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A new dry cutting tool named WS, soft coated Micro-Nano textured self-lubricating dry cutting tool (WTT tool) is developed and
tested. Dry turning tests have been carried out on 45# quenched and tempered steel with a WTT tool and three other types of
alternative tools. The machining performance was assessed in terms of the cutting forces, cutting temperature, friction coefficient at
the tool-chip interface, chip deformation, tool wear, and the surface roughness of the machined workpiece. The results show that the
WTT tool has the best cutting performance among all the tools tested under the same cutting conditions. Through theoretical analysis
and experimental results, the mechanisms of the WTT tool in improving cutting performance were put forward. Meanwhile, the effect
of Micro-Nano texture and WS, soft coating on the cutting forces and the cutting temperature is analyzed. It can be concluded that
the WTT tool can effectively improve the anti-adhesion and wear-resistance properties and increase the tool life.
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1. Introduction

Severe friction occurs in metal cutting operations when the tool
contacts with a workpiece both by the rake face and tool flank.
Moreover, the high temperature involved in cutting processes increases
crater wear and therefore results in a shorter tool life."? In order to
alleviate and reduce the severe friction and wear on tools is by using
cutting fluids during the process. The cutting fluid provides lubricating
and cooling functions which can assist in the reduction of the cutting
temperature and friction forces. This results in a substantial increase of
tool life and reduction of the workpiece surface roughness. However,
the lubrication effectiveness of cutting fluids reduces with its difficult
infiltration into the tool-chip intimate interface in high speed
machining. Besides that, many of the fluids contain environmentally
harmful constituents, which are difficult to dispose of and also
expensive to recycle.’ Due to the negative effects associated with the
cutting fluids, research on dry metal machining (without cutting fluids)
attracts much attention for its active role in reducing environmental

pollution and production costs.
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On the other hand, the friction and adhesion between the chip
and tool are higher in dry machining. This causes higher temperatures,
higher wear rates and, finally, a shorter tool life. To solve these problems,
new cutting tools with reduced friction coefficient have been suggested. A
spectrum of avenues, including developing advanced tool materials,*® tool

coating,® and lubricant addition,*'’

was attempted in the exploitation of
dry cutting tools. Deng et al.'® reported an ALOy/TiC-based ceramic
cutting tool with the addition of CaF, solid lubricant. It was discovered that
the friction coefficient at the tool-chip interface in dry cutting with this
ceramic tool can be reduced in comparison with the tool without a solid
lubricant. This effect was attributed to the formation of the self-tribofilm.

According to the traditional tribological viewpoint, the milder tool
wear could be obtained with smoother friction pairs. However,
researches''"'"* have indicated that micro-textured surfaces which are
non-smooth may have excellent performance in reducing friction and
wear under certain conditions. Recently, a series of cutter designs with
surface texturing has been reported.'>*” For example, Sugihara et al.'®
found that a cutting tool with a Nano/Micro-textured surface made by
means of femtosecond laser technology possessed antiadhesive effects
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at the tool-chip interface. Koshy and Tovey” applied electrical
discharge machining to generate an isotropic texture on the tool rake
face. A significant reduction in feed and cutting forces ensued due to
the said texturing.

The micro-textured self-lubricating tool for dry machining is known
in a wide range of dry machining tools. The performance of dry cutting
45# steel by a kind of carbide tool with a textured rake face was
reported.?! In comparison to conventional tools, the application of the
rake face textured tools can significantly reduce cutting forces and the
cutting temperature. Nevertheless, we still found some problems with
the micro-textured self-lubricating tools. Firstly, it was difficult to fill
the micron textures which were fabricated by a laser diode (LD) side-
pumped solid-state laser with solid lubricant to prepare the micro-
textured self-lubricating tools. Secondly, it caused more abrasive wear
between the surface of the cutting tool and the workpiece because of
the poor surface quality created by the LD side-pumped solid-state
laser machining.

Surface coating is an effective method to resolve the difficulty in
filling the textures with solid lubricant. There are some commonly used
soft solid lubricants such as molybdenum disulfide (MoS,), graphite
(C), and boron nitride (BN). MoS, is a well-known lamellar solid
lubricant with a hexagonal structure.”> MoS, soft coating and its
composite soft coating have been extensively used for the ultra-low
friction of MoS, soft coatings. However, the weakness of MoS, soft
coatings is also apparent. When the temperature reaches 400°C, MoS,
soft coating begins to be oxidized to form MoO; which sharply
decreases the lubricity of the MoS, soft coating.23 Moreover, the MoS,
soft coating is very sensitive to environmental humidity. When the
environmental humidity changes from 10 to 90%, the friction
coefficient of the MoS, soft coating doubles.*® Therefore, it is
necessary to study a new kind of soft coating.

Tungsten disulfide (WS,) is an excellent lamellar solid lubricant. It
has physical (prevents adhesion), chemical (high oxidation resistance)
and microstructural (lamellar structure with ultralow shear strength)
influence on a tribological contact of the working surfaces. The
mechanism behind its effective lubricating performance is attributed to
easy shearing along the basal planes of the hexagonal crystalline
structures named II texture.”*® Recently, WS, soft coating’s low friction
has attracted growing attention for a variety of applications.””*’ In
applying WS, soft coating to the Micro-Nano textured tools with its
excellent lubricity, it will form a continuous solid lubricating layer on
the surface of the Micro-Nano textured tools to reduce friction, the
cutting forces, and the cutting temperature.

