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Abstract Titanium alloy, a special difficult-to-cut materi-
al, is hard to reach the occurrence of adiabatic shear frac-
ture (ASF) in high-speed cutting. In this work, TA2 alloy
was firstly taken as the workpiece in the high-speed cut-
ting experiment under negative rake angle. The chip mor-
phology transformation from serrated chip to isolated seg-
ment chip was obtained. The damage mechanism of ASF
was investigated through scanning electron microscopic
(SEM) observation on the fracture surface of isolated seg-
ment. Furthermore, based on saturation limit theory, the
ASF prediction model was built up considering the con-
ditions of stress, velocity, deformation, and constitutive
relation. The critical cutting speed of ASF was predicted
and verified experimentally. The influences of the cutting
conditions and the thermomechanical properties on the
occurrence of ASF were discussed. The results indicated
that with the cutting speed increasing, the chip transfor-
mation from serrated chip to isolated segment chip was
contributed to the periodic cycle of ASF. Comparing with
other titanium alloys, TA2 alloy was more sensitive to
ASF under negative rake angle and large feed.

Keywords Metal cutting . Saturation limit .

Adiabatic shear fracture . Isolated segment

1 Introduction

High-speed machining technology is widely applied in most
developing manufacture fields for the significant advantages
of high precision, good surface quality, high efficiency, and
low cost. With the cutting speed increasing, adiabatic shear
evolution, including adiabatic shear instability, adiabatic shear
banding (ASB), and adiabatic shear fracture (ASF) in primary
deformation zone, is unavoidable. As the final stage of adia-
batic shear evolution, the occurrence of ASF transforms the
serrated chip to isolated segment chip, makes the cutting pro-
cess discontinuous, and even brings about inevitable impacts
on the machinabilities, such as cutting system chattering, cut-
ting force fluctuation, tool failure, etc. Therefore, it is imperi-
ous to further investigate the fracture mechanism of isolated
segment chip and construct an appropriate predictionmodel of
ASF for the correct application in the practical cutting process.

The early studies mainly focused on adiabatic shear instabil-
ity and localization laws under dynamical loading [1]. As for
the formation and fracture mechanisms of serrated chip, the
state-of-the-art studies have not yet reached a consensus under-
standing. The main opinions concentrated on adiabatic shear
slipping theory and periodic cyclic fracture theory. Recht [2]
and Komanduri [3] held that the thermoplastic instability-
induced adiabatic shear slipping was the reason of serrated chip
formation. The influences of rate-related characteristics and
thermophysical properties on adiabatic shearing in serrated chip
formation were revealed. Subsequently, the theory of adiabatic
shear slipping-induced serrated chip formation was supported
by more scholars [4–6]. As for the fracture mechanism of ser-
rated chip, Shaw [7] proposed periodic cycle fracture theory to
explain the catastrophic fracture in primary deformation zone of
serrated chip. Elbestawi [8] and Poulachon [9] supported the
periodic cycle fracture theory and considered that the work
hardening and heat treatment effects on machined surface could

* Liyao Gu
guliyao0922@163.com

1 Key Laboratory of Advanced Technologies of Materials, Institute of
Materials Science and Engineering & State key Laboratory of
Traction Power, School of Mechanics and Engineering, Southwest
Jiaotong University, Chengdu, China

Int J Adv Manuf Technol (2018) 94:2981–2991
DOI 10.1007/s00170-017-1104-5

mailto:guliyao0922@163.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-017-1104-5&domain=pdf


easily lead to brittle fracture in cutting hardened steel.
Additionally, some scholars examined the microstructure on
damaged ASB surface [5, 10, 11]. They found the formations
of ductile dimple region and slipping region due to the shear
deformation of primary deformation zone. Wang [12] found
that the fracture could easily come up in the transformed band
of high-strength steel. Su [13] hold that the brittleness enhance-
ment in the work material led to the segment fracture through
high-speed milling experiments. Hitherto, some studies ad-
dressed the fracture behavior in serrated chip formation through
damage or fracture mechanical theories. Sowerby [14] adopted
damage factor to predict the crack appearance during serrated
chip formation through assessing the deformation, temperature,
and stress states. Marusich [15] developed Lagranian model of
machining AISI 4340 steel by continuous and adaptive
meshing techniques to estimate crack propagation in serrated
chip. Xie [16] indicated that the fracture of ASB in serrated
could be estimated via flow localization parameter. The
Johnson–Cook damage model was used by Guo [17] and
Hua [18] to simulate the crack propagating process in serrated
chip through applying FEM software. Recently, the saturation
limit theory of ASFwas first proposed byGu andWang [11, 19,
20] (GW theory) for revealing the ASF mechanisms in high-
speed cutting.

