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Abstract Friction at the tool-chip interface may be reduced
by introducing a lubricant into the tool-chip interface; the
effectiveness of which can be enhanced by surface texturing
the tool. Micro-grooves, micro-pits, and hybrid texture com-
bining micro-pits and micro-grooves were fabricated
employing laser on the rake face of carbide tools, with a view
to facilitating lubricant penetrate and retention; then, solid
lubricant (molybdenum disulfide) was applied to fill micro-
textures to form micro-pools. In the present study, the effect of
hybrid texture on the cutting performance was experimentally
investigated using the hybrid-textured tools, single-textured
tools, and conventional tools in dry turning pure iron tests
on the numerical control lathe. The behavior of these tools
was quantified in terms of the cutting forces, cutting temper-
ature, friction coefficient at the tool-chip interface, shear an-
gle, surface roughness of machined workpiece, chip morphol-
ogy, and tool wear on the rake face. Results confirm enhanced
cutting performance of hybrid-textured tools by collaborative
complementation as micro-reservoir for constant lubricant re-
plenishment of micro-grooves and micro-pits. It is suggested
that the hybrid-textured self-lubricating tool is applicable to a
stable dry cutting of pure iron.
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1 Introduction

As a very special ferrous metal featuring excellent toughness,
plasticity, and electromagnetism, pure iron has gradually be-
come the material basis of many high-tech industries [1]. But,
its application was limited by high machining cost owing to its
poor machinability. This is because the progressive friction at
tool-chip interface accelerates the tool wear, especially adhe-
sive wear.

Recently, the dry cutting of pure iron without any coolant
has been given increasing attention. Xu et al. [2] performed
experiments on pure iron using a cemented carbide-coated
blade and showed that the high plasticity of pure iron caused
an increased difficulty chip breaking and thus produced an
intimate contact between the chip and the rake face, which
prevented coolant entering into the tool-chip interface. Using
a coated tool does not always improve tool cutting perfor-
mance in turning pure iron. As Kong et al. [3] summarized,
the main wear mechanism of cutting pure iron was adhesive
wear and TiAIN coatings cannot effectively increase the tool
adhesive wear resistance. These researches have not yet sig-
nificantly improved dry machining performance of pure iron
owing to a severe tool-chip adhesion existing in dry cutting.

Micro-structured rake face can effectively improve the sur-
face tribological characteristics and decrease the tool-chip fric-
tion coefficient [4-9]. Sugihava and Enomoto [10] suggested
that the developed micro-grooved tools with micro-grooves
appropriate deep had an excellent anti-adhesive property in
dry cutting. Functional structured surface could change the
chip compression factor and normal force [11].

Another development in increasing tool wear resistance in
machining is by means of internal lubrication. Micro-textures
filled with lubricant can extremely contribute to reducing fric-
tion and wear for sliding contact [12—14]. Under high pressure
and temperature, the lubricant trapped in the micro-textures
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between the chip and tool can be squeezed into the interface to
improve tribological properties. Furthermore, solid lubricant
with layered structure can form a solid lubricating film at the
tool-chip interface resulting in friction occurring within the
film [15-18].

As well known, micro-texture fabricated on the tool rake
face using laser and filled with lubricant can act as micro-
pools and thus reducing friction and wear at the tool-chip
interface. However, current studies mainly focus on the shape
of single texture on the performance acting as micro-pool,
neglecting hybrid texture combining single textures of differ-
ent shapes. Hybrid-textured micro-pool lubricated tool may
well outperform single-textured micro-pool lubricated tool.
In an earlier study by Suh et al. [19], he proposed multi-
scale textures of circles and ellipses and suggested that the
multi-scale-textured surface had lower friction coefficient per-
formance than the single-textured surface due to hydrodynam-
ic lubrication effect. Ruan and Lu [20] researched the hydro-
dynamic lubrication performance on multi-textured surface
structured by multi-arcs and triangle texture; it was found that
the multi-textured surface performed better in comparison
with the independent-textured surface. The former gives a
more appropriate pressure distribution and thus produces a
higher thrust force. Yin et al. [21] created composite textures
on cylinder liner and summarized that the lubrication perfor-
mances of composite textures were obviously superior to that
of single textures, and the effective area was extended by
collaborative complementation of micro-grooves and micro-
dimples to increasing lubricating film pressure.

