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A B S T R A C T

Dry machining has become one of the most promising and sustainable manufacturing processes in mechanical
machining. One of the main puzzles for industrial applications of dry machining is tool wear, which are closely
related with the transient thermomechanical characteristics of tool-chip interface (TCI). Simultaneously, those
characteristics at micro scale can provided the critical insight of cutting mechanics and tool wear in ultrasonic
vibration assisted cutting (UVC). However, reports in literature appear to be scarce. In this study the transient
model of thermomechanical behavior in TCI is proposed, with a consideration of characteristics changes induced
by ultrasonic vibration, as well as a focus on the transient cutting mechanism, as well as stress and friction. The
proposed model is validated by comparison with the experimental and published analytical results. Obtained
results from the proposed model indicate that the distribution of normal stress and average shear stress are
similar to those that are predicted by Zorev’s model. However, a noticeable apparent discrepancy appears be-
tween the two models regarding the distribution of shear stress. Apparently, the ultrasonic vibration changes the
friction via alternating normal and shear stresses, and delays the time for the cutting force and the stress to reach
their peak point. Additionally, it is confirmed that the fluctuation and increment of friction coefficient is due to
the cutting force reduction in UVC under sustainable dry conditions.

1. Introduction

Dry machining is a sustainable technique, which can satisfy the in-
dustries pursuit of low carbon emissions and energy consumption,
because of it would avoid the negative effect on environment and health
completely, and reduce energy consumption (Goindi and Sarkar, 2017;
Fernandes et al., 2020). Tool wear is one of the main puzzles for in-
dustrial applications of dry machining. And tool wear is closed related
with the transient thermomechanical characteristics of tool-chip inter-
face (TCI), which could not be measured directly in metal cutting
(Kesriklioglu et al., 2019). Nowadays, machining cutting with the

assistance of ultrasonic vibration has received special attention, as it has
been proven that it can reduce the force and temperature that are
necessary for cutting. Simultaneously, it can improve the cutting per-
formance, i.e. decrease the tool wear, promotes grain refinement, and
vastly improve the surface topography (Gu et al., 2023; Zhang et al.,
2024), which are closed related with contact fatigue life (Li et al., 2024;
Lv et al., 2025). Ultrasonic vibration has been applied in cutting systems
with the purpose of minimizing tissue adhesion and thermal injury (Yao
et al., 2021) and enhances the machinability of titanium alloys (Liu
et al., 2021; Tan et al., 2020; Zhu et al., 2025), such as
longitudinal-bending hybrid ultrasonic vibration-assisted milling (Hu
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et al., 2022), two-bending hybrid ultrasonic vibration-assisted milling
(Sun et al., 2025), longitudinal-torsional ultrasonic cryogenic cooling
drilling system (Shi et al., 2024).

Metal cutting is another chip formation process, in which more than
50% of the cutting energy is consumed for overcoming the friction at TCI
(Astakhov, 2006). A considerable amount of effort can be spotted in
literature regarding the thermomechanical behavior of tool-chip in-
terfaces. Research has attributed the reduced cutting force and its fluc-
tuations to the reduction of friction force in tool-chip interfaces (Skelton,
1969). Additionally, during the separation between a tool and a chip,
which is called “intermitted cutting”, the chip acceleration and
burnishing effects are also the reasons for the cutting force reduction
(Zhang et al., 2018; Nategh et al., 2012). Ultrasonic vibration assisted
cutting offers the advantage of promoting the material removal, by the
alternating transient characteristics. These are shear angle, deformation
mechanism, etc. Ultrasonic softening, which is the recorded change of
material strength resulting from ultrasonic also contributes to the force
reduction (Chen et al., 2022). As for those different mechanism for the
enhancement of cutting performance with the presence of ultrasonic
vibration, the analysis of transient thermo-mechanical coupling mech-
anism at TCI would promote the in-depth understanding of tool wear
mechanism and industrial applications of dry machining enhanced by
ultrasonic vibration.

1.1. The characteristics of the tool-chip interface in metal cutting

The investigation of the tool-chip interface has been a foundational
area of research in metal cutting, with Zorev (1963) recognized as pio-
neers in the field. He proposed that it was more reasonable to consider
the tool-chip interface as a sliding area and a seizure area since the
sliding would not happen in the seizure area, which is also supported by
Wallace and Boothroyd (1964). A classic model developed for the shear
and normal stresses is depicted in Fig. 1. This model is widely applied in
metal cutting. Wright (1981) observed that the primary atomic bonds
established at the interface resulted in the seizure contact. Doyle et al.
(1979) found the seizure area that formed near the cutting edge does not
get affected by the lubricant. Bailey and Boothroyd (1968) claimed that
the frictional force at the seizure region occupied approximately 90% of
the total frictional force. In this named seizure region, huge compressive
stress exists, resulting in elevated interfacial temperature and large en-
ergy dissipation rate in the chip formation process (Jackson and Wright,
1982). These are the main cause of the rapid wear of cutting tool, while
it also affects the shear angle, and tool-chip contact length (Chen et al.,
2021a). The seizure area, along with and characteristics of the tool-chip
interface exert enormous functions on the chip formation and the tool
wear. In parallel, the transient thermomechanical behavior of the
tool-chip interface poses as the key for the in-depth understanding of
how one can improve cutting performance with ultrasonic vibration and

surface characterization (Ni et al., 2019).