A new dry cutting tool named WS, soft coated Micro-Nano
textured self-lubricating dry cutting tool was fabricated for better
performance in dry machining. In this paper, we describe the dry
turning tests on 45# quenched and tempered steel with WS, soft
coated Micro-Nano textured self-lubricating dry cutting tool and three
other kinds of alternative tools. An assessment of the machining
performance was based on the cutting forces, cutting temperature,
friction coefficient at the tool-chip interface, tool wear and the surface
roughness. Through the theoretical analysis and experimental results,
the mechanisms of improving cutting performance using the WS, soft
coated Micro-Nano textured self-lubricating dry cutting tool were put
forward.

2. Experimental Details

2.1 Preparation of WS, Soft Coated Micro-Nano Textured Self-
lubricating Dry Cutting Tool

The WS, soft coated Micro-Nano textured self-lubricating dry
cutting tool was fabricated in two steps. Firstly, the Micro-Nano
textures were processed both on the tool-chip interface of the rake face
and the tool-workpiece interface of the flank face of the uncoated YS8
(WCHTiC+Co) cemented carbide cutting inserts by femtosecond laser
micromachining technology. Secondly, the WS, soft coating was
deposited on the Micro-Nano textured tool by medium-frequency
magnetron sputtering, multi-arc ion plating, and ion beam assisted
deposition technique. Fig. 1 shows the surface topography of the WS,
soft coated Micro-Nano textured self-lubricating dry cutting tool. The
texture period, texture depth, and texture width of the WS, soft coated
Micro-Nano textures are characterized by scanning probe microscope
(SPM). Fig. 2 indicates that the SPM and cross sectional profile of WS,
soft coated Micro-Nano textures. The texture period (673 nm), texture
depth (121 nm), and texture width (334 nm) of the WS, soft coated
Micro-Nano textures are obtained after five measurements.

2.2 Cutting Tests

Turning tests were carried out on a CA6140 lathe equipped with a
commercial tool holder with the following geometry: rake angle, %, =
-5% clearance angle, o, = 5° inclination angle, A4, = 0°; side cutting
edge angle, K, = 45° nose radius, . = 0.5 mm. Four kinds of cutting
tools were used: conventional YS8 cemented carbide cutting tool
(without textured and coated) named CT tool, WS, soft coated tool
(without textured) named WCT tool, Micro-Nano textured tool
(without coated) named TT tool, and WS, soft coated Micro-Nano
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Fig. 1 Surface topography of the WS2 soft coated Micro-Nano
textured self-lubricating dry cutting tool: (a) X100 SEM photo
of tool nose, (b) x4000 SEM photo of WS, soft coated Micro-
Nano textures, and (c) x40000 SEM photo of WS, soft coated
Micro-Nano textures

Table 1 Four kinds of cutting tools used in the turning tests

Cutting  Micro-Nano Soft Conventional Schematic
tool textured coated cutting tool diagram
CT tool v I:‘
WCT tool v v I
TT tool N v D
WTT tool \ S v
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textured self-lubricating dry cutting tool named WTT tool, as shown
in Table 1. The geometry of the inserts was of ISO SNGN150608.
The workpiece material used was 45# quenched and tempered steel
(Chinese standard GB99-88) in the form of a round bar (HRC 20,
@ 100 mm). No cutting fluid was used in the machining processes.
All the tests were carried out with the following parameters: depth
of cut, a, = 0.3 mm; feed rate, /= 0.1 mm/r; cutting speed, v =
50~250 m/min.

Under the cutting conditions, each test was replicated three times.
Cutting forces were measured by a Kistler piezoelectric quartz
dynamometer (type 9275A) linked via charge amplifier to a data
acquisition system which consists of an A/D converter and a signal
analyzer software on PC. The average cutting temperature of the tool
rake face was measured by a TH5104R infrared thermal imaging
system. The surface roughness of the machined workpiece was
measured by a Time (type TR200) handheld roughness tester. During
the cutting tests, type JCD-2 portable digital microscope was used to
observe the wear condition of cutting tools. SEM was used to examine
the morphology of the worn region of the cutting tool after the cutting
tests. The chemical composition at the wear track was identified by the
energy dispersive X-ray spectroscopy (EDX).

