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Abstract
This paper primarily determined the suitable technique for the preparation of WS,/C coating by the analytical hierarchy
process (AHP) with a keen focus on the criteria of coating property, deposition process, resource and equipment. Further,
some cutting performances of six cutting tools with different treatments, including cutting forces, cutting temperatures, wear
mechanisms, tool life, etc. were investigated in dry cutting AISI1045 steel. The optimal lubricating condition for dry cutting
process was obtained when using the cutting tools configured with the combination of WS,/C coating and shark-skin-inspired
structures. Finally, the sustainability assessment was carried out by the calculation of the product sustainability index (PSI).
The highest PSI of 78.6% was obtained in case of the dry cutting experiment using WMT-2-N tools, which provided a sug-
gested favorable alternative considering both product and manufacturing process. Thus, dry cutting AISI1045 steel using
WMT-2-N tools seems to be an environmentally-friendly machining process and would be helpful to enhance sustainability.

Keywords WS,/C coatings - Shark-skin-inspired structures - Self-lubricating tool - Dry cutting performance - Sustainability
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Abbreviations

Yo Rake angle (deg)

ay, Clearance angle (deg)

k,  Cutting edge angle (deg)

As  Edge inclination angle (deg)
f Feed rate (mm/r)

a,  Depth of cutting (mm)

v Cutting speed (m/min)

F; Feed force (N)

F, Radial thrust force (N)

F. Tangential force (N)

u  Tool-chip friction coefficient
¢  Shear angle (deg)

£ Chip thickness ratio

a4, Deformed chip thickness (mm)
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a,, Undeformed chip thickness (mm)
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1 Introduction

Sustainable manufacturing has been one recognized trend
for today’s manufacturing practice due to some emerging
demands: protecting environment and improving occupa-
tional safety/health, reducing the consumption of the non-
renewable resources and overall manufacturing cost, etc.
[1, 2]. Sustainable manufacturing was defined by the U.S.
Department of Commerce as [3] ‘‘the creation of manu-
factured products that use processes that minimize nega-
tive environmental impacts, conserve energy and natural
resources, are safe for employees, communities, and con-
sumers and are economically sound.”” Metal cutting, as
one of the most common and major process manner in
mechanical manufacture, has been expected to increase
its importance as the product cycles become shorter and
the processing systems become more flexible. During the
metal cutting, cutting fluid is widely used for lubrication
and cooling. It is estimated that ~640 million gallons of cut-
ting fluid is annually consumed in the world [4], and most
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of them are extracted from the unsustainable crude oil [5].
Storing, cleaning and disposal of the cutting fluid are tedious
and time-consuming. The cutting fluids account for 7-17 %
in the total cost of the manufacturing process, while it is
2-4 % for the cutting tools [6, 7]. Moreover, rampant uses
or improper disposal will bring harm to the environment and
operator health. National Institute of Occupational Safety
and Health has reported that the cutting fluid was harming
over 1 million workers, and they were the main potential
cause of skin and chest bronchitis diseases of the operators
[8]. Therefore, it is urgent practice to substantially reduce the
use of cutting fluids from the environment, personnel safety/
health, cost, resources consumption and waste management
point of view. Dry cutting, following the conception of sus-
tainable manufacturing, could be helpful to build environ-
ment-friendly processing mode, reduce cost and promote
operational satisfaction of the workers. Although dry cutting
is an eco-friendly technique, there are still some drawbacks
to be solved. Due to the lack of cutting fluids, the stress
and temperature would be elevated between tool face and
chip or workpiece, resulting in severe tool wear [9-11]. The
damaged tools would not only reduce the removal rate of the
workpieces, but deteriorate surface integrity of the machined
products as well. Moreover, the shortened tool life increases
the manufacturing costs. To develop high-performance dry
cutting tools have been needed for sustainability.

