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Abstract
In recent years, surface textures in micron scale is introduced into the rake face of cutting tools to facilitate the lubricant
penetration into the cutting area and improving the friction conditions between tool-chip contact area. The penetration process
of lubricant into micro-textures introduced into the rake face of the cutting tool during machining process is analyzed through
theory calculation, FEA analysis and penetration experiments. It is found that the initial penetration velocity increases as the size
of the micro-texture decreases; However, due to the combined effect of capillary pressure and friction force, the penetration
distance for micro-texture with larger size is longer than that for micro-texture with smaller size when the penetration distance is
larger than 0.15 mm; micro-texture with smaller size is suitable for smaller chip width, 0.15 mm under the conditions in this
study, and micro-texture with a larger size is more effective for large back engagement in consideration of lubricant penetration.
Also, an optimum size of micro-texture on the rake face of cutting tools should take both lubricant penetration and strength of the
cutting tool into consideration. The results of this study would benefit for the designation of micro-textures in the future.
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1 Introduction

High-speed machining or even ultra-high-speed machining
attracts many researchers attention due to the advantages of
high-speed machining, such as high productive efficiency,
small cutting force, high processing quality and low unit cut-
ting power [1]. Inevitably, high cutting speed introduces high
cutting temperature, and high pressure/high friction in the
tool-chip contacting zone, which will cause fast tool wear
during the cutting process. In order to overcome the disadvan-
tages and extend the tool life during high-speed machining,
lubricant is used to lower the cutting temperature and reduce
the friction between the cutting tool and the workpiece mate-
rial in industry applications [2, 3].
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Studies earlier revealed that the penetration of the lubricant
into the cutting zone occurred mainly by capillary action
through microscopic passages existing between the tool-chip
interface [4, 5]. However, these microscopic passages are not
stable and would disappear in a very short time, which would
not be long enough for the penetration of lubricant into the
cutting zone. Hence, the cutting fluid is difficult to enter the
cutting area and form effective lubricating film in the high-
speed cutting process [6, 7]. The cooling and lubricating effect
of the lubricant is then greatly reduced.

In order to solve this problem, micro-texture is introduced
into the rake/flank face of the cutting tool to facilitate the
penetration of cutting fluids and improve the friction condi-
tions between tool-chip contact interface in recent years
[8–24]. Researches show that on one hand micro-textures
can enhance the ability of cutting fluids to penetrate the cut-
ting zone, and on the other hand micro-textures can act as
lubricant reservoirs, so that the lubricant can be fed into the
cutting zone directly and form stable boundary lubrication
layer. Fang et al. [25] fabricated five types of micro-textures
on the flank face and proved that micro-textures could im-
prove the cooling performance under the condition of high-
pressure jet coolant assistance and this investigation clearly
showed the function of micro-textures for increasing the
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turbulent kinetic energy and cooling the textured tool face.
Furthermore, Durairaj et al. [26] demonstrated that the lubri-
cation enhancement of textured cutting tool would contribute
to the effect that microscopic textures would act as a lubricant
reservoir which is reached through capillary action. Moreover,
Fatima et al. [27] fabricated a nature-inspired design (shape)
of structure on the flank face of the cutting tool, and found out
that the topography of the cutting tool face affects the quality
of lubrication and thus the cutting temperature.

However, with the abundant existing works done, there are
limitations when designing micro-textures with proper param-
eters learning from their work. Most researchers focused ei-
ther on the mechanisms of the lubricant penetrating into the
cutting zone and forming lubricating film, or on the turning
experiments using micro-textured cutting tool to verify the
effect of micro-textures on reducing adhesion, lowering cut-
ting forces and cutting temperature and prolonging tool life.
Optimization for the parameters of micro-textures is seldomly
reported, especially the optimization of micro-textures based
on the penetration ability of the lubricant.

In this study, the penetration process of lubricant into
micro-textures on the rake face of the cutting tool during ma-
chining process is analyzed through theoretical calculation,
FEA analysis and penetration experiments. The initial pene-
tration velocity and penetration distance for micro-textures
with different sizes are discussed at the same time.
Optimization suggestion on the scale of the micro-textures is
given based on the analysis results.