3. Results and Discussion

3.1 Cutting Forces

Fig. 3 illustrates three cutting force components (main cutting force
F,, radial thrust force F, and axial thrust force Fy) at different cutting
speeds with CT, WCT, TT, and WTT tools in dry cutting. It can be seen
from Fig. 3 that the three cutting force components of the four tools
first increase and then decrease with the increase of cutting speed.
Meanwhile, three cutting force components of WCT, TT, and WTT
tools are reduced by 9~31%, 8~18%, and 10~44%, respectively, when
compared with those of the CT tool. In addition, WTT tool shows the
smallest cutting forces among all the tools tested under the same

cutting conditions, especially in relatively high-speed conditions.
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Fig. 2 SPM and cross sectional profile of the WS, soft coated Micro-
Nano textures

3.2 Cutting Temperature

Fig. 4 shows the temperature distribution of the tool nose of the
WTT tool measured by infrared thermal imaging system in dry
cutting (v = 250 m/min, f'= 0.1 mm/r, a, = 0.3 mm). It is important
to note that the highest temperature at tool nose position in this
measurement is 382.3°C. The temperature distribution was measured
at 5-s intervals in the cutting process. The average values of the
highest temperature at the tool nose position in each measurement in
three repeated experiments are used to compare.

Fig. 5 illustrates the cutting temperature of the CT, WCT, TT,
and WTT tools at different cutting speeds. It is evident that the
cutting temperature increases with increasing cutting speed. From
this figure, it is found that cutting temperature of WCT, TT, and
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Fig. 3 Cutting forces of CT, WCT, TT, and WTT tools at different
cutting speeds: (a) axial thrust force F, (b) radial thrust force
F,, and (c) main cutting force F, (a,= 0.3 mm, /= 0.1 mm/r)
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WTT tools are reduced by 10~12%, 8~9%, and 12~16%,
respectively, when compared with that of the CT tool. Among all
the tools tested, the WTT tool shows the smallest cutting
temperature under the same cutting conditions, in particular in
relatively high-speed conditions. The advantage of WTT tool in
cutting forces and cutting temperature is obvious at relatively high-
speed and high-temperature conditions. This could be potentially as
a result of the ultra-low friction coefficient, high temperature
resistance, and the high oxidation resistance of WS, soft coating
which is not sensitive to high cutting temperature and high cutting
speed can significantly improve the severe dry cutting environment.
Besides, Micro-Nano textures in the WTT tool plays a role of
storing WS, soft coating which results in the extension of WS, soft
coating life during the cutting process. However, due to without
Micro-Nano textures, the WS, soft coating on the WCT tool wears
much faster which leads to the rise of cutting temperature,
especially in relatively high-speed conditions.

(1500.0)
200 |

Tool nose

position

Fig. 4 Cutting temperature distribution of tool nose of the WTT tool
measured by infrared thermal imaging system in dry cutting (v
=250 m/min, f= 0.1 mm/r, a,= 0.3 mm)
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g. 5 Cutting temperature at the tool nose of the CT, WCT, TT, and
WTT tools at different cutting speeds (a, = 0.3 mm, /"= 0.1
mm/r)

3.3 Average Friction Coefficient at the Tool-Chip Interface
Based on the metal cutting principle, during the cutting process, the
average friction coefficient at the tool-chip interface could be

calculated using the following formula:’!

5,
y=tanﬁ'=tan(y0+arctanF) )]

Z

where fis the friction angle, y, is the rake angle, F) is the radial thrust
force, and F. is the main cutting force.

Fig. 6 illustrates the average friction coefficient at the tool-chip
interface of the CT, WCT, TT, and WTT tools as a function of cutting
speeds in dry cutting. It is indicated that the friction coefficients follow
the same trend as the cutting forces whereby it increases first then
decreases. From this figure, it is found that the average friction
coefficient at the tool-chip interface of the WCT, TT, and WTT tools are
reduced by 2~13%, 2~7%, and 10~25%, respectively, in comparison to
the CT tool. Furthermore, the WTT tool has the smallest average friction
coefficient at the tool-chip interface among all the tools tested.

3.4 Chip Deformation
The chips produced by the cutting of metal are usually thicker and
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Fig. 7 Sketch of chip deformation during cutting
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shorter than local dimensions of the material before cutting. In most
cases, the deformation of the chip is approximately two-dimensional.
Along with this, the change of cutting width and volume can be ignored.
So, it can be assumed that the chip volume is the same before and after
cutting. Based on the metal cutting principle, during the cutting process,
the chip deformation can be calculated as the following formula:

_ o
g== @

where £ is the chip deformation coefficient which directly reflects the
deformation degree of the chip, a. is the uncut chip thickness, and a,,
is the chip thickness, as shown in Fig. 7.

Fig. 7 shows that the relationship between shear angle ¢ and chip
deformation coefficient £ can be calculated based on the following

formula:
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Fig. 8 Chip deformation coefficient of the CT, WCT, TT, and WTT
tools at different cutting speeds (4, = 0.3 mm, /= 0.1 mm/r)
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Fig. 9 Shear angle of the CT, WCT, TT, and WTT tools at different
cutting speeds (4, = 0.3 mm, /= 0.1 mm/r)

where 7, is the rake angle of cutting tool.
The uncut chip thickness a. can be calculated based on the

following formula:

a,=fsin K, “

where f'is the feed rate and K, is the side cutting edge angle.
According to Egs. 2 and 4, the chip deformation coefficient & can
be obtained by measuring the chip thickness ag, (f= 0.1 mm/r, K, =
45°). Fig. 8 illustrates the chip deformation coefficient of the CT, WCT,
TT, and WTT tools at different cutting speeds. It can be seen from Fig.
8 that the chip deformation coefficient decreases with increasing
cutting speed. The reduction of the chip deformation coefficient means
the decrease of the chip deformation degree which can lead to a smaller
cutting force and a lower cutting temperature. Meanwhile, the chip
deformation coefficient of WTT tool is the smallest among all the tools
tested under the same cutting speed. Besides, the chip deformation
coefficient of WCT, TT, and WTT tools are reduced by 6~11%, 9~16%,

