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Abstract
This work puts forward femtosecond laser modification of microgroove textures on a rake face of the cemented carbide YT15
turning tool in order to promote its cutting performance. Technological tests focusing on femtosecond laser ablation of YT15 are
established with purpose of obtaining the impacts of machining parameters, like pulse energy, scanning velocity, and scanning
times on the morphology of microgrooves, mechanism of which are analyzed frommultiple aspects. Cylindrical turning tests and
numerical simulations by ABAQUS based on orthogonal cutting model and Johnson-Cook (J-C) constitutive model are carried
out to investigate the variation of cutting performance applying non-textured (NT), parallel grooves textured (PGT), and vertical
grooves textured (VGT) turning tools. Matlab is utilized to filter the force signal collected by a three-dimensional piezoelectric
dynamometer. Both theoretical and experimental results demonstrate that parallel grooves with specific dimension parameters on
a rake face of a turning tool can improve cutting performance more significantly with less tool wear.
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1 Introduction

Textures on a solid surface make it possible for the control of
specific tribological, optical, and mechanical properties [1]. In
terms of tribology, a low-friction surface can be manufactured
by applying textures on it owing to the generation of hydro-
dynamic pressure, storage of the lubricants, and chips [2]. In
the turning process, cutting force and friction on the tool-chip
interface, which cause plastic deformation of the substrate as
well as tool wear, are the dominant factors that determine
cutting performance of turning tools [3].

The introduction of textures has been made possible by the
development of micro- and nanomachining technologies, such
as surface shot peening [4], micro EDM micro EDM-assisted

with high-frequency vibration [5], reactive-ion etching [6],
pulsed air arc treatment (PAAT) [7], and laser surface textur-
ing (LST) [8–9]. Among these techniques, LST has several
characteristics; these include, but are not limited to, well-
processing flexibility, high-machining repeatability and accu-
racy, and lack of tool wear. Moreover, comparing with con-
ventional long-pulse laser, femtosecond laser has ultrashort
pulse duration and ultrahigh peak power density, which is
beneficial for restraining thermal diffusion effectively. Lei
et al. realized surface texturing of cutting inserts with
microholes by means of femtosecond laser micromachining
without affecting the performance of the inserts. Their finite
analysis indicated that micropool lubrication brings minimum
amount of lubricant into the chip–tool interface and improves
the severe contact conditions by reducing the coefficient of
friction [10]. Deng et al. carried out dry cutting tests on fem-
tosecond laser textured rake face ofWC/TiC/Co carbide tools.
They suggested that the deposition of lubricating film on the
textured rake face is an effective way to improve the cutting
performance of conventional carbide tools in dry cutting [11].
Kümmel et al. found out that adhesion behavior of built-up
edges can be reduced by applying channel textures fabricated
by femtosecond laser, which resulted in higher wear rates of
the cutting tool and simultaneously in a slightly better surface
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quality of the machined workpiece, due to less built-up edges
formation. In addition, by applying a channel texture, the wear
was increasing [12]. Wang et al. employed Ti-Sapphire fem-
tosecond laser to produce textured surfaces with different mi-
crogroove spacing and inclination angles on surface of
AISI304L steel. Experimental results verified that femtosec-
ond laser surface texturing has marked potential to reduce
friction coefficient and wear rate comparing with untextured
surface. Meanwhile, the microgroove inclination angles had
influence on the friction behavior of textured surface to a
certain extent [13].

In view of the results of literature review, there are scarci-
ties of detailed investigations on ablation characteristic and
manufacturing craft of specific microtextures on the turning
tool by femtosecond laser as well as researches on chip mor-
phology and tool wear. In current work, parallel and vertical
grooves are designed on the rake face of the cemented carbide
YT15 turning tool. Follow-up technological experiments are
established to explore optimized parameter group for modify-
ing microgrooves, in which influence rules of multiple femto-
second laser machining variables on morphology of micro-
grooves are detailed analyzed. Cylindrical turning tests and
numerical simulations by ABAQUS based on orthogonal cut-
ting model and Johnson-Cook (J-C) constitutive model are
carried out to investigate the cutting performance variation,
including cutting force, friction coefficient, chips morphology,
and tool wear, by applying NT, PGT, and VGT turning tools.
A corresponding analysis, targeting at role of textures playing
in the turning process, are put forward.

