. Accordingly, there exists a direct manner to define 
the plastic deformation. The constitutive governing equations 
from elasticity to plasticity are classically given as follows:

(1)

⎧⎪⎪⎨⎪⎪⎩

�
p = � − �

e

�
e = D−1 ∶ �

e

▵ �
p =▵ �n

fs =
1

2
(s − �) ∶ (s − �) −

1

3
�2
s
≥ 0Fig. 6   Fracture surface observation results of isolated segment chip of 

α-pure titanium alloy: the distribution states of ductile dimple region, 
smooth region and the transition region
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where 𝛔, 𝛆, 𝛆̇ are stress tensor, strain tensor, and strain rate 
tensor, respectively. � is Hooke tensor. ▵ represents time 
increment interval. ▵ � is plasticity scalar multiplier which 
can be determined through the yield condition. fs ≥ 0 is 
yield condition. � is deviator stress tensor. � is cumulative 
plasticity resistance induced by plastic deformation. �s is 
plastic flow stress.

The plastic stage of chip material under the triaxiality 
stress state is considered according to von Mises yielding 
condition. We defined deviator stress tensor s , strain tensor 
� , and strain rate tensor 𝛆̇ in the form of plastic flow stress 
σs , effective normal strain 𝜀̄ , and effective normal strain rate 
𝜀̇ as:

where � = (� − �)∕‖� − �‖ is the unit yield vector. The 
effective normal stress 𝜎̄ , the effective normal strain 𝜀̄ , and 
the effective normal strain rate 𝜀̇ are given in the form of 
principal stress components 

[
�i
]
 , principal strain components [

�i
]
 , and principal strain rate components 

[
𝜀̇i
]
 as:

where �ij is Kronecker delta function. The principal stresses [
�i
]
 , principal strain 

[
�i
]
 , and principal strain rate 

[
𝜀̇i
]
 are given 

in the form of the stress components, strain components, and 
strain rate components as:

where �y = �xy cot� is the relation of shear stress and 
normal stress in ASB. � = arc tan

[
cos �0∕

(
� − sin �0

)]
 is 

(2)
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Fig. 7   The chip root observation results of the fracture process of iso-
lated segment chip of α-pure titanium alloy at speed of 900  m/min 
and feed of 0.4 mm/r: (a) TB formation; (b) crack formation in ASB; 
(c) completely fracture in ASB

▸
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shear angle; � ≈ 0.9 ∼ 1.0 is deformation coefficient of ser- 
rated chip.

The subscript of the tensor component is neglected in 
the following derivation. Considering von Mises yield-
ing condition of shear deformation in ASB, the effective 
shear stress 𝜏 , effective shear strain 𝛾̄ , and effective shear 
strain rate 𝛾̇  can be expressed in the form of shear stress 
component � , shear strain component � , and shear strain 
rate component 𝛾̇ as:

In pre-peak plasticity stage, considering the relation of 
normal and shear stresses as well as the relation of normal 
and shear deformations, the effective shear stress 𝜏 is the 
function of effective shear strain 𝛾̄ , effective shear strain rate 
𝛾̇  , and characteristic temperature �∗ in thermo-visco-plastic 
constitutive relation, generally expressed as:

w h e r e  s1 = A + B
�

�√
3

�n

 ,  s2 = 1 + C ln
(

𝛾̇

𝛾̇0

)
 ,  a n d 

s3 = m1 exp
(
m2�

∗
)
 are the constitutive components of tita-

nium alloy [24]. A,B,C,m1,m2 are constitutive parameters. 
�∗ =

(
� − �0

)
∕
(
� − �M

)
 is characteristic temperature. �0 and 

�M are initial and melting temperatures, respectively. The 
adiabatic temperature � under high-speed machining is 
expressed as:

(5)

