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Abstract
The stress field redistribution at the tool–chip interface of micro-textured tools was examined. The effect of stress field 
redistribution on the cutting performance was also investigated, including cutting forces, friction characteristics, and chip 
morphology. The findings have shown that the main cutting forces were reduced by 18% through the decrease of average 
shear strength and tool–chip contact area. The equivalent average friction coefficient ua deceased from 0.66 to 0.64 with 
the groove texture width increasing from 80 to 140 μm. The chip deformation coefficient also decreased from 3.4 to 2.77 
with the increase of groove texture width, which was mainly attributed to the improvement of friction characteristics at the 
tool–chip interface. In order to characterize the stress field redistribution at the tool–chip interface, an improved theoretical 
model of stress field redistribution for micro-textured tool was proposed based on Zorev’s assumption. The stress field was 
assumed as zero in the groove texture zone and had a maximum local stress because of the appearance of derivative cutting. 
The proposed model was validated by the calculations of normal and friction forces. Combined with the theoretical calcula-
tions and experimental findings, the results have shown that with the increase of groove texture width, the decrease of normal 
and shear stress in the groove texture zone was enlarged. And the increase of normal and shear stress, caused by derivative 
cutting, was reduced. Then, under the combined effect of groove texture and derivative cutting, the friction characteristics 
at the tool–chip interface can also be improved. The present findings give more insight in to the stress field redistribution of 
micro-groove textured tools and the underlying friction mechanisms at tool–chip interface.
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1 Introduction

Surface micro-texture was firstly proposed in the field of 
tribology and then employed extensively in the field of mate-
rial processing. In general, micro-textured tools are mainly 
used to process difficult-machining-materials, such as stain-
less steel, titanium alloy [1, 2], superalloy and high strength 
steel [3, 4]. It has been proved that micro-textures can effec-
tively improve the friction characteristics of tool–chip inter-
face [5–7]. The cutting performance and tool life can then be 

improved [8–10]. Micro-textured tools show great applica-
tion potential for materials processing and attract a great deal 
of research attentions during the past decades [11].

The cutting performance and corresponding mechanisms 
of textured tools have been comprehensively studied in terms 
of cutting force, temperature, tool wear, surface roughness, 
and chip morphology [12, 13]. For example, Chen et al. 
[14] investigated the cutting performance of carbon steel 
with micro-grooved textures. It showed that the thrust force 
can be reduced up to 14.68%, compared with untextured 
inserts, which was mainly due to the decrease of friction at 
the tool–chip interface. Orra et al. [15] studied the combined 
effect of micro-textures and magneto-rheological damper on 
the cutting performance and revealed maximum percentage 
decrease in cutting force of about 30.07% and tool wear of 
about 73.21%. Besides, the tool–chip contact length varia-
tion of micro-textured tools during machining Ti-6Al-4V 
was also analyzed. And the effects of texture parameters on 
cutting forces and chip morphology like chip compression 
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ratio were also examined [16]. Micro-grooves with different 
directions were designed on the tool rake face to machine 
Ti-6Al-4V alloy [17]. Compared with untextured insert, the 
tool wear behavior at the tool–chip interface and surface 
roughness of the machined surface can be further improved 
simultaneously. For example, Kishawy et al. [18] investi-
gated the influence of micro-textures on the behavior of 
derivative cutting and pointed out that the position and width 
of micro-grooves were the most influential parameters for 
cutting forces, temperature, and tool wear. Zou et al. [19] 
studied the cutting performance and chip morphology of 
machining Inconel 718 with micro-groove structured tools. 
The results revealed the wear suppressing and chip breaking 
mechanism of micro-groove structured tools.

With the development of surface texturing technology, 
textures with different scales, types, and parameters have 
been proposed in previous studies [20–22]. For example, 
volcano-like textures were proposed for the machining of 
Ti6Al4V, and the cutting performance in terms of cutting 
force, cutting temperature, chip morphology, and tool wear 
was studied based on experimental and simulative methods 
[23]. Avadhoot et al. [24] studied the wear behavior and tool 
life of different types of textured tools. It was found that 
the tool life of micro-channel textured tools was increased 
by 60% when compared with that of micro-dimple textured 
tools at lower-speed machining. Different from conventional 
textures on the rake face of inserts, Takahashi et al. [25] 
proposed new textures on the insert flank face to further sup-
press the chatter vibration and flank adhesion. Wang et al. 
[26] have also examined the cutting performance of oxygen-
free copper using four types of micro-textures, including 
straight grooves, concentric circulars, ring sequences, and 
mesh textures. Besides, multiscale textures combined with 
microscale textures and nanoscale textures [27] have also 
been proposed to improve the cutting performance of AISI 
H13 steel, respectively. Hybrid textures with grooves in 
sticking zone and dimples in sliding zone can also reduce 
the severe friction state at the tool–chip interface, improving 
the cutting performance [28].