This paper focuses on cutting tool lubrication and investi-
gates the use of internal micro-pool lubrication of hybrid tex-
tures combining micro-pit lubrication and micro-groove lubri-
cation for a cutting tool.

2 Experiment details
2.1 The cutting mechanism of pure iron

The iron materials with carbon content less than 0.0218 % are
called pure iron. The metallographic micro-structure is mainly
ferrite at room temperature. The chemical compositions of
pure iron are shown in Table 1. The physical and mechanical
property comparison of pure iron and American Iron and Steel
Institute (AISI) 1045 steel are listed in Table 2. The hardness
of pure iron is HBW100 lower than that of normalized AISI
1045 steel. The strength of pure iron is 313.6 MPa lower than

that of normalized AISI 1045 steel. The thermal conductivity
and elastic modulus are close to those of normalized AISI
1045 steel, whereas the elongation of pure iron is 3.1 times
of AISI 1045 steel and the impact value is 6 times that of AISI
1045 steel [22, 23]. Therefore, features in machining pure iron
material are listed as follows: rapidly severe tool wear by
reason of higher chip plastic deformation and grievous work
hardening, chip easily adhered on the rake face of cutting tool;
poor machining surface quality owing to that the chip is hard
curled and broken and for the most part winded on workpiece
and rake face of cutting tool; and prone to forming built-up
edge [24].

2.2 Fabrication of micro-textured self-lubricating tools

Tungsten carbide/cobalt (WC/Co) cemented carbide was select-
ed as a cutting tool material for this study. Composition and
physical and mechanical properties of this tool material are listed
in Table 3. The dimensions of the turning tools were
16 x 16 X 5 mm. The rake face and flank face of these tools were
finished by grinding and polishing to the roughness R, of less
than 0.02 pum and then were cleaned with a 30-min ultrasonic
bath in alcohol and acetone, respectively. An Nd:YAG laser was
used to machining different kinds of micro-textures including
micro-grooves, micro-pits, and hybrid texture combining
micro-grooves and micro-pits on the rake face. The parameters
of these micro-textures are listed in Table 4. Buildup of material
often occurs around the grooves and pits during the laser textur-
ing process; thus, a deburring process was needed before the
embedding. The rake face was ground lightly on the obscured
glass until the laser burr was all removed and then was cleaned
with a 20-min ultrasonic bath in alcohol and acetone, respective-
ly, and dried for approximately 20 min in pre-vacuum dryer.
Then, MoS, power was embedded into the micro-textures using
self-designed tools whose shape was similar to a spoon under the
tool microscope.

Figure 1 shows the three different kinds of micro-graphs of
surface textures on the rake face of carbide insert. Figure 1d
shows the micro-graphs of hybrid-textured self-lubricating tool.
Figure 1e shows the cross-section micro-graph of micro-groove,
and Fig. 1f shows the cross-section micro-graph of micro-pit.

2.3 Cutting tests

Turning tests were carried out on a numerical control lathe
(CKD6150H, Dezhou PuLiSen Machine Tool Co. Ltd.,
China) equipped with a commercial tool holder having the

Table 1 Chemical composition
of pure iron material

Element Fe C Si

Mn Ni S Cr Cu P Al

Wt% >99.8  0.013

0.028

0.029 0035 0.02 002 0034 0.0072  0.0023
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Table 2 The physical and mechanical property comparison of pure iron and AISI 1045 steel

Material Hardness (HB) Tensile strength o, Elongation Impact value oy, Thermal conductivity A
(kg f/mm?) 5 (%) (k gflem?) (cal/em - s)