⎧⎪⎨⎪⎩

𝜏 =
𝜎̄√
3
=

𝜏

2

√
cot2𝜙 + 4

𝛾̄ =
√
3𝜀̄ = 𝛾

𝛾̇ =
√
3𝜀̇ = 𝛾̇

(6)𝜏

�
𝛾̄ , 𝛾̇ , 𝜃∗

�
=

√
cot2𝜙 + 4

2
√
3

s1

�
𝛾√
3

�
s2

�
𝛾̇√
3

�
s3(𝜃

∗)

where � ≈ 0.9 is Taylor and Quinney coefficient.
In post-peak plasticity stage, according to the exper-

imental analysis from Liao and Duffy [25] under high-
speed impacting condition, the post-peak constitutive rela-
tion is linearized as:

where 𝜏p = max
[
𝜏

(
𝛾̄ , 𝛾̇ , 𝜃∗

)]
 is peak shear stress, � is ther-

mal weakening factor, D = 𝜏pΔU∕Wc is degenerating coef-
ficient, U is shear band boundary displacement, and Wc is 
critical energy dissipation.

A kinematics hardening algorithm under high-speed 
machining condition is necessary to be developed into a 
finite element subroutine. A trail elastic stress in a strain 
increment Δ� is expressed as:

where � and � are Lamés constants. When the effective stress 
of trail elastic stress exceeds the yield stress, the strain incre-
ment Δ� as the plastic deformation ▵ �

p occurs in the time 
increment. The stress increase or decrease due to plastic 
deformation in a time increment can be determined by the 
material hardening behavior. The linear plasticity harden-
ing law ▵ � applied in the following plastic increment is 
defined as:

(7)𝜃 =
𝛽
√
cot2𝜙 + 4

2𝜌c ∫
t

0

𝜏(𝛾 , 𝛾̇ , 𝜃∗)𝛾̇dt + 𝜃0

(8)𝜏
(
𝜏p, 𝜃,D

)
= 𝜏p(1 − 𝛼𝜃)(1 − D)

(9)�
∗
new

= � + �trace(▵ �)� + 2� ▵ �

(10)▵ � =
2

3
H ▵ �

p

Fig. 8   High-speed machin-
ing model of isolated segment 
chip formation, including the 
models of serrated segment 
deformation, the distributions 
of velocity and strain rate in 
ASB, and the normal and shear 
stresses state
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where H is hardening effect which is the slope of plastic 
stress with strain, expressed as:

When the new plastic deformation occurs linearly in a time 
increment, the new stress relation can be rewrote at the time 
increment as:

Considering the plastic increment under von Mises yield-
ing condition, the plasticity scalar multiplier can be solved as:

where 𝜉∗
new

=

√
3

2

(
�
∗
new

− �

)
∶ � is effective trail normal 

stress. Thus, the cumulative plasticity resistance, deviator 
stress tensor, effective plastic strain, and effective plastic 
strain rate can be updated as:

where 𝜏∗
new

= 𝜉∗
new

∕
√
3 is effective trail shear stress. 

�s = �s∕
√
3 is shear flow stress.

4.2 � Fracture criterion

In order to obtain the condition that the ASB cracks in the 
serrated chip, the effective shear stress, effective shear strain, 
and effective shear strain rate are computed and used in fol-
lowing derivation. Considering the momentum and energy 
conservation laws and the post-peak constitutive equation 
of ASB, the continuum governing equations in Lagrangian 
coordinate system are given as:

where vs = v cos�∕ cos
(
� − �0

)
 is shear velocity, v is cut-

ting velocity, and �0 is rake angle.

(11)H =
s2s3

√
cot2� + 4

2
√
3

�s1

��

(12)�
∗
new

− 2� ▵ �
p = � +

√
2

3
�s� +

2

3
H ▵ �

p

(13)▵ 𝜆 =
1

3𝜇 + H

√
3

2

(
𝜉∗
new

− 𝜎s
)

(14)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

�new = � +
2
√
2[𝜏∗new−𝜏s]

3𝜇(3+H∕𝜇)
�

�new = �
∗
new

−
2
√
2[𝜏∗new−𝜏s]
3+H∕𝜇

�

𝜀̄new = 𝜀̄ +
2[𝜏∗new−𝜏s]√
3𝜇(3+H∕𝜇)

𝜀̇new =
2
√
2[𝜏∗new−𝜏s]

