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A B S T R A C T   

The shear interference and chip removal interference between different tool edges during non-free cutting are the 
main reasons for the deformation of micron-submicron grooves. To our best knowledge, the understanding of the 
non-free cutting of micron-submicron grooves is still not well established. This paper provides new insight into 
the material removal mechanism and cutting-induced deformation of micron-submicron grooves in non-free 
cutting. A novel variable shear angle removal model, revealing the difference of material shear at different 
positions of the tool edge, is established by infinitesimally segmenting the tool edge after analyzing the shear 
interference and chip removal interference mechanisms. An equation of the local shear angle enables the 
mathematical derivation of the topography of the shear surface and chip cross-section in the non-free cutting of 
micron-submicron grooves. The distribution of shear stress in the shear zone is calculated by establishing the 
relationship between the shear angle and shear stress based on the unequal division shear zone (UDSZ) theory 
and Johnson-Cook theory. Furthermore, a mechanics model of micron-submicron groove cutting, revealing the 
deformation mechanism of the micron-submicron grooves, is established using the differential cutting force 
method. Finite element simulations and high-speed cutting experiments are conducted to analyze the cutting 
microstate between the tool and the material and the dynamic deformation of the micron-submicron grooves 
during non-free cutting. The stress trend of the elastic nodes on the tool edge verifies the mechanics model, and 
the chip morphology verifies the formation of the shear surface and chips. The degree of non-free cutting is 
higher at the tool edge infinitesimal segments (TEISs) closer to the tool tip, resulting in a smaller shear angle, 
which makes the extrusion stress suffered by the groove increases nearly twice from top to bottom. The material 
flow due to dynamic deformation causes the relative cutting line of the rear-side tool edge to shift forward. The 
deformation of the micron-submicron grooves is related to the stiffness of the structure.   

1. Introduction 

Researchers have developed innovative methods to manufacture 
micron-submicron structures to endow materials with optical (He et al., 
2021), electrical, magnetic (Malshe et al., 2013), and biomedical 
properties (Jiang et al., 2019). As shown by Fang et al. (2019), these 
innovative methods aim to reduce the size and improve the processing 
accuracy of these structures to achieve multi-functional surfaces. Zhou 
et al. (2020) reported that the fabrication of three-dimensional (3D) 
structures at the submicron scale is a key technology required for 

developing novel applications. Photolithography, especially the use of 
electron beam exposure by Kowalik et al. (2005) and Qiao et al. (2016), 
has enabled the fabrication of micron-submicron structures. However, 
the complex multi-level etching shown by Zhou et al. (2020) makes this 
technology unsuitable for fabricating 3D structures. Qiao et al. (2016) 
have shown that femtosecond laser technology has the advantages of 
high uniformity and high efficiency for creating micron-submicron 
structures, but it is challenging to create high-quality 3D 
micron-submicron structures, such as V shape grooves, pyramid arrays, 
etc. Ultra-precision cutting technology (UPCT) enables the fabrication of 
3D structures by removing material. Zhu et al. (2018a,b) and Zhu et al. 
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(2015) demonstrated the generation of complex curvilinear trajectories 
to create micro and hierarchical structures. As demonstrated by He et al. 
(2020) and Yew Jin et al. (2021), UPCT is a very promising technology 
for fabricating micro-nano structures due to its high material removal 
efficiency, flexible control of the groove configuration, and simple 
process. 

The machining quality including shape accuracy is crucial in UPCT. 
Unlike free cutting, which utilizes a single tool edge. Xue et al. (2021) 
demonstrated that micron-submicron groove cutting is non-free cutting 
and involves at least two tool edges. In non-free cutting, as investigated 
by Qiao et al. (2018), the chip removal at the tool edge causes in-
terferences, resulting in a change in the cutting performance at the 
microscopic level, adversely affecting the machining quality and accu-
racy. Therefore, many scholars investigated non-free cutting. The 
earliest studies by Shi (2018), and Shi and Wang (1995) used the prin-
ciple of minimum energy to derive the chip removal vector during 
interference and the equivalent cutting edge method to determine the 
removal direction of the chip and the cutting force. In these works, the 
removed material was regarded as a whole, and the differences in ma-
terial shear at different positions of the tool edge were ignored. In 
addition, factors influencing the non-free cutting performance were 
added to the free orthogonal cutting model in the work of Zhang et al. 
(2018), and the transient cutting force and micro-cutting characteristics 
were analyzed. The complex non-free cutting process was simplified in 
these theoretical studies, and the influence of the chip interference on 
the removal mechanism at the microscopic level was ignored. 

Researchers investigated the characteristics of non-free cutting and 
the evolution of the machining quality of microstructures. V-groove 
machining has been extensively studied because of its high application 
potential (Dong et al., 2019). Fang and Xu (2018) demonstrated that a 
sharp V-shaped tool used for machining the V-shaped groove has a 
nanometer-level nose radius in advanced tool manufacturing, providing 
a basic model for analyzing the interference between the two tool edges 
during non-free cutting. Yan et al. (2009) found that the material flow 
interference between the two tool edges resulted in material accumu-
lation and the formation of burrs. The unstable material flow and the 
cutting force caused by non-free cutting caused corrugated defects on 
the micro-structured surface. The degree of non-free cutting during the 
machining of grooves is also related to the tool angle. Li et al. (2013) 
thought that the degree of material deformation during the evolution of 
the chip from the non-free to the free state is crucial for determining the 
machining quality. Increasing the nose angle and using a multi-step 