AISI 1045 steel (normalizing) <229 61 16 5 0.120

Pure iron 100 25 50 30 0.1~0.15

following geometry: rake angle vo=10°, clearance angle
@, =10°, inclination angle \;=1°, and side cutting edge angle
K, =50°. The workpiece material used was pure iron with a
hardness of HRB100 in the form of a round bar with an ex-
ternal diameter of 100 mm. The turning tools used were
micro-textured self-lubricating tools and the conventional
tools whose rake face and flank face were finished by grinding
and polishing to the roughness R, of less than 0.02 pwm but not
machined micro-textures. All tests were performed in contin-
uous dry cutting with the following parameters: cutting speed
v=60-120 m/min, depth of cut a,=0.2 mm, feed rate
f=0.1 mm/rev, and cutting time #=150 s. The machining pa-
rameters were selected after some initial trials so that well-
defined wear marks on the tool rake face were generated under
such conditions.

Cutting forces were obtained with a KISTLER 9275A pi-
ezoelectric quartz dynamometer linked via charge amplifiers
to chart recorder. Cutting temperatures were obtained with an
infrared thermography (TH5104, NEC Group Co. Ltd.,
China). The machined surface roughness was measured by a
roughmeter (TR200, HMCT Group Co. Ltd., China). The
macro-morphology of chips was surveyed by an optical mi-
croscope (VHX-600E, KEYENCE Inc., Japan). The morphol-
ogies of worn region of the cutting tools were examined by
scanning electron microscopy (SEM; QUANTAFEG 250,
FEI Inc., USA), and the chemical composition at the wear
track was identified by energy-dispersive X-ray spectroscopy
(EDX; X-MAX30, Oxford Instruments Inc., UK).

3 Results and discussion
3.1 Cutting force

Figure 2 presents the graphs of the three cutting force compo-
nents (main cutting force [, radial thrust force F,, and axial

and CT tools. Each point of the curve represents the average
cutting forces measured in the stable cutting process of four times
repeated experiments, while the error bars represent the disper-
sion of the results. Cutting speeds seem to have an effect on the
cutting forces of the tools. It is evident that the cutting forces were
decreased slightly along with the increasing cutting speeds in the
whole experimental range. The presence of micro-textures creat-
ed by laser surface texturing technique significantly reduced the
average cutting forces. The cutting behavior of the micro-
textured self-lubricating tools and CT tools differed more evi-
dently in high cutting speed. In case of high-speed cutting
(120 m/min), compared to CT tool, the main cutting force F,
of GT was reduced by 3.1 %, the main cutting force F, of PT
was reduced by 10.5 %, and the main cutting force F, of GPT
was reduced by 15.4 %.

It indicated that the shape of the patterned micro-textures
played a key role in the cutting performance of micro-textured
self-lubricating tools. The hybrid-textured self-lubricating tools
were found to yield the lowest cutting forces, followed by PT
tools, and the GT tools were the highest. In case of high cutting
speed (120 m/min), compared to GT tool, the axial thrust force
F, of GPT tool was reduced by 33.3 %, the radial thrust force F,
of GPT tool was reduced by 26.6 %, and the main cutting force
F, of GPT tool was reduced by 12.7 %. Compared to PT tool, the
axial thrust force F of GPT tool was reduced by 18.5 %, the
radial thrust force F, of GPT tool was reduced by 13.4 %, and the
main cutting force F, of GPT tool was reduced by 7.1 %.

When the friction between flank face and transitional sur-
face or machined surface is small, cutting forces and tool
geometry angles approximately conform to the formula [25].