3𝜇(3+H∕𝜇)▵t

(15)Momentum equation: 𝜌v̇s = 𝛾,y

(16)Energy equation: 𝜌c𝜃̇ = 𝜏 v̇s,y − k𝜃,yy

(17)Constitutive equation: 𝜏 = 𝜏
(
𝜏p, 𝜃,D

)

The velocity distribution in ASB is assumed to follow the 
gradient plastic law:

where 𝛾̇0 = vs∕2𝜉 is mean strain rate in ASB.
The kinematic equation in post-peak stage of constitutive 

evolution can be estimated through the momentum theorem 
as:

Combining with Eqs. (18) and (19), considering the 
compatible movement condition: U̇ = 2𝛾̇0𝜉 and the bound-
ary condition:ΔU̇0 = ΔU0 = 0 , the ASB boundary location 
and the stress collapsing time are solved as:

The critical heat energy rise can be estimated in the small 
time increment form and the energy equation is approxi-
mated as:

The strain energy component and the heat conduction 
component are estimated as:

Accordingly, combining with Eqs.  (21) and (22) and 
adopting the minimum energy dissipation principle, the 
minimum energy dissipation from the ASB formation to 
fracture is deduced as:

The corresponding shear band boundary location and col-
lapsing time are given as:

where � is thermal diffuse coefficient and a is rate-related gra-
dient factor obtained through the shear bandwidth model [26].

The evolution and propagation of ASB are related closely 
with the energy dissipation, which determined the occur-
rence condition of ASB fracture. Considering the energy 

(18)vs = 𝛾̇0

[
y −

𝜉

𝜋
cos

(
y

𝜉
+

1

2

)
𝜋 + 𝜉

]
, y ∈ [−𝜉, 𝜉]

(19)Ṗ(𝜉) = 4𝜌𝛾̇𝜉𝜉̇ = 𝜏p − 𝜏

(20)

⎧⎪⎨⎪⎩

𝜉c =
3𝜏2

p
Δt2

4𝜌ΔWc

Δtc =
1

𝜏p

�
18𝜌ΔW2

c

𝛾̇c

�1∕3

(21)
𝜌cΔ𝜃c
���
heat energy

≈ 𝜏pv̇s,yΔtc
�����
strain energy

− k𝜃,yyΔtc
���

conducted heat

(22)

{
𝜏pv̇S,yΔtc ≈

𝜏pΔUc

2𝜉
=

ΔWc

2𝜉

k𝜃,yyΔtc ≈
kΔ𝜃cΔtc

4a𝜉2

(23)ΔWc = 4�cΔ�c�

(24)

⎧⎪⎨⎪⎩

𝜉c =

�
9𝜌3𝜒3c2Δ𝜃2

c

2a3𝜏3
p
𝛾̇c

�1∕4

Δtc =
6𝜌cΔ𝜃c

𝜏p

�
𝜌𝜒

2a𝜏p 𝛾̇c
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convergence in ASB in the whole fracture process, the frac-
ture energy Gf

ASB
 can be calculated by the sum of pre-peak 

energy G0 and post-peak energy GP as:

Thus, the ASB fracture criterion are given as:

5 � Finite element analysis

A finite element (FE) model on high-speed machining of 
α-pure titanium alloy was further developed to analyze the 
isolated segment chip formation in a 2D plane-strain and 
thermal–mechanical coupling conditions through ABAQUS/
Explicit analytical environment. The FE analysis model is 
composed by the tool and work material in Lagrange explicit 
analysis environment as shown in Fig. 9. The workpiece was 
3 × 0.5 mm, and the cutting edge radius was 80 μm, the rake 
angle is − 10°, and the clearance angle is 6°. Considering the 
mesh controlling condition, the seed size of workpiece was 
0.02 mm. The cutting tool was defined as a discrete rigid 
body with the seed size of 0.1 mm. The element type of 
workpiece was planar quadrilateral (CPE4RT) with “advanc-
ing front” structured meshing technique, and the tool was tri-
angle (CPE3T). Minimizing the mesh transition was selected 
through the algorithm option to reduce the mesh distortion.