In summary, the modeling and analysis on the occurrence
of ASF is still a complicated and challenging work. As a
special difficult-to-cut material, titanium alloy is hard to reach
the occurrence of ASF in some high-speed cutting experi-
ments [6]. In this work, we took TA2 alloy as the workpiece.
The chip morphology transformation from serrated chip to
isolated segment chip and the damage mechanism of ASF
under negative rake angle were observed microscopically.
Furthermore, considering the conditions of stress, velocity,
deformation and constitutive relation, the prediction model
of critical conditions of ASF was built up based on the pro-
posed saturation limit theory. The theoretical results were
verified through the cutting experiments. The sensitivities of
cutting speed, feed, rake angel, and thermomechanical prop-
erties on the occurrence condition of ASF were discussed.

2 Experimental

2.1 Material and method

In the cutting experiments, a kind of industrial pure titanium
(TA2 alloy) with poor machinability and wide application in
the aerospace industry was selected as the to-be-cut material.
The thermal physical properties of TA2 alloy are listed in
Table 1. The metallographic structure of the material is shown
in Fig. 1. The material matrix hardness was 58 HRA after
vacuum annealing treatment, and the microstructure was com-
posed of austenite blocks. The machining tests were carried

out on Mill-Turn CNC by PCBN inserts under dry cutting
condition in order to satisfy the orthogonal cutting condition.
The cutting speed increased up until the isolated segment chip
formation; the feed was 0.2–0.6 mm/r, and the tool rake angle
was − 10°. The work material was machined into a cylindrical
workpiece and fixed with the spindle. The obtained chips in
the tests were embedded vertically into curing denture acrylic.
The chip cross sections in the curing denture acrylics were
polished and etched. The chip morphologies were examined
through LEICA MeF-4 metallographic microscope. The frac-
ture surface of the isolated segment chip was examined
through scanning electron microscope (SEM).

2.2 Experimental results

Figure 2a shows the chip formation region of TA2 alloy via
choosing proper cutting speed and feed intervals under the
negative rake angle of − 10°. The critical regions of adiabatic
shear and ASF are divided by the dotted line and the solid line,
respectively. The corresponding chip formation region of iso-
lated segments is on the right side of the solid line. At the
cutting speed of 30 m/min and feed of 0.2 mm/r, the ribbon
chip was obtained. When the cutting speed increased above
30 m/min, serrated chip began to develop. When the cutting
speed increased to 1600 m/min, the isolated segment chip was
generated. When the feed increased from 0.2 to 0.6 mm/r, the
critical cutting speed of ASF decreased obviously. At feed of
0.6 mm/r, no ribbon chip was found. The macroscopic mor-
phologies of serrated chip and isolated segment chip are
shown in Fig. 2c, d. Although the increase of cutting speed

Table 1 Thermophysical parameters of TA2 alloy

ρ (kg/m3) c (J/kg K) k (W/m K) Tm (K) θ0 (K)

4510 480 19.3 1942 300

Fig. 1 Metallographic structure of TA2 alloy
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leads to ASF and drives the serrated chip to the isolated seg-
ment chip, the negative rake angle can significantly enhance
the sensitivity to the occurrence of ASF comparing with the
work of Ye [21]. Moreover, the low negative rake angle in-
creases the pressure stress. Thus, the negative rake angle de-
creases the critical cutting speed of ASF. Figure 3 shows the
typical chip morphologies of serrated chip and isolated seg-
ment chip at the negative rake angle of − 10° and feed of
0.4mm/r corresponding to Fig. 2a. The serrated chip segments
fractured completely fracture along the transformed band and
formed isolated segment chips. The result indicated that the
transition from serrated chip to isolated segment chip was
contributed to the periodic cycle of ASF. The temperature rise
in the thin transformed band easily resulted in the
reinforcement of ASB fracture toughness.