Due to the combined effect of textures and lubrication 
conditions, interface friction characteristics can also be 
improved by surface textures. The modification of cutting 
fluid and lubrication state is another important issue for tex-
tured tools [29]. Gajrani et al. [30] studied the effect of nano-
green cutting fluid (NGCF) lubrication on the micro-textured 
tool–chip interface friction behavior, surface roughness, and 
chip morphology. The effect of nanofluid lubrication on the 
tribological properties of micro-textured TiC-based ceramic 
was then conducted [31]. Compared with traditional water-
based cutting fluid, the 0.5 vol.%  Fe3O4 nanofluid lubrication 
reduced the friction coefficient of about 45%. Additionally, 
Zhang et al. [32] revealed the coupling effect of magnetic 
nanofluids and micro-textures under magnetic field during 

the machining of 45 steel. With the turning of 316 L stain-
less steel, the combined effect of micro-textures, magnetic 
field intensity, and  Fe3O4 nanofluid lubrication on cutting 
performance also was studied [33].

Many studies have been conducted to uncover the cutting 
performance and mechanism of textured tools. It has been 
proved that appropriate surface micro-textures can improve 
the tool–chip interface friction characteristics with lubrica-
tion. The stress field distribution at the tool–chip interface is 
closely related to the friction characteristics. The improve-
ment of friction characteristics is accompanied by the redis-
tribution of stress field. However, although it is necessary to 
study the stress field redistribution of textured tools to reveal 
the friction mechanisms of tool–chip interface, the investiga-
tions on the stress field redistribution of textured tools have 
rarely been reported. In this work, the stress field redistri-
bution on the rake face of YT15 micro-grooved tools will 
be analyzed by experimental investigations and theoretical 
calculations. The effect of stress field redistribution on the 
cutting force, friction characteristics, and chip morphology 
will also be examined and discussed.

2  Experiments

2.1  Cutting conditions

AISI 1045 steel bar, with a diameter of 70 mm and a length 
of 400 mm, was used as workpiece material. The cutting 
tools are commercial WC-TiC/Co cemented carbide inserts 
(YT15). The compositions, physical performance, and work-
ing geometrical parameters of the YT15 inserts are presented 
in Table 1. Turning was conducted on a CA6140 lathe, sup-
plied with water-miscible cutting fluid (JR3A, 2.5%). During 
machining, the cutting force was measured by the high-reso-
lution and high-reliability three-dimensional dynamometer 
(Kistler 9257B). A frequency converter (3G3RV-A4075-ZV) 
was equipped on the CA6140 lathe to keep the cutting speed 

Table 1  Compositions, physical properties, and geometrical param-
eters of YT15 inserts

Compositions (wt%) Working geometrical parameters

TiC 15 Working cutting edge angle 
Kre

42°

WC 79 Rake angle γoe -8°
Co 6 Clearance angle αoe 18°
Physical performance Inclination angle λse 0°
Density (g/cm3) 11.5 Corner radius γε 0.5 mm
Hardness (HRA) 91
Flexural strength (MPa) 1180
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as constant when the workpiece diameter decreased. The 
machining device is shown in Fig. 1.