2 Theory calculation

During machining process, the tight contact between cutting
chip and the tool rake face leads to poor penetration of lubri-
cant into the cutting zone. Godlevski et al. concluded that the
lubrication action works mainly by the penetration of the cut-
ting lubricant into the tool-chip boundary through a dynamic
network of interface capillaries [28]. However, the existing
time of single capillary may not be long enough for the pen-
etration of lubricant into the cutting zone. To prolongate the
penetration time of the lubricant and improve the lubrication
conditions, micro-textures are introduced into the rake face of
the cutting tool. Figure 1 shows the schematic of lubricant’s
penetration into micro-textures. The calculation of the initial
penetration velocity of lubricant into the micro-textures is
conducted on the premise of the following:

(1) The cutting chip and the rake face of the cutting tool is in
tight contact;

(2) There is no additional pressure applied on the lubricant at
the beginning of the penetration;

(3) The cross section of the micro-textures introduced into
the rake face of the cutting tool is a circular shape.

Conclusions for different cross sections can be deduced
by replacing the hydraulic radius in the final formula.
And the micro-textures are open for both ends.

(4) The effect of cutting temperature, which would evapo-
rate the lubricant, is neglected. Only liquid penetration
state is considered.

For the incompressible Newtonian fluid with constant vis-
cosity, the N-S equation in cylindrical coordinates can be writ-
ten as:
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where:
ρ is the density of the lubricant;
r is the radius of the cross section of the micro-texture;
ur, uθ, and uz are the radial, θ and z components of the

velocity;
p is pressure on the lubricant;
and g represents the gravity of the lubricant.
Neglecting the effect of gravity due to the horizontal pen-

etration of lubricant into the micro-texture, and simplifying
the equation based on the symmetry of the lubricant penetra-
tion on x and y direction, the N-S equation can be shortened
to:
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where:

∂vl
∂z represents the velocity gradient along the direction of the

micro-texture;
∂p
∂z is the pressure gradient.

Equation (2) describes the relationship of the initial pene-
tration velocity vl, kinematic viscosity v, time τl, pressure p,
and the density ρ of the lubricant. By solving the equations,
the initial penetration velocity vl can be expressed as:
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where:

p the pressure on the lubricant, and p = patm + Δp;
patm means the pressure of the atmosphere and Δp is the

pressure difference, which equals 2σ
r ;

σ is the surface tension coefficient.

The initial penetration velocity vl can be obtained by solv-
ing Eq. (3):

vl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pχ
ρlχþ ν

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
patm þ 2σ

r
ρl þ C

vuut ð4Þ

in which: χmeans the coefficient of temperature conductivity.
For the micro-texture with a circular cross section, its hy-

draulic radius R equals 2r; while for the real micro-texture
with a cross section of equilateral triangle (side length a), its

hydraulic radius R equals
ffiffi
3

p
a

12 . The initial penetration velocity

for micro-textures with a triangular cross section can be ac-
quired by replacing the hydraulic radius in Eq. (4):
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It can be seen from Eq. (5) that for a particular lubricant, the
initial penetration velocity increases as the side length of the
micro-texture’s cross section decreases. This means that
micro-textures with smaller size would benefit for the pene-
tration of lubricant into the micro-texture, and thus into the
cutting area, at the beginning of the penetration.

3 FEA analysis

3.1 FEA analysis setup

FEA analysis software COMSOL is used in this study. The
illustration of the FEA analysis setup and the meshed model

Fig. 1 a, b Schematic of
lubricant’s penetration into micro-
textures
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are exhibited in Fig. 2. This simulation model is consistent
with the experimental setup and the flooded lubricant condi-
tions duringmachining process. The FEA analysis model con-
sists of the reservoir filled with lubricant and the micro-texture
with a triangular cross section. The reservoir has a much larger
size compared with the micro-texture, which would supply
enough lubricant during FEA analysis process. Concerning
the widely usage of water-based lubricant and green machin-
ing [29, 30] demands, the lubricant is set as water in this
research, and the micro-texture is full of air before the FEA
analysis. The lubricant penetrates the micro-texture because of
wall adhesion and surface tension at the air/lubricant interface.
To model the adhesive forces at the walls correctly, the treat-
ment of the boundary conditions is important. A non-zero slip
velocity and a frictional force at the wall are introduced. With
such a boundary condition, it is possible to explicitly set the
contact angle, that is, the angle between the fluid interface and
the wall. Under such boundary setup, the pressure field, the
velocity field, and the lubricant surface’s shape and position
can be calculated. The side length of the micro-texture’s cross
section is set from 20 to 180 μm with an interval of 40 μm.