The damage mechanisms of ASF were inspected by
SEM observations on the fractured surface of a single

isolated segment. The SEM view direction is shown as
Fig. 3b. The elongated ductile dimple region and smooth
region that is covered with elongated dimples were exam-
ined along the shear direction as illustrated in Fig. 4a. The
enlarged sites marked in Fig. 4a are shown in Fig. 4b–d.
The ductile dimple structure was observed microscopical-
ly on the shear surface of serrated chip [22] and cup cone
sample [23]. Due to the friction and pressure force near
the tool tip under the high temperature, the dimples grad-
ually faded away and lost the structure direction that re-
sulted in the formation of smooth surface. The clue of
melting state in ASB has not been found in SEM obser-
vation, but it may be detected in higher cutting speed.
Accordingly, the ASF damage evolution during isolated
segment formation of TA2 alloy can be described here.
In stage I, the microvoids nucleated from inclusions, sec-
ondary phases or defects in band. The growing voids were
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Fig. 2 The effect of cutting
conditions on chip morphology in
high-speed cutting TA2 alloy
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Fig. 3 The typical chip
morphologies of a serrated chip
and b isolated segment chip in
high-speed cutting TA2 alloy
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elongated and rotated with the band deformation. The
pressure stress near the tool tip would suppress the void
development. In stage II, the ductile crack initiated and
propagated via the void coalescence. Due to the coales-
cence of horizontally elongated flat voids, the new flat
fracture surfaces with parabolic dimples were generated.
In stage III, the ductile crack completely propagated along
ASB under the severe heat concentration and friction
between the two fractured surfaces. Therefore, the inho-
mogeneous distribution of stress and heat in PDZ led to
various elongations of ductile dimple structure.

3 Theory

The orthogonal cutting condition under the plane strain state
can effectively describe the chip formation and the dynamic
mechanics behavior in primary deformation zone (PDZ).
Based on this condition, the saturation limit criterion for the
occurrence of ASF was proposed by Gu [11, 19] through
considering the energy convergence in ASB. In the present

work, we will predict the critical condition of ASF under
negative rake angle.

3.1 Shear wave propagation

In order to analysis the wave propagation process in adi-
abatic shear evolution, flat wave fronts in this situation
are considered here. The effects of wave reflection, refrac-
tion, and superposition should be ignored ideally under
the continuous disturbance. Firstly, elastic shear wave
(ESW) propagates at a constant speed of CE from the
loading side to the undeformed region when the distur-
bance imposed on the material in the elasticity range.
Secondly, when the intensity of the disturbance imposed
on the material exceeds its yield limit, plastic shear wave
(PSW) generates rapidly at the loading side and propa-
gates at the speed of CP running after the ESW. Thirdly,
when the localized effect of thermal softening in the rigid
plastic region (RP region) exceeds the effects of strain and
strain rate hardening, thermoplastic shear wave (TPSW) is
generated in the weakest locus and propagated at the

Fig.4b

(a)

Fig.4d

Fig.4c

Smooth surface

Ductile dimple surface

Shear direction

(b)

Ductile dimple structure

voids

(c) (d)

Fig. 4 SEM views of the fracture
surfaces of isolated segment chip
of TA2 alloy
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speed of CTP. As the loading and deformation of RP
region cease, the propagation of TPSW decays gradually
and forms ASB with a fixed width.

Due to the thermal softening effect and the cutting
tool perturbation to the work material, the propagation
model of PSW and TPSW under negative rake angle
was built up as Fig. 5. v is the cutting speed; vS is
the shearing speed; vchis the chip flowing speed; acis
the uncutting thickness; ach is the chip thickness; ah is
the sawtooth thickness; ϕ is the shear angle; lS is the
undeformed thickness of RP region; γ0 is the tool rake
angle; ξ is the wave front location of TPSW; hS is the
boundary location of PDZ. The red curve represents the
stress–displacement relation, and the blue curve repre-
sents the displacement–time relation. The color depth
varies with the gradient distribution of dynamic vari-
ables. Uy is the yield limit displacement. U0 and t0 are
the displacement and the time of adiabatic shear insta-
bility, respectively. tc is the time of ASF. In the
model, the stress and velocity distributions of TP and
RP regions in adiabatic shear evolution were considered.
We assumed that the deformation process was adiabatic
and the heat mainly concentrated in TP region; thus,
only a small part of heat was conducted to RP region.