1.2. The thermomechanical properties of the tool-chip interface in UVC

Other work has focused on the thermomechanical properties of the
tool-chip interface under ultrasonic vibration. Wright et al. (1979)
discovered that the tool vibration was responsible for the change in the
proportion of seizure, in sliding micro regions, without managing to
identify the underlying mechanism. Chou (1994) observed that the
friction in seizure area reduced, while the chip movement accelerated
with the assistance of ultrasonic vibration. Jamshidi and Nategh (2013)
proposed empirical correlations between contact length and normal
stress. They calculated the cutting force based on the frictional charac-
teristics of the tool-chip interface, concluding that a larger reduction of
normal force than that of the frictional force contributed to the decrease
of cutting force. Kumabe et al. (1989) noticed that when the cutting
velocity goes beyond the critical cutting velocity, the UVC process be-
comes useless. Simultaneously, Lotfi and Amini (2018) revealed that
when ultrasonic vibration was applied, the temperature in the primary
deformation zone increased, while a significant reduction in tempera-
ture was observed in the tool-chip contact zone in machining of AISI 304
stainless steel. This temperature variation notably influenced the length
of the sticky region. Lotfi et al. (2019) observed that the intermittent
contact of the vibrating tool effectively reduces the thermal conduction
time at the tool-chip interface, significantly lowering the friction coef-
ficient and contact length, particularly in the sticky region. Lofti et al.
(2020) concluded that the cutting force reduction in UVC of Ti6Al4V
was due to decreased friction in the TCI. Ni et al. (2018) claim that the
ultrasonic vibration elevates the chip size with uniform texture, while
the vibration plays a dramatic role on the chip deformation. The shear
band was observed by Gao and Jin (2019) as appearing when the ul-
trasonic vibration was imposed in tangential direction as certain cutting
velocity. They performed a series of simulations for the chip flowmodel,
where they spotted that the temperature in shear zone decreases
significantly when ultrasonic vibration is present, also attributing to it
the disappearance of the shear band. Research by Zarchi et al. (2013)
observed that the temperature rises are decreased when ultrasonic vi-
bration is present in cutting, while Doan et al. (2021) noticed the higher
temperature in machining of high-entropy alloys under elliptical vi-
bration. Airao and Nirala (2022) observed that the ultrasonic vibration
does not always increase the contact length of tool-chip in cutting of SS
304 steel. They documented that the shear angle rises with the
enlargement of amplitude and vibrational frequency. The tool-chip
contact length increases in analogous fashion with feed rate, while it
slightly reduces with the increase of cutting speed. Reduced deformation
of shear band when ultrasonic vibration appeared was observed by Patil
et al. (2014), while Arefin et al. (2021) defended that the strain hard-
ening and elastic recovery in the intermittent cutting were causes for the
decrease of secondary deformation in UVC. Simultaneously, Khajehza-
deh and Razfar (2016) studied the average tool temperature with
Al2O3-coated tools and found that ultrasonic-assisted turning does not
always reduce the average cutting temperature. Zhang et al. (2024)
found that the temperature and strain at the tool-chip interface during
ultrasonic elliptical vibration-assisted cutting (UEVC) are significantly
higher than in conventional cutting processes. This is primarily due to
the high-frequency impact of the tool on the chip and the dominant
shear frictional forces between the tool and the chip. Dutta and Bartarya
(2024) observed that when ultrasonic vibration was applied, the average
contact pressure between the tool and chip decreased in machining of
AISI D3 steel. The friction coefficient and the temperature in the
machining zone also increased with the higher vibration amplitude. The
ultrasonic vibration though considerably effects the cutting tempera-
ture. And the temperature in cutting zone appeared to never be steady,
as it fluctuated during the chip segmentation process (Chen et al.,
2021b). This resulted in the birth of complex deformations and led to
transient characteristics in UVC. It is essential to note the outmost

Fig. 1. Schematic representation of Zorev’s Model, showing shear stress and
normal stress in tool-chip interface.
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importance of the transient thermomechanical phenomenon of tool-chip
interface in chip segmentation process as it allows for the understanding
of the mechanism of cutting performance improvement, a fact that un-
derpins and promotes the application of UVC technology.

In the present investigation, a model of transient thermomechanical
characteristic of tool-chip interface in UVC is developed. The model
takes into account the transient characteristics, i.e. shear angle, flowing
stress, as well as transient tool-chip contact length in chip formation
process. Subsequently, a validation through a direct comparison is
performed between the proposed model’s predicted results, experi-
mental results, and published analytical results. The cutting force, fric-
tion coefficients, normal and shear stresses at the tool-chip interface,
and their corresponding time-varying values are studied. All the above
are systematically summarized and discussed in the final section
through the lens of their novel contributions on the thermomechanical
behavior at the TCI, as well as the cutting force reduction.

2. Principles of cutting mechanisms in UVC

Based on the mechanics of orthogonal cutting and turning (Chen
et al., 2021a), the variance of feed rate fz in turning introduced by ul-
trasonic vibration are equaled with that of the uncut chip thickness h.
Research (Zhang et al., 2018; Kumabe et al., 1989) has shown that the
separation might occur when the feed rate is lower than ultrasonic vi-
bration amplitude. It has been reported that chip transportation and not
chip separation occurs when the direction of ultrasonic vibration is
consisted with that of feed rate (Chou, 1994). And the coupling influ-
ence, i.e. cutting parameters, stress, temperature, and soften effect
introduced by ultrasonic vibration are emerged. Therefore, in the cur-
rent study, the ultrasonic vibration is following the feed direction to
investigate the thermomechanical characteristic at the tool-chip inter-
face in UVC.

2.1. Modeling of primary shear zone

According to the approach for the equations in section 2.1 (Chen
et al., 2022). There, the parameters in UVC are presented in Eqs. 1–14.
Fig. 2 shows the mechanics of turning and orthogonal cutting with
assistance of ultrasonic vibration.