The physical and mechanical parameters of the work 
material are listed in Table 1, and the constitutive param-
eters are specified in Table 2 [24]. These parameters were 
input as the variables defined through the user subroutine. 
The constitutive framework was adopted in the work mate-
rial, and the stress–strain relation of the work material was 
recompiled through VUMAT Fortran subroutine. Consider-
ing the kinematic hardening law under the plane strain case, 
the basic governing equations and the fracture criterion were 
described in Sects. 3.1 and 3.2.

As for the friction effect due to the interaction between the 
tool and chip, combining these material constitutive laws, the 
modified Zorev’s friction model was considered by Duan and 
Zhang [27]; the Coulomb friction and heat transfer models 
were applied by Wan et al. [28] to simulate the serrated chip 
formation. Thus, in sliding region, the friction followed the 
Coulomb friction model (friction coefficient is 0.3 ∼ 1.0 ), and  
in sticking region, the friction was approximated to be the 

(25)

⎧
⎪⎪⎨⎪⎪⎩

G
f

ASB
= ∫ 𝛾̄c

0
𝜏d𝛾 = G0 + GP

G0 = ∫ 𝛾̄o
0

𝜏(𝛾̄ , 𝛾̇ , 𝜃∗)d𝛾

GP = ∫ tc
to
𝜏
�
𝜏p, 𝜃,D

�
𝛾̇dt ≈ 6𝜌cΔ𝜃c

�
𝜌𝜒𝛾̇c

2a𝜏p

(26)GASB = �
tc

0

𝜏𝛾̇dt ≥ G
f

ASB
or

∫ tc
to
𝜏𝛾̇dt

6𝜌cΔ𝜃c

√
2a𝜏p

𝜌𝜒𝛾̇c
≥ 1

shear stress after the friction stress exceeding the yield shear 
stress, but was limited by the material strength. Thereby, the 
finite sliding with penalty contact method was used in the 
tool-chip interaction. The heat generation mainly results from 
the plastic deformation and the tool-chip friction. The frac-
tion converting deformation work to heat is about 0.9. The 
heat transfer coefficient was set according to the experimental 
result from Filice et al. [29]. In the machining process, large 
shear deformation and fast shear strain rate occurred in the 
work material around the tool edge, inducing severe shear 
damage. A failure zone was adopted to generate the chip, 
which followed the same constitutive relationship. The sepa-
ration of the chip from the workpiece was described exactly 
through shear damage criterion proposed by Calamaz et al. 
[8]. The chip fracture due to ASLF was controlled by the satu-
ration limit. The simulated chip morphologies were validated 
and modified through chip geometry and cutting force results.
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Fig. 9   Constitutive characteristics of α-pure titanium alloy under dif-
ferent loading conditions: (a) stress–strain lines under adiabatic and 
isothermal conditions at different strain rates; (b) theoretical and 
experimental results of energy convergence in ASB
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The stress–strain curve of workpiece element under adi-
abatic and isothermal conditions is numerically calculated 
through the described finite element analysis environment 
and the theoretical and experimental results of energy con-
vergence with cutting speed curve were obtained, as shown 
in Figs. 9. The stress–strain lines under the strain rates from 
1 × 103/s to 5 × 104/s and heat dissipation condition are 
shown in Fig. 9a. It is shown that the effects of strain hard-
ening and strain rate strengthening are obvious during plas-
tic deformation process. Under the adiabatic conditions, the 
true stress–strain lines are influenced by the thermal soften-
ing effect so that the stress collapses after attaining the peak 
value. The peak stress means the occurrence of constitutive 
instability and adiabatic shearing takes place in a relatively 
small critical strain, resulting in serrated chip formation. 
Wang et al. [30] suggested that the phase transformation 
took place in ASB in high-speed machining of Ti6Al4V. 
This part of energy dissipated due to phase transformation 
has been considered in degenerating effect in the post-peak 
constitutive equation. Theoretical and experimental results 
of energy convergence in ASB are shown in Fig. 9b. The 
energy limit value of α-pure titanium alloy was found about 
3.75 × 109 J/m2 and is less than the previous experimental 
results of the hardened carbon steel [31]. Comparing with 
these materials, Rittel et al. [32] found that the cold work of 
AM50 steel in the fracture was about 4 × 107 J/m2. Although 
the critical strain of ASB fracture considers the strain rate, 
temperature, and stress state conditions, the physical-related 
critical condition of ASLF in high-speed machining process 
still cannot be well revealed. In actual cutting condition, the 
increase of cutting speed suppressed the heat diffusion and 
aggravated more energy convergence in ASB. With the cut 
proceeding, the energy in band gradually accumulated to the 
saturation limit as the calculated results under wider speed 
range, resulting in complete separation of serrated segments 
along shear band.