3.2 Stress state

The triaxiality stress state of TP region was considered during
high-speed cutting process. The stress state of an infinitesimal
element in TP region under the plane strain conditions was
described via the principal stresses σi½ �, strain εi½ �, and strain

rate ε̇ i
h i

as
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According to Von–Mises yielding condition, the effective

stress σ̂, strain ε̂, and strain rate ε̇̂ can be expressed as

σ̂̂¼ 1ffiffiffi
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where the subscript i = 1 , 2 , 3, and δij is the Kronecker delta
function. The effective shear stress τ̂ , shear strain γ̂, and shear

strain rate γ̇̂ can be deduced as

τ̂̂ ¼ σ̂̂=
ffiffiffi
3

p

γ̂̂ ¼
ffiffiffi
3

p
ε̂

γ̇̂ ¼
ffiffiffi
3

p
ε̇̂

8><
>: ð3Þ

According to stress–displacement relation in the propaga-
tion model of stress waves, the flow stresses in TP region and
RP region during the time t0 < t ≤ tc can be given as

Workpiece

ASB TPC

TP

P

C

C

Tool
PDZ

Fig. 5 Propagation model of the stress waves under negative rake angle in high-speed cutting
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τ x2ð Þ≈τ τp;U
� �

;−ξ < x2≤ξ
τ x2ð Þ ¼ τP x2;U˙ ; θ

� �
;−hS < x2≤−ξ

�
ð4Þ

where τp is the peak stress when adiabatic shear occurs; σ = τ
cot ϕ is the relation between the pressure stress σ and the shear
stress τ in PDZ. From the stress distributions of TP and RP
regions, it could be seen that the stress of RP region reached
the peak while the stress distribution in TP region was depen-
dent on boundary displacement and peak stress.

3.3 Velocity distribution

According to the hodograph as shown in Fig. 5, the relations
among the cutting speed of v (the speed of the tool relative to
the workpiece), the chip flow speed vch (the speed of the chip
relative to the tool), and the shear speed vS (the speed of the
chip relative to the workpiece) can be given as

vch
v

¼ sinϕ
cos ϕ−γ0ð Þ ;

vS
v
¼ cosϕ

cos ϕ−γ0ð Þ ð5Þ

The deformation process of ASB formation and fracture is
different in adiabatic shear evolution [24]. The movement of
the material in TP region and RP region was related with the
wave front of TPSWand the boundary velocity of RP region.
As the serrated chip developed, considering the gradient plas-
tic law of adiabatic shear, the velocity distributions of TP
region and RP region were given as

vS x2ð Þ ¼
γ˙ 0 x2−

ξ
π
cos

x2
ξ
þ 1

2

� 	
πþ ξ


 �
; −ξ≤x2 < ξ

−
vS

hS−ξ
x2 þ ξð Þ; −hS ≤x2 < −ξ

8><
>:

ð6Þ

where γ̇ 0 ¼ vS=2ξ is the mean strain rate of TP region.

3.4 Deformation distribution

According to the physical model of isolated segment chip
formation [11], the corresponding deformation model of iso-
lated segment is shown in Fig. 5. Aiming at the deformation
process of the segment OABC, when the cutting tool moves
from the point C′ to the point O, the work material point C′
moves to the point C and the point B rotated on the point A.
The angle β0 is the incline angle to the free surface. The
increase of incline angle β0 leads to an increasing deformation
in RP region. The shear angle increases periodically from ϕ to
ϕ′ in the formation of isolated segment. The differences of
deformation rates in TP and RP regions induced the increase
of boundary displacement U. After the microscopic examina-
tion on serrated chips, the teeth space of isolated segment was
approximated to the boundary displacement. Thus, we
obtained the relation

2aββ0 þ ϕþ γ0 ¼
π
2

ð7Þ

where the coefficient aβ ≈ 1 is the experimental constant for
the balance of Eq. (7). The free surface incline angle β0 can be
obtained, and the angle ψ between the free surface plane and
the shear plane was