According to the schematic diagram of turning and orthogonal cut-
ting (Chen et al., 2021a; Vyas and Shaw, 1999), the depth of cutting b is
equivalent to chip width. The feed rate in UVC hz is derived as

hz = h+ hv sin(2πfvt+ θ) (1)

where fv, θ, t, hv are the vibration frequency, the initial phrase shift
angle, the time, the vibration amplitude in feed direction. h is the un-
deformed chip thickness (uncut chip thickness) in conventional cutting.

The conventional cutting velocity vt, the ultrasonic vibration velocity

of cutting tool vv, and the resultant cutting velocity v are expressed with
the following equations.

vt = πnDr (2)

vv =2πfvhv cos(2πfvt+ θ) (3)

v=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
vt2 + vv2

√
(4)

in which Dr is he diameter the workpiece, n is the rotation speed.
The effective rake angle is αv, the shear angle is ϕv, the angle between

conventional cutting speed and resultant cutting speed is θ1 in UVC, and
are given by the following equations

θ1 = arctan
(
vv
vt

)

(5)

αv = α + θ1 (6)

ϕv =ϕ + θ1 (7)

in which ϕ and α are the shear angle and the rake angle, respectively
in conventional cutting.

The velocity of the deformed chip Vc, and the moving speed of the
shear plane Vs are expressed as follows (Chen et al., 2021a)

Vc =
sin ϕv

cos(ϕv − αv)
v (8)

Vs =
cos αv

cos(ϕv − αv)
v (9)

The analytical shear angle in UVC is determined as

ϕ=
5
8

αv +
1
2
cos− 1

[

exp

(

− 52.5× 10− 3
(

τs,uv
̅̅̅
3

√

100c2ρ

)0.8(vhz × 10− 3

60ω

)0.4)]

(10)

where τs,uv is the material flowing stress under ultrasonic vibration. it is
equal to the yield strength, which presented in Section 3. αv is the rake
angle which is calculated by equation (6). v is the resultant cutting ve-
locity which is calculated by equation (4). hz is un-deformed chip depth
in ultrasonic vibration, which is model by equation (1).

c2, ρ and ω are the material specific heat, density and temperature
conductivity, respectively (Toropov and Ko, 2007; Kushner, 1982).
More detailed verifications can be referred in Chen et al. (2023).

The strain (εv), strain rate (έv), thickness (Δdv)of the shear zone in
UVC are formulated by following equations

εv =
cos αv

sin ϕv cos(ϕv − αv)
(11)

Fig. 2. Schematic diagram of ultrasonic vibration-assisted (a) turning, (b) orthogonal cutting (Chen et al., 2022).
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έv =
νv cos αv

Δdv cos(ϕv − αv)
(12)

Δdv =
hz

5.9 sin ϕv
(13)

Based on the characteristic of the shear region, such as the high
temperature and small spatial scale, the diffusion term can be neglected,
and the heat transfer equation is simplified with only considering the
heat source and thermal convective. The average temperature (Ta) of the
shear zone is simplified to

Ta =
ϖτs,uvέv

ρc2vv sin ϕv
+ Tr (14)

where ϖ is the Taylor-Quinney coefficient, which is set to 0.85 (Bai
et al., 2017).

The plane shear flowing is considering the effect of strain, strain rate,
and the heat softening that is introduced by ultrasonic vibration stress,
and is

τs,1=
1̅
̅̅
3

√

(

A+B
(

εv
̅̅̅
3

√

)n){

1+m ln
έv
ε̇0

}{

1 −
(
Ta − Tr
Tm − Tr

)c}

(15)

where έ0 , Ta, Tm and Tr are the reference strain rate, the cutting tem-
perature, melting temperature, and room temperature (300 K), respec-
tively. A, B, C, m, and n are the material constants in Johnson-Cook
model (Verma et al., 2018).

Considering the ultrasonic softening effect, the detail derivation
procedure of the yield normal stress in UVC is presented in references
(Chen et al., 2022). The yield is given as

σs,uv = σs
(
1 − 4π2f2v ζ2Dρc

)
(16)

where c, σs are the speed of ultrasonic wave and the yield strength. D is
the ultrasonic softening constant.

The corresponding shear stress is derived as

τs,uv =
σs,uv
̅̅̅
3

√ (17)

Accordingly, the stress is given by

τs,uv = τs,1
(
1 − 4π2fv2ζ2Dρc

)
(18)

According to the principle of minimum energy, the shear angle under
ultrasonic vibration is expressed as

ϕv =
π
4
−

βv − αv

2
(19)

Thus, the friction angle in UVC can be developed as

βv =
π
2
− 2ϕv + αv (20)

Using all the above equations, one can calculate the shear and fric-
tion angles in UVC.

The movement in UVC can be considered as the synthesis of tradi-
tional cutting and ultrasonic vibration. Therefore, the contact length at
any moment can be determined using the empirical model of contact
length in conventional cutting.

lv,t = hz
sin(ϕv + βv − αv)

sin ϕv cos βv
(21)

According to the cutting force diagram (Merchant, 1945), the fric-
tional force Fτ,t , tangential cutting force Ft,t, the feed force Ff ,t and the
resultant force Fc can be calculated by follows.

Fτ,t = τs,uv
hz

sin ϕv
b

sin βv
cos(ϕv + βv − αv)

(22a)

Ft,t = τs,uv
hz

sin ϕv
b

cos(βv − αv)

cos(ϕv + βv − αv)
(22b)

Ff ,t = τs,uv
hz

sin ϕv
b

sin(βv − αv)

cos(ϕv + βv − αv)
(22c)

Fc =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ft,t2 + Ff ,t2
√

(22c)

where b is the depth of cutting, which is equivalent to chip width. For the
theoretical cutting forces in x, y, z direction, the corresponded derived
procedures can be referenced to Supplied Appendix A (Chen et al.,
2022).