Surface coating technology, as a kind of surface engi-
neering technique, can be applied to meet the multi-func-
tional requirements in the technical fields of biochemistry,
medicine and manufacture [12—-14]. In the case of metal
cutting specifically, by designing and using a variety of
composite or nanostructured lubricating coatings, reduced
friction and wear loss would be obtained, resulting in fuel
economy, improved tool durability and sustainability for
metal cutting. Transition metal (TM) sulfides, especially
MoS, and WS,, can been used as lubricating coatings due
to their well-defined layered structures [15—17]. When the
temperature reaches above 400 °C, MoS, would be easily
oxidized to MoQj, which could decrease the lubricating abil-
ity of the lubricating coatings. WS, exhibits lower average
friction coefficients and could withstand higher tempera-
ture (650 °C in the air medium) [18]. WO; is preferred to
MoO;, as it can provide a lower friction coefficient and be
more protective than MoO; [15]. Increased lubricity of the
transition metal sulfides has been obtained by incorporating
with metals (such as Cr [19] or Zr [20]) or nonmetals (such
as N [21] or carbon [22]). Not only these elements could
improve the mechanical properties of the coatings, but they
also can enhance their anti-oxygenic ability by preferential
oxidation. Nowadays various fabrication techniques have
been applied to coating deposition for cutting tools. The
widely applied method is physical vapour deposition (PVD),
such as magnetron deposition and cathode-arc deposition.

Electrohydrodynamic atomization (EHDA) deposition, first
reported by Zeleny [23], is a dynamic atomization process
of electric fluid where micro-fluid is pulled and broken into
tiny droplets when the liquid surface tension is overcome by
the electric fluid force. Because of the advantages of high
deposition efficiency, strong controllability and easy avail-
ability of slurry, EHDA has shown great potential for coat-
ing fabrication. In our previous studies [24, 25], WS, coat-
ings with the thickness above 20 pm were fabricated by the
EHDA technique and showed good lubricating properties.
Surface texturing or structuring is another method to
improve the sustainability of dry cutting [26, 27]. Different
types of microstructures engraved on the surfaces of the cut-
ting tools have shown the effect in lowering sliding friction,
reducing tool-chip contact length, promoting heat dissipation
and relieving adhesive wear. Kawasegi et al. [28] fabricated
three types of patterns (parallel, perpendicular and cross pat-
terns) on the rake face of the cutting tools. It was found that
the textures perpendicular to the chip flow was beneficial to
reduce cutting force. Deng et al. [29] produced three rake-face
textured tools with different micro structures and found that
the elliptical grooves promoted better dry cutting performance
than the parallel or linear grooves. Sugihara et al. [30] prepared
some dimples on the rake face of the cutting tools. A series
of experiments about dry cutting aluminum alloys revealed
that the textured tools exhibited superior cutting properties,
especially suppressing aluminum adhesion, compared with
those with groove textures. Nature has provided us with mul-
tiple examples of textured surfaces which are optimized for
tribology by the combination of texture type and distribution,
such as the surfaces of sharkskin, ball python skin and sand-
hoppers’ cuticle surface [31-33]. Fatima et al. [32] fabricated
structures resembling the scales of snake skin on the flank face
of the cutting tools by laser machining. Some benefits such as
reduced cutting forces, tool wear, temperature, iron adhesion
were obtained. However, the patterns were isolated from each
other, which would be unfavorable for wear debris flow and
collection. Lu et al. [34] fabricated a biomimetic engineering
surface comprising both the shark-skin, the shark body denti-
cle, and rib morphology. The pin-on-disk rubbing experiments
showed that these textures could help reduce water resistance
and the friction contact area as well as accommodate lubricant
oil. In our previous studies [24, 35], the Al,O5 and ZrO, sur-
faces with shark-skin-inspired structures were fabricated by
laser machining. The effect of the shark-skin-inspired struc-
tures on improving friction and wear property of the surfaces
was verified by dry sliding experiments. These studies throws
enlightment for improving dry cutting properties by creating
biomimetic structures on the surfaces of cutting tools. How-
ever, very limited research works have been reported concern-
ing dry cutting with cutting tools configured with shark-skin-
inspired structures and WS,/C coatings, which plays a very
important role for improvement of machinability. It remains
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to be explored to ensure the metal cutting process towards a
sustainable manufacturing mode. Thus, this paper would not
only focus on the machining performance, but also considers
the sustainability aspects.