Being different from the formation mechanisms of ser-
rated chip at relatively low cutting speed, the ASLF process  
during isolated segment formation at relatively higher cut-
ting speed is complex due to the fast evolution of adiabatic 
shearing from instability to fracture. The simulated results 
of isolated segment chip formation in the form of equiva-
lent plastic strain contours at cutting speed of 1600 m/min 
are shown in Fig. 10. Some of the overlapped elements 
were removed in the simulated results for clear display. The 
ASLF process of isolated segment formation is divided into 
three stages through the quick-stop experimental results. In 
the onset stage of adiabatic shearing as shown in Fig. 10a, 

the shear band region is conceived from the tool tip and 
propagates to free surface. Subsequently, the internal crack-
ing in the shear band region from the tool tip to the free 
surface is shown in Fig. 10b–d. The compression zone in 
the physical model as shown in Fig. 9a is verified accord-
ing to the deformation and stress contours. Meanwhile, the 
high heating convergence in the shear band region leaded 
to thermal softening effect, and thus the internal cracking 
was suppressed, which leads to cold welding between the 
fractured shear band surfaces near the chip bottom, result-
ing in adhesive between the neighboring two segments. The 
ASLF is a sudden fracture phenomenon, and the free surface 
cracking is only observed according to the experiment of Gu 
and Wang [31]. The final stage of isolated segment chip for-
mation as shown in Fig. 10e illustrates the complete fracture 
along ASB. These simulated results are verified through the 
obtained chip root sample in Fig. 10f. The formation process 
of isolated segment chip has been studied in experimental 
and simulative methods. There were two mechanisms that 
free surface crack and internal crack explaining the fracture 
of isolated segment. The internal cracking before the seg-
ment formation was observed by Guo and Yen [10]. The free 
surface crack was also observed in machining hardened steel 
by Poulachon and Moisan [22] due to hardening effect on 
the machined surface. In our analysis results, the internal 
crack propagated from the tool tip to the free surface due 
to the concentrated heat and deformation, resulting in brit-
tle-ductile transient of ASLF process. This brittle effect in 
serrated segment fracture was also found in the high-speed 
hard cutting by Wang and Liu [14]. It indicated that high 
strain rate induced the strengthening effect in chip material 
enhanced the mechanical performance that leaded to abrupt 
brittle-ductile fracture under high cutting speed condition.

The simulated results of the corresponding equivalent stress 
contours during isolated segment chip formation are shown 
in Fig. 11 where the units and dimensions are in accordance 
with Fig. 9a. The stress distributed inhomogenously on the 
two sides of ASB. In Fig. 11a, the stress region is wider in 
the matrix in front of ASB due to the extrusion effect of cut-
ting tool. The maximum stress near the shear plane is about 
2.2 × 103 MPa which approximates the peak stress under adi-
abatic condition shown in Fig. 9a. The stress concentration 
on free surface also approximates the peak stress. With the 
deformation localization proceeding in shear band after the 

Table 2   The constitutive 
parameters of α-pure titanium 
alloy

A (MPa) B (MPa) n C m1 m2 𝜀̇
0

�
M

(K) �
0
(K)

150 797 0.75 0.1 6.375 –0.005 0.001 1965 300

Fig. 10   Simulated results of equivalent plastic strain contour describ-
ing the formation process of isolated segment chip of α-pure titanium 
alloy and the experimental result of chip root sample