cutting approach ensures that the material removal process is closer to 
free cutting; therefore, the material flow, the formation of burrs, and the 
degree of deformation on the top of the grooves are minimized. By using 
the finite element method (FEM), Yan et al. (2009) found that the 
temperature increase caused by chip removal interference can be 
reduced by multi-step cutting. In addition, Song et al. (2019) demon-
strated that non-free cutting can cause an increase in the cutting force. 
Since most studies focused on grooves at the micron scale or tens of 
microns, only burrs formed at the top of the grooves were investigated 
during non-free cutting (Sun et al., 2018), and the slight deformation of 
the grooves was ignored (Zhu et al., 2018). With an extremely small size, 
micron and submicron grooves have low stiffness and low resistance to 
deformation; thus, the deformation induced by the cutting force cannot 
be ignored. Geng et al. (2018) and Yan et al. (2015) used ultra-small 
high-quality tools and atomic force microscopy (AFM) probes to fabri-
cate high-quality submicron structures. However, it’s hard to further 
improve the accuracy of microstructures. The cutting-induced defor-
mation differs for microgrooves with different geometries, indicating 
that the deformation is related to the structure’s stiffness, and Song et al. 
(2019) reduced the cutting-induced deformation to some extent by 
planning the process path and reducing the amount of cutting for low 
stiffness structure in each step. Duong et al. (2013), Duong and Kim 
(2015), and Tauhiduzzaman et al. (2015) used Merchant’s free-cutting 
theory to evaluate cutting-induced deformation, which however is 
only suitable for calculating the material removal for large microstruc-
tures but not for submicron grooves. 

As discussed above, to our best knowledge, the material to be 
removed was commonly considered as a whole, and most studies on non- 
free cutting were based on analysis of the experimental result. The 
theory of the chip removal interference and shear mechanism has not 
been analyzed in detail. Since there is no accurate material removal 
model revealing the difference of material shear at the different posi-
tions at the tool edge, the evolution of the chip morphology during non- 
free cutting remains unclear. Furthermore, the size of the investigated 
microstructures has been relatively large, cutting-induced deformation 
has been ignored, and mechanics models for micron-submicron groove 
cutting are lacking. Therefore, this paper aims to fill this gap and pro-
vides a theoretical basis and experimental proof by establishing a non- 
free cutting removal model and analyzing the cutting-induced defor-
mation of micron-submicron grooves. 

This paper systematically investigates a novel non-free cutting ma-
terial removal model and cutting-induced deformation of micron- 

Nomenclature 

x, y, z Cartesian axes for groove machining 
B-xt,yt,zt The cartesian coordinate system of the tool 
θ Nose angle of the tool 
H Nominal depth of cut (DoC) 
h Height of the micron-submicron grooves 
F1t, F1c Main cutting force and thrust of tool edge BA 
F2t, F2c Main cutting force and thrust of tool edge BC 
F3t, F3c Main cutting force and thrust of tool edge CD 
φ, φcrt The shear angle of the tool edge infinitesimal segment 

(TEISs); the limit shear angle of the TEIS at the tool tip 
α The angle between the shear face and the rake face 
Δφ The difference in the local shear angle between non-free 

cutting and free cutting 
a, b Constants in the shear angle equations 
w Width of the shear zone 
β Friction angle between chip and rake face 
dx Length of TEIS 
Vl The velocity of the material leaving the shear zone 

Vc Cutting velocity 
γo Tool rake angle 
ε̇, ε̇m The shear strain rate of the shear surface and main shear 

surface 
ε, εm The shear strain of the shear surface and main shear 

surface 
k Positional parameters of the main shear surface 
q Coordinates of the shear surface in the shear zone 
τ, τm Shear stress of the shear surface and the main shear surface 
A, B, C, n, m, ε̇0,Tr, Tm Parameters of the Johnson-Cook model of 

the materials 
T, Tmx The temperature of the shear surface and the main shear 

surface 
ρ, c, μ Density, specific heat capacity, Taylor-Quinney coefficient 

of the material 
dFlocal-1, dF1c, dF1t Cutting force, main cutting force, and thrust of 

TEIS on edge BA 
Flocal-1 The total cutting force of tool edge BA 
σ Stress acting on the groove surface by the tool edge BA 
t Contact width of the flank to the material  
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submicron V-shaped grooves. To begin with, the tool edges and cutting 
area are assessed separately to determine the mechanisms of shear 
interference and chip removal interference. A novel variable shear angle 
removal model, revealing the difference of material shear at different 
positions of the tool edges, is established by infinitesimally segmenting 
the tool edge. An equation for the local shear angle is developed, which 
enables the mathematical derivation of the topography of the shear 
surface and chip cross-section in the non-free cutting of micron- 
submicron grooves. Then, the distribution of shear stress in the shear 
zone is revealed by establishing the relationship between the shear angle 
and shear stress based on the unequal division shear zone (UDSZ) theory 
and Johnson-Cook theory. Furthermore, a mechanics model of micron- 
submicron groove cutting, revealing the deformation mechanism of 
the micron-submicron grooves, is established using the differential 
cutting force method. Finally, FEM simulations and high-speed cutting 
experiments are conducted to analyze the cutting microstate between 
the tool and the material to determine the dynamic deformation during 
micron-submicron groove non-free cutting. The mechanics model 
derived from the variable shear angle model is verified by the stress 
trend of the elastic nodes on the tool edge, and the shear surface and chip 
formation theories are verified by the chip topography. 

2. Non-free cutting and cutting-induced deformation of micron- 
submicron grooves 

2.1. Generation and deformation of micron-submicron grooves 

Since the size of the tool cannot be infinitely small, micron- 
submicron V-shaped grooves are formed by the residue marks after 
the material has been removed by the shaping tool during non-free 
cutting. As shown in Fig. 1a, V-shaped grooves are formed after the 
material has been removed by the V-shaped tool. The cutting trajectories 
are parallel. A triangular prism is formed between two adjacent trajec-
tories. The lateral feed rate between the adjacent trajectories and the 
tool shape determines the size and topography of the groove. However, 
the tool extrudes material from the target micron-submicron groove, 
causing deformation, especially on the rear-side tool edge acting on the 
inclined surface of the triangular prism. Due to the low stiffness, a 
triangular prism structure is deformed, causing the displacement of the 
side of the V-shaped groove, as shown in Fig. 1b. When the groove is 
deformed backward, the dynamic deformation causes a forward shift in 
the relative cutting line of the rear-side tool edge. As a result, some of the 
material to be cut is pushed to the back by the rear-side tool edge, 

creating a residue. The resulting groove has positional and shape errors; 
these deformation-induced errors are non-negligible and must be 
prevented. 