2 Analytical model and experimental setup

2.1 Analytical model setup

Figure 1a, c schematically illustrates a cylindrical turning
model and its two-dimensional view. In the interface of the
rake face of the turning tool and substrate, chips are fiberized
and flow along the rake face. To investigate the cutting per-
formance of the microgrooves’ textured turning tool and chips
morphology in detail, orthogonal cutting model is utilized to
characterize the cutting process as the representative elemental
volume of cylindrical turning, schematic diagram, and force
analysis of which are shown in Fig. 1b, d, where Fr is total
cutting force; Ff is friction; Fn is normal force on chips; Fx is
back force; Fy is tangential component force; ap is cutting
depth; β is frictional angle; γ0 is rake angle; t0 is the thickness
of an undeformed chip thickness; and tc is chip thickness. S, T,
and C represent substrates, turning tools, and chips
respectively.

Specifically, Fr in Fig. 1d is analyzed from two aspects.
The first aspect is relative to flow direction of chips. Ff is
parallel to flow direction of chips while Fn is perpendicular

to it. The other aspect is relative to moving direction of the
turning tool. Fy is parallel to moving direction of the turning
tool while Fx is perpendicular to it. Therefore, Eqs. (1)–(2) can
be realized, where μ is friction coefficient between the turning
tool and substrate.

μ ¼ tanβ ¼ F f

Fn
ð1Þ

tan β−γ0ð Þ ¼ Fx

Fy
ð2Þ

Microgrooves in different directions are designed on the
rake face of the turning tool. Surface and cross-sectional mor-
phologies are illustrated in Fig. 2, in which parallel grooves
means its direction is perpendicular to flow direction of chips
[14]. The finite element (FE) model is established in the cir-
cumstance of ABAQUS. Finer mesh is used in the interface of
the turning tool and substrate to ensure the accuracy of simu-
lation, as indicated in Fig. 3. Displacement and velocity con-
straint are imposed on the bottom of substrate. The turning
tool moves at constant velocity v.

The Johnson-Cook (J-C) constitutive model is employed to
describe variation of temperature, stress, and strain rate of bulk
material during turning and mathematical expression of which
is written in Eq. (3) [15].

σ ¼ Aþ Bεn½ � 1þ Cln
ε⋅

ε⋅0

� �
1−

T−Tmom

Tmelt−Tmom

� �m� �
ð3Þ

where A is initial yield stress; B is strain hardening modu-
lus; n is hardening exponent; C is strain rate; m is thermal-
softening exponent; and T, Tmom and Tmelt are current temper-
ature, room temperature, and melting temperature respective-
ly; ε and ε˙ are equivalent plastic strain and reference strain
rate. Applied parameters concerning a C45 steel substrate is
shown in Tab. 1. Average friction coefficient between turning
tool and substrate in the simulation refers to the experimental
measured value. Moreover, a chip separation criterion based
on shear failure is introduced into the analytical model, which
provides a more practical basis for simulations [16].

2.2 Experimental setup

A femtosecond diode-pumped mode-locked pulsed solid state
Yb: KGW laser (Pharos) with a maximum average laser pow-
er of 15W, a wavelength of 1030 nm, pulse duration of 255 fs,
and repetition frequency from 1 Hz to 1.1 MHz is applied to
produce microtextures on the rake face of the turning tool.
Experimental light path is shown in Fig. 4. The output beam
is linear-polarized. Laser beam diameter 2휔0 at 1

e2 intensity

level is diffraction limited and is related to the laser and fo-
cusing lens parameters, as written in Eq. (4), according to
Yang et al. [17].
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2ω0 ¼ 4⋅λ⋅ f
π⋅d

⋅M 2 ð4Þ

where l is the laser wavelength, which value is 1030 nm;
f is the focal length of the focusing lens, which value is
75 mm; d is the beam diameter at the focusing lens, which
value is 5 mm after being expanded by beam expander.
M2 is the Gaussian beam quality in TEM00 mode, which
value is 1.13 according to factory test report of Pharos.
Hence, laser beam diameter 2휔0 in this work is estimated
to be 25.12 μm.