◂
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Fig. 11   Simulated results of equivalent stress contours describing the formation process of isolated segment chip of α-pure titanium alloy and the 3D stereogram
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stress exceeding the peak value, the stress began to collapse 
due to the thermo-weakening effect from damage to cracking 
in the middle of ASB (Fig. 11b, c). The stress near the crack 
was decreased from the peak stress to 9 × 102 MPa approxi-
mately. The stress on free surface was released when the crack 
propagates completely along ASB. The cold welding effect 
between the isolated segment and the workpiece could lead to 
the residue stress about 6 × 102 MPa on the fractured band sur-
face (Fig. 11d). The stress rapidly decreased to a lowest level 
when the isolated segment formed (Fig. 11e). The fracture of 
the isolated segment made the cutting process discontinuous, 
resulting in the fluctuation of residual stress on the machined 
surface along the cutting direction, as shown in Fig. 11f. It 
can be deduced that the temperature in segment mainly con-
centrated in the middle of ASB and the chip bottom which 
induces white layer formation under the friction effect. The 
deformation mainly concentrated in ASB and chip bottom, 
which leaded to higher temperature and grain fragmentation 
in these two regions. Therefore, the competition between work 
hardening effect and thermal softening effect, as well as the 
degenerating effect due to the damage in ASB, closely influ-
enced the effective stress distribution which determined the 
fracture mechanism and the occurrence condition of ASLF.

Through detecting the cutting force along the cutting 
direction and the thrust force perpendicular to the cutting 
direction via the YBF strain gauge dynamometer, the simu-
lated and experimental results of the average forces with the 
various chip types and the corresponding force fluctuations 
at various cutting speeds are shown in Fig. 12. The ribbon 
chip was formed in a single deformation process with stable 
average values that the cutting force was 454 N and the thrust 
force was 50 N at relatively low speed of 30 m/min. Under 
the cutting speed from 60 to 200 m/min, the chip deforma-
tion process turned to be unstable due to adiabatic shearing. 
The cutting force and the thrust force appeared obvious fluc-
tuation due to the periodic localized deformation in primary 
shear zone during the serrated segment formation. Due to 
the chip deformation in primary shear zone experiencing the 
peak stress, the cutting force was increased to 469 N at first 
and then decreased to 413 N due to the serrated effect and 
thermal effect. The fluctuation in the cutting process was 
increasingly obvious due to the cracking in shear band when 
the cutting speed was above 200 m/min. With the crack prop-
agation in shear band under the increasing cutting speed, an 
obvious increase of fluctuation amplitude in the cutting force 
and thrust force was obtained when the cutting speed was up 

Fig. 12   The simulated and 
experimental results of the aver-
age forces with (a) the various 
chip types of α-pure titanium 
alloy and (b) the corresponding 
force fluctuations in the cutting 
direction and thrust direction at 
various cutting speeds
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to 1600 m/min (Fig. 12b). The average force decreased with 
the cutting speed, while the simulated forces were relatively 
smaller due to ignoring the tool wear on the cut edge. Similar 
average force patterns were also observed by Guo and Yen 
[10] in cutting AISI 4340 steel and by Kumbera et al. [33] in 
cutting silicon nitride. The average cutting force decreased 
comparing with the ribbon chip and the serrated chip without 
cracking, which was also found by Wang and Liu [34]. The 
analytical results indicated that the developed constitutive 
modeling with the fracture criterion well coincided with the 
experimental results.

6 � Conclusions

1.	 The chip morphology was observed microscopically 
through high-speed machining of α-pure titanium alloy 
and its quick-stop tests. The negative rake angle and 
large feed shortened the cutting speed range of adiaba-
tic shear evolution, prompting the isolated segment chip 
formation. The austenite grains in shear band material 
were tore to small pieces, and the austenite twins were 
observed in the chip segment due to cutting deformation. 
The smooth surface formed, and the melting trace was 
not observed on the fractured surface due to the cold 
welding and cracking between the segments.