2.2. Modeling of tool-chip interface

The stress state of any element that is acting on rake face can be
determined by the temperature, the strain, and the strain rate. The
temperature at the interface can be determined employing themethod of
the moving heat source (Jaeger, 1942). Fig. 3 shows the heat transfer
model for temperature in tool-chip interface on the chip. Based on the
temperature model at the chip side of the TCI (Hou and Komanduri,
1997), the temperature rise at the point (x= li, y= 0) of tool-chip con-
tact interface develops as follows.

qpl =
Fτ,tVc

lv,tb
(23a)

Fig. 3. Schematic representation showing the heat transfer model for the temperature rise at TCI of chip side.
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ψ i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
− x+ lv,t − lj

)2
+ y2

√

(23b)

ψʹ
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
− x+ lv,t − lj

)2
+ (2hs − y)2

√

(23c)

Tv(x= ξ= li, y=0)=
qpl
ωπ

∫ lv,t

lj=0
e− (x− lj)v/2a

[ψ iv
2a

+
ψʹ
iv
2a

]
dlj (23d)

where qpl, hs and a are the heat liberation rate per unit area, the
deformed chip thickness and the heat diffusivity, respectively.

The deformed chip thickness hs, and the plastic layer thickness δ on
the rake face in UVC are determined as the following equations
(Komanduri and Hou, 2001).

hs =
cos(ϕv − αv)

sin ϕv
hz (24a)

δ=0.1hs (24b)

According to the shear strain energy yield rule, the formulations of
uniaxial flowing stress associated with the plane strain shear flowing
stress are expressed as below.

τ = 1̅
̅̅
3

√ σ (25a)

γ =
̅̅̅
3

√
εs (25b)

γʹ=
̅̅̅
3

√
έs (25c)

The shear stress of workpiece is modeled by the material constitutive
Johnson-Cook (J-C) model, which is given by.

where γ|x=ξ,y=0 , γʹ|x=ξ,y=0 and γʹ
0 are the strain, the strain rate, and the

reference strain rate, respectively, for the tool-chip interface at the point
x = li, y = 0 in UVC. Tv|x=ξ,y=0 is the temperature at point (x = ξ,y = 0)
in UVC.

If one considers the ultrasonic softening, the strain, the strain rate
that is introduced by ultrasonic vibration, then the shear stress can be
determined as.

τs,v
⃒
⃒
x=ξ,y=0= τs|x=ξ,y=0

(
1 − 4π2f2ζ2Dρc

)
(27)

The shear stress of the chip at point (x = li, y = 0) can be derived
from the plastic boundary layer theory (Wright et al., 1979).

τxy
⃒
⃒
x=ξ,y=0= τs− s,v

⎛

⎜
⎝1+

c121/3

3
(
1 − c1

2

)1/3

(

−
τs− s,vξ
μmaVc

)− 2/3
⎞

⎟
⎠ (28)

where τs− s,v is the static shear strength of workpiece under ultrasonic
vibration, c1 is a constant (set as 1.9 in the current work), ξ is the dis-
tance between the point of interest and the tool tip, and μma is the
macroscopic viscosity coefficient (set as 2100 N/m2) (Chou, 1994;
Campbell and Ferguson, 1970).

The static shear stress in condition of ultrasonic vibration is derived
as

τs− s,v
⃒
⃒
x=ξ,y=0= τs− s

(
1 − 4π2ς2Dρc

)
(29)

where τs− s is the static shear strength.
Fig. 4 shows the stress-state in tool-chip interface at chip side. Ac-

cording to the Newton’s third law, the normal stress that is acting on the
tool-chip interface at the chip side, is equal to the stress that is acting on
the rake face. The shear stress under ultrasonic vibration at point (x = li,
y = 0) should be equal to material yield strength, which is formulated
as.

τxy
⃒
⃒
x=li ,y=0

= τs,v
⃒
⃒
x=li ,y=0

(30)

Using the formulation between the shear stress and the shear strain,
the shear strain γ and the shear modulus G can be derived as follows.

γ|x=ξ,y=0=
τxy
G

⃒
⃒
⃒
x=ξ,y=0

(31)

Fig. 4. Schematic representation showing the stress state of the element at the tool-chip contact area.

τs|x=ξ,y=0=
1̅
̅̅
3

√

(

A+B
(γ|x=ξ,y=0

̅̅̅
3

√

)n){

1+m ln
γʹ|x=ξ,y=0

γʹ
0

}{

1 −
(Tv|x=ξ,y=0 − Tr

Tm − Tr

)c}

(26)
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G=
E

2(1+ υ) (32)

where G and E are the shear modulus and the elastic modulus of the
workpiece. υ is Poisson’s ratio.

The shear strain γ|x=ξ,y=0, the shear strain rate γʹ|x=ξ,y=0, and the shear
stress τxy at the point (x = li,y = 0) can be derived using Eqs. (23)–(32).
The deformed length in y direction can be derived from the shear strain
and the undeformed chip length.