Non-free cutting exacerbates the degree of deformation. In free 
cutting, the sheared material moves perpendicularly to the tool edge, 
and friction and extrusion occur only in the third deformation zone 
between the sheared material and the rake face during chip removal. In 
non-free cutting (Fig. 1b), the material is simultaneously sheared by the 
tool edges on both sides in different directions, causing material flow 
blockage and chip removal interference. The chip removal interference 
changes the cutting microstate. Thus, the force on the rear-side tool edge 
is increased, exacerbating the deformation of the micron-submicron 
grooves. Moreover, due to a change in the distance between the tool 
edges on both sides, the interference degree of chip removal is incon-
sistent, and the cutting microstate changes along the tool edge. When 
the deformation of the micron-submicron grooves is extensive, the 
relative shift of the cutting line of the rear-side tool edge in the material 
increases, resulting in more material residue. Fig. 2 shows a comparison 
of the material residue on the top of V-shaped grooves for different 
deformation degrees, which have a period of 380 nm and are created on 
nickel-phosphorus (Ni-P) material with depth-of-cut (DoC) of 2000 nm 
and 5000 nm, respectively. The grooves shown in Fig. 2b have higher 
deformation and more residue. The deformation of the micron- 
submicron grooves during non-free cutting and the caused material 
residue are inevitable. Therefore, the establishment of a non-free cutting 
material removal model and the investigation of the deformation 
mechanism of the micron-submicron grooves are required. 

2.2. Material removal model with variable shear angles in non-free cutting 

Deformation and material flow only occur in the plastic domain of 
the material. The Ni-P material used in this study is plastic during 
micron-submicron scale cutting. The actual DoC is always much larger 
than the height of the target micron-submicron grooves, such as H 
(actual DoC) and h (height of the micron-submicron grooves) due to 
tool-setting errors and the nominal DoC in micron-submicron groove 
cutting. The cross-section of the cutting area is asymmetrical, and the 
tool edges have different lengths on the front and rear sides of the tool. 
We consider only the main factors to determine the non-free cutting 
mechanism and therefore material shearing is mainly dominated by the 
nearest tool edge. The tool edge involved in cutting is divided into three 
segments (BA, BC, CD) (Fig. 3b), and the cutting area is also divided into 
three parts since the chip flow occurs perpendicularly to the tool edge 

Fig. 1. (a) Illustration of the generation and cutting-induced deformation of micron-submicron grooves. (b) Schematic of the mechanism of extrusion deformation.  
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segment. Due to the negligible influence on non-free cutting, the CD 
segment is approximated as the free-cutting tool edge. The rear side edge 
BA and the front side edge BC are symmetrical, and their chip removal 
directions are left-right symmetrical during cutting, causing chip 
removal interference. Therefore, the material with the quadrilateral 
cross-section ABCO is the primary non-free cutting area affecting the 
deformation of the micron-submicron grooves. The tool tip point B is the 
origin, and the BA tool edge is the yt-axis. A local coordinate system (B- 
xt-yt-zt) is established to describe the tool edge and the shear surface of 
the tool. 

The rear side edge BA and the front side edge BC are separated and 
regarded as the free-cutting tool edges. However, they differ from the 
free-cutting tool edge used in the Merchant model. In the Merchant 
model, the tool edge is considered as a whole to quantify the shear angle 
and cutting force, and the shear stress is regarded as being independent 
of the shear angle. This approach is not suitable for non-free cutting. The 
degree of chip removal interference differs at different positions on BA 
and BC, resulting in different cutting microstates at the tool edges. 
Therefore, we introduce the concept of “infinitesimally segmenting tool 
edge” to assist the description of the local cutting microstate at different 
positions of the tool edges in non-free cutting. In the concept of the 
“infinitesimally segmenting tool edge”, each single tool edge, e.g. BA or 
BC, is composed of an infinite number of tool edge infinitesimal seg-
ments (TEISs), and the length of each TEIS could theoretically close to 0. 
Consequently, a mathematical model is established to define the local 
shear angle and shear stress in these TEISs. 

Fig. 4 shows the mechanism that non-free cutting makes shear angle 
of the shear zone smaller than that in free cutting, and the local shear 
angle varies for different TEISs. The material shearing and flow at the 
tool edges BA and BC in free cutting are shown in Fig. 4(a). The moving 
direction of the shear zone and the flow direction of the chips are 
perpendicular to the respective tool edges. In non-free cutting, the shear 

zones of the tool edges on both sides intersect, causing motion inter-
ference of the shear zone and chip removal interference. In this case, the 
material at the bottom of the shear zone is negligibly affected by the tool 
edge on the other side, whereas the material at the intersection of the 
shear zones of the tool edges on both sides is simultaneously affected by 
these two tool edges. Therefore, the top of the shear zone is moved in the 
symmetrical plane by the combined effect of the two tool edges. The 
schematic diagram of the shear zone interference in this area is shown in 
Fig. 4b. It should be noted that this interference changes the local shear 
angle. The shear zone at the TEIS M is shown in Fig. 4c. The flow at the 
top of the shear zone in the direction perpendicular to the tool edge is 
restricted, whereas the flow at the bottom of the shear zone is only 
slightly affected. Thus, the local shear zone at the TEIS M is transformed 
to a smaller shear angle. The shear zone transformation differs for 
different TEISs and depends on the distance from the intersection posi-
tion of the shear zones to the TEIS. TEIS N is closer to tip B of the tool. 
Thus, the intersection of the shear zones is closer to TEIS N. Therefore, 
the interference degree is higher and the shear angle is smaller at TEIS N. 
The reduction in the shear angle is related to the width of the shear zone. 
In addition, when the nose angle of the tool is small, the shear inter-
ference between the two tool edges is more pronounced, resulting in a 
smaller shear angle. Therefore, the local shear angle at the TEIS on line 
BA is newly proposed in this paper and expressed by Eq. (1): 

φ(yt) = arctan

⎡

⎢
⎣a

⎛

⎜
⎝1 −

w
yttan(θ

2) + b

⎞

⎟
⎠

⎤

⎥
⎦ (1)  

where w is the width of the shear zone as defined in the work of Li et al. 
(2011). a and b are constants. yt is the distance from the TEIS to tool tip 
B, and θ is the tool nose angle. a and b can be obtained by finding the 
limits: 

Fig. 2. Comparison of the material residue for different deformation degrees. Grooves with a period of 380 nm are created on Ni-P with DoC of (a) 2000 nm and (b) 
5000 nm, respectively. 