Fig. 10 SEM images of the worn rake face of the CT tool after 4-min
dry cutting 45# quenched and tempered steel and the EDX
chemical composition analysis in the selected areas (v = 150
m/min, = 0.1 mm/r, a, = 0.3 mm)
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Fig. 11 SEM images of the worn rake face of the WCT tool after 4-
min dry cutting 45# quenched and tempered steel and the
EDX chemical composition analysis in the selected areas (v =
150 m/min, /= 0.1 mm/r, a, = 0.3 mm)
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and 14~19%, respectively, when compared with that of the CT tool.

The shear angle ¢ can be obtained per Eq. 3 and the chip
deformation coefficient (rake angle y, = -5°). Fig. 9 illustrates the shear
angle of the CT, WCT, TT, and WTT tools at different cutting speeds. It
can be seen from Fig. 9 that the shear angle constantly increases with the
increase of cutting speed. Meanwhile, the shear angle of WTT tool is the
largest among all the tools tested under the same cutting speed. Besides, the
shear angle of WCT, TT, and WTT tools are increased by 5~10%, 8~16%,
and 13~20%, respectively, when compared with that of the CT tool.

3.5 Tool Wear

Figs. 10-13 show the SEM images of the worn rake face of the CT,
WCT, TT, and WTT tools after 4-min dry cutting 45# quenched and
tempered steel and the EDX chemical composition analysis in the
selected areas (v = 150 m/min, /= 0. mm/r, @, = 0.3 mm). The
nominal tool-chip contact length of the cutting tool can be measured by
observing the chip flow direction on the rake face of the cutting tool.
The nominal tool-chip contact length of the CT, WCT, TT, and WTT
tools are 565 pm, 534 ym, 544 um, and 497 um, respectively. It is
found that the nominal tool-chip contact length of the WTT tool is the
shortest among all.

Fig. 10 indicates that the adhesive wear is relatively intense on the
rake face of the CT tool. It can be seen from Fig. 10(a) that a large area
near the cutting edge was peeled off, as shown in the green ellipse. This
could be due to the formation of the built-up edge near the cutting edge
and the built up edge peeled off during the cutting process. It can be
seen from Figs. 10(b) and 10(c) that the tool-chip contact area on the
rake face was covered with massive iron filings.

Fig. 11 shows that the adhesive wear of the WCT tool is slighter
than that of the CT tool, but the adhesive wear is still the major wear
form on the rake face of the WCT tool. It can be seen from Figs. 11(b)
and 11(d) that the tool-chip contact area on the rake face was covered
with massive iron filings as well. However, the WS, soft coating was
worn out (without S and Zr elements, Zr is the interlayer element). It
can be seen from Figs. 11(b) and 11(c) that there is an area near the
cutting edge without iron bonding. Meanwhile, interlayer Zr element
was found and it showed that the WS, soft coating in this area was not
completely worn out. The phenomenon of Fig. 11(b) is similar with
Fig. 10. This could be due to the peeled off built up edge formed on
the surface of the WS, soft coating which lead to a large area being
exposed.

Fig. 12 shows that the wear condition of the TT tool is slighter than
that of the WCT tool and the CT tool, but the rake face of the TT tool
was also covered with some iron filings. It can be seen from Fig. 12(b)
that some Micro-Nano textures still can be observed on the rake face
of the TT tool (as shown in green circle), but not in the entire contact
area. It can be established from the EDX chemical composition
analysis that the vanishing Micro-Nano textures were covered over by
scrap iron and not worn out. Besides, it can be seen from Fig. 12(a) that
part area near the cutting edge was peeled off, as shown in the red
ellipse. It may be because the built-up edge was formed near the cutting
edge and the built-up edge was peeled off with tool materials in the
cutting process.

Fig. 13 shows the SEM micrograph of the worn rake face of the
WTT tool. It can be seen from Fig. 13(b) that the Micro-Nano textures

can be observed clearly on the rake face of the WTT tool. Meanwhile,
the surface of the Micro-Nano textures was found covered with a thin
film. Through the EDX chemical composition analysis we can get that
the main components of the thin film covered on the Micro-Nano
textures are WS; soft coating with small amount of iron. The thin WS,
lubricating film formed on the surface of the Micro-Nano textures can
effectively reduce the tool-chip contact length and therefore improve
the adhesion and wear condition on the rake face of the WTT tool.
WTT tool shows the best anti-adhesion and wear-resistance properties
on the rake face among all the tools tested under the same cutting
conditions.