Δδy
⃒
⃒
x=ξ,y=0= γ|x=ξ,y=0ξ (33)

Using to the Bernoulli’s principle and equation we estimate the
deformed length in x direction is as

Δδx|x=ξ,y=0= ξ2
γ|x=ξ,y=0

δ − Δδy
⃒
⃒
x=ξ,y=0

(34)

The normal strains in x and y directions are given by

εx|x=ξ,y=0= ξ
γ|x=ξ,y=0

δ − ξγ|x=ξ,y=0
(35a)

εy
⃒
⃒
x=ξ,y=0=

ξ
δ
γ|x=ξ,y=0 (35b)

The relationship between the linear strain and the normal stress is

εx =
1
E
(
σx − υσy

)
(36a)

εy =
1
E
(
σy − υσx

)
(36b)

Based on the above equations, the normal stresses are determined as

σx =
2ξ
1 − υ

(
E

Eδ − 2τxy(1+ υ)ξ+
υ
δ

)

τxy (37a)

σy =
2ξ
1 − υ

(
1
δ
+

Eυ
Eδ − τxy2(1+ υ)ξ

)

τxy (37b)

The frictional coefficient between the chip and the tool at the
interface is

μs|ξ,t =
τxy
σy

(38)

The tool-chip contact length including the seizure area and the
sliding area is divided into discrete N sections. The observed position at
the tool tip is set as ξ = n

Nlv,t ,n = 1,⋯,N. The ultrasonic vibration cycle is
discreted intoM segments, and accordingly the observed time is t = m

Mfv,
m = 1,⋯,M.

3. Development of an identification method of ultrasonic
softening coefficient

As we have shown in our previous study (Chen et al., 2022), the
ultrasonic shear stress is

Fig. 5. The varied predicted constant D with the increasing cutting velocity.

Fig. 6. Process flow showing the input of different cutting forces, showcasing the stress calculation procedure.
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τ = σ̅
̅̅
3

√ = τn
(
1 − 4π2hv2fv2Dρc

)
(39)

With the input of the shear stress with and without ultrasonic vi-
bration, the constant D can be identified. c is sound speed in workpiece,
which varied with temperature. According to the studies on acoustic
Properties of VT20 Titanium Alloy proposed by Roshchupkin et al.
(2001) and the averaged temperature of shear band, it has been
simplified as 3.8× 103 m/s. The material flowing stress in UVC as well
as conventional cutting can be identified with input of cutting force and
cutting conditions by the model presented in Supplied Appendix B (Chen
et al., 2023). The constant D is calculated and has been presented by
Fig. 5. The underlying causes for the trend would be comprehensively
analyzed in subsequent research.

Using Eqs. (15) and (16) the ultrasonic softening coefficient can also
be calculated. Fig. 6 is a schematic representation of all the necessary
calculations and the inputs the procedure for calculating the cutting

forces and the stresses.

4. Experimental setup

The UVC experiments under dry conditions are performed using a
conventional turning machine. The full experimental apparatus and its
schematic diagram are presented in Fig. 7(a) and (b). Fig. 1 also shows

Fig. 7. Presentation the UVC experiment by: (a) experimental set up and (b) schematic.

Table 1
The Johnson-Cook parameters of the workpiece.

A B m n c ε̇0 Tm

Ti6Al4V 783 497 0.028 0.28 1 1× 10− 5 1880K

Table 2
The mechanical and thermal attributes of the workpiece (Harzallah et al., 2017; Bai et al., 2017).

Workpiece Elastic modulus
(GPa) E

Poisson’s
ratio υ

Yield strength
(MPa) σs

Density (kg/
m3) ρ

Thermal conductivity (W/
m.K) ω

Specific heat capacity (J/
Kg.k) c2

Thermal diffusivity
(m2/s) a

Ti6Al4V 105 0.342 880 4430 6.91 520 3× 10− 6

Table 3
Cutting parameters for the machining of Ti6Al4V.

Feed rate per rotation (um) fz h 10
Ultrasonic vibration amplitude (um) hv 14.675
Spindle speed (rpm) n 112, 160, 350,500
Cutting speed (m/min) vt 41.5, 59.3, 129.7, 185.26

Table 4
Cutting parameters in UVC experiments.

Feed rate per rotation (um) fz h 10, 20
Ultrasonic vibration amplitude (um) hv 10.24, 3.63
Spindle speed (rpm) n 112, 240, 350
Cutting speed (m/min) vt 41.5, 88.9, 129.7
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the diagram of experiments in which the ultrasonic vibration is added in
the feed direction. The cutting force is measured by a Kistler 9257B
dynamometer. The cutting tool used for the current experiments consists
of PVD-coated TiAlN, and has a rake angle of 0◦, along with a cutting
edge angle of 60◦. A detailed description and corresponding test results
can be found in previous work (Chen et al., 2022). The vibration fre-
quency fv of the ultrasonic equipment is 20,283 Hz. The typical work-
piece is a titanium alloy (Ti6Al4V) bar with a diameter of 59 mm. The
corresponding J-C, thermal and mechanical attributes of the material
are presented in Tables 1 and 2. The cutting depth in the whole exper-
iments is 0.3 mm, the remaining cutting parameters are set and tabu-
lated in Tables 3 and 4.

5. Results and discussion

5.1. Cutting force

The modeling of the primary shear region in the current study (Imp.
Pre. Model) is improved by considering ultrasonic softening and its
corresponding influences on cutting process compared to the Pre. Model
(Chen et al., 2023) (Supplied Appendix C). The average cutting forces
are calculated by averaging the integrations of Eq. (23) over time in an
ultrasonic vibration cycle. Since the coordinates of the experimental
cutting force are different from these of the theoretical cutting force, the
latter should be transformed to the experimental measured coordinate,
which is presented in Supplied Appendix A.