Fig. 3. Partition analysis of the (a) cutting area and (b) tool edge during non-free cutting.  
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lim
yt →+∞

φ(yt) = arctan(a) =
π
4
−

β
2

(2)  

lim
yt →0

φ(yt) = φcrt (3) 

When the distance from the TEIS to the tool tip is infinite, no inter-
ference occurs between the two tool edges, resulting in free cutting. 
Therefore, the value of a can be obtained by solving the limit, and the 
shear angle derived from Merchant’s shear angle equation can be used as 
Eq. (2). When the TEIS is infinitely close to the tool tip, the interference 
is the largest; thus, the local shear angle reaches the minimum value φcrt, 
as shown in Eq. (2). φcrt cannot reach 0, otherwise, no chips are formed 
during cutting, resulting in anomalous cutting. Lee & Shaffer’s shear 
angle equation regards the friction between the tool rake face and the 
chip as complete adhesive friction and does not consider the existence of 
sliding friction, so the calculated shear angle according to Lee & Shaff-
er’s shear model is regarded as the limit value of the shear angle. The 
limit is calculated approximately equal to 20◦ when the rake angle γo 
and tangent of the friction angle between the chip and the tool are 0 and 
0.4 respectively in this paper, so we set 20◦ for φcrt. Fig. 4d shows the 
trend of the local shear angle at the tool edge BA at tool nose angles of 
90◦. 

Based on the material’s plastic incompressibility, the relationship 
between the velocity Vl of the material leaving the shear zone, the cut-
ting speed Vc, and the shear angle can be expressed by Eq. (4), where the 
rake angle γo is 0. The tangent of φ is the ratio of the Vl and the Vc. Since 
φ at the TEIS is smaller at positions closer to the tool tip, Vl is also 
smaller, causing material accumulation, a temperature increase, and 
material sticking to the tool. It can explain the phenomenon of material 
accumulating and sticking to the tool tip area, which was found by Yan 
et al. (2009). Since additional material is removed as the cutting 

proceeds, the sheared material leaves the shear zone and eventually 
moves as a rigid body, forming chips. Fig. 5a and b show the shear 
surface of the front and rear tool edges as the shear angle changes in the 
local coordinate system B-xt-yt-zt. Fig. 5c and d show the calculated 
morphology of the non-free shear surface at nose angles of 90◦, based on 
the shear zone interference. The two sides of the non-free shear surfaces 
are symmetrical. The function of the intersecting curve of the two sides 
of yt is expressed by Eq. (5). According to the expression of the shear 
surface and the middle intersection line, the opening of the local shear 
surface increases as the TEIS moves away from the tool tip. This result 
demonstrates that the shear surface meets the condition for chip for-
mation and removal, and the proposed variable shear angle model is 
feasible. 

Vl = Vc
sinφ

cos(φ − γo)
= Vctanφ,φ < 45o  

tanφ =
Vl

Vc
, 0 < tanφ < 1 (4)  

zt(yt) =
yt

2 + byt

a(yt + b) − aw
(5)  

3. Mechanics model and deformation mechanism of micron- 
submicron groove cutting 

The material suffers plastic deformation and strain hardening in the 
shear zone; therefore, as demonstrated by Astakhov et al. (2001), the 
shear zone is not an ideal surface but has a certain width. Therefore, the 
UDSZ theory is used to investigate the shear zone of the variable shear 
angle model. It is assumed that the width of the shear zone at all TEISs is 
w. Fig. 6(a) shows the non-free cutting removal model. The initial shear 

Fig. 4. Cutting microstate of the non-free cutting area. (a) Material shearing and flow at edges BA and BC in free cutting; α is the angle between the shear zone and 
the rake face. (b) The shear and chip removal interference between the tool edges on both sides; (c) principle of the variable shear angle due to shear and chip 
removal interference; φ is the angle of the shear zone, and Δφ is the difference in the local shear angle between non-free cutting and free cutting; (d) the trend of the 
local shear angle at the tool edge BA at tool nose angles of 90◦. 
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Fig. 5. The shape of the non-free shear surface in the local coordinate system B-xt-yt-zt on the rake face. (a) The shear surface on the rear-edge BA, (b) the shear 
surface on the front-edge BC, (c) the resultant shear surface, and (d) the shape of the non-free shear surface between the two tool edges and the chip cross-section. 

Fig. 6. (a) Schematic diagram of the variable shear angle removal model in the non-free cutting area, (b) UDSZ at TEIS M, and (c) the stress distribution on the 
surface of the micron-submicron groove. 
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surface, main shear surface, and end shear surface at all TEISs are 
combined. As mentioned above, they all are spatial surfaces. The shear 
zone at TEIS M is shown in Fig. 6b, where the drawing plane is 
perpendicular to the tool edge BA. The strain rate of the main shear 
surface is the highest, and it is assumed that the shear stress is uniformly 
distributed over the shear surface. The shear strain and shear strain rate 
of the main shear surface are obtained according to the velocity 
boundary conditions and compatibility conditions (Li et al., 2011). 

ε̇m = 2Vccos (γ0)/(wcos (φ − γ0) ) (6)  

εm =
kcos γ0

cos (φ − γ0)sin φ
(7)  

k = cos (φ)cos (φ − γ0)/cos (γ0) (8)  

where ε̇m and εm are the strain rate and strain of the main shear surface, k 
denotes the positional parameters of the main shear surface, Vc is the 
cutting velocity, γ0 is the rake angle, and φ is the shear angle of the shear 
zone. The strain rate is assumed to change piecewise linearly, and the 
strain and strain rate in the shear zone can be expressed as: 

ε̇ =
qε̇m

kw
, q ∈ [0, kw] (9)  

ε =
q2ε̇m

2kwVcsinφ
, q ∈ [0, kw] (10)  

where q denotes the coordinates of the shear surface in the shear zone. 
The Johnson-Cook model describes the strain hardening and strain 

rate of materials during plastic deformation and is typically used to 
study processes with large strain rates. Moreover, the shear yield stress 
based on the von Mises criterion in the shear zone can be expressed as: 

τ =
1̅
̅̅
3

√

[

A+B
(

ε̅
̅̅
3

√

)n ](

1+Cln
ε̇
ε̇0

)[

1 −
(

T − Tr

Tm − Tr

)m ]

(11)  

where τ is the shear stress of the shear surface; A, B, C, n, and m are the 
material property constants. ε, ε̇, and ε̇0 are the shear strain, shear strain 
rate, and reference strain rate, respectively. T, Tr, and Tm are the abso-
lute temperatures of the shear surfaces, the reference temperature, and 
the melt temperature. 