Figs. 14-17 show the SEM images of the worn flank face of the CT,
WCT, TT, and WTT tools after 4-min dry cutting 45# quenched and
tempered steel and the EDX chemical composition analysis in the
selected areas (v = 150 m/min, /= 0.1 mm/r, a, = 0.3 mm). The worn
depth at the tool nose of the cutting tool can be measured from the

Fig. 12 SEM images of the worn rake face of the TT tool after 4-min
dry cutting 45# quenched and tempered steel and the EDX
chemical composition analysis in the selected areas (v = 150
m/min, = 0.1 mm/r, a, = 0.3 mm)

Fig. 13 SEM images of the worn rake face of the WTT tool after 4-
min dry cutting 45# quenched and tempered steel and the
EDX chemical composition analysis in the selected areas (v =
150 m/min, /= 0.1 mm/r, a, = 0.3 mm)

Fig. 14 SEM images of the worn flank face of the CT tool after 4-min
dry cutting 45# quenched and tempered steel and the EDX
chemical composition analysis in the selected areas (v = 150

m/min, = 0.1 mm/t, a, = 0.3 mm)
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SEM images of the worn flank face of four tools. The worn depth at
the tool nose of the CT, WCT, TT, and WTT tools are 211 zm, 206 zm,
201 zm, and 176 pm, respectively. It is found that the worn depth at the
tool nose of the WTT tool is the shortest among all the tools tested.
Moreover, the worn depth at the tool nose of the WCT, TT, and WTT
tools are reduced by 2%, 5%, and 17%, respectively, when compared
with that of the CT tool.

The worn width VB is usually used to measure the wear loss at the

Fig. 15 SEM images of the worn flank face of the WCT tool after 4-
min dry cutting 45# quenched and tempered steel and the
EDX chemical composition analysis in the selected areas (v =
150 m/min, /= 0.1 mm/r, a, = 0.3 mm)

649 um

Fig. 16 SEM images of the worn flank face of the TT tool after 4-min
dry cutting 45# quenched and tempered steel and the EDX
chemical composition analysis in the selected areas (v = 150
m/min, = 0.1 mm/r, a, = 0.3 mm)
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Fig. 17 SEM images of the worn flank face of the WTT tool after 4-
min dry cutting 45# quenched and tempered steel and the
EDX chemical composition analysis in the selected areas (v =
150 m/min, f'= 0.1 mm/r, a, = 0.3 mm)

flank face of the tool, as shown in Panel b of Figs. 14-17. The worn
width VB at the flank face of the CT, WCT, TT, and WTT tools are
87 pm, 73 pm, 72 pm, and 64 um, respectively. Thus the worn width
VB at the flank face of the WTT tool is the narrowest among all the
tools tested. Furthermore, the worn width VB at the flank face of the
WCT, TT, and WTT tools are decreased by 16%, 17%, and 26%,
respectively, when compared with that of the CT tool.

Panels a in Figs. 14-17 show that the worn length at the flank face
of the CT, WCT, TT, and WTT tools are 707 gm, 658 pm, 649 um, and
638 pm, respectively. It is found that the worn length at the flank face of
the WCT, TT, and WTT tools are decreased by 7%, 8%, and 10%,
respectively, when compared with that of the CT tool.

Panels a and b in Fig. 14 show the SEM images of the worn flank face
of the CT tool after 4-min dry cutting 45# quenched and tempered steel.
It can be seen that the flank wear of the CT tool is relatively serious. The
main wear forms of the CT tool are abrasive wear, corner wear, boundary
wear, and adhesive wear. Through the EDX chemical composition
analysis it is found that the wear area at the flank face near the main
cutting edge of the CT tool was also covered with some iron filings.

Panels a and b in Fig. 15 show the SEM images of the worn flank
face of the WCT tool after 4-min dry cutting 45# quenched and
tempered steel. It can be seen that the wear condition of the WCT tool
is slighter than that of the CT tool. However, the main wear forms of
the WCT tool are still abrasive wear, corner wear, boundary wear, and
adhesive wear. The EDX chemical composition analysis is shown that
the wear area at the flank face near the main cutting edge of the WCT
tool was covered with iron fillings. Meanwhile, the WS, soft coating at
this wear area was worn out.

Panels a and b in Fig. 16 show the SEM images of the worn flank
face of the TT tool after 4-min dry cutting 45# quenched and tempered
steel. It can be seen that the main wear forms of the TT tool are similar
with that of the CT tool and the WCT tool. However, the abrasive wear
at the flank face of the TT tool which was concentrated in the tool tip
was slighter than that of the CT tool and the WCT tool. Besides, Fe,
W, and C elements were detected in the selected wear area at the flank
face near the main cutting edge of the TT tool through the EDX
chemical composition analysis. The detected W and C elements are
tool substrate material (WC+TiC+Co) which means that the scrap iron
bonded in the TT tool is less than the CT tool and the WCT tool.

Panels a and b in Fig. 17 show the SEM images of the worn flank
face of the WTT tool after 4-min dry cutting 45# quenched and
tempered steel. It can be seen that the main wear forms of the WTT
tool are similar with that of the former three tools. However, the wear
condition at the flank face of the WTT tool was obviously slighter than
that of the other three tools. Besides, Fe, W, S, and Zr elements were
detected in the selected wear area at the flank face near the main cutting
edge of the TT tool through the EDX chemical composition analysis.
Due to dual functions of Micro-Nano texture and WS, soft coating, the
friction and wear of tool-workpiece take place in the coating transfer
film, and that results in significant decrease of the flank wear of the
WTT tool and the adhesion of the workpiece. Seemingly, WTT tool
demonstrates the best anti-adhesion and wear-resistance properties on
the flank face among all the tools tested under the same cutting
conditions.