Fy/Fz = tan(f—0) (1)

According to this formula, we can easily get the calculating
formula for average friction coefficient at the tool-chip inter-
face.

thrust force F,) at different cutting speeds with GT, PT, GPT, p = tan(3) = tan(vyo + arctan(Fy/ Fz)) (2)
Table 3  Properties of the cemented carbide materials

Composition Density (g/cm’) Hardness Flexural strength Fracture toughness Thermal conductivity Thermal expansion
(Wt%) (GPa) (MPa) (MPa m'?) (W/mk) coefficient (10~%/k)
WC + 6 % Co 14.6 16.0 2300 14.8 75.4 451
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Table 4  The parameters of micro-textures

Texture types Width or Depth Period (pm) The distance to Code
diameter (pm) (um) cutting edge (1m)

Micro-grooves 40 50 100 150 GT

Micro-pits 40 50 60,100 150 PT

Hybrid textures 40/40 50 60,100 150 GPT

Note that 100 is the two adjacent lines spacing and 60 is the center distance of two adjacent pits in the same line

where (3 is the friction angle, -, is the rake angle, F), is the Figure 3 shows the average friction coefficients at the tool-
radial thrust force, and F, is the main cutting force. chip interface of GT, PT, GPT, and CT tools at different

Fig. 1 Micro-graphs of surface
textures on the rake face of
carbide insert, a GT, b PT, ¢ GPT,
and d micro-graphs of GPT tool
rake face filled with lubricant;
cross-section micro-graph of
micro-groove (e) and micro-pit (f)

mag B |spot| HFW
10( 2.0 [1.49 mm
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Fig. 2 Cutting forces of four different kinds of tools at different cutting speeds

cutting speeds. It turned out that the average friction coeffi-
cients at the tool-chip interface were decreased with increasing
of cutting speeds. There was a clear decrease in average fric-
tion coefficient between micro-textured self-lubricating tools
and CT tools. As was shown in the chart, we can conclude that
the shape of micro-textures can be optimized to greatly reduce
the average friction coefficient. Micro-pits showed better tri-
bological performance than micro-grooves. Compared to sin-
gle micro-texture, hybrid textures of micro-pits and micro-
grooves can further improve the tribological performance. In
case of high cutting speed (120 m/min), compared to GT tool,
the tool-chip average friction coefficient with GPT tool was
reduced by 14.5 %, and compared to PT tools, the tool-chip
average friction coefficient with GPT tool was reduced by
8.5 %.

Shear angle is the angle between shear sliding plane and
cutting speed. Shear angle can directly reflect cutting defor-
mation. Moreover, it can affect the distributing of stress on
rake face and the contact length between chip and rake face.
Above all, it has a significant effect on the workpiece surface
quality. Shear angle @ can be calculated according the formula
[26, 27]

T yo (3
p=T+2-L G)
4 2 2
—&—CT
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2
g
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8 T
=
2
k3]
2 .
=
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Cutting speed (m/min)

Fig. 3 Friction coefficient between the tool-chip interface of four kinds
of tools at different cutting speeds

where (3 is the friction angle and +,, is the rake angle.

Based on Egs. (1) and (3), the shear angle can be calculated
easily. Figure 4 presents the graph of the shear angle at differ-
ent cutting speeds with GT, PT, GPT, and CT tools. According
to Figs. 3, 4, and 5, we can see that the smaller cutting force
and friction coefficient can contribute to the increase of shear
angle, which can decrease the deformation of chip, make the
cutting process more stable, and then guarantee the cutting
quality. Similarly, the shear angle of hybrid-textured self-lu-
bricating tools was larger than that of single-textured self-lu-
bricating tools. In case of high cutting speed (120 m/min),
compared to GT tools, the shear angle of chip with GPT tools
was increased by 5.5 %, and compared to PT tools, the shear
angle of chip with GPT tools was increased by 3.4 %.

3.2 Cutting temperature

In this paper, the cutting temperatures were obtained with an
infrared thermography (TH5104, NEC Group Co. Ltd.,
China). The measuring principle is, when heated, the cutting
tool, chip, and workpiece will produce light and heat radiation
with a certain intensity and the intensity would increase with
cutting temperature. So, we can indirectly determine the cut-
ting temperature by measuring the optical and thermal
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£ 319
<
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=
&
g 30
=
7
29
60 80 100 120

Cutting speed (m/min)