ψ ¼ β0 þ ϕ ð8Þ

Since the incline angle β0 is mainly influenced by shear
angle ϕ under a constant rake angle, the decrease in shear
angle ϕ increases the free surface incline angle β0. Gente [6]
found that the free surface incline angle β0 was about 18.7°
which could be verified in the speed range. The shear angle ϕ
was approximated as

ϕ ¼ arc tan
cosγ0
ξ−sinγ0

� 	
ð9Þ

where ξ = ach/ac is the chip deformation coefficient and
ξ ≈ 0.9 ~ 1 in adiabatic shear evolution. According to the
previous work of Ye et al. [21], the shear band space LS
between the segments during serrated segment formation
was approximated as

LS ¼ 2X 3=4

2−Xð Þ1=2
9ρc2k
τ yα2γ30

� 	1=4

ð10Þ

where X ≈ 1 presents a fully mature ASB. α is the damage
weakening coefficient due to thermal softening effect. The
predicted results of the shear band space LS have been
verified in the published works [25, 26]. In actual defor-
mation process of a single segment, the boundary dis-
placement of ASB that was related to the teeth space
can be calculated as

U ≈ LP cot ψ cos ϕ−γ0ð Þ þ sin ϕ−γ0ð Þ½ �
LP ¼ LS sin ϕ−γ0ð Þ

�
ð11Þ

The coefficient aβ can be determined through Eqs. (7) and
(11). Thus, the mean strain and strain rate in ASB and RP
region in time t0 ≤ t ≤ tc were given as

γ x2ð Þ ¼ U
S
; γ˙ x2ð Þ ¼ vS

S
¼ vcosγ0

S cos ϕ−γ0ð Þ ;−ξ ≤ x2 < ξ

γ x2ð Þ ¼ sin β0

sinϕsinψ
; γ˙ x2ð Þ ¼ vS

LS
¼ vcosγ0

LS cos ϕ−γ0ð Þ ;−hS ≤ x2 < −ξ

8>>><
>>>:

ð12Þ

From the expressions of velocity and deformation distribu-
tion of TP and RP regions, it was indicated that the velocity
and deformation distributions were proximately linear in RP
region, but were nonlinear in TP region.
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3.5 Constitutive relation

The critical condition of the occurrence of ASF is influenced
by the dynamic mechanic performance of work material
which can be obtained via Split Hopkinson Pressure Bar
(SHPB) test. The SHPB test was considered as a general and
effective method that has been applied in the high-speed
cutting process [17, 27]. According to the stress wave
propagation theory based on the assumption of the strain
impulse homogeneity, the strain, strain rate, and stress were
expressed as

ε tð Þ ¼ 2C0

L
∫t0εR tð Þdt

ε˙ tð Þ ¼ 2C0

L
εR tð Þ

σ tð Þ ¼ E
A
AS

� 	
εT tð Þ

8>>>>>>><
>>>>>>>:

ð13Þ

where C0 is the elastic wave speed, εR(t) is the strain impulse
of reflected wave, εT(t) is the strain impulse of transmitted
waves, A and AS are the areas of the bar and sample, respec-
tively, and L is the length of the work sample. The general
thermoviscoplastic constitutive model is given as

σ ε; ε˙ ; θ*
� � ¼ f1 εð Þ f2 ε˙

� �
f3 θ*
� � ð14Þ

where f1(ε) is the component of strain hardening effect, f 2 ε̇ð Þ
is the component of strain rate hardening effect, and f3(θ

∗) is
the component of thermal softening effect.

The modified Johnson–Cook constitutive model of TA2
alloy was obtained through the SHPB tests under various
impacting speeds and temperatures:

σTA2 ¼ 150þ 797ε0:75
� 

1þ 0:1ln
ε̇
ε̇0

� 	

6:375exp −0:00461θ*
� �� 

ð15Þ

where ε̇0 is the reference strain rate and θ
∗ is the characteristic

temperature.