2.2  Texturing

In order to study the stress field redistribution at the 
tool–chip interface, micro-grooved tools are used, as com-
pared with untextured tools. Different from micro-pits and 
other textures, micro-grooves can effectively control the 
tool–chip contact length along the chip flow direction, 
which will be helpful to analyze the stress field distribu-
tion and friction characteristics at the tool–chip interface. 
Numerous studies have shown that the micro-groove tex-
tures can effectively improve the friction characteristics 
at the tool–chip interface with lubrication. The cutting 
performance can also be improved by appropriate groove 
texture parameters, including width, pitch, depth, and dis-
tance from the main cutting edge. The texture parameters 
in this study are selected based on previous results [34]. 
The fiber laser engraving machine YLP-F10 was used to 
fabricate micro-groove textures on the YT15 tools rake 
face. The plus frequency and wavelength of the fiber laser 
engraving machine are 20–100 kHz and 1.06 μm, respec-
tively. After texturing, burrs on the edges of the groove 
textures were eliminated by polishing. The textured tools 
were then ultrasonic cleaned in anhydrous ethanol solu-
tion to further remove the residuals in the groove textures. 
Finally, the texture parameters were checked using a 3D 
laser measurement microscope VK-X250. In order to accu-
rately control the actual tool–chip contact length, single 
groove texture with different widths was designed on the 

tool rake face. The groove width Gw increased from 80 to 
140 μm. And the groove depth Gd was about 20 μm, and 
the distance from the main cutting edge Gs was about 260 
μm. Figure 2 shows the textured tools with different tex-
ture parameters after machining. The texture parameters 
and fiber laser engraving machine processing parameters 
are given in Table 2.

2.3  Turning

The turning process was conducted on the CA6140 lathe, 
as shown in Fig. 1. Single groove textured tools, with dif-
ferent widths (noted as S1, S2, S3, and S4, respectively), 
and untextured tool (S0), were prepared, as presented in 
Table 2. In order to achieve a relatively stable cutting pro-
cess, medium cutting speed, low feed rate, and cutting 
depth were used based on previous studies [34]. The cut-
ting speed v, cutting depth ap, and feed rate f were 135 m/
min, 0.2 mm, and 0.09 mm/r, respectively. During machin-
ing, the cutting forces were measured by the three-dimen-
sional dynamometer Kistler 9257B. For each condition, 
the machining time was about 10 seconds, and the machin-
ing process was repeated three times to ensure the reli-
ability of cutting forces. Zero drifts of the dynamometer 
were eliminated, and average cutting force values were 
calculated and recorded. Since the chip deformation can 
be influenced by the tool–chip interface friction behavior, 
the chips were also collected during machining, and the 
chip morphology was analyzed with scanning electron 
microscopy (SEM).

Fig. 1  CA6140 lathe and the 
three-dimensional dynamometer 
Kistler 9257B
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3  Cutting performance

3.1  Cutting forces

The axial force Fx, radial force Fy, and main cutting force 
Fz were measured during the machining of 45 steel with 
lubrication. Typical cutting forces of textured tools (S1, S2, 
S3, and S4) and untextured tool S0 with the same cutting 
parameters (v = 135 m/min, ap = 0.2 mm, and f = 0.09 
mm/r) were presented in Fig. 3. The cutting forces were 
analyzed, as shown in Fig. 4. It showed that the cutting 
forces of textured tools were generally much lower than that 
of untextured tools. On the other hand, the cutting forces 
decreased gradually with the increase of groove width. The 
results indicated that the micro-groove textures with lubri-
cation on the tool rake face can reduce the cutting forces. 

The cutting forces were mainly influenced by the shear 
stress τs and normal stress σs at the tool–chip interface. The 
introduction of groove texture can change the distribution 
of shear stress and normal stress. Here, the friction force, Ff 
, of the tool–chip interface can be expressed as

where Ar is the tool–chip contact area and τc is the aver-
age shear strength. The average shear strength is determined 
by the percentage of metal adhesion area shear strength and 
the lubrication layer shear strength. Micro-groove textures 
on the tool rake face can enlarge the percentage of lubrica-
tion layer, which will reduce the average shear strength of 
the tool–chip interface. The friction force Ff will then be 
reduced. Besides, the introduction of groove texture reduced 

(1)Ff = Ar�c.

Fig. 2  Texture parameters checked by the 3D laser measurement microscope VK-X250

Table 2  Texture parameters and 
fiber laser engraving machine 
processing parameters

Texture parameters Laser processing parameters

No. Width Depth Distance Scanning speed Texturing 
times

Power

S0 - - - - - -
S1 80 μm 20 μm 260 μm 280 mm/s 4 3.4 W
S2 100 μm
S3 120 μm
S4 140 μm
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the tool–chip contact area, and the normal force FN was also 
reduced. Therefore, the cutting forces of textured tools were 
much lower than that of untextured tools as shown in Fig. 4.