In this paper, the dry cutting tools with the synergy of
WS,/C lubricant coatings and shark-skin-inspired structures
were developed. Firstly, the shark-skin-inspired structures
were fabricated on the tool face by laser engraving. Then,
the method of multi-criteria analysis, called analytic hierar-
chy process (AHP) [36], was used to compare the PVD tech-
nique (magnetron deposition and cathode-arc deposition) with
EHDA technique and the optimal one was chosen. The dry
cutting properties, including cutting forces, cutting tempera-
tures, friction coefficient and shear angle were investigated.
The product sustainability index (PSI) was calculated for the
sustainability evaluation of dry cutting AISI1045 steel using
different tools. This study can provide one sustainable dry-
cutting method by using tools configured with biomimetic
surfaces and lubricating coatings. If possible, this cutting tool
with the synergistic effect of shark-skin-inspired structures and
WS,/C coatings could be applied industrially in the future.

2 Experimental details

2.1 Fabrication of cutting tools
with shark-skin-inspired structures

The WC/Co cemented carbide cutting tools were used for dry-
cutting AISI1045 steel in this paper, and their properties were
shown in Table 1. As shown in Fig. 1a, firstly, depending on
the structures of the shark skin [34], the idealized shark-skin-
inspired structure with micro-grooves nested within rhom-
buses cells was designed and prepared on the rake face by
laser engraving (wavelength =1064 nm, average power=4 W,
repetition rate =20 kHz and scanning speed = 100 mm/s). The
sharkskin-like biomimetic textures were selected because: (1)
the thombus structures imitating the bionic placoid struc-
ture could improve the drag reduction characteristic, (2) the
grooves located in the rhombus structures imitating the rib
structures could reduce friction area and shear stress, (3) the
height different between grooves and rhombus structures
would make the change gap in the contact area and be favora-
ble for debris flow, and (4) the grooves acted as wear debris
collector could minimize abrasive wear. After micro-texturing,
the cutting tools were polished and cleaned in order to get rid
of the slags and to reduce the surface roughness. Then the
nano-grooves simulating nano-textures of the shark skin were

fabricated and spread across the micro-textures by a femto-
second laser system (Legend Elite-USP, Coherent Inc., USA).
The scanning speed, pulse energy and scanning interval of
the femtosecond laser was 100 pm/s, 2.5 pJ and 5 pm, respec-
tively, and its scanning direction was perpendicular to the main
cutting edge. In order to analyze the influence of groove direc-
tion on cutting performance, four kinds of textured tools are
prepared and shown in Table 2.

2.2 Deposition of the WS,/C coatings

The optimum deposition technique for lubricating coatings
was selected based on the AHP method and some quantita-
tive and qualitative criteria were taken into account. The
hierarchical structure of the criteria was shown in Fig. 2a.
Then, the standard algorithms for the AHP method were per-
formed by the commonly used pair-wise comparison [36].
The evaluations for the pair-wise comparisons of criteria and
the final results of selecting the suitable lubricating coatings
deposition method from magnetron deposition, cathode-arc
deposition and EHDA deposition were presented in the Sup-
porting Information. The priority vectors of the three alter-
native methods with respect to the criteria and sub-criteria
were shown in Fig. 2b. The global priority vectors for the
three methods was shown in Fig. 2c. EHDA deposition, with
a score of 0.4724, has the highest priority among the three
alternative methods. Hence, EHDA deposition, based on the
AHP technique, is selected as the method for the deposition
of the WS,/C coatings. 20 pm-thick WS,/C coatings were
deposited onto the tool surfaces with the home-made equip-
ment shown in Fig. 1b. The EHDA process was carried out
under ambient temperature and pressure, and its detail was
described in [24, 25]. The WS, slurry used for deposition
was prepared by mixing 0.5 g WS, powder (Hunan Huajing
Powdery Material Co., Ltd., China), 0.07 g graphite powder
(CW-nano Co., Ltd., China), 2.7 g ethanol and 0.1 g ethyl
cellulose (AR N20, Greagent). The WS,/C coated tools of
PT, MT-1, MT-2, MT-1-N and MT-2-N were named WPT,
WMT-1, WMT-2, WMT-1-N and WMT-2-N, respectively.