According to the above research, it is found that the WTT tool
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shows the best anti-adhesion and wear-resistance properties among all
the tools tested under the same cutting conditions, whether on the rake
face or on the flank face.

Fig. 18 illustrates the worn width VB at the flank face of the CT,
WCT, TT, and WTT tools at different cutting distances when dry
cutting 45# quenched and tempered steel (v = 150 m/min, /= 0.1 mm/r,
a,=0.3 mm). It can be seen from Fig. 18 that the worn width VB at the
flank face of the CT, WCT, TT, and WTT tools constantly increases
with the increase of the cutting distance. Meanwhile, the worn width
VB at the flank face of the WTT tool is the smallest among all the tools
tested under the same cutting distance. At the beginning of the
experiment, the worn width VB at the flank face of the WCT, TT, and
WTT tools are obviously smaller than that of the CT tool. With the
increase of the cutting distance, the worn width VB at the flank face of
the TT tool and the WCT tool start to grow rapidly and approach the
worn width VB at the flank face of the CT tool. The reason is that the
effects of Micro-Nano textures and WS, soft coating begin to gradually
fail. However, the worn width VB at the flank face of the WTT tool
raises slowly and it is significantly smaller than that of the other three
tools. When the cutting distance reaches 1800 m, the worn width VB at
the flank face of the WTT tool is reduced by 34% compared with that
of the CT tool. There are two reasons for this. Firstly, Micro-Nano
textures on the flank face of the WTT tool reduce the workpiece-tool
direct contact area. Secondly, WS, soft coating greatly reduces the
average shear stress on the flank face of the WTT tool for its extremely
low shear strength. This dual functions of Micro-Nano texture and WS,
soft coating eventually lead to significant reduction of the friction
between the flank face of the WTT tool and the machined surface of
the workpiece. Nonetheless, when cutting distance exceeds 1800 m (the
worn width VB at the flank face of the WTT tool reaches 0.135 mm),
the worn width VB at the flank face of the WTT tool increases sharply.
It may be because that the increased wear of WS, soft coating and
Micro-Nano textures which leads to the gradual failure of the anti-
adhesion and wear-resistance ability of the WTT tool.

Worn width FB at the flank face of tool (mm)

0.00 1 ] 1 1 1 1
300 600 900 1200 1500 1800 2100

Cutting distance (m)

1
2400 2700

Fig. 18 Worn width VB at the flank face of the CT, WCT, TT, and
WTT tools at different cutting distances when dry cutting 45#
quenched and tempered steel (v = 150 m/min, /= 0.1 mm/r,

a, = 0.3 mm)

3.6 Machined Surface Roughness

Fig. 19 illustrates the machined surface roughness R, when dry
cutting 45# quenched and tempered steel with the CT, WCT, TT, and
WTT tools at different cutting speeds (/= 0.1 mm/r, a, = 0.3 mm). It
can be seen from Fig. 19 that the the machined surface roughness R,
of the CT, TT, and WTT tools first increases and then decreases with
the increase of the cutting speed. This is because the built-up edge is
the main factor that affects the machined surface roughness. In a
relatively high cutting speed (>150 m/min) or low cutting speed
(<50 m/min) of dry cutting 45# quenched and tempered steel, the built-
up edge doesn’t occur at the tool nose, and the cutting-edge profile is
good while the machined surface roughness is small. However, in a
relatively medium cutting speed (50~150 m/min) of dry cutting 45#
quenched and tempered steel, the built-up edge is easy to generate at
the tool nose and the profile of the built-up edge is an irregular shape
which is different with the profile of the tool nose. In addition, the
profile of the built-up edge will change over time and lead to a large
surface roughness.

Furthermore, from Fig. 19 we can find that the machined surface
roughness R, of WCT, TT, and WTT tools are reduced by 20~30%,
15~34%, and 32~37%, respectively, when compared with that of the
CT tool under the same cutting speed. Meanwhile, WTT tool shows the
smallest machined surface roughness R, among all the tools tested
under the same cutting speed. This is because that the friction and wear
between the machined workpiece surface and the tool flank face is
another important factor that affects the machined surface roughness.
WTT tool shows the best anti-adhesion and wear-resistance properties
on the flank face and good lubricity with the WS, soft coating.
Therefore, the friction between WTT tool flank face and the machined
workpiece surface reduces much, and consequently, the machined

surface roughness reduces much as well.