The third term in Eq. (11) is related to the conversion of plastic work 
into heat in the shear zone, and the thermal system in the shear zone can 
be regarded as adiabatic. The two-dimensional heat conduction of the 
shear zone is expressed in Eq. (12), where the temperature of the initial 
shear surface is equal to the initial temperature of the workpiece, which 
is the room temperature Tw. The boundary condition of the temperature 
is expressed as Eq. (13). 

dT
dq

= μτε̇
/

(ρcVcsin φ) (12)  

T|q=0 = Tw (13)  

where ρ, c, and μ are the material density, specific heat capacity, and 
Taylor-Quinney constant, respectively. According to the strain and 
strain rate in the shear zone, the first-order ordinary differential equa-
tion concerning the temperature (Eq. (10)) is numerically integrated to 
calculate the temperature in the shear zone and the temperature Tmx of 
the main shear surface. 

The shear stress τm of the main shear surface is obtained by 
substituting Eqs. (6)–(8) and the temperature Tmx of the main shear 
surface into Eq. (11): 

τm = f (φ) (14) 

The shear stress on the main shear surface is related to the shear 
angle. The variable shear angle model shows that the shear angle differs 

at different TEISs; therefore, the shear stress is also different. We sub-
stitute Eq. (1) into Eq. (11) to calculate the shear stress. 

According to Eq. (15), the cutting force dFlocal-1 at a TEIS of BA 
consists of the main cutting force dF1c and the thrust force dF1 t. The 
forces are related to the shear angle φ, the shear stress τm, the friction 
angle β between the tool and the chip, the TEIS length dyt, and the local 
cutting thickness 

̅̅̅̅̅̅
2h

√
(using the tool nose angle of 90◦ as an example). 

The total cutting force Flocal-1 of the edge BA can be obtained by Eq. (16). 
The extrusion stress σ acting on the groove surface by the tool edge can 
be expressed by Eq. (17). The edge radius is at least an order of 
magnitude smaller than the groove period; thus, its effect is ignored in 
this model. In real conditions, the contact width between the flank face 
and material is approximately equal along the tool edge BA, therefore, it 
is treated as a constant t, as shown in Fig. 6(a). 

dF
̅→

local− 1 =

[
&dF1c
&dF1t

]

=

⎡

⎢
⎢
⎢
⎣

&
cosβ

cos(φ + β)

&
sinβ

cos(φ + β)

⎤

⎥
⎥
⎥
⎦

̅̅̅
2

√
τmhdyt

sin(φ)
(15)  

F→local− 1 =

[
&F1c
&F1t

]

=

⎡

⎢
⎢
⎢
⎢
⎣

&
∫ B

A

cosβ
cos(φ + β)

̅̅̅
2

√
τmhdyt

sin(φ)

&
∫ B

A

sinβ
cos(φ + β)

̅̅̅
2

√
τmhdyt

sin(φ)

⎤

⎥
⎥
⎥
⎥
⎦

(16)  

σ =
dF1t

tdyt
=

̅̅̅
2

√
hsin(β)

t
×

τm(φ)
cos(φ + β)sin (φ)

(17) 

Since τm and φ differ for different TEISs, the extrusion stress σ also 
varies along the slope of the micron-submicron groove. After the cutting 
conditions have been determined, the first term in Eq. (17) is a constant, 
and the second term varies with the shear angle at the tool edge. The first 
and second derivatives of σ concerning yt reflect the trend of the 
compressive stress on the slope. 

dσ
dyt

< 0,

d2σ
dyt

2 > 0 (18) 

According to Eq. (18), the extrusion stress increases sharply as yt 
decreases. Therefore, the extrusion stress is higher on the slope area 
closer to the groove bottom, as shown in Fig. 6c. 

Fig. 7a and b show the trends of τmx and σ at the tool edge BA at tool 
nose angles of 90◦and the comparison with free-cutting at a nose angle 
of 180◦. Non-free cutting causes the shear stress in the shear zone to 
increase sharply, increasing the extrusion stress on the micro-grooves. 
The bottom area of the groove suffers the highest extrusion stress due 
to the higher degree of non-free cutting. The extrusion stress at the 
bottom is near twice that of the top at a nose angle of 90◦. The defor-
mation of the micron-submicron grooves is also related to the local 
stiffness. Although the extrusion stress is smaller at the top of the groove, 
the material has a lower stiffness, resulting in higher deformation. The 
static mechanics model and computational analysis reveal the internal 
causes of cutting-induced deformation of the micron-submicron 
grooves. In real dynamic machining, the induced deformation results 
in material flow, a relative shift of the cutting line, and material residue. 

4. Dynamic deformation of micron-submicron grooves based on 
FEM 

4.1. Material settings and simulation methodology 

The static mechanics model and computational analysis prove that 
the deformation characteristics of the micron-submicron grooves are 
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related to the force distribution and the local stiffness. Since the induced 
deformation causes material flow and changes the cutting microstate 
between the tool and material, the final deformation and material res-
idue after the dynamic deformation are investigated with the FEM. The 
Abaqus software supports the Johnson-Cook material constitutive 
model, which is consistent with the proposed mechanics model. In this 
FEM model, a groove is preset on the rear side of the current groove. The 
cutting speed is 9.4 µm/μs, and the material properties of the Ni-P and 
diamond tool are based on the test results and the data provided by the 
supplier, as shown in Table 1. The V-shaped tool has a nose angle of 90◦, 
and the interaction type between the material and tool is “General 
contact (Explicit)”, in which the friction coefficient set for the “Penalty” 
and fraction of converted heat distributed to workpiece are 0.4 and 0.5, 
respectively. The analysis step is typed with “Dynamic, Temp-disp, 
Explicit”. The coupled temperature-displacement element named 
C3D8RT was utilized in this simulation, and the mesh size of the 

workpiece and tool are 10 nm and 20 nm, respectively. In the section of 
boundary condition setting, the bottom surface of the workpiece is 
totally fixed in six degrees of freedom. 