2.3 Tests and measurements

Figure 3 illustrated the photo of dry cutting of AISI1045
steel. The geometrical parameters of the dry cutting tools
were given by rake angle y, of — 5°, clearance angle a, of
5°, cutting edge angle k, of 45°, edge inclination angle A,
of 0°and tool corner radius of 0.5. The cutting conditions

Table 1 Mechanical properties of the WC/Co cemented carbide cutting tools

Composition Density Flexural strength

Thermal conductivity

Hardness  Fracture toughness  Thermal expansion coefficient

WC+6wt.% Co  14.6 glem® 2.3 GPa 75.4 W/(m K)

16.0GPa  14.8 MPa m'? 4.510°%K
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Fig.1 Schematic drawing of the overall experimental procedure to prepare the dry cutting tools (a). Photograph of the home-made EHDA
equipment (b). The rake face with biomimetic shark-skin textures with and without WS,/C coatings (c)

were shown in Table 3. The temperature profile of the
region near to the tooltip was captured by an infrared
thermal imager (Fotric 225/226). The cutting forces were
measured by piezoelectric dynamometer Kistler 9129AA.
The worn tool surfaces were investigated by scanning
electron microscope (SEM, QUANTA FEG 250), Raman
spectroscope (Renishaw, United Kingdom) and energy-
dispersive X-ray spectroscope (EDS, QUANTA FEG
250). 3D profiles of the tool surfaces were obtained by
a white light interferometer (Wyko NT9300, Veeco Inc.,
USA). The measurement of the average machined surface
roughness Ra was conducted at five different locations by
a roughness tester (TR200, JITAIKEYI Inc., China).
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3 Results and discussion

3.1 Characteristics of the textures and WS,/C
coatings

As shown in Fig. 4a—c, the shark-skin-inspired surface
with rhombuses and ribs structures was fabricated on the
rake face of the cutting tool. According to the structural
features of shark skin [34], the rhombus structures imi-
tating the shark scales could improve the drag-reducing
effect and the grooves imitating the riblet depression struc-
tures would help to decrease friction surface and reduce
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Table 2 Characteristics of the cutting tools used in this paper

Tool name  Schematic diagram Description
PT Polished tool with the surface roughness, Ra less than 80 nm
Rake face
o)
&
N
&

MT-1 Polished tool with biomimetic shark-skin textures on rake face.
The microgroove direction is perpendicular to the main cut-
ting edge

Rake face
L
&
Micro/nano-texture $
S
MT-2 Polished tool with biomimetic shark-skin textures on rake face.
The microgroove direction is parallel to the main cutting edge
Rake face
o
S
&
Micro/nano-texture \’.\
S
S
MT-1-N Polished tool with biomimetic shark-skin textures on rake face
and nano-textures on flank face. The microgroove direction is
perpendicular to the main cutting edge
Rake face
Q.
¥
&

Micro/nano-texture Q

A

Nano-texture
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Table 2 (continued)

Tool name  Schematic diagram Description

MT-2-N

—— Polished tool with biomimetic shark-skin textures on rake face
B - and nano-textures on flank face. The microgroove direction is
parallel to the main cutting edge

Rake face

Micro/nano-texture ‘§

_________________ » Goal
(Level 1)

Criteria
TT T 7% (Level2)