Fig. 4 Shear angle at different cutting speeds with GT, PT, GPT, and CT
tools
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Fig. 5 The cutting temperature
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distribution diagrams with the CT
tool (a) and GPT tool (b) at the |
cutting speed of 60 m/min

radiation. It has been proven that the highest cutting tempera-
ture of tool rake face is not located on cutting edge but on the
area near the main cutting edge. Therefore, we choose to put
the infrared thermal imaging instrument to the location which
is close to the tool nose and main cutting edge on tool rake
face. When the cutting continues to 60 s, we would take five
pictures in a row. Figure 5 shows the cutting temperature
distribution diagrams with the CT tool and GPT tool at the
cutting speed of 60 m/min taken with TH5104 infrared ther-
mal imaging instrument. Figure 6 demonstrated the cutting
temperature of four kinds of tools at different speeds. Each
point of the curve represents the average temperature of five
highest temperatures obtained from five sequent temperature
distribution photos. Therefore, in this paper, the cutting tem-
perature can be the highest temperature of the tool rake face.

Figure 6 exhibited that there was a marked decrease in
cutting temperature between micro-textured self-lubricating
tools and CT tools in dry cutting. The cutting temperatures
increased with the increasing of cutting speeds. The decreas-
ing effectiveness was visible for all the cutting speeds, but
difference between cutting temperature values caused by sur-
face texturing was also larger for higher speeds. The graph led
us to the conclusion that the shape of micro-texture was

[y

®

=]
1

120+

Cutting temperature ("C)

60

60 80 100 120
Cutting speed (m/min)
Fig. 6 Cutting temperature of four kinds of tools at different speeds
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critical to decrease the cutting temperature. In other words,
there was a difference in the performance in reducing heat
among different kinds of micro-textures. In case of high-
speed cutting (120 m/min), compared to GT tools, the cutting
temperature with GPT tools was reduced by 21.7 %, and com-
pared to PT tools, the cutting temperature of GPT tools was
reduced by 6.9 %. This is, in the aspect of performance in
reducing heat, hybrid textures showed a better performance
than single textures.

3.3 Surface roughness of machined workpiece

It is well known that surface roughness is often utilized to
evaluate the cutting quality. The surface roughness to evaluate
the surface quality of parts in machining is an important indi-
cator; to some extent, it reflects the parts of surface machining
quality. Figure 7 demonstrates the graph of the surface rough-
ness R, at different cutting speeds with GT, PT, GPT, and CT
tools. The R, was a mean value of 35 measured points at
different positions, and the error bar was the surface roughness
deviation of the measured 35 points. Following a 150-s cutting

—a—CT

—v— GPT

Surface roughness Ra (um)

i\\\
1 T \\\\\\\
v
60 80 100 120
Cutting speed (m/min)

Fig. 7 Workpiece surface roughness R, with different tools at different
cutting speeds
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process, it can be noticed that the micro-textured self-lubricat-
ing tools provided a better surface finish, and the surface
roughness stability of machined workpiece during the exper-
imental process was also increased by micro-textured self-lu-
bricating tools. The micro-texture shape played an indispens-
able part on improving the machined surface quality.
Compared with single-textured self-lubricating tools, hybrid-
textured self-lubricating tools provided a better surface finish.

3.4 Discussion

In this paper, the authors developed three kinds of micro-
scale-textured tools (micro-grooved tool, micro-pitted tool,
and hybrid-textured tool) and studied their performance in
cutting of pure iron under conditions of solid lubricating
MoS,. The results show that the cutting performance of
hybrid-textured tool is obviously better than that of single-
textured tool.

Figures 8, 9, and 10 illustrated micro-graphs of the wear
track at the rake face and the corresponding SEM/EDX anal-
yses on the worn surface of the GT, PT, and GPT tools after
150-s cutting at the speed of 120 m/min under the dry cutting.
Obviously, severe adhesive wear can be seen at the rake face
ofthe GT tools (Fig. 8a), whereas the crater wear can barely be
spotted. The corresponding SEM/EDX map of the distribution
of Fe elements at the rake face (Fig. 8b) revealed that large
number of Fe elements adhered to the area closing to cutting
edge and micro-groove area. As is well known, the existence
of Fe elements in the rake face is an indication that the work-
piece sticks to the tool-chip interface resulting from the adhe-
sive wear mechanism. According to the analysis above, we
can conclude that the surface damage was primarily in the
form of adhesive wear. We know that under high temperature
and high pressure, lubricant can easily be squeezed and in-
gress into the tool-chip face and then form solid lubricating
film between the tool and chip. We know that the lubricant
used contain the S elements, while the used tools and