More importantly, the cutting forces of textured tools S1 
almost the same as untextured tools S0. Here, the width of 
single groove texture was 80 μm. It seemed that the effect of 
micro-texture on cutting force was missing here. In fact, the 
derivative cutting can also influence the cutting forces [18]. 
During machining, the edge of groove texture cut the bottom 
of the chip. The edge of the groove texture then became a 
new cutting edge. Many small chips came up in the groove 
texture because of derivative cutting, as shown in Fig. 5. The 
derivative cutting presented a secondary cutting of chips, 
which increased the local stress near the edge of groove tex-
ture. Therefore, the stress field distribution was changed, 
and the cutting force was also enlarged. In conclusion, the 

Fig. 3  The cutting forces measured by the dynamometer

Fig. 4  Cutting forces of different cutting tools
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groove textures can reduce the cutting forces by reducing 
the average shear strength and tool–chip contact area. On 
the other hand, it will also enlarge the cutting forces with the 
appearance of derivative cutting. When their effects on cut-
ting forces are about the same, the cutting forces of textured 
tools will be almost the same as untextured tools, such as 
S1. With the increase of groove texture width, the reduction 
of cutting forces can be further amplified. The cutting force 
of textured tools will be much lower than that of untextured 
tool, such as S2, S3, and S4 in this work.

3.2  Friction characteristics

In addition to the cutting force, the friction characteristics of 
the tool–chip interface was also affected by the micro-tex-
tures. Generally, the friction characteristics of the tool–chip 
interface can be expressed by the average friction coefficient 
u. Theoretical modelling of orthogonal cutting process was 
usually conducted to analyze the cutting forces. The average 
friction coefficient u can be calculated by radial force Fy, 
main cutting force Fz, and tool rake angle γoe:

According to previous studies [35], the actual three-dimen-
sional cutting process can be approximated to orthogonal cut-
ting. The axial force Fx was then neglected during the analysis 
of friction characteristics. However, differing from orthogonal 
cutting, the actual turning process was usually three-dimen-
sional. In order to present the average friction coefficient more 
accurately, the axial force Fx was also considered in this work. 
An improved calculation method of average friction coeffi-
cient was then conducted with considering axial force Fx. 
Here, the cutting edge, participated in cutting, can be approxi-
mated to a straight line, and the actual three-dimensional cut-
ting process was simplified, as shown in Fig. 6.

The equivalent average friction coefficient ua can then be 
expressed by the equations:

where the equivalent radial force FY was the comprehen-
sive result of axial force Fx and radial force Fy. Figures 7 
and 8 showed the results of equivalent radial forces FY and 
equivalent average friction coefficient ua, respectively.

The results showed that the equivalent radial force FY 
and equivalent average friction coefficient ua decreased 
gradually with the increase of groove texture width. In 
particular, the equivalent average friction coefficient of S1 
was larger than that of untextured insert S0. It was mainly 
caused by the derivative cutting, which presented a second-
ary cutting of chips. Then, the local stress near the edge 
of groove texture was increased as mentioned above. The 
friction characteristics between the tool–chip interface 
was worsened, and equivalent average friction coefficient 
was also enlarged. Except for that, the variation trends of 
equivalent radial forces and average friction coefficient 
were basically consistent with that of cutting forces. Based 
on the theoretical model of orthogonal cutting, the result-
ant force Fr can be calculated as [35]:

(2)u = tan
[
arctan

(
Fy∕Fz

)
+ �oe

]

(3)ua = tan
[
arctan

(
FY∕Fz

)
+ �oe

]

(4)FY = Fx ⋅ sinKre + Fy ⋅ cosKre.

Fig. 5  Derivative cutting on the edge of groove texture

Fig. 6  The new calculation 
method of average friction 
coefficient with considering of 
axial force
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where lf is the theoretical tool–chip contact length, aw is 
the cutting width, η is the normal stress field distribution 
index, ϕ is the shear angle, and β the friction angle. The 
resultant force, Fr, can also be calculated by the workpiece 
material shear strength τw:

Combining equations (5), (6), and (7), the friction 
angle β can be obtained. Finally, the relationship between 
equivalent average friction coefficient ua and average shear 
strength of the tool–chip interface τc can be presented as

(5)Fr = awlf �c∕ sin �

(6)lf = f ⋅ sinKre ⋅
� + 2

2
⋅

sin
(
� + � − �oe

)
sin� cos �

(7)Fr =
awf sinKre�w

sin� cos
(
� + � − �oe

)

As mentioned above, the average shear strength τc will be 
reduced with the introduction of micro-texture. Therefore, 
the equivalent average friction coefficient ua will decease 
gradually with the increase of groove texture width, as 
shown in Fig. 8.