2.	 The pre-peak and post-peak constitutive model with 
kinematic hardening law and an energy failure crite-
rion of ASLF were further developed into the finite 
element subroutine. The stress–strain relationship and 
the energy-cutting speed relationship were numerically 
calculated. The increase of ASB energy was sensitive 
to the cutting speed and feed under negative rake angle. 
The limit energy value in ASB of α-pure titanium alloy 
was relatively small comparing with the hardened steels.

3.	 The ASLF in high-speed cutting of α-pure titanium alloy 
was closely related to its energy convergence. The inter-
nal crack nucleation and propagation along ASB were 
simulated in the formation of isolated segment chip of 
α-pure titanium alloy. The competition between work 
hardening effect and thermal softening effect, as well as 
the degenerating effect, determines the fracture mecha-
nism and the occurrence condition of ASLF.

4.	 High cutting speed induced strengthening effect leads 
to abrupt brittle-ductile fracture in ASB during isolated 
segment formation. Higher fluctuation amplitude of cut-
ting force and lower average cutting force were found 
in isolated segment chip formation comparing with the 
serrated chip at relatively lower cutting speed.

Appendix  v : Cutting velocity (m.s−1); vs: Shear velocity (m.s−1); 
vch: Chip flow velocity (m.s−1); x, y: Coordinate axis (m); t: Time (s); 

a: Rate-related gradient factor; ac: Uncut thickness (m); ach: Chip thick-
ness (m); ϕ  : Shear angle (°); �b: Tensile strength (MPa); �s: Yield 
strength (MPa); �: Elongation (%); �: Reduction of area (%); U: Upper 
side displacement of shear band region (m); S: Shear bandwidth (μm); 
� : Deformation coefficient of serrated segment; � : Boundary location 
of shear band region (m); �

∗

new
 : Effective trail normal stress (MPa); 

σ: Stress tensor (MPa); ɛ: Strain tensor; 𝜀̇ : Strain rate tensor (s−1); 
D: Hooke tensor; Δ: Time increment interval; Δλ: Plasticity scalar mul-
tiplier; λ, μ: Lamés constants; fs ≥ 0 : Yield condition; n: Unit yield 
vector; s: Deviator stress tensor (MPa); �∗

new
 : Trail elastic stress (MPa); 

α: Cumulative plasticity resistance (MPa); Δα: Plasticity hardening 
law (MPa); 𝜎̃ : Effective normal stress (MPa); �: Effective normal 
strain; 𝜀̇: Effective normal strain rate (s−1); 

[
�i
]
: Principal stress com-

ponents (MPa); 
[
�i
]
: Principal strain components; 

[
𝜀̇i
]
: Principal strain 

rate components (s−1); �ij: Kronecker delta function; σ: Normal stress 
(MPa); τ: Shear stress (MPa); �: Effective shear stress (MPa); � : Effec-
tive shear strain; 𝛾̇ : Effective shear strain rate (s−1); �p: Equivalent 
peak stress (MPa); 𝜏(𝛾 , 𝛾̇ , 𝜃): Pre-peak constitutive relation (MPa); 
�(�p, �,D): Post-peak constitutive relation (MPa); s1, s2, s3: Constitu-
tive components; A, B, C, m, n: Constitutive parameters; �: Shear strain; 
𝛾̇: Shear strain rate (s−1); 𝛾̇0: Mean strain rate (s−1); �0: Rake angle (°); 
ls: Undeformed thickness of serrated segment; Ls: Shear band space 
(m); θ: Temperature (K); θ*: Characteristic temperature; θ0: Initiate 
temperature (K); θm: Melt point (K); ρ: Mass density (kg.m−3); c: Ther-
mal specific capacity (J.kg−1.K−1); C𝜉̇: Boundary propagation speed of 
ASB; D: Degenerating coefficient; H: Hardening effect; �: Thermal 
diffuse coefficient (m2.s−1); α: Thermal weakening factor; β: Taylor 
and Quinney coefficient; Wc: Critical energy dissipation (J.m−2); Gf

ASB
: Fracture energy(J.m−2; G0: Pre-peak energy (J·m−2); GP: Post-peak 
energy (J.m−2)
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