3.7 Mechanisms
In the cutting process, the three cutting force components (Fy, F\,

F,) can be calculated based on the following formula:*'

Machined surface roughness R, (um)
& =
N\
|'I
/

1.0 1 ] 1 Il |
50 100 150 200 250

Cutting speed (m/min)

Fig. 19 Machined surface roughness R, when dry cutting 45# quenched
and tempered steel with the CT, WCT, TT, and WTT tools at
different cutting speeds (f'= 0.1 mm/r, g, = 0.3 mm)
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F,= awlch(COS Yo— Zgﬂ)sm(%Jr 7] ©6) where /. is the actual tool-chip contact length, /; is the nominal tool-
chip contact length,” is the number of WS, soft coated Micro-Nano
- cos
F, = awl‘f‘[c(sin 707?;") @) textures at the tool-chip contact area, /, is the texture width of WS, soft

where a,, is the cutting width, /; is the nominal tool-chip contact length,
7. is the average shear strength at the tool-chip interface, A is the
friction angle, ¥, is the rake angle, v is the approach angle, and y; is
the chip flow angle.

The main sources of the cutting heat during the cutting experiment
are chip deformation work and friction work on the rake face and
the flank face of the cutting tool. Meanwhile, a large amount of
cutting heat will lead to an increase in the cutting temperature. The
cutting temperature generally refers to the average temperature at
the tool-chip interface on the rake face of cutting tool. The average
temperature at the tool-chip interface on the rake face of cutting
tool can be approximated as the sum of the average temperature at
the shear plane and the friction temperature at the tool-chip

interface:*?

Rlvx s

¢ pvsing

vlf
éerpok,

6= 0+6= +6,+0.754R, 7. ®)
where 6, is the average temperature at the tool-chip interface on the
rake face of the cutting tool, &; is the average temperature at the shear
plane, 6y is the friction temperature at the tool-chip interface, 6, is the
ambient temperature, R, is the ratio of the heat generated at the shear
plane and transferred into the chip, R, is the ratio of the heat generated
at the rake face and transferred into the chip, vy is the shear speed, 7
is the shear strength of the workpiece material, ¢, is the specific heat
capacity of workpiece material at the average temperature & ~6,, c, is
the specific heat capacity of chip at the temperature of (¢_9,y+?0f) , p1is
the density of workpiece material, p, is the density of chip at the
temperature of (6,+6)) , k, is the thermal conductivity of chip at the
temperature of (@SH_%) . The principle of heat distribution in the
cutting process is shown as Fig. 20.

Fig. 21 shows the cutting schematic of the WTT tool. In the
experiment, Micro-Nano textures and WS, soft coating were fabricated
at the tool-chip contact area of WTT tool. The actual tool-chip contact
length /,, can be calculated as:

Yo

coated Micro-Nano textures, / is the texture period of WS, soft coated
Micro-Nano textures. From the experiment we can obtain that the
texture period of WS, soft coated Micro-Nano textures / is 673 nm and
the texture width of WS, soft coated Micro-Nano textures /, is 334 nm.
Therefore, the Eq. 9 can be simplified as:

=339
b=l (10)

The nominal tool-chip contact length /;of CT tool and WTT tool are
565 pym and 497 pm, respectively, as shown in Figs. 10 and 13. The
actual tool-chip contact length of CT tool is the same as the nominal
tool-chip contact length of CT tool (565 um). According to the Eq. 10,
the actual tool-chip contact length /,, of WTT tool is 250 xm, which
is 56% lower than the actual tool-chip contact length of CT tool.
According to the Eq. 5-7, 10, the value of three cutting force
components (Fy, F, F,) are proportional to the actual tool-chip contact
length /.. Therefore, WTT tool can significantly reduce the cutting
forces when compared with CT tool. Moreover, according to the Eq. 8,
under the condition that the other parameters are kept constant, the
average temperature at the tool-chip interface on the rake face of cutting
tool 6 is directly related to the square root of the nominal tool-chip
contact length A/7f, which means that as ij decreases, 0, also
decreases. It can therefore be established that the WTT tool can
significantly reduce the cutting temperature in comparison to the CT tool.

Besides, according to the Egs. 5-8, the values of three cutting force
components (Fy, F\, F,) and the average temperature at the tool-chip
interface on the rake face of the cutting tool & are directly related to
the average shear strength at the tool-chip interface 7. However, the
WS, soft coating deposited on the surface of WTT tool has a lamellar
structure with ultralow shear strength (~20 MPa) which is far less than
the shear strength of the tool substrate material (700~800 MPa). As a
result, the WTT tool in comparison to the CT tool can significantly
reduce the cutting forces and the cutting temperature.

Fig. 22 shows the SEM image of the worn rake face of the WTT tool
after 2-min dry cutting 45# quenched and tempered steel and the EDS
distribution of Fe, S, and Zr elements (v = 150 m/min, /= 0.1 mm/r,
a,=0.3 mm). It can be seen from Fig. 22 that some iron filings stick on
the tool nose and the chip flow direction of the WTT tool. However, the
entire rake face of the WTT tool was still covered with S and Zr elements.