3.6 Saturation limit theory

Based on the investigations of the chip morphology
experiments and the influences of cutting conditions on
ASF, the theoretical model for predicting the critical occur-
rence condition of ASF was built up in this section.
Considering the momentum and energy conservation
principles in TP region, the continuum governing equations
in Lagranian coordinate system as illustrated in Fig. 6 were
given as

ρ
∂vS
∂t

¼ ∂τ̂̂
∂x2

∂θ
∂t

¼ β
ρc

τ̂̂γ˙ þ χ
∂2θ
∂x22

8>><
>>:

ð16Þ

The propagation characteristic of TPSW can be determined
through the competition of momentum and energy. The adia-
batic temperature rise due to fast heating during adiabatic
shear banding under high cutting speed can be expressed as

θ ¼ β
ρc

∫γ0 τ̂̂ γ; γ˙ ; θ
� �

dγ þ θ0 ð17Þ

The propagation functions of TPSW and the material
evolution in TP region can be described via the continuum
governing equations. The width of TP region and its energy
dissipation can be determined. The kinematic equation of
the wave front of TPSW was derived through momentum
theorem

dP ξð Þ
dt

¼ 4ργ˙ ξξ˙

¼ τx−τ̂̂ U ;U˙ ; θ*
� �

;
x ¼ y ty < t≤ t0

� �
x ¼ p t0 < t≤ tcð Þ

�
ð18Þ

where the subscript x presents the formation and fracture of
TP region.

According to the high rate loading experiments [28, 29]
and the analysis of linearized deformation of TP region, the
post-peak performance of TP region can be linearized as

τ̂̂ U ;U˙ ; θ
� �

≈τ x 1−
τ x
ΔW

ΔU
� �

ð19Þ
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where U is the boundary displacement of TP region and W is
the boundary shear work of TP region. The deformation
focused on TP region when serrated chip forms; thus, the
compatible movement condition of TP region was given as

ΔU ¼ U−Ux ¼ ∫ttx2γ
˙
0ξdt ð20Þ

Considering the kinematic law and boundary condition
ΔU̇0 ¼ ΔU 0 ¼ 0, the TPSW front location ξ and the stress
collapsing time Δtc during isolated segment chip formation
were solved

ξc ¼
3τ2pΔt2

4ρΔWc
;Δtc ¼ 1

τp

18ρΔW2
c

γ̇ c

� 	1=3

ð21Þ

Considering the damage weakening effect due to thermal
softening effect in TP region, the post-peak constitutive rela-
tion was given by

τ̂̂ ¼ τP 1−α θð Þ½ � ð22Þ

The rate of temperature rise can be approximated as

∂θ
∂t

≈
1

∂τS=∂θ*
τS−τp
Δt

¼ θ tð Þ
Δt

ð23Þ

The critical temperature rise of TP region through the en-
ergy equation was approximated as

Δθc≈
τpγ̇

ρc
Δtc−χ

∂2θ
∂y2

Δtc ð24Þ

where the strain energy component and the heat conduction
component can be estimated as τpγ̇Δtc≈τpΔUc=2ξ ¼ ΔWc=

2ξ and ∂2θ/∂y2 ≈Δθc/4aξ
2 [26]. According to the minimum

energy dissipation principle, the minimum energy from the
shear band formation to fracture with the condition dΔWc/
dξ = 0 can be deduced as

ΔWm ¼ 4ρcΔθcξc ð25Þ

Thus, the corresponding shear bandwidth Sc and the critical
collapsing time Δtc were

Sc ¼ 2ξc ¼ 2
9ρ3χ3c2Δθ2c
2a3τ3Pγ̇ c

� 	1=4

Δtc ¼ 6ρcΔθc
τP

ρχ
2aτPγ̇ c

� 	1=2

8>>><
>>>:

ð26Þ

where factora canbeobtained according to shear bandwidth [30].

The saturation limit Gf
ASB can be calculated by the sum of

pre-peek energy G0 and post-peak energy GP.