3.3  Chip morphology

As mentioned before, the groove texture can affect the fric-
tion characteristics of tool–chip interface, which will also 
affect the chip deformation. In order to study the effect of 
groove texture on the chip shear deformation, SEM was con-
ducted to analyze the chip morphology. Figure 9 showed the 
SEM micrographs of the chip free surface, back surface, and 
side surface for textured and untextured tools. The results 
showed that the chips were mainly characterized with plastic 
deformation. And serrated chips were formed by extrusion 
deformation. The chip morphology was presented as shown 
in Fig. 9. The chip thickness am was measured to analyze the 
chip deformation coefficient ξ. The cutting thickness at can 
be calculated by the following equation:

And the chip deformation coefficient ξ can be expressed 
as

Figure 10 showed the chip deformation coefficient for tex-
tured and untextured tools. It indicated that the chip defor-
mation coefficient decreased gradually from 3.4 to 2.77 with 
the increase of groove texture width. Then, the shear angle 
of workpiece material can be presented as

Based on the measured chip thickness, the shear angles 
can be calculated, and the results are shown in Fig. 11. The 
shear angle increased from 15.6 to 18.8° with the increase of 
groove texture width. The theoretical model of shear angle 
can also be expressed as

(8)ua = tan �

(9)
� =

arcsin

[
�c(�+2) sin 2(�+�−�oe)

2�w

]

2

(10)at = f ⋅ sinKre

(11)� =
am

at

(12)tan� =
cos �oe

� − sin �oe

(13)� = �∕4 + �oe∕2 − �∕2

Fig. 7  Equivalent radial force of cutting tools

Fig. 8  Equivalent average friction coefficient of cutting tools
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Fig. 9  The morphology of chip 
free surface, back surface, and 
side surface
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Combining equations (8) and (9), the friction angle 
decreased gradually with the increase of groove texture 
width while the shear angle increased, which was con-
sistent with the results calculated based on the meas-
ured chip thickness. It can be concluded that the shear 
angle variation was mainly influenced by the friction 
characteristics of tool–chip interface. In addition to the 
chip deformation coefficient, the shear angle can also 
be used to present the degree of chip shear deformation. 
The chip shear deformation degree decreased with the 
increase of shear angle. Therefore, the introduction of 
groove texture can change the chip morphology during 
machining. With the increase of groove texture width, 
the chip deformation degree can be reduced, which was 
mainly caused by the improvement of friction character-
istics at tool–chip interface.

4  Stress field redistribution

The micro-grooved textures on tool rake face can reduce the 
cutting forces and average friction coefficient, which finally 
improves the friction characteristics of tool–chip interface. The 
redistribution of stress field on the tool rake face was the main 
reason for the improvement of friction characteristics. In order 
to study the influence of groove textures on the redistribution of 
stress field, the theoretical model of stress field redistribution on 
the textured tool rake face was proposed and discussed. Accord-
ing to Zorev’s assumption, the normal stress decreased gradually 
from the maximum value to zero, which can be expressed as

Besides, the theoretical model of tool–chip contact length 
can be calculated by equation (6). With a normal stress field 
distribution index η of 2.5, the calculated results are shown 
in Fig. 12. It indicated that the theoretical tool–chip contact 
length decreased from 506 to 429 μm with the increase of 
groove texture width. In this work, the tool–chip contact 
zone was analyzed by EDS method. To analyze the tool–chip 
contact length, the distribution of Fe element on the tool 
rake face was presented in Fig. 13. Different from the calcu-
lated result, the EDS results showed that the tool–chip con-
tact length was almost keep constant with the introduction of 
groove texture. Here, the change of stress field distribution 
of textured tools cannot be reflected by Zorev’s assumption. 
According to Zorev’s assumption, the variation of groove 
texture does not change the type of normal stress field dis-
tribution. The improvement of friction behavior and reduc-
tion of cutting force were presented with the decrease of 
tool–chip contact length. The calculated result of tool–chip 
contact length was therefore different from that of measured 

(14)�(x) = �m

(
1 −

x

lf

)�

Fig. 10  Chip deformation coefficient of textured and untextured tools

Fig. 11  Shear angle calculated by chip deformation coefficient Fig. 12  Theoretical tool–chip contact length
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results. Thus, further discussion on the stress field redistri-
bution of textured tools was conducted.