Figure 3 shows the meshed model. The meshing process is
done automatically through a physics-controlled mesh se-
quence type. Fine element size is used and a total of more than
80,000 tetrahedral elements is obtained. A transient solver is

used. A convergence test is conducted prior the FEA analysis.
Result shows that the solution is mesh independent, so the
mesh density is sufficient. The penetration time is set as
0.001 s according to prior trials to ensure a reasonable pene-
tration distance and a relatively short FEA analysis time.

3.2 FEA analysis results

Figure 4 illustrates the air/lubricant interface position at dif-
ferent penetration time. And obviously, the gradient of the
tangent line at certain point for each curve stands for the pen-
etration velocity at that point. It can be seen in Fig. 4 that at the
beginning of the penetration, the penetration velocity for
micro-texture with smaller size (e.g., 20 μm) is higher than
that with larger size (e.g., 180 μm). This is in in accordance
with the theory calculation above. However, when the pene-
tration distance is larger than 0.15 mm, the penetration

Fig. 2 FEA analysis setup

Fig. 4 Air/lubricant interface position at different penetration timeFig. 3 Meshed model
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velocity becomes larger for micro-texture with larger size
gradually. And the penetration distance is much longer for
micro-texture with larger size than that with smaller size at
the same penetration time. At the end of the penetration time
of 0.001 s, the penetration distance is longest for micro-texture
with the largest side length of 180 μm.

4 Experiment analysis

4.1 Laser surface texturing

A prototype pulsed fiber laser (IPG, No: YLP-1-100-20-20-
CN, Germany) machine is used as the fabrication laser in this
study. The length of the micro-textures is set as 5 mm in this
experimental study. After laser texturing, the specimen is care-
fully polished using sandpapers (1000#) to remove any bulges
around the microgrooves and ultrasonically cleaned in fresh
dehydrated alcohol. Subsequently, the width and depth of the
microgrooves is measured by a stereo optical microscope
(VHX-2000, Keyence Co., Japan). Finally, the hydraulic radi-
us of the micro-textures is calculated.

4.2 Lubricant penetration experiment

Figure 5(a) shows the schematic of experimental setup for
lubricant penetration experiment. Awater channel is fabricat-
ed in advance at one end of the micro-textures to ensure that
the lubricant starts to penetrate all the micro-textures at the
same time. Water is used in this study as the lubricant in
accordance with the simulation analysis and it is applied to
the water channel using a dropper. Then the penetration of the
lubricant in the micro-textures is recorded by the stereo optical
microscope. The total time of the lubricant penetrating to the
other end of the micro-textures is also recorded. The situ ex-
perimental setup is displayed in Fig. 5(b).

4.3 Experiment results

The morphology of the micro-textures fabricated using la-
ser surface texturing is shown in Fig. 6. Particularly, the
surface profiles at the red rectangle in Fig. 6(a) analyzed
by the stereo optical microscope are shown in Fig. 6(b). It
can be seen that different width of micro-textures can be
obtained using laser surface texturing and the cross section
of the microgrooves is in V-shape, which is in accordance
with the FEA analysis. The micro-textures are marked as #1
to #6 from the top to the bottom in Fig. 6(a). The width of
the micro-textures varies from 171.48 to 122.00 μm. The
depth of the micro-textures is measured through the 3D
profile of the micro-texture obtained by the stereo optical
microscope. The width and depth of the micro-textures is

summarized in Fig. 6. The hydraulic radius of the micro-
textures is also calculated and depicted in Fig. 7.

The penetration process of the lubricant into the micro-
textures recorded by the stereo optical microscope is shown
in Fig. 8. It is quite clear in Fig. 8(a) that after a 3-s penetra-
tion, the lubricant penetrates to the middle of the optical mi-
croscope’s shooting range in micro-texture #1, but there is no
lubricant observed in micro-texture #3/4/5/6 at the same time.
At the time of 4.5 s, the lubricant penetrates to the middle of
the optical microscope’s shooting range in micro-texture #6,
while the lubricant already penetrates to the end of micro-
texture #1/2/3/4.