Fig. 8 shows that the deviations between the predicted and the
experimental values decrease when the ultrasonic softening effect is
incorporated in ultrasonic vibration assisted machining for Ti6Al4V. The
error is presented in Table 5, where the validity and accuracy of the
improved model are verified. With the increment of cutting speed, the
difference between the predictive cutting forces of the improved model
(Imp. Pre. Model) of this study and these predicted by the model in the
previous investigation (Pre. Model) increases. The ultrasonic softening
effect is reverse analogous to cutting velocity, which is also confirmed by
the decrease of the machining force reduction rate. Simultaneously, the
strain hardening and heat softening increase analogously with the cut-
ting speed (Arefin et al., 2021; Chen et al., 2021b,c). The plastic re-
covery and the strain hardening during the reverse moving of the tool
decreases with the increase of the cutting velocity. The thermal effect is
taken into consideration by incorporating the J-C material model in the
proposed model, and it indicates that the ultrasonic softening effect
increases analogously with strain hardening. However, the cutting
forces are not always reduced when the ultrasonic softening effect is
considered. This might be attributed to the varied transient character-
istics, as for example ultrasonic softening, thermal softening, and strain
hardening that are induced by ultrasonic vibration (Amini et al., 2017).
It should be noted that each of the tests is performed using a new cutting
tool, and that the test lasts for about 30 s. Additionally, a spirit level
equipment is used to ensure the position of cutting tool after the tool
renewal in the experiment. It can be seen that the effect of normal
abrasion on the deformation of primary shear area is very small. How-
ever, it is evident that there is a clear need for more in depth research
regarding this fact in order to understand more on the observed
behavior.

Fig. 8. Comparison between experimental cutting force (Exp.F), initial pre-
dictive cutting force (Pre.F), and improved predictive cutting force (Imp.Pre.F
in x direction (a) Fx, y direction (b) Fy and z direction (c) Fz. (hv = 14.675 μm,
fv = 20,283 Hz, h = 10 μm, b = 0.3 mm).

Table 5
Values of the errors between models 1 and 2, and the averaged experimental values. Model 1 and 2 are equal to model and improved model.

Fx Fy Fz

Speed (rpm) 112 160 350 500 112 160 350 500 112 160 350 500
Pre. Model 20% 17% 4% 10% 32% 9% 17% 4% 8% 4% 6% 5%
Imp.Pre. Model 14% 9% 1% 4% 20% 3% 7% 2% 6% 2% 3% 3%
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5.2. Time varying shear stress along the tool-chip interface

In the following subsections, t represents the tool vibration phase
that is introduced by the ultrasonic vibration. “Position in tool-chip
interface (*lvt)” is defined as the value under the horizontal axis
multiplied by the tool-chip contact length. For example, the point of
horizontal coordinate is 0.4 in Fig. 8, the mean of “Position in tool-chip
interface (*lvt)” is “0.4*lvt” and it shows the tool-chip contact position
with the length of 0.4× lvt from the original point. The original point is
the tool nose, which is shown in Fig. 3. The variations of shear stress and
average shear stress along the tool-chip interface can be seen in
Figs. 9–11. The average shear stress is averaged from the stress value of
10 discrete tool-chip contact points at a certain stage of tool vibration.
The 10 discrete points are 1*lvt, 0.9*lvt, 0.8*lvt, …, 0.2*lvt, 0.1*lvt,
respectively. As can be seen in Fig. 8, the shear stresses increase when
the position gradually approaches the tip of the cutting tool. It can also
be seen that there is a minor increase of the shear stress within 60% of
the chip formation cycle. However, it gradually decreases in the

following 40% of the chip formation cycle. The average shear stress
along the tool-chip interface with the increase of the chip formation
follows a similar trend. In Figs. 9–11, the variation of shear stress in an
ultrasonic vibration cycle is shown, which has a reverse analogous
relationship with the cutting speed. The variation of shear stress in the
chip formation process could certainly benefit from a potential reduc-
tion of the cutting force. One can hypothesize that the recovery time for
the material deformation that reduces with the rise of cutting velocity,
additionally decreases the variation of stress too. This scenario leads to
lower fluctuations shown on transient characteristics, as for example the
shear angle. These fluctuations contribute to the chip formation process,
therefore, the cutting force increases analogously with the cutting speed
in UVC. Furthermore, the cutting speed increases the cutting force not
only by increasing the deformation, but also via decreasing the variance
of shear stress. On the other hand, it has been reported that the elastic
recovery reduces with the increase of the cutting velocity (Arefin et al.,
2021). In parallel, the variance of the shear stress can originate from the
elastic recovery. In the current study, the average shear stress in the total

Fig. 9. The variation of shear stress along the TCI. “Avg” represents evolution of averaged the shear stress of entire tool-chip interface with increased tool vibrational
stage from 0.1t to t. (n = 112 rpm, h = 10 μm, hv = 3.63 μm).

Fig. 10. The variety of shear stress along the TCI (n = 240 rpm, h = 10 μm, hv = 3.63 μm).
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tool-chip contact length is predicted to be approximately 400 MPa, a
number that is consistent to the average shear stress of 420 MPa at the
seizure area that is obtained from the published model based on the
assumption of Zorev friction model (Chen et al., 2023). The shear stress
near the tool tip is approximately 800 MPa, similarly to the predicted
shear stress from Wright (1981). The change of shear stresses with
cutting speed under numerous scenarios follows a similar trend. Fig. 11
shows the average shear flowing stress of the TCI in the chip formation
process, under different cutting parameters, in which hv is the vibration
amplitude and fz is the feed rate. It is evident that the shear flowing
stress increases with feed rate and cutting speed, and rapidly decreases
with ultrasonic vibration amplitude. The fluctuation of shear stress in
the chip formation process increases with the increase of the ultrasonic
vibration amplitude, a fact that is more obvious at low cutting speeds.
The normal and shear strain rate increase with the cutting speed and
feed rate (Chen et al., 2021a), while also the deformation and thermal
softening increase (Dutta et al., 2013.). The reduction of shear stress
caused by the introduction of ultrasonic vibration is optimized with the
increase of ultrasonic vibration amplitude. When the feed rate is lower
than the ultrasonic vibration amplitude, the intermittent cutting mode
might be achieved, and cutting force, as well as stress are significantly
reduced, as presented in Figss. 9–12. And Fig. 12 also shows that the
average shear flowing stress always approaches the maximum value at
60% of the chip formation cycle. It has been reported in literature that
the cutting force reaches the peak value at 30% percent of a chip for-
mation cycle in conventional machining of Titanium alloy (Harzallah

et al., 2018). The researchers believe that the ultrasonic vibration plays
a role and is responsible for the delay of this point, mostly due to the
alternation of the transient processing factors, which are incorporated in
the proposed model.