The nodes on both sides of the tool edges are extracted to determine 
the differences in the degree of non-free cutting at different TEISs and 
verify the existence of variable shear angles during non-free cutting. 
Since differences in the degree of non-free cutting at different TEISs 
cannot be presented proportionally by the nodal stress at the tool edge 
due to the plastic property of the tool, only the elastic properties are used 
for the diamond tool. Therefore, the stress of the elastic nodes increases 
with the degree of non-free cutting. The elastic modulus of the diamond 
tool is very large, and the deformation is very small. Therefore, the 
elastic setting does not cause large errors in the deformation of the 
groove. The material flow during the dynamic deformation and the 
material residue after the dynamic deformation of the micron- 
submicron grooves are investigated, and the stress of the elastic nodes 
on the tool edges is also studied. 

4.2. Dynamic deformation of micron-submicron grooves 

As shown in Fig. 8a, monitoring nodes are used on the slope of the 
preset rear groove for calculating the degree of deformation. In the 
cutting simulation of grooves with a period of 380 nm, chip removal 
interference results in chip flow on the rake face parallel to the plane of 
symmetry. The chips are spread over the entire surface, as shown in 
Fig. 8b. The shear zone has a width of 100 nm. It should be mentioned 
that the nodes have a small failure displacement to prevent calculation 
errors caused by large deformation, the failure displacement value is set 
to be 0.1 µm. Therefore, meshed nodes in the middle of the chip are 
deleted after large deformation, making chip splitting happens in 
simulation, which may be not real in the experiment and just a necessary 
sacrifice to achieve the calculation. The rear material of the current 
groove is permanently plastically deformed due to the extrusion of the 
tool, as shown in Fig. 8c. A comparison of the position of the rear-side 
material before and after cutting is shown in Fig. 8d. Deformation and 
displacement of the groove occur, and severe deformation on the top 
area results in a large amount of material residue. 

The position of the rear-side slope is simulated to investigate the 
deformation evolution of the groove for different parameters, as shown 
in Fig. 9. The results for DoC of 190 nm (D190-P380), 665 nm (D665- 
P380), and 2000 nm (D2000-P380) for grooves with a period of 380 nm 
are shown in Fig. 9a. In the case of D190-P380, there is no third tool edge 

Fig. 7. The trends of (a) τmx of the main shear surface and (b) σ on the micron-submicron groove surface at the tool edge BA at nose angles of 90◦.  

Table 1 
Material property settings of the Ni-P and diamond tools in the FEM.  

Materials Parameters Value Parameters Value 

Ni-P Density (kt/m3) 0.0082 Expansion (K− 1) 1.3E- 
5 

Young’s modulus 
(MPa) 

1.62E5 Specific heat (J/ 
(Kg⋅K)) 

460 

Poisson’s ratio 0.25 Nonelastic heat 
fraction 

0.9 

Conductivity (w/ 
m⋅C) 

5.02   

J-C model of 
Ni-P 

A 400 d3 -0.3 
B 1798 d4 0.07 
n 0.9143 d5 2.5 
C 0.0312 Melting temperature 

(K) 
1533 

m 1.3 Transition 
temperature (K) 

298 

d1 0.239 Reference strain rate 1 
Displacement at 
failure 

0.01 Epsilon dot zero 1 

d2 0.456   
Diamond tool Density (kt/m3) 0.0032 Expansion (K− 1) 4.7E- 

8 
Conductivity (w/ 
m⋅C) 

20.8 Specific heat (J/ 
(Kg⋅K)) 

3115 

Young’s modulus 
(MPa) 

9.6E5    
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CD, which was previously defined, and the contact lengths with the 
material are equal at the front and rear sides of the tool edges. The local 
cutting thickness decreases as the TEIS moves away from the tool tip, 
and D190-P380 simulates the ideal single-step machining of grooves. 
The bottom and top of the groove are deformed, and the lateral 
displacement of the top node exceeds 50 nm. It indicates that the 
deformation of the micron-submicron grooves occurs during non-free 
machining because of the chip removal interference. According to the 
illustration in Fig. 3a, when the DoC is larger than the twice of groove 
height (e.g., DoCs of 665 nm and 2000 nm), the local cutting thickness is 
the same at each TEIS. As shown in Fig. 9, for both D665-P380 and 
D2000-P380, the bottom material has a displacement of nearly 30 nm in 

the lateral direction, and the deformation of the top material increases 
by nearly 140 nm. The deformation of the groove depends on the local 
stiffness of the structure, and the deformation is smaller at the bottom 
than at the top due to the higher stiffness. As mentioned above, the 
deformation causes a forward shift in the relative cutting line of the rear 
side tool edge. The greater the deformation, the larger the shift is, 
causing more material residue to be moved to the rear. The deformation 
at the bottom of the groove is the same for D665-P380 and D2000-P380, 
and increasing the DoC only causes a small increase in the deformation 
of the top material. Therefore, it can be known that the deformation can 
not be reduced since the size of the non-free cutting area is the same 
when DoC is higher than the twice of groove height, which proves that 

Fig. 8. 3D dynamic cutting simulation in Abaqus. (a) FEM model, (b) material removal and shear stress in the shear zone, (c) plastic deformation of the groove, and 
(d) position of the rear-side material before and after grooving. 

Fig. 9. The effects of the (a) depth of cut (DoC) and (b) the period on the deformation of the micron-submicron grooves.  
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only considering the influence of the non-free cutting area on the sub-
micron groove deformation has a high calculation accuracy. Conse-
quently, decreasing the DoC to reduce the grooves deformation is only 
effective for DoC lower than the twice of groove height. 