Sub criteria
-

(Level 3)
Magnetron Cathode-arc o Alternatives
deposition deposition (Level 4)
1. X
0 7 jeriteria [_]Magnetron deposition .o
(b) i [ Cathode-arc deposition ( C)
[ EHDA deposition 05k
0.8 |- & S : 0.4724
=3 =3
= 5
= 5041
206l 2 0.351
g £
- ':., L
z _E 0.3
S04 £
-
~ 02 01766
02 0.1
0.0 0.0
. ! . Magnetron Cathode-are EHDA
Properties  Process Resources  Equipment Z e o5 as
deposition deposition deposition

Fig.2 AHP hierarchical structure for the selection of lubricating coatings deposition methods (a). The efficiency of coatings deposition methods
for groups of criteria and sub-criteria (b) and the global priority vectors for three methods (c)

shear stress. Periodic nano-ripples imitating nano-textures  author’s previous studies [37]. The profile of one micro-
of shark skin were fabricated. Their depth and period  groove was shown in Fig. 4e. The depth, aspect ratio

were ~ 150 nm and ~

@ Springer KE_:E

550 nm, respectively according to  and period was ~ 18 pm, ~ 1.8 and ~ 84 pm, respectively.
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Fig.3 Cutting experiments :\t 7
setup e i X

Workpiece

-‘qutting tool

Table 3 Some parameters of the cutting experiment

Feed rate (f) 0.1 mm/r

Depth of cutting (a,) 0.5 mm

Cutting speed (v) 50, 100, 150, 200 m/mim
Workpiece AIST1045 steel

Cutting tool Cemented carbide tool YG6

Turning machine CKD6150H

Figure 5a, b presented the surface micrographs of the
WS,/C coating. The coating presented a dense cluster
shape surface, and many particles with different sizes
were accumulated. The cross-sectional SEM micrograph,
as shown in Figs. 5c, revealed that the particles were two-
dimensional ultra-thin sheets. The XRD result (Fig. 5d)
showed that the WS, coating exhibited a well-developed
crystal structure. The diffraction peaks of (002), (004),
(100), (103), (006), (110), and (112) corresponded to the
crystal planes of hexagonal phase (JCPDS-84-1398). A
preferential orientation to basal plane (002) for WS, coat-
ings would contribute to its excellent wear resistance and
low friction coefficient [38]. The diffraction peak located
at 25.60 was (002) carbon crystal plane (JCPDS-75-1621).
Figure 5e showed the Raman spectrum of the WS,/C coat-
ing. The peaks located at 351 and 417 cm™! derived from
the E'2g and A, vibrational modes of WS, [39]. Also, two
prominent peaks assigning to the D and G band of carbon
were found at 1356 and 1588 cm™".

CNC turning lathe ,_ ‘

. L

Cutting forces

,’ e

Fr

Fixture
] In situ thermal image
Dynamete 'lmin;z tool

3

3.2 Analysis of dry cutting performance
3.2.1 Cutting force

In this work, the effect of cutting speed on the cutting forces
(feed forces Fy, radial thrust forces F, and tangential forces
F,) for different tools were analyzed. Figure 6 showed the
variation of cutting forces with cutting speed. The WMT-
2-N tool showed the minimum cutting forces and its feed
force Fy, radial thrust force F,, and tangential force F_ was
decreased by 36%, 35% and 20%, respectively compared
with those of PT tool for the cutting speed of 100 m/min. For
the cutting speed of 200 m/min, the reduction of feed force F;
associated with the MT-2-N, WPT and WMT-2-N tool was
14%, 26% and 30%, respectively. For the radial thrust forces
F,. the reduction was 13% for MT-2-N tool, 27% for WPT
tool and 34% for WMT-2-N tool. For the tangential forces
F., the reduction was 7% for MT-2-N tool, 8% for WPT tool
and 11% for WMT-2-N tool. These results indicated that
the cutting forces reduction achieved by WS,-coating the
tool may be more effective than that implemented by sur-
face texturing. In the higher cutting speed ranges (> 100 m/
min), the cutting force tended to decrease with the increase
of cutting speed. The reasons were chiefly as follows: the
cutting temperature rose with the increase of cutting speed,
which would cause thermal softening and then lead to the
decrease of force required for cutting. Depending on the
results of cutting forces, the tools of PT, MT-2, MT-2-N,
WPT, WMT-2 and WMT-2-N were selected for the follow-
up investigations.