1
WS, sofl coating

Fig. 20 Principle of heat distribution in cutting process

i
]
i
1
|

I
. i
Micro-nang texture
/

Workpiece “,

Fig. 21 Cutting schematic of WTT tool
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It can be concluded from Fig. 22 that the entire tool-chip contact
area of the WTT tool was still covered with WS, soft coating after 2-
min dry cutting 45# quenched and tempered steel (v = 150 m/min, f'=
0.3 mm). The self-lubricating mechanism of the WTT
tool can be analyzed that the Micro-Nano textures on the surface of the

0.1 mm/r, a, =

WTT tool play a role in the storage of WS, soft coating. During the
cutting process, a thin lubricating film is formed on the surface of the
Micro-Nano textures by squeezing and dragging WS, soft coating, as
shown in Fig. 13(b). The formation of the Ilubricating film can
effectively reduce the adhesion and the wear of the tool. Meanwhile,
the presence of Micro-Nano textures reduces the tool-chip contact area.
The WS; soft coating on the surface of the WTT tool will be squeezed
into the grooves of the Micro-Nano textures which makes the WS, soft
coating not easy to be taken away by the chip in the cutting process.
When the lubricating film is lost or ruptured, the WS, soft coating in
the grooves of the Micro-Nano textures will be spilled from the
grooves to the surface of the WTT tool due to the effects of high
pressure and high temperature. Following that, the lubricating film is
reformed again and again until the WS, soft coating is completely
depleted, as shown in Fig. 23. When compared to the WTT tool, the
tool chip contact area of the WCT tool is larger and the WS, soft
coating without Micro-Nano textures is easier to be taken away by the
chip. Meanwhile, the loss of the WS, soft coating on the WCT tool is

400 pm

Fig. 22 SEM image of the worn rake face of the WTT tool after 2-
min dry cutting 45# quenched and tempered steel and the
EDS distribution of Fe, S, and Zr elements (v = 150 m/min,

serious and will produce massive iron filings bonding, as shown in Fig.
11. Therefore, the WTT tool can effectively improve the anti-adhesion

and wear-resistance properties and increase the tool life.

4. Conclusions

To conclude, we have formed a new dry cutting tool called WS, soft
coated Micro-Nano textured self-lubricating dry cutting tool. In this
paper, we report on the dry turning tests on 45# quenched and tempered
steel with WS, soft coated Micro-Nano textured self-lubricating dry
cutting tool and other three kinds of alternative tools. The machining
performance was assessed in terms of the cutting forces, cutting
temperature, friction coefficient at the tool-chip interface, chip
deformation, tool wear, and surface roughness of the machined
workpiece. Through theoretical analysis and experimental results, the
mechanisms of the WS, soft coated Micro-Nano textured self-
lubricating dry cutting tool in improving cutting performance were put
forward. The main conclusions obtained can be summarized as follows.

Three cutting force components of WCT, TT, and WTT tools are
reduced by 9~31%, 8~18%, and 10~44%, respectively, when compared
with those of the CT tool. Besides, WTT tool shows the smallest
cutting forces among all the tools tested under the same cutting
conditions, especially in relatively high-speed conditions.

The cutting temperature of WCT, TT, and WTT tools are reduced
by 10~12%, 8~9%, and 12~16%, respectively, when compared with
that of the CT tool. Among all the tools tested, the WTT tool shows the
smallest cutting temperature under the same cutting conditions,
especially in relatively high-speed conditions.

The WTT tool demonstrates the smallest average friction coefficient
at the tool-chip interface and the smallest chip deformation coefficient
among all the tools tested under the exact same cutting conditions.

WTT tool shows the best anti-adhesion and wear-resistance properties
among all the tools tested under the same cutting conditions, whether on
the rake face or on the flank face. From the contrast tests of cutting wear
process, we can find that the worn width VB at the flank face of the CT
tool and the WTT tool constantly increases with the increase of cutting
distance. Meanwhile, the worn width VB at the flank face of the WTT
tool are smaller than that of the CT tool under the same cutting distance.

The effect of Micro-Nano texture and WS, soft coating on the
cutting forces and the cutting temperature is analyzed. Micro-Nano
texture can reduce the actual tool-chip contact length and WS, soft
coating can reduce the average shear strength at the tool-chip interface.
Micro-Nano texture and WS, soft coating both can significantly reduce
the cutting forces and the cutting temperature. Besides, the self-
lubricating mechanism of the WTT tool is revealed. The Micro-Nano

f=0.1 mm/t, a, = 0.3 mm)
Micro-Nano WS, soft WS, soft coating WS, soft coating Lubricating film
N oati squeezed into Lubri l(. ating film
texture coating H[]Illi.ll uul |‘f.im'1nu| ition
Micro-Na lnu texture
Chip ,\i : Chip ; > ’\é ; Chip : ;;
WTT tool WITT tool WITT tool
Before cutting Lubricating film formation Lubricating film loss and reformulation

Fig. 23 Self-lubricating mechanism of WTT tool in cutting process
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textures on the surface of the WTT tool play a role in the storage of
WS, soft coating. During the cutting process, a thin lubricating film is
formed on the surface of the Micro-Nano textures by squeezing and
dragging WS, soft coating. When the lubricating film is lost or
ruptured, the WS, soft coating in the grooves of the Micro-Nano
textures will be spilled from the grooves to the surface of the WTT tool
due to the effects of high pressure and high temperature. Then, the
lubricating film is reformed again and again until the WS, soft coating
is completely depleted. Therefore, the WTT tool can effectively
improve the anti-adhesion and wear-resistance properties and increase
the tool life.
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