The stiffness of the micron-submicron groove is also proportional to 
the period. Fig. 9b shows the deformation results of grooves with periods 
of 200 nm (D665-P200), 380 nm (D665-P380), and 500 nm (D665- 
P500) with a DoC of 665 nm. The overall displacement of the bottom 
material is approximately equal for the grooves with these three periods, 
and the deformation and displacement of the top material always occur 
in the same length of the top area. The degree of deformation and the 
amount of residue of large grooves in the top area are relatively small 
compared to their size and can be regarded as burrs. However, in 
micron-submicron grooves, the degree of deformation and the amount 
of residue are equivalent to the groove size, resulting in a large angle 
change of the groove slope and low accuracy. This result demonstrates 
why the deformation caused by non-free cutting is typically ignored in 
large-scale groove machining but significantly affects the topographic 
accuracy in micron-submicron groove machining. 

The von Mises stresses of the elastic nodes in the non-free cutting 
area on the front and rear sides of the tool edges were extracted. It 
should be noted that a diamond tool exhibits extremely high stress 
during cutting due to the large elastic modulus and elastic parameters. 
However, the stress distribution of the elastic nodes reflects the non-free 
cutting degree at different TEISs in equal proportions. This strategy can 
reveal the changes in the cutting microstate at the tool edge and the 
dynamic deformation of the micron-submicron grooves. Fig. 10 shows 
the stress of the elastic nodes on both sides of the tool edge during 
cutting for grooves with a period of 380 nm and different DoCs. The 
horizontal axis indicates the distance from the nodes to the tool tip. 
When the DoC is equal to the groove depth (D190-P380), the local 
cutting thickness decreases with an increase in the distance from the 
nodes to the tip increase, which makes the influence of the chip removal 
interference and stiffness difference between the front and rear mate-
rials on the edge stress not manifested. Therefore, the stress on both 
sides of the tool edges synchronously decreases. When the DoC is greater 
than the height of the groove (D650-P380), the local cutting thickness 
remains unchanged at the tool edge, indicating an influence of the chip 
removal interference and stiffness on the edge stress. As the distance 
from the tip increases, the nodal stress on the rear side of the tool edge 
decrease, and the degree of non-free cutting decreases. The nodal stress 
on the front side of the tool edge initially remains stable and increases 
slightly at the corresponding position, whereas the nodal stress on the 
rear side of the tool edge decreases rapidly. The drop in the nodal stress 
at the rear side of the tool edge is related to the top material’s defor-
mation, which causes more material to flow to the rear side. Therefore, 

the local cutting thickness and the nodal stress increase at the front side 
of the tool edge. The nodal stress at the rear side of the tool edge verifies 
the proposed variable shear angle removal model and the mechanics 
model for micron-submicron groove non-free cutting. The degree of non- 
free cutting is higher at the TEIS closer to the tool tip. 

5. Micron-submicron groove cutting experiment 

5.1. Equipment setup and micron-submicron groove high-speed cutting 

The micron-submicron groove cutting experiments are conducted on 
an ultra-precision machine (ULG-100, Toshiba, Japan), as shown in  
Fig. 11a. Since the cutting speed is very low (usually lower than 1 m/ 
min) if only the translation servo axis is used, to reach a high cutting 
speed, the V-shaped tool is mounted perpendicularly with a large radius 
on the high-speed rotation axis and revolves. As shown in Fig. 11b, the 
rotation axis and tool turn in the axial direction (y-axis) to create 
micron-submicron grooves. Each groove is created by a single rotation of 
the tool; therefore, the groove period is controlled by matching the feed 
speed and rotation speed; and its accuracy depends on the motion ac-
curacy of the machine. It should be noted, although the cutting path of 
the fly-cutting is a circular path unlike the straight cut illustrated in the 
above mode, the large radius of revolve makes the arc where the tool and 
workpiece interact with each other close to a straight line, and the 
grooves deformation investigated by characterizing the morphology of 
adjacent grooves with a same DoC is independent on this difference in 
this path. The rotation radius R is 30 mm, and the rotation speed is fixed 
at 3000 r/min. Thus, the cutting speed of the tool tip is 9.4 m/s, which is 
consistent with the simulation setting. Groove periods of 380 nm, 
500 nm, 700 nm, and 1 µm are obtained by controlling the feed speed at 
1.14 mm/min, 1.5 mm/min, 2.1 mm/min, and 3 mm/min, respectively. 
A V-shaped tool with a nose angle of 90◦ is symmetrically mounted 
which was achieved by fixing the tool on the designed tool holder, and 
so the angle of two sides of the tool edge with respect to the workpiece 
surface are both 45◦. The deformation of the grooves with different 
periods is investigated. 

5.2. V-shaped groove cutting and deformation analysis 

The micron-submicron grooves are fabricated with the same DoC of 
1120 nm using the tool with a nose angle of 90◦, as shown in Fig. 12. It 
should be noted that the 1120 nm is measured value due to the tool 
setting error. The grooves in Fig. 12a–d have periods of 1000 nm, 
700 nm, 500 nm, and 380 nm, respectively. The feed direction is from 
left to right, and the theoretical angle of all slopes is 45º. Based on the 
FEM results, the DoC of 1120 nm is larger than the twice of the height of 
all these grooves, so the biggest deformation happened to all these 
grooves. The grooves with a period of 1000 nm are tilted to the rear side 
after cutting, and the rear-side slope angle changes to around 90◦. In 
addition, the material residue on the top of the grooves results in 
crooked ridges. At the same DoC, the grooves with a small groove period 
(700 nm/500 nm/380 nm) have a stronger tilt to the rear side because 
of the lower stiffness, and their rear-side slope angle changes more. In 
addition, the impact of the top material residue on the topographic ac-
curacy of the grooves is larger. As shown in Fig. 12d, the residual ma-
terial causes the groove ridge to become less straight. 