The cemented carbide YT15 turning tool employed in
this work is provided by the Zhuzhou Cemented Carbide
Group Co., Ltd: physical properties and geometric param-
eters of which are shown in Tables 2 and 3. Hard phases
of the turning tool are WC and TiC, while the adhesive is

Co. Mass fraction of these elements are 79, 15, and 6%
respectively.

After femtosecond laser processing, the turning tool is ul-
trasonic cleaned in ethanol for 5 min. The surface morphology

Fig. 1 a Cylindrical turning and c
its two-dimensional view; b
orthogonal cutting and d its force
analysis

Fig. 2 Characterization of a PGT,
b VGT, and c cross-sectional
parameters

Fig. 3 Mesh setup in ABAQUS
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and internal structure of microtextures are characterized by a
digital microscope with a large depth of field microscope
(VHX5000).

Cylindrical turning tests are established on numerical con-
trol lathe (BRT5085i) with a maximum gyration diameter of
500 mm. Cutting force is measured by a three-dimensional
piezoelectric dynamometer (YDC-III89A). An experimental
system is shown in Fig. 5. The substrate applied in the turning
experiments is C45 steel: physical properties of which are
shown in Table 4.

During the turning tests, Fx, Fy, and Fz can be detected by
the three-dimensional piezoelectric dynamometer. However,
during the tests, some factors like vibration of lathe contribute
to the disturbance of detected force signals. Therefore, the
original data are filtered employing Matlab in this work. The
example of comparison between original Fy and filtered Fy is
shown in Fig. 6.

Considering the rake angle γ0 of the employed turning tool
is 25°, the experimental friction coefficient between the turn-

ing tool and substrate can be obtained based on Eqs. (1)–(2),
written as Eq. (5).

μ ¼ tan tan−1
Fx

Fy

� �
þ 25∘

� �
ð5Þ

Table 1 Applied parameters of C45 steel in J-C model

Parameter A/MPa B/MPa C m n Tmelt/
°C

Value 507 320 0.28 1.06 0.064 1492

Fig. 4 Schematic diagram of
experimental light path

Table 2 Physical properties of
the cemented carbide YT15
turning tool

Density
ρ/g cm−3

Young
modulus
E/GPa

Poisson’s
ratio v

Thermal
conductivity λ/
W ∙m−1 °C−1

specific heat
capacity
C/J kg−1K−1

Linear expansion
coefficient α/10−6 K

11.6 550 0.23 33.5 251.2 6.5

Table 3 Geometric parameters of
the cemented carbide YT15
turning tool

Dimension/mm Rake
angle γ0/°

Relief
angle α0/°

Cutting edge
angle κr /°

Cutting edge
inclination λs/°

Cutting edge radius
r/mm

16 × 16 25 − 11 45 0 0.4

Fig. 5 Cylindrical turning tests system
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3 Technological tests for modification
of microgrooves

Specific dimensional parameters of microgrooves are listed in
Table 5, which refers to the investigations put forward by
Kawasegi N et al... [18]. According to Wang et al, a laser
fluence characterizes groove width and depth most remark-
ably [19]. While the relationship between the laser fluence
F and pulse energy Ep can be written as Eq. (6). Thus, the
influences of pulse energy on groove morphology are in-
vestigated, results of which are shown in Fig. 7. Pulse
frequency f, scanning time η, and scanning velocity v are
set as 100 kHz, 1 and 1 mm/s respectively. Obviously, the
increase of pulse energy yields the continuous increase in
groove width and depth. At low pulse energy, there is no
trace of debris around groove, as shown in Fig. 8a. While
at high pulse energy level, thermal and mechanical effects
induced by femtosecond laser pulse are significant and
similar to those of long-pulse laser at high pulse energy.
Heat affected zone (HAZ) as well as recast layer are ob-
served in the surface, as shown in Fig. 8b.