Since the micro-texture and derivative cutting are not consid-
ered in Zorev’s assumption, a new stress field distribution model 
of textured tool was proposed and discussed based on Zorev’s 
assumption. Several assumptions were made before establishing 
the stress field redistribution model of micro-groove textured 
tool. During machining, the cutting fluid in the groove texture 
mainly played the role of lubrication. The normal stress and 
shear stress on the cutting fluid in the groove texture zone was 
much less than those on other locations of tool–chip interface. 
The stress field at this place was neglected. In order to study 
the effect of micro-groove texture on stress field distribution, 
the total tool–chip contact length and maximum normal stress 
of textured tools were also assumed to be the same as those of 
untextured tools. Based on above, the normal stress field redis-
tribution on the rake face can be expressed as

where the normal stress field distribution index η2 was 
3 and the maximum normal stress can be calculated by the 
expression:

(15)𝜎(x) =

⎧
⎪⎪⎨⎪⎪⎩

𝜎m

�
1 −

x

lf

�𝜂2
0 ≤ x ≤ Gs

0, Gs < x ≤ Gs + Gw

𝜎m2

�
lf−x

lf−Gs−Gw

�𝜂3
, Gs + Gw < x ≤ lf

.

The derivative cutting on the edge of groove texture 
can cause the increase of local stress field and generate 
the derivative maximum normal stress. The derivative 
maximum normal stress, σm2, can be expressed as

Based on above assumptions, the normal stress field 
distribution of textured tool was different from that of 
untextured tool in the groove texture and derivative 
cutting zone, as shown in Fig. 14. The derivative nor-
mal stress field distribution index η3 = 0.2η2, and the 
increase factor k was 6. With this model, the normal 
force variation can be presented clearly. The appearance 
of groove texture zone will decrease the local normal 
stress, as shown in Fig. 14. Owing to the derivative 
cutting, the local normal stress on the edge of groove 
texture will increase. Then, the normal force variation 
was mainly caused by the combined influence of them. 
In order to verify the accuracy of the model, the normal 
force was calculated. Based on the theoretical model, 
the normal force of textured tools was calculated by 
integrating the normal stress, as given by the equation:

(16)�m = FN ⋅ (1 + �)∕aw ⋅ lf .

(17)�m2 = k ⋅ �m ⋅

(
1 −

Gs + Gw

lf

)�2

Fig. 13  Distribution of Fe ele-
ment on the tool rake face

4646 The International Journal of Advanced Manufacturing Technology (2023) 126:4637–4650



1 3

In addition to the theoretical calculation, the normal force 
on the textured tool rake face can also be expressed by the 
measured results of axial force Fx, radial force Fy, and main 
cutting force Fz as

The calculated result of normal force was then com-
pared with the measured result, as shown in Fig. 15. The 
errors between the calculated and measured results were 
less than 5%. The results can also verify the reliability of 

(18)

FN =
∫

Gs

0

aw ⋅ �m

(
1 −

x

lf

)�2

dx + �m2 ⋅
aw ⋅

(
lf − Gs − Gw

)
1 + �3

(19)FN =

√
F2

Y
+ F2

z
⋅ cos �

the theoretical model. According to the proposed model, 
the normal force FN decreased gradually with the increase 
of groove texture width Gw. With the increase of groove 
texture width, the decrease of local normal stress, caused 
by the groove texture, will be enlarged. And the increase of 
local normal stress, caused by the derivative cutting, will 
be reduced. Finally, the normal force decreased with the 
increase of texture width, as shown in Fig. 15.

In addition, the shear stress redistribution of textured tool 
at the tool–chip interface can also be expressed as

where τ0 was the shear yield strength at the tool–chip 
interface, lm was the sticking length, and un was the sliding 
friction coefficient. The ticking length lm can be calculated as

Finally, the shear stress field redistribution of textured 
tool can be presented as shown in Fig. 16.