The morphology of the grooves with a period of 380 nm was 
observed in detail. As shown in Fig. 13a, the top material residue results 
in a plateau on top of the groove with an average width of about 80 nm. 
The groove’s cross-sectional profile in Fig. 13b was obtained from 
focused ion beam (FIB) microscopy, demonstrating that the bottom and 
top material of the groove have large deformations, and the groove is 
tilted to the rear. The deformation causes a 90◦ angle of the rear-side 
slope of the grooves. The top of the grooves is a small plateau instead 
of an ideal sharp point, indicating that the relative cutting line of the 
rear-side tool edge has shifted forward after deformation so that more Fig. 10. The stress of the elastic nodes on both sides of the tool edge.  
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material is pushed to the rear side, forming a residue. Therefore, the 
dynamic deformation attributed to the structural stiffness changes the 
cutting microstate between the tool and material, which is a charac-
teristic of the non-free cutting of micron-submicron grooves. 

According to the FEM result shown in Fig. 9a, by decreasing the DoC 
to below the twice of the groove height, the size of the non-free cutting 
area could be further reduced with a decrease of the DoC, which can 
effectively reduce the cutting-caused deformation of the grooves. 
Therefore, a super small DoC of 240 nm was achieved and used in the 
grooves cutting by ensuring the tool setting error was below 150 nm. It 

should be noted that the 240 nm is a measured value since the actual 
DoC is not the set value due to the tool setting error. The cross-section 
profile of the machined grooves is shown in Fig. 14. It could be known 
that the deformation only happens in the top area of these grooves. The 
angle of the rear side slope of the groove has no obvious change, and the 
existing plateau formed due to the deformation of the top material of the 
grooves has a width of 70 nm. Compared with the result with a DoC of 
1120 nm (Fig. 13b), the deformation of the grooves machined with the 
DoC of 240 nm is significantly reduced, verifying that the method to 
reduce the cutting-caused deformation by decreasing the DoC to below 

Fig. 11. (a) Experimental setup and (b) the high-speed micron-submicron groove cutting.  

Fig. 12. Machined grooves with periods of (a) 1000 nm, (b) 700 nm, (c) 500 nm, and (d) 380 nm.  
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the twice of groove height is effective. 
In addition, the shear surface predicted by the proposed variable 

shear angle removal model is confirmed by the chip shape of the non- 
free cutting area. Fig. 15 shows the chip after cutting a single groove 
with a DoC of 5 µm, which is achieved by increasing the spacing be-
tween adjacent grooves to separate the grooves. Therefore, the material 
to be cut is all in a non-free cutting area, and the material shearing by 
both sides of the tool edge is symmetrical, resulting in a symmetrical 
cross-section of the chip. The chip topography reveals the shear and chip 
removal interference between the tool edges on both sides. The chip 
morphology is consistent with the experimental results obtained in the 
studies of Kobayashi et al. (2017) and Yan et al. (2009), and the 
cross-section conforms to the shape of the outermost boundary of the 
shear surface theoretically calculated in Section 2.2. The shear zone is 
formed during the cutting process, and the material accumulates and 
flows on the rake face to form a chip. As indicated in Fig. 5, the outer 

surface of the chip is the envelope of the outermost boundary of the 
shear surface on the flow path. The outermost boundary shown in 
Fig. 15 is approximately perpendicular to the chip flow direction, which 
is consistent with the results of the removal model in Section 2.2. 

6. Conclusions 

This paper provides new insight into the non-free cutting and 
cutting-induced deformation of micron-submicron grooves. The mate-
rial shearing mechanism, chip evolution mechanism, and the deforma-
tion mechanism of the micron-submicron grooves during non-free 
cutting were revealed by establishing a novel removal model and a 
mechanics model. FEM simulations and cutting experiments were con-
ducted to verify the cutting microstate of the tool edge and determine 
the dynamic deformation characteristics of the micron-submicron 
grooves, and the method to effectively reduce the cutting-caused 
deformation of grooves was finally determined. 

The novel variable shear angle removal model, revealing the differ-
ence of material shear at different positions of the tool edge, is estab-
lished by infinitesimally segmenting the tool edge after analyzing the 
shear interference and chip removal interference mechanisms. An 
equation of the local shear angle enables the mathematical derivation of 
the topography of the shear surface and chip cross-section in the non- 
free cutting of micron-submicron grooves. Since the degree of shear 
interference differed for different TEISs, the degree of local non-free 
cutting was higher for the TEIS closer to the tool tip, and the local 
shear angle was much smaller. The synthetic shear surface of the two 
tool edges is a 3D surface. The shear zone formed and moved continu-
ously on the rake face, forming chips, and the outermost boundary of the 
shear surface determined the cross-section of the chip. 

The mechanics model of micron-submicron groove cutting, revealing 
the deformation mechanism of the micron-submicron grooves, was 
established by developing the relationship between the shear angle and 
shear stress and using the differential cutting force method. The micron- 
submicron grooves were deformed by the extrusion of the rear-side tool 
edge, and the extrusion stress nearly doubled from top to bottom. The 
dynamic deformation characteristics of the micron-submicron grooves 
were related to the structural stiffness. 

The mechanics model derived from the variable shear angle removal 
model was verified by the stress trend of the elastic nodes on the tool 
edge. The top of the groove had higher deformation than the bottom due 
to its lower stiffness. The deformation induced material flow, causing 
the relative cutting line of the rear-side tool edge to shift forward. Thus, 
a portion of the material was removed, and the remaining material was 
pushed back to form a residue. The results indicated that the non-free 
cutting area dominated the impact of micron-submicron groove cut-
ting, therefore, reducing the size of the non-free cutting area by 
decreasing the DoC to below twice of the groove height is effective to 

Fig. 13. Morphology of the machined grooves with a period of 380 nm. (a) top view of SEM image, (b) cross-sectional profile.  

Fig. 14. The cross-sectional profile of the grooves with a period of 380 nm 
machined with DoC of 240 nm. 

Fig. 15. Chip morphology of a single groove with a DoC of 5 µm.  
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reduce the deformation of the groove. The deformation and displace-
ment of the top material of grooves with different periods occurred in 
the same length of the top area. 

The theoretical model and methods proposed in this paper will 
contribute to research on non-free cutting, chip formation, mechanical 
effects, and cutting-induced deformation of micron-submicron grooves. 
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