3.2.2 Cutting temperature

During the dry cutting process, a lot of energy would
be involved for chip removal, which would generate

@ Springer KEF]E
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Fig.4 Characteristics of tool surfaces with shark-skin-inspired structures: rake face with micro/nano-texture (a, b, ¢); Flank face with nano-

texture (d); 3D optical micrographs of one micro-groove (e)

considerable amounts of heat. In this work, the influence of
cutting speed on the cutting temperature for different tools
was evaluated. Figure 7 showed the variation of cutting tem-
perature with cutting speed for different cutting tools. The
cutting temperature of the WMT-2-N tool was minimum at
each cutting speed, and the higher cutting temperature was
obtained when the cutting speed became higher. In case of
the cutting speed of 200 m/min, the highest cutting tempera-
ture (~ 630 °C) was observed for the PT tool and a reduction
of 7%, 9% and 10% was obtained for MT-2-N tool, WPT
tool and WMT-2-N tool, respectively. Less tool-chip contact
area for textured tool effective lubrication after coating WS,
resulted in lower frictional coefficient and thereby reduced
the cutting temperature. The effective heat transfer of tex-
tured surface also attributed to the temperature reduction. In
the higher cutting speed ranges (> 100 m/min), the cutting
temperature of the WMT-2-N tool was decreased by 10-30%
in contrast with that of the PT tool.

3.2.3 Friction coefficient of the tool-chip interface
The friction and lubricating behavior of the tool-chip inter-
face would affect tool life, energy consumption of cutting,

and machined surface quality. In this work, the friction coef-
ficient u was obtained from the following equation [40]:

@ Springer KE;E

Fsiny, + Fycosy,

U ey

B F cosy,— F;siny,
The results were illustrated in Fig. 8. The varying trend
of the friction coefficients was similar to that of the cut-
ting forces. The largest friction coefficient was achieved
at the cutting speed of 100 m/min for the PT tool, and the
smallest value was obtained at the cutting speed of 50 m/
min for the WMT-2-N tool. An effective reduction in the
friction coefficient was observed with the WMT-2-N tool
for any given cutting speed. In case of 200 m/min, the
reduction of friction coefficient was 7% for MT-2-N tool,
19% for WPT tool and 21% for WMT-2-N tool in contract
with that of the PT tool. So, in order to reducing the fric-
tion coefficient between the tool-chip interfaces, the use of
WS, coating was more effective than that implemented by
surface texturing. Textures on the rake face of cutting tool
could reduce the tool-chip interface contact length. Moreo-
ver, the solid lubricant coating could minimize the friction
between the tool-chip interfaces and thereby reduce the
heat generated during machining. In the higher cutting
speed ranges (> 100 m/min), the friction coefficient tended
to decrease with the increase of cutting speed. Such varia-
tion could be due to the improved tribological condition of
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Fig.5 Characteristics of the WS, coatings: surface SEM micrographs (a, b); Cross-sectional SEM micrographs (¢); XRD pattern (d) and Raman

spectrum (e)

tool-chip interfaces. The high cutting temperatures associ-
ated with cutting speed would lead to a thermal softened
layer, which could act as solid lubrication.