workpiece contain no S elements prior to machining. Thus,
the existence of S elements can prove the existence of lubri-
cant MoS,, whereas the corresponding SEM/EDX map of the
distribution of the S elements at the rake face (Fig. 8c) illus-
trated that only a few S elements adhered to the tool-chip
interface. It led us to the conclusion that the solid lubricating
film at the tool-chip interface was thin and incomplete.

Figure 9 revealed that the crater wear at the rake face of the
PT tool was also nearly not observed and much milder adhe-
sive wear compared with the GT tools (see Fig. 8a) under
conditions of solid lubricating MoS,. The corresponding
SEM/EDX maps of the distribution of Fe elements (Fig. 9b)
can also prove the milder adhesive wear. The corresponding
SEM/EDX map of the distribution of S elements (Fig. 9c) at
the rake face of PT tool informed us that the solid lubricating
film was relatively thicker and more complete compared with
GT tools.

Figure 10 indicated that the crater wear at the rake face of
GPT tool was not found and mildest adhesive wear among GT
tool, PT tool, and GPT tool (see Fig. 10a) under dry cutting,
which may be attributed to the hybrid of micro-groove and
micro-pit. Another powerful evidence can be the correspond-
ing SEM/EDX maps of the distribution of Fe elements
(Fig. 10b). The decreased Fe elements noted that a hybrid-
textured structure was likely to exhibit better capability to
capture debris that was easy to adhere to the tool-chip contact
surface. According to the corresponding SEM/EDX maps of
the distribution of S elements (Fig. 10c) at the rake face of
GPT tool, we can concluded that the solid lubricating film was
thickest and most complete among GT tool, PT tool, and GPT
tool. This meant that a hybrid texture was responsible for the
promoting lubricant effect.

Apparently, large amount of lubricant trapped in the micro-
textures between the tool and workpiece had been squeezed
into the tool-chip interface of GPT tools and smeared on the
rake face (Fig. 10c), while only a small amount of lubricant
could be squeezed onto the tool-chip interface of GT tools and

Fig. 8 Micro-graphs of the wear track at the rake face (a) and EDX maps of the distribution of Fe and S elements on the worn surface (b, ¢) of the GT
tool after 150-s cutting at the speed of 120 m/min
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Fig.9 Micro-graphs of the wear track at the rake face (a) and EDX maps of the distribution of Fe and S elements on the worn surface (b, ¢) of the PT tool

after 150-s cutting at the speed of 120 m/min

PT tools (Figs. 8c and 9c). It can be explained that for CT
tools, the rake face is smooth and flat and the tool-chip inter-
face is tight solid contact during turning process; thus, the
lubricant could be greatly hard to permeate into the tool-chip
interface of CT tools even under full-lubrication condition.
However, for micro-textured tools under the condition of solid
lubrication, the lubricant can easily be squeezed out or spread
over by the rubbing action of the chip flowing over the micro-
textures containing solid lubricant to form a lubricating film at
the tool-chip interface as shown in Fig. 11. What is more,
compared to micro-pits and micro-grooves, the solid lubrica-
tion film shaped by hybrid textures of micro-pits and micro-
grooves is thicker and more complete, as shown in Fig 11b. A
thicker solid lubricant film at the tool-chip interface can fur-
ther reduce tool-chip friction coefficient and improve tribolog-
ical property.