F ¼ 2Ep

πω0
2

ð6Þ

Besides, the ablation depth of the material at a given pulse
energy is determined by the effective pulse numbers Neff and

ablation rate L until reaching a saturation value due to pulse
incubation effect [20]. Definition of Neff and L are written
as Eqs. (7) and (8), where λ and Fth

λ are heat diffusion
length and strong ablation threshold respectively. With a
certain pulse energy, Fth

λ is fixed. In this condition, abla-
tion depth is determined by scanning velocity and scanning
times under multiple scanning theoretically. Figures 9 and
10 demonstrate the effect of scanning velocity and scan-
ning times on groove morphology.

N eff ¼
ffiffiffiffi
π
2

r
⋅
2ω0 f
v

ð7Þ

L ¼ λ⋅ln
F

Fth
λ ð8Þ

It is noticeable in Figs. 7, 9 and 10 that groove width and
depth both varied significantly with pulse energy rather than
scanning times and velocity. Hence, two different scanning
strategies are applied in order to further discover proper pro-
cessing techniques for designed grooves. Schematic diagrams
of different scanning trace and corresponding groove

Table 4 Physical properties of
C45 steel Density ρ

g cm−3
Young
modulus E
GPa

Poisson’s
ratio v

Thermal
conductivity λ
W m−1 °C−1

Specific heat
capacity C
J kg−1K−1

Linear expansion
coefficient α 10−6 K

7.85 210 0.31 38.13 524 13.09

Fig. 6 Comparison of a original
Fy signal and b filtered Fy signal

Table 5 Dimensional parameters of micro grooves

Groove spacing/μm Groove depth/μm Groove width/μm

75/100/150 10/20/30 30/50/70
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morphologies are shown in Fig. 11. The comparison between
Fig. 11b, d indicates that high pulse energy with less scanning
times yields an inverse Gaussian-shaped groove, while low
pulse energy with more scanning times yields a flat-bottom-

shaped groove. Therefore, the latter scanning strategy is more
appropriate for the fabrication of microgroove textures.

4 Results and discussions

4.1 Different microtextures

Stress nephogram is a reasonable approach to display the
stress distribution of the model employed in ABAQUS
[21, 22]. In this section, cutting velocity and cutting depth
in both simulations and experiments are set as 120 m/min
and 0.5 mm. Feed value in cylindrical turning tests is set
as 0.1 mm/r. Mises stress nephograms on rake and rear
surface of the turning tool with different textures in simu-
lations are illustrated in Fig. 12, in which L, D, and H are
set as 100, 50, and 20 μm respectively. It is obvious that
stress mainly concentrates on the cutting edge of

Fig. 8 Groove surface
morphology under pulse energy
of a 15 and b 150 μJ

Fig. 9 Dependence of groovewidth and depth on scanning velocity. f, Ep,
and η are 100 kHz, 30 μJ, 1

Fig. 10 Dependence of groove width and depth on scanning times. f, Ep,
and v are 100 kHz, 30 μJ, 1 mm/s

Fig. 7 Dependence of groove width and depth on pulse energy
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untextured turning tool. While with the existence of
microtextures, stress turns out to be a more uniform dis-
tribution among the rake face.

Cutting performances of turning tools with different sur-
face morphologies are varied. Relevant simulations and ex-
periments are carried out, from which key parameters under

Fig. 11 a Linear scanning trace
and b grooves morphologies, f,
Ep, v, and η are 100 kHz, 90 μJ,
1 mm/s, 1; c multiple scanning
trace and d grooves
morphologies, f, Ep, v, and η are
100 kHz, 30 μJ, 1 mm/s, 5

Fig. 12 Mises stress nephograms on rake and rear surface of a non-textures (NT), b PGT, c VGT turning tools

Fig. 13 Variation of experimental Fx, Fy, and friction coefficient μ under different cutting velocity