Based on the theoretical model, the friction force of tex-
tured tools can be calculated by

(20)𝜏(x) =

⎧⎪⎪⎨⎪⎪⎩

𝜏0, 0 < x ≤ lm

un ⋅ 𝜎m

�
1 −

x

lf

�𝜂2
, lm < x ≤ Gs

0, Gs < x ≤ Gs + Gw

un ⋅ 𝜎m2

�
lf−x

lf−Gs−Gw

�𝜂3
Gs + Gw < x ≤ lf

(21)lm = lf

[
1 −

(
�0

un�m

)1∕�
]

(22)

Ff =
∫

lm

0

�0 ⋅ aw dx +
∫

Gs

lm

un ⋅ �m

(
1 −

x

lf

)�2

dx

+
∫

lf

Gs+Gw

un ⋅ �m2

(
lf − x

lf − Gs − Gw
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Fig. 14  The normal stress field distribution of textured tools

Fig. 15  The calculated and measured results of the normal force of 
textured and untextured tools Fig. 16  The shear stress field distribution of textured tools
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In addition to the theoretical calculation, the friction force 
can also be expressed by the measured results as

The calculated result of friction force was compared with 
measured result, as shown in Fig. 17. The error between the 
calculated and measured results was less than 6.5%.

The variation of friction characteristics at the tool–chip 
interface can then be explained by the stress field redistribu-
tion clearly. With the appearance of groove texture, the normal 
stress and shear stress in the textured zone was almost reduced 
to zero, and the friction behavior at the tool–chip interface will 
also be improved. However, derivative cutting will enlarge the 
local stress field and worsen the friction behavior. Under the 
combined effect of groove texture and derivative cutting, the 
equivalent average friction coefficient of textured tools will be 
improved. The chip deformation degree will also be reduced 
with the improvement of friction behavior. Thus, the improved 
theoretical model, proposed in this research based on Zorev’s 
assumption, can effectively describe the stress field redistri-
bution at the tool–chip interface, and explain the variation of 
normal force, friction force, and friction characteristics.

Micro-textures have been applied in the field of material 
processing for decades and also showed great potential in 
the machining of new materials [36]. The present findings 
have shown that the friction characteristics of the tool–chip 
interface can be improved with the introduction of micro-
textures. The chip deformation degree can also be influenced 
by groove textures. Based on Zorev’s assumption, improved 
theoretical model of stress field redistribution was proposed, 
which can present the friction characteristics variation on 
the rake face more clearly. The textured area reduced the 
local stress and improved the friction behavior, which also 
generated derivative cutting and enlarged local stress. Then, 
the variation of normal force, friction force, and friction 

(23)Ff = FN ⋅ tan�

characteristics was mainly determined by the combined 
effect of them. The present findings provide a new approach 
to reveal the friction mechanism of micro-textured tools at 
the tool–chip interface.

5  Conclusions

The effect of micro-textures on the cutting performance and 
friction behavior at tool–chip interface was studied compre-
hensively in terms of cutting force, friction characteristics, 
chip deformation, and stress filed redistribution. The main 
findings are concluded as follows:

(1) Groove textures can reduce the main cutting forces by 
18% with the reducing of average shear strength and 
tool–chip contact area. On the other hand, derivative 
cutting will come up at the edge of groove texture, 
which can cut the bottom of the chip, and enlarge the 
local stress. With the increase of groove texture width 
Gw, the reduction of cutting force will be enlarged, and 
the effect of derivative cutting reduced.

(2) The equivalent average friction coefficient on the tool–
chip interface was calculated with considering of axial 
force Fx. The equivalent average friction coefficient ua, 
which can usually be used to characterize the friction 
characteristics, decreases gradually with the increase 
of groove texture width Gw. The introduction of groove 
texture can also change the chip deformation coeffi-
cient and reduce the chip deformation degree, which 
was mainly caused by the improvement of friction char-
acteristics at the tool–chip interface.

(3) Based on Zorev’s assumption, an improved theoretical 
model of stress field redistribution for micro-textured tool 
was proposed. The model can be used to calculate the 
normal force FN and friction force Ff. With the increase 
of groove texture width, the decrease of normal and shear 
stress in the groove texture zone will be enlarged, and 
the increase of normal and shear stress, caused by the 
derivative cutting, will be reduced. Under the combined 
effect of groove texture and derivative cutting, the friction 
characteristics at the tool–chip interface will be improved, 
and its variation rule can be presented more clearly.
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