As is well known, the motion of lubricant results from the
shear force and squeezing force from chip, so inside the lubri-
cating film, the lubricant movement speed decreases along the
direction of Yaxis and basically remains unchanged along the
direction of X axis. In terms of single texture, the movement of
lubricant is stable, whereas for hybrid texture, due to the con-
stantly changing surface texture, fluctuation appears during

the motion resulting in a higher speed along the direction of
Y axis as shown in Fig. 1lc. A higher lubricant speed will
contribute to forming a thicker lubricating film beyond all
doubt. Furthermore, the changing flowing lubricant would
produce a larger impact resulting in a higher thrust force.
Furthermore, hybrid texture combining multi-arcs and triangle
texture may perform a lubricating film with more appropriate
pressure distribution and thus produces a higher thrust force.
Under the same squeezing force, the lubricant inside the pit
providing relatively airtight compressed volume is prone to
move out the pits, whereas the lubricant inside the groove
featuring connectivity is prone to move along the groove until
the end of the groove and then out the groove. So, it takes
shorter time to form solid lubricating film between the tool-
chip interface for micro-pitted tool than micro-grooved tool.
As we can know from Fig 1, the micro-pits’ walls are more
abrupt than that of micro-groove. Under the same shear force,
the lubricant inside the micro-pit is more likely to move up
and down along the walls. Therefore, when the shear force and
squeezing force are constant, as the cutting process continues,
the pressure around the pit is more prone to increase than that
around the groove. Meanwhile, the theory that the micro-
pitted surface can effectively improve the surface lubricating

tool after 150-s cutting at the speed of 120 m/min
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Fig. 10 Micro-graphs of the wear track at the rake face (a) and EDX maps of the distribution of Fe and S elements on the worn surface (b, ¢) of the GPT
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Fig. 11 Lubrication schematic
diagram of three different kinds of
micro-textured self-lubricating
tools, a before cutting, b
lubricating film formed, and ¢ the
motion of one particle

Chip
GT tool

Groove filled with lubricant

Chip

PT tool
Pit filled with lubricant

Chip

GPT tool
/
Groove filled with lubricant

(a)

and thrust forces is explained in friction and cutting experi-
ments [28-30].

The effective bearing area extends by collaborative com-
plementation to increase lubricating film pressure. Yin et al.
[21] has confirmed that the high-pressure lubricating film area
around micro-pits and the high-pressure lubricating film area
beside micro-grooves can implement an effect of enrichment,
further increasing the pressure of lubricating film. All this
strengthen the ability of lubricating film to resist extrusion
and produce a higher thrust force, and then decrease the con-
tact of micro-bulge, reducing the friction. Hence, the cutting
forces, average friction coefficient, and tool wear were de-
creased more effectively. Ruan and Lu [20] suggested that
multi-textured surface structured by multi-arcs and triangle
texture performed better hydrodynamic in comparison with
the independent-textured surface.

Groove filled with lubricant
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Also, the motion of lubricant also results from the squeez-
ing force. Figure 12 illustrates the motion of lubricant
resulting from squeezing force. As shown in Fig. 12a, in terms
of GT tool, because micro-groove features connectivity, the
lubricant inside the groove will flow along the groove to the
terminal of the groove due to squeezing. As a result, large
amount of lubricant distributes in the area near the cutting
edge, while only little distributes in the area between two
adjacent grooves. So, the lubricant cannot distribute in the
whole tool-chip interface. As demonstrated in Fig. 12b, as
far as PT tool is concerned, micro-pit featuring relatively
closed nature, the lubricant inside the pit will flow along the
upper edge of the pit to the area near the pit. But, the lubricants
distributing around the area closing to the cutting edge are
only provided by the few pits near the cutting edge. As illus-
trated in Fig. 12c, for GPT tool, featuring connectivity, micro-

Pit filled with lubricant

Fig. 12 The lubricant motion due to squeezing, a GT tool, b PT tool, and ¢ GPT tool
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Fig. 13 Moment force model of chip

groove can transfer the lubricant to the area away from the
micro-textured area. The lubricant inside the pit distributes in
the micro-textured area. In addition, the lubricants inside the
pit may enter into the groove and were transferred to the area
near the cutting edge. In other words, micro-pit acts the role of
reservoir of lubricant, whereas micro-groove plays a part of
transport pipeline. Consequently, the Iubricant can easily and
rapidly distribute in the whole tool-chip interface.