5 Discussions

From the descriptions above, it can be seen that the results of
theory calculation, FEA analysis and experiments match well

Fig. 5 a Schematic of experimental setup for lubricant penetration, b Situ
experimental setup
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in this study. The initial penetration velocity of lubricant is
higher when the cross section of the micro-texture is smaller.
However, when the length of micro-texture is above 0.15 mm,
the penetration distance of lubricant is longer for micro-
textures with bigger cross section at the same penetration time.

The penetration of lubricant into the micro-texture is main-
ly driven by capillary action, which is the ability of a liquid
flowing in narrow spaces without the assistance of external
forces. The Young–Laplace equation is the description of the
capillary pressure driven the lubricant penetrating into the
micro-texture, and the most commonly used variation of equa-
tion is:

pc ¼
2γcosθ

r
ð6Þ

where:

γ is the interfacial tension;
r is the effective radius of the interface, which is the

hydraulic diameters in this study;
θ is the wetting angle of the liquid on the surface of the

capillary.

It can be aware that smaller hydraulic diameter r leads to
higher capillary pressure at the air/lubricant interface, and in
turn the higher initial penetration velocity.

As the lubricant penetrating into the micro-texture, friction
force between the lubricant and the wall of the micro-texture
would impede the flowing of the lubricant. Surely, the effect
of the friction force is in relation with the ratio i of the perim-
eter to the area of the cross section of the micro-texture. For an
equilateral triangle:
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where:

S is the perimeter of the cross section of the micro-texture;
A is the area of the cross section of the micro-texture;
i is the ratio of the perimeter to the area of the cross section

of the micro-texture.

It can be seen that the smaller the side length of the trian-
gular, the bigger the ratio of the perimeter to the area of the
cross section of the micro-texture, and in turn higher friction
force per unit area. The combined action of the capillary pres-
sure and the friction force results in the different results for
lubricant penetration distance into the micro-texture.

Furthermore, the lubricant is applied to the water channel
and in turn the micro-texture through a dropper during the
lubricant penetration experiment. Hence, the initial penetra-
tion velocity of the lubricant is the composition of the velocity
originated by the capillary pressure and the velocity intro-
duced by the gravity during the dropping of the lubricant from
the dropper to the water channel. This would reduce the ad-
vantages of higher initial penetration velocity due to the cap-
illary action for micro-texture with smaller size.

In conclusion, if the back engagement is very small during
cutting process, which means that the width of the chip is very
small and the penetration distance for the lubricant is very
small, smaller micro-texture should be introduced into the
rake face of the cutting tool to facilitate the penetration of
lubricant into the cutting area, as smaller size leads to higher
initial penetration velocity. However, if the width of the cut-
ting chip exceeds a certain value (about 0.15 mm under the

(a) Widdth of the miccro-textures (b) Surfacee profile of mmicro-texture ##1 

Fig. 6 Optical migrographs of the
micro-textures. a Width of the
micro-textures. b Surface profile
of micro-texture #1

Fig. 7 Parameters of the micro-textures

3178 Int J Adv Manuf Technol (2019) 104:3173–3180



conditions in this study), the size of the micro-texture should
be as big as possible. However, bigger micro-texture would
have larger effect on the strength of the cutting tool. Thus, a
reasonable size of the micro-texture should be chosen.

6 Conclusions

The penetration process of lubricant into micro-textures intro-
duced into the rake face of the cutting tool during machining
process is analyzed through theory calculation, FEA analysis
and penetration experiments. The initial penetration velocity
and penetration distance at the same time for micro-textures
with different size are discussed. Several conclusions can be
made:

(1) The initial penetration velocity increases as the side
length of the micro-texture’s cross section decreases.

(2) When the penetration distance is larger than 0.15 mm,
penetration velocity for micro-texture with larger cross
section size exceeds that for micro-texture with smaller
size gradually.

(3) Micro-texture with smaller size is suitable for smaller
chip width, 0.15 mm under the conditions in this study.
And micro-texture with a larger size is suitable for large
back engagement in consideration of lubricant
penetration.

(4) An optimum size of micro-texture on the rake face of
cutting tools should take both lubricant penetration and
strength of the cutting tool into consideration.
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