Int J Adv Manuf Technol (2018) 96:4367–4379 4373



different cutting velocity are extracted, as shown in Figs. 13
and 14. Fz is not plotted in Fig. 13 as well as Figs. 18, 19, 20 in
that it has tiny relationship with the comparison of cutting
performance using different textured turning tools, which re-
sults in the difference between the theoretical cutting force and
experimental joint cutting force (Fx and Fy). It is interesting to
note that the average cutting force and friction coefficient for
PGT and NGT turning tools experience noticeable decrease
comparing with NT turning tools under higher cutting velocity

rather than lower cutting velocity: both theoretically and ex-
perimentally. Analysis goes that contact region between rake
face and substrate can be separated into slip regime and stick-
iness regime, as shown in Fig. 15. In stickiness regime, chips
and the turning tool are in close contact with each other, which
give birth to high processing temperature [23]. The interaction
between the turning tool and substrate in this regime can be
considered as a friction pair reasonably. Referring to the
research of Pettersson et al., microtextures work as reser-
voirs for cutting liquid [2]. Under high processing temper-
ature, cutting liquid reserved in the textures will expand
upward, as illustrated in Fig. 16a. When the cutting liquid
fully occupies textures, it will be brought into the gap be-
tween the substrate and turning tool, owing to the flow of
chips. Correspondingly, a lubrication film is formed above
textured regions, as illustrated in Fig. 16b. With the flow of
chips and cutting liquid, net-increased pressure perpendic-
ularly, upward to substrates, and comes into being in this
progress, which characterizes the “secondary lubrication”
effect differing from the lubrication effect induced by cut-
ting liquid directly, as illustrated in Fig. 16b [24]. Net-
increased pressure can balance the cutting force to some
extent. The existence of microgrooves also results in the
decrease the bond area between the turning tool and

Fig. 14 Variation of theoretical
average cutting force and
maximum stress under different
cutting velocity

Fig. 15 Distribution of slip regime and stickiness regime

Fig. 16 Schematic diagram of a
original state of friction pair b
generation of lubrication film and
net increased pressure
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substrate, and this can weaken bond friction in the sticki-
ness regime [25]. Both of these effects lead to lower cutting
force and lower friction coefficient.

Another phenomenon discovered from Figs. 13 and 14 is
the better cutting performance of the PGT turning tool com-
paring with the VGT turning tool. It is suggested that during

Fig. 19 Variation of a theoretical cutting force and maximum stress, b experimental Fy and Fx, c friction coefficient μ under different groove width

Fig. 18 Variation of a theoretical cutting force and maximum stress, b experimental Fy and Fx, c friction coefficient μ under different groove spacing

Fig. 17 Wear morphology of the
rake and rear surface of a, b the
PGT and c, d VGT turning tools
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turning experiment, chips will flow along vertical grooves.
That is to say, cutting liquid continues to leak from instead
of spread among the cutting region, which suppresses the
formation of lubrication film and weakening the “secondary
lubrication” effect.

Nevertheless, the improvement of cutting performance is ac-
companied by the increase of maximum stress according to the
simulations. Figure 17 demonstrates the tool wear morphology
of the PGT and VGT turning tool with the L, D, and H of 100,
50, and 20 μm under the working condition mentioned above. It
is obvious that the wear mainly concentrates on the knifepoint,
which is the focus of cutting stress referring to the simulations in
Figs. 21, 22, 23 (see in Section 4.2). In addition, the VGT turning
tool experiences much more severe wear comparing with the
PGT turning tool, which attributes to the larger cutting force
and higher friction coefficient as well as cutting stress.

By comparing cutting performance and wear of these turn-
ing tools, the PGT turning tool is better, and it will be the focus
of researches in the following section.

4.2 Different dimensional parameter

Figures 18, 19, and 20 demonstrate variation of key physical
properties under different groove array dimensions from

aspects of simulations and experiments. In these figures, ex-
perimental data are firstly extracted and analyzed. And then,
the experimental friction coefficients under different cutting
condition are applied in the simulation process. Cutting veloc-
ity, cutting depth, and feed value are set as 120 m/min,
0.5 mm, and 0.1 mm/r. Standard parameters for L, D, and H
are 100, 50, and 20 μm respectively.