According to image-plasticity method [31], the reason for
chip curl is the existence of flexural moment in the cutting
process. As shown in Fig. 13, cutting resultant force (F,) of
rake face and cutting thrust force (F,') are equal and opposite,
whereas they are not collinear, which causes the existence of

Fig. 14 The macro-morphology (a)
of chips with CT tool, GT tool, PT
tool, and GPT tool

Lens:X 202.00 mm

(©)

Lens:X 202.00 mm
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flexural moment. This flexural moment contributes to chip
curling and chip breaking.

Based on the viewpoint that flexural moments of a same
direction can give rise to the curl in same direction, due to the
flexural moment caused by friction in the opposite direction to
chip curling, the reduction of friction can contribute to chip
curling. It is spontaneous to believe that the curled chip geom-
etry may be related to the friction force reduction due to
micro-pool lubrication. The chip curl degree can be used as
an estimate for the frictional condition at the tool-chip inter-
face [32, 33]. Figure 14 shows the macro-morphology of chips
with CT tool, GT tool, PT tool, and GPT tool with the follow-
ing parameters: cutting speed v=120 m/min, depth of cut a-
»=0.2 mm, and feed rate f/=0.1 mm/rev. When used with
carbide cutting tools for pure iron during cutting, the chip
was composed of two parts, as shown in Fig. 14. One thick
layer was called main chip, and the thin layer was named
deputy chip. The deputy chip resulted from the violent friction
between tool rake face and workpiece [34]. Therefore, an im-
proved tool-chip contact environment can decrease the deputy
chip length. So, the length of deputy chip can be another
evaluation of the friction environment. Obviously, the chip
with CT tool was long and straight, while those with micro-
textured self-lubricating tools were short and curled. What is
more, the chip with GPT tool was much shorter and more
crisp compared with GT and PT tools. It was also found from
Fig. 14 that there was almost no deputy chip forming with

(b)

pr——

Lens:X 202.00 mm

(d)

p————

Lens:X 202.00 mm
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GPT tool. This is, hybrid texture further improved the tool-
chip tribological environment significantly compared to single
texture.

The domestic and foreign studies on surface texture improv-
ing the tool cutting performance have already gained fruitful
achievements but lack systematization and comprehensiveness.
However, there are still some aspects needed to further study. The
morphology of surface texture is single; literature information
referring to hybrid texture are less. Few further studies about
complex pattern of surface texture have been conducted, espe-
cially the study on the texture patter with variable sizes and
densities. The micro-texture is mainly created on the rake face.
There are few researches on fabricating texture on the flank face
of'tool. There are some studies on the wear mechanism; however,
they are mainly conducted from qualitative and theoretical anal-
yses, lacking quantization studies [35].

4 Conclusion

In this paper, surface hybrid textures were fabricated on the
rake face of the cemented carbide (WC/Co) inserts using laser;
then, solid lubricant MoS, was embedded into the micro-tex-
tures. The hybrid-textured self-lubricating tools were success-
fully prepared. Cutting tests on pure iron were performed with
these developed tools and conventional micro-textured tools
under dry cutting conditions, respectively.

The presence of hybrid textures combining micro-pits and
micro-grooves by laser technique on rake face brought about
the decrease in the cutting forces, cutting temperature, friction
coefficient, and tool wear comparing to the single-textured tools.
The beneficial hybrid texture effect was evident in the case of
high cutting speed (120 m/min), when the cutting forces were
reduced by 7.1-33.3 %, the cutting temperature was reduced by
6.9-21.7 %, and the surface roughness R, was reduced by 42.9—
69.1 %.

The beneficial influence of hybrid textures was primarily
by the collaborative complementation as micro-reservoir for
constant lubricant replenishment of micro-grooves and micro-
pits. The hybrid texture contributes to forming a more com-
plete lubricating film at the tool-chip interface in comparison
with single texture.
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