Fig. 11. The variety of shear stress along the TCI (n = 350 rpm, h = 10 μm, hv = 3.63 μm).

Fig. 12. The variation of average shear stress along TCI in an ultraonic vi-
bration cycle.

Fig. 13. Time varying normal stress along the TCI (n = 112 rpm, h = 10 μm, hv
= 3.63 μm).
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5.3. Time varying normal stress of tool-chip interface layer

The variation of the normal stress (σx, σy) in the plastic layer of the
tool-chip interface with different rotation speeds can be seen in Figs. 13–
15. There it can be extracted that it increases significantly when the
target position moves to the tool tip during the chip formation process.
Although the distribution of normal stress is different from the one
predicted by Zorev’s model, the normal stresses increase exponentially
with the decrease of distance from the measured point to the tool tip.
This is consistent to what Zorev’s model predicts. Similarly to the trend
of shear stress, there is a steady increase of normal stress when the value
of the chip formation process changes from 0.1t to 0.6t. However, when
this value is over 0.6t a sharp decrease of normal stress is observed. The
moving of the cutting tool starts reversal and the direction of velocity
component at the tool-chip interface is consistent with that of the chip
sliding velocity when the time is beyond 0.5t. The critical value is
reached after the reversal moving of tool initiates. The deformation and
acceleration of the chip still accumulate and there is a point in time
where the change of moving direction of the cutting tool affects the
cutting process. Additionally, it is known that the cutting force reaches
the maximum value and the crack initiates at 30% of the chip formation
cycle in conventional cutting (Harzallah et al., 2018). When it comes to
60%, the crack propagation and formation processes is completed
(Harzallah et al., 2017). In this work there is a clear indication that the
ultrasonic vibration appears to delay the time that the cutting force
reaches its peak value. It is also reported in literature, that the temper-
ature reaches its maximum value after the cutting force peaks in chip
formation process (Chen et al., 2021b), this shows that also in our case,
the temperature is too of great significance for the cutting force
reduction.

Compared to the obvious decreased fluctuation of normal stress that
is induced by the increase of cutting velocity, the fluctuation of normal
stress decreases slightly in conjunction with the feed rate, but it in-
creases rapidly with the increase of the ultrasonic vibration amplitude,
as shown in Figs. 16 and 17. The normal stress slightly increases with an
increased cutting velocity and feed rate, but increases rapidly with the
increase of the ultrasonic vibration amplitude, showing that the accel-
eration of the chip does not increase with cutting speed. Additionally,
literature reports that the deformation in the shear region clearly in-
creases with the increase of cutting speed and feed rate (Chen et al.,
2021a), which follows the same trend as the shear stress that is depicted
in Fig. 12. The ultrasonic vibration alters the normal stress, resulting in
the reduction of the friction between the tool and the chip. This fact is
consistent to the published conclusion that the ultrasonic vibration re-
duces the friction by lowering the normal forces (Skelton, 1969).
Regarding flowing stress, the Johnson-Cookmodel is used for modelling,
under the sophisticated state of strain, high strain rate, and temperature.
The normal stress in Y direction is much higher than that in the X di-
rection. The normal stress in Y direction is much easier to reach for the
strength of the workpiece, and could be the reason why the crack of the
chip initiates and propagates in Y direction. The plastic recovery during
the reversal moving of the tool decreases with cutting speed (Patil et al.,
2014), a fact that is also considered in the J-C material model used in the
present study. This is consistent to the trend of the stresses, which
initially increases, but then decreases after reaching a critical point. The
increased plastic recovery of deformation and the decreased normal
stress amplitude with the larger ultrasonic vibration amplitude, all
contribute to the increase of fluctuation.

Fig. 14. Time varying normal stress along the TCI (n = 240 rpm, h = 10 μm,
hv = 3.63 μm).

Fig. 15. Time varying normal stress along the TCI (n = 350 rpm, h = 10 μm,
hv = 3.63 μm).
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5.4. Transient friction coefficient in tool-chip interface

The variation of friction coefficient along the TCI at the chip for-
mation process is shown in Figs. 18–23. The friction coefficients are
calculated by Eq. (38), using the calculated shear and normal stresses.
There, it is evident that the frictional coefficient increases slightly when
the distance ranges from 0 to 0.7*lvt and increases rapidly when the
distance is over 0.7*lvt. The reason behind this behavior is the relatively
high increase rate of normal stress, while both the shear and normal
stresses are high. There is still material flowing inside the seizure area,
although the friction is very low. The deformation of the plastic layer at
the TCI can also be indicated by the friction coefficient. When the
location nears the tool tip, the material might break by the huge stress,
which is dominated by the normal stress. This means that the crack
propagates in the direction moving away from the tool tip, a fact that is
consistent with the results in literature (Wang et al., 2020.). The sche-
matic diagram of the crack propagation is presented in Fig. 24. There,
two crack propagation paths form the crack area. This result is consistent
with the SEM photo of the cutting zone shown in Refs. (Chen et al.,
2021a; Arefin et al., 2021; Vyas and Shaw, 1999; Amini et al., 2017),
which also verify the validity of the model.