Gf
ASB ¼ G0 þ GP ¼ ∫γ00 τ̂̂dγ þ 6ρcΔθc

ρχγ̇ c

2aτp

� 	1=2

ð27Þ

The occurrence criterion of ASF during high-speed cutting
was given as

GASB≥Gf
ASB ð28Þ

where GASB ¼ ∫γc0 τ̂ γ; γ̇ ; θð Þdγ is the energy concentration in
ASB. As the shear band development, the energy in ASB
increases. When the energy in ASB reaches the saturation
limit, the ASB is regarded as being fractured. We defined
saturation degree DASB to describe the degree of shear band
development,

DASB ¼ GASB

Gf
ASB

ð29Þ

When the saturation degree DASB reaches one, the ASB
energy attains to saturation limit.

4 Results and discussions

According to the theoretical prediction model of ASF present-
ed in Section 3, the energy convergence in ASB was mainly
dependent on the cutting speed, the rake angle, and the cutting
thickness. Thus, the critical occurrence of ASF can be deter-
mined by the cutting variables based on saturation limit theo-
ry. The theoretical prediction process on the critical cutting
speed of ASF was constructed through the calculations of
strain, strain rate, and temperature and energy in ASB. With
the cutting speed increasing, the energy concentration in ASB
increased and reached limit energy as shown in Fig. 6. Based
on the experimental results, the predicted critical cutting con-
ditions of ASF under the negative rake angle are shown in
Fig. 7. The upside and the downside of the critical curves
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Fig. 7 The theoretical prediction results of ASF in high-speed cutting
TA2 alloy
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represent the unfractured serrated chip and isolated segment
chip.

According to saturation limit theory, lower thermal conduc-
tivity leads to larger quantities of heat convergence in band
and enhances the plasticity in the work material. The shear
band material was not easy to reach the saturation limit due
to thermal softening effect under high-temperature condition.
Thus, the occurrence of ASF was difficult in a short segment
forming time. In the cutting tests, the heat in chip with small
thickness was observably influenced by the cutting tool; thus,
the ASB energy converges were easier comparing with the
theoretical results. Theoretically, the chip with small cutting
thickness needs ASB to converge more energy through the
increase of cutting speed. Zhou [31] found that the tempera-
ture in ASB increased sharply with the increase of impact
speed through impacting pre-notched plates of carbon steel
and TC4 alloy. Murr [32] found that the crack speed in ASB
increased with the impact speed. ASF in high-speed cutting is
a speed-sensitive fracture behavior comparing with the impact
tests. In the recent studies, Gu [19] found that the hardened
carbon steel was of better work hardening effect and the stress
state could be well maintained after ASB formation. The bet-
ter thermal conductivity of the hardened steel was less influ-
enced by temperature, which resulted in low critical cutting
speed. Thus, ASB is difficult to fracture in TA2 alloy compar-
ing with the hardened carbon steel under small cutting thick-
ness. Gu [11] found that the stainless steel exhibited more
pressure sensitivity under low rake angle in the cutting tests.
The negative rake angle increased the pressure stress and the
deformation in PDZ remarkably. Thus, ASF easily occurred
under negative rake angle comparing with other cutting tests
of titanium alloys [6, 21, 33]. Additionally, austenitic structure
in TA2 alloy with poor heat conductivity and pressure stress
sensitivity and the stainless steel with good mechanical prop-
erties could also result in a lower critical cutting speed under
negative rake angle.

It was found that the energy limit value of the TA2 alloy
was 3.75 × 109 J/m2 which was less than the hardened carbon
steel and the stainless steel with better mechanical and
thermophysical performances. The increase of cutting speed
enlarged the strain rate in ASB, shortened the segment defor-
mation time, and suppressed the heat diffusion in band, which
aggravated the energy concentration in ASB. Gu [11] found
that the time of ASF was very short, but the energy in PDZ
continuously concentrated to phrase transformation. The band
boundary was distinguished from the surrounding matrix, and
the crack propagated along the transformed band. With the
serrated segment pushed upward by the cutting tool, the ener-
gy in band reached saturation limit resulting in complete frac-
ture in serrated segments along the shear band. It was indicat-
ed that the cutting speed was a necessary condition for energy
converging. Rittel [34] suggested that the ASB failure was
cold energy related in dynamic shear–compress tests of

AM50 steel through SHPB tests. He found that the deforma-
tion energy in fracture was a relatively constant value of about
4 × 107 J/m2 in a relative low strain rate. Therefore, this pre-
sented model can predict reasonable energy limit within ASB
under a wider high speed range.