Referring to Fig. 2, increasing groove spacing and decreas-
ing groove width equal to the decrease of occupancy ratio of
textures on rake face, the effect of which on cutting perfor-
mance can be analyzed from three aspects. Firstly, as men-
tioned in Section 4.1, the interaction between the turning tool
and substrate in the stickiness regime can be considered as a
friction pair. Contact pressure intensity σc for a single texture
can be calculated employing Hertz formula, written as Eq. (9)
[26].

σc ¼ 1

π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6⋅Fn⋅

1
�
ρ

1−μ1
2

E1
þ 1−μ2

2

E2

0
BB@

1
CCA

vuuuuut ð9Þ

where Fn is imposed load. ρ is synthetical curvature radius
of contact pair, 1

ρ ¼ 1
ρ þ 1

ρ, where ρ1 and ρ2 are the radius of

Fig. 20 Variation of a theoretical cutting force and maximum stress, b experimental Fy and Fx, c friction coefficient μ under different groove depth

Fig. 21 Variation of chips morphology under different groove spacing a, e 75; b 100; c 125; d, f 150 μm
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two contacts respectively. The value of ρ1 is the chip diameter
and the value of ρ2 is∞ as the rake face of the turning tool is a
plane. μ1 and μ2 are Poisson’s ratio of two contacts respec-
tively; E1 and E2 are elasticity modulus of two contacts re-
spectively. According to Figs. 21 and 22, decrease of occu-
pancy ratio of textures on rake face lead to the decrease of ρ1.
Consequently, with fixed Fn, μ1, μ2, E1, and E2, σc increases,
which further indicates the increase of cutting force. Secondly,
decrease of occupancy ratio of textures on rake face weakens
the “secondary lubrication” effect. As a result, friction coeffi-
cient between the substrate and turning tool increases. Thirdly,
decrease of occupancy ratio of textures on the rake face offers
larger bond area between the substrate and turning tool, which

is beneficial for the decrease of mechanical stress. In addition,
increasing groove depth strengthens role of textures as a res-
ervoir for cutting liquid and uniforms the distribution of lubri-
cation film [27]. Hence, the “secondary lubrication” effect is
reinforced and cutting performance of PG textured turning
tool is promoted.

Apart from cutting force and friction coefficient, cutting
performance of the PGT turning tool can also be evaluated
from view of chips morphology. Figures 21, 22, and 23 indi-
cate visualized theoretical and experimental chips morpholo-
gy processed by the PGT turning tool with different dimen-
sional parameters. Referring to the Figs. 18, 19, and 20, larger
occupancy ratio of grooves on rake face and greater groove

Fig. 22 Variation of chips morphology under different groove widths a, d 30; b 50; c, e 70 μm

Fig. 23 Variation of chips morphology under different groove depths a, d 10; b 20; c, e 30 μm
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depth generate lower cutting force and friction coefficient.
Hence, smaller bending moment will be imposed on the chips.
Larger occupancy ratio of grooves on rake face and greater
groove depth also bring about larger thermal diffusion region
and further prevent thermal accumulation [28]. Both of these
effects yield the increase of chip diameter and decrease of chip
thickness.

5 Conclusion

In this work, femtosecond laser is employed to fabricate mi-
crogrooves textures on the rake face of the cemented carbide
YT15 turning tool for the promotion of cutting performance.
The findings can be summarized as follows:

1. Moderate scanning velocity, lower laser fluence, and
more scanning times are necessary for the absence of
thermal incubation effect. Scanning gap of laser spot ra-
dius is appropriate for manufacturing microgrooves with
optimized cross-sectional morphology.

2. Comparing with the NT turning tool, the employment of
the PGTand VGT turning tools can significantly decrease
cutting force and friction coefficient and the PGT turning
tool is better for further application. But increase of cut-
ting performance is accompanied by more severe tool
wear as the tool strength is impaired with the existence
of microgrooves

3. Increasing occupancy ratio and depth of microgrooves on
rake face are beneficial for improving cutting perfor-
mance of the PGT turning tool from aspects of cutting
force, friction coefficient, and chips morphology.

Based on the achievements of this work, further work is
still needed for the balance of cutting performance and tool
wear.
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