The effective cutting velocity is defined as the maximum tangential
velocity of ultrasonic vibration in UVC (Jamshidi and Nategh, 2013),
and the empirical threshold of the critical cutting speed is proposed
based on experimental data published by Wang and Zhao (1987). The
critical cutting velocity is 27.74 m/min and the corresponding rotation
velocity is 150 rpm. When cutting speed increases, the friction coeffi-
cient decreases rapidly before the critical velocity is reached. After that
point, the friction coefficient is almost stable. This is consistent to the
relative smoother chip morphology in the tool side with smaller friction

coefficient and larger cutting speed, as presented SEM micrographs of
the chip morphology in tool side when h = 30 μm and fv = 3.63 μm. (a)
350 rpm, (b)240 rpm and (c)112 rpm in Fig. 14 in previous research
(Chen et al., 2023). The increased friction force also leads to the
decrease of the reduction rate of the machining force. It has also been
reported in literature that the ultrasonic vibration lowered the cutting
force by decreasing friction in a plethora of (Patil et al., 2014; Arefin
et al., 2021). The corresponding average frictional coefficients without
ultrasonic vibration that are calculated by the measured cutting force in
conventional cutting are 0.85, 0.74, 0.7 for rotation speed of 112 rpm,
240 rpm and 350 rpm, respectively. Compared to the frictional coeffi-
cient in UVC presented by Fig. 22, these friction coefficients are in re-
ality lower than the ones in UVC. The coefficient of friction is not
necessarily correlated with the intensity of frictional deformation at the
tool-chip interface. Instead, the intensity of friction is closely associated
with high temperature and high pressure. Therefore, it appears that the
ultrasonic vibration alters the friction by changing the values of normal
and shear stresses, with these changes causing the cutting force reduc-
tion by ultrasonic vibration.

The fluctuation of friction coefficient increases analogously with
ultrasonic vibration amplitude and feed rate, as shown in Figs. 20–21.
These values decrease rapidly with ultrasonic vibration amplitude and
change slightly with feed rate, as shown in Fig. 23. These results indicate
that the stress state and the stress ratio between shear stress and normal
stress of the TCI also change. Themoving of tool might be the main cause
of the fluctuation, which fluctuation is significant affected by the feed
rate and the ultrasonic vibration amplitude when the cutting velocity is
lower than the critical value. The enhanced machining performance that
is introduced by the ultrasonic vibration has shown the same depen-
dence. The fluctuation is beneficial to the decrease of cutting force, and

Fig. 16. Time varying normal stress along the TCI (n = 112 rpm, h = 20 μm,
hv = 3.63 μm).

Fig. 17. Time varying normal stress along the TCI (n = 112 rpm, h = 20 μm,
hv = 10.24 μm).
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Fig. 18. Time varying friction coefficient (n = 112 rpm, h = 10 μm, hv = 3.63 μm).

Fig. 19. Time varying friction coefficient (n = 240 rpm, h = 10 μm, hv = 3.63 μm).

Fig. 20. Time varying friction coefficient (n = 350 rpm, h = 10 μm, hv = 3.63 μm).
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the reduction of the cutting force is induced by the fluctuation of the
friction coefficient rather than its amplitude.

6. Conclusions

In the present work, the model of transient thermomechanical
behavior at the tool-chip interface (TCI) is proposed, taking into
consideration the transient cutting mechanism, the temperature, etc.

Fig. 21. Time varying friction coefficient (n = 112 rpm, h = 20 μm, hv = 3.63 μm).

Fig. 22. Time varying friction coefficient (n = 112 rpm, h = 10 μm, hv =

10.24 μm).

Fig. 23. The average friction coefficient in chip formation process under different cutting parameters.

Fig. 24. Schematic diagram of the crack propagation paths in cutting zone,
showing the two possible propagation paths, the sliding area, the seizure area,
and the crack initiation point.
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The proposed model is validated via contrast the predicted, the experi-
mental, with the published analytical results. The main novel insights of
the cutting mechanism are summarized as follows.

➢ The distribution of shear stress that is predicted by the proposed
model is different from that calculate by Zorev’s model, a fact that
needs clarity and should be further investigated. Additionally, the
average shear stress and the distribution of normal stress that is
calculated by those two models are close. The current work provides
an innovative method for calculating the shear stress and the normal
stress at the TCI in UVC.

➢ Ultrasonic vibration delays the time for the cutting force and the
stress to reach their peak point. This fact lowers the fluctuations of
cutting force and also stabilizes the chip formation process.

➢ The crack in shear band initiates near the tool tip and propagates
away from the tool tip. The propagation is controlled by the normal
stress state, as it takes up amajor proportion, and also delays the time
for the cutting force to reach its peak value.

➢ The ultrasonic vibration changes the friction by altering both normal
and shear stresses. Moreover, it is confirmed that the ultrasonic vi-
bration increases the value of the friction coefficient and its fluctu-
ation, rather than lowering the value of friction in UVC.

Future work needs to consider and study the effect of the ultrasonic
vibration on the adhesion between the tool and the workpiece, as well as
the impact of flank surface ironing the machined ridges. The authors
have checked the cutting tool and found that the amount of chip
adhesion to the cutting tool in UVC appeared to be much less than that in
equivalent conventional cutting. Simultaneously, the author would
continue to work on solving the cutting force using the transient tem-
perature in the primary shear region, providing the temperature distri-
bution profile of this region in UVC. The author can study the differences
in temperature and stress at the tool-chip interface calculated using the
transient temperature and the average temperature, along with their
distributions. Additionally, the tool wear, residual stress and constant D,
chip segmentation frequency in UVC would also be studied. In-depth
analysis on those phenomena will allow for the improvement of our
understanding of the mechanisms of cutting, leading to better handle
sample handling during traditional manufacturing techniques.
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