The theoretical prediction results were compared with the
experimental results as shown in Fig. 8. In the figure, the
speed regions of ASF and non-ASF were marked. The ten-
dency of the prediction results was coincident with the exper-
imental results. When the cutting speed exceeds the critical
cutting speed, the serrated chip would be completely fractured
into isolated segment chip. The relative error of the prediction
results were controlled in an available range, which could
basically meet the actual application requirements in the
high-speed machining operations. The prediction bias was
caused mainly by the theoretical modeling, including the sim-
plified assumption and assessment methods, in the solution
process. The constitutive relation in the tests can also produce
some errors between the theoretical and experimental results.
The defects and inhomogeneity in material would also influ-
ence the experimental results. Therefore, although ASF in
high-speed cutting involved some intricacy coupling factors
in the fracture process, the critical occurrence conditions can
still be assessed effectively through applying this prediction
model.

5 Conclusions

The transformation from serrated chip to isolated segment
chip was due to the periodic cycle of ASF. The inhomoge-
neous distribution of stress and heat in PDZ led to various
elongations of ductile dimple structure. Based on saturation
limit theory, the prediction model of ASF in high-speed cut-
ting TA2 alloy was constructed and the critical cutting
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Fig. 8 The experimental and predicted results of ASF in high-speed
cutting TA2 alloy
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conditions were predicted. The occurrence of ASF in high-
speed cutting TA2 alloy was of significant rate-dependent
characteristic under negative rake angle. The high cutting
speed increased the energy convergence in ASB. Comparing
with other titanium alloys, the critical cutting speed of TA2
alloy was relatively low under the negative rake angle and
large feed due to the poor heat conductivity and the strong
pressure stress sensitivity. The theoretical prediction results
of ASF were agreed well with the experimental results, which
could basically meet the actual application requirements in the
high-speed machining operations.
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Appendix

Notation
t Time (s)
v Cutting velocity (m/s)
vS Shear velocity (m/s)
vch Chip flow velocity (m/s)
xi Coordinate axis (m)
v(xi) Velocity distribution (m/s)
α Damage weakening coefficient
a Rate-related gradient factor
ac Uncutting thickness (m)
ach Chip thickness (m)
ah Thickness of sawtooth (m)
aβ Experimental coefficient
ϕ Shear angle (°)
ϕ′ Local shear angle (°)
ψ Angle between free surface plane and shear plane (°)
P(ξ) Momentum (kg m/s)
U Upper side displacement of TP region (m)
X ASB constant
W Boundary shear work of RP region (J/m)
S Shear bandwidth (μm)
hS Boundary location of PDZ (m)
ξ Boundary location of TP region (m)
σi½ � Principal stresses (MPa)
εi½ � Principal strain
ε̇i
h i

Principal strain rate (s−1)

σ̂ Effective stress (MPa)
ε̂ Effective strain

ε̇̂ Effective strain rate (s−1)
σ Pressure stress (MPa)
σy Yield strength (MPa)
τ Shear stress (MPa)

τ̂ Equivalent shear stress (MPa)
τp Equivalent peak stress (MPa)
τ γ; γ̇; θð Þ Constitutive relation (MPa)
γ Shear strain
γ̇ Shear strain rate (s−1)
γ0 Rake angle (°)
γS Strain of RP region
E Elastic model (MPa)
CE Elastic wave speed (m/s)
CP Plastic wave speed (m/s)
CTP Thermal-plastic wave speed (m/s)
εR(t) Strain impulse of reflected wave
εT(t) Strain impulse of transmitted wave
A Area of the bar (mm2)
AS Area of the sample (mm2)
lS Undeformed thickness of RP region
L Length of the sample (mm)
LP Teeth space (mm)
LS Shear band space (mm)
θ Temperature (K)
θ0 Initiate temperature (K)
θm Melt point (K).
Δθ Temperature rise (K)
ρ Mass density (kg/m3)
c Thermal specific capacity (J/kg/K)
χ Thermal diffuse coefficient (m2/s)
β Taylor and Quinney coefficient
β0 Incline angle to the free surface (°)
GASB ASB energy (J/m2)
Gf

ASB Saturation limit (J/m2)
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