3.2.4 Shearangle

The shear angle ¢ was obtained by the following equations
[41,42]:
087 Acp

C
= 1 —_— = —
¢ = arctan F sy, & 2 )

Figure 9 showed the shear angle variation with cutting
speed. An increase of shear angle was observed when the
cutting speed rose. This is principally because the chip thick-
ness reduced as the cutting speed rose, which increased chip
thickness ratio and consequently increased the shear angle.
As shown in Fig. 9, the influence of cutting speed on the
shear angle for PT tool (17%) is a little greater than that
for the WMT-2-N tool (10%). While for the constant cut-
ting speed, the WMT-2-N tool had a higher shear angle,

increasing by 73—-85% compared with that of the PT tool.
The texture on the rake face could affect the chip thickness
ratio and thereby the shear angle, as the formation of chips
involved the shearing of the workpiece material in a plane
extending from the tool edge to the position where the chip
leaves the work surface. The tool-chip contact was referred
as a tribological contact. For the PT tool, the severe friction
was there and due to the frictional effect, chip thickness was
large. With the introduction of textures and lubricant coat-
ings, the increase in shear angle is facilitated by the ease of
chip flow over the rake face due to reduced friction. Further-
more, the application of textures and WS, coatings on the
cutting tool will reduce the adhesion of chip material on the
cutting tool surface, which would be helpful for chip flow.
For the cutting speed of 200 m/min, the shear angle was
found to be 19° for PT tool, 22° for MT-2-N tool, 28.1° for
WPT tool and 33° for WMT-2-N tool. The lubricant coat-
ings were more effective than textures in increasing the shear
angle. The greater shear angle can contribute to lower cut-
ting heat, lower specific shearing energy and lower power
requirements [43].

@ Springer KE _:E
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Fig.7 Variation of cutting tem-
perature with cutting speed
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Specific cutting energy (SCE), characterizing the energy ’
consumption of removing the workpiece materials, was Figure 10 showed the SCE results of all tools with
obtained by the equation: respect to different cutting speeds. The maximum SCE
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was achieved for PT tool when cutting speed was 100 m/
min, which was about 3.94 J/mm>. A reduction of SCE
value with the order of 3—15% was observed as the cut-
ting speed rose from 100 to 200 m/min. In case of a con-
stant cutting speed, the SCE reduction associated with the

WMT-2-N tool was 11-20% compared with the PT tool.
Cutting energy reduction can be attributed to the reduc-
tion of cutting forces.
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Fig. 10 Specific cutting energy 5.0
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was well consistent with some literature review [44, 45].
When the cutting speed was 200 m/min, the surface rough-

The machined surface roughness Ra of the workpiece was  ness Ra was high (~3.6 pm) in case of PT tool, while low
measured and presented in Fig. 11. An increase of cutting  (~1.2 pm) for the WMT-2-N tool. In the dry cutting condi-
speed lead to the decrease of surface roughness Ra, which  tion, the PT tool may be exposed to high cutting temperature

Fig. 11 Variation of machined 4

surface roughness Ra with cut-
ting speed
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and contact stress, which would lead to some surface defects
like abrasive marks, wear debris and adhering layers, and
consequently to deterioration of the machined surface. For
the WMT-2-N tool, the lubrication action of WS,/C coat-
ings and textures prevented the temperature rising and hence
reduced the thermal damage for deteriorating machined sur-
face finish.

3.3 Analysis of tool wear
3.3.1 Tool life

Figure 12 showed the change of tool flank wear VB with
the increase of cutting distance at the cutting parameters:
v=200 m/min, f=0.1 mm/r and a,= 0.5 mm. Every date
was obtained by averaging three repeated experimental
results under the same test conditions. For all tools, under
the given cutting paramters, there were three wear stages:
initial break-in stage, steady wear stage and sharp wear
stage. In the initial break-in stage, due to the high pressure
stress caused in the narrow contact area between the tool
and the workpiece, rapid abrasive wear was produced. The
initial break-in stage of all tools lasted about ~ 500 m. In the
steady wear stage, the wear rate slowed down because of the
increase of the contact area between the tool and the work-
piece. The longer steady wear stage tools have, the longer
reliability duration of cutting they have. Form Fig. 12, the
tools configured with shark-skin-inspired structures or/and
WS,/C coatings showed longer steady wear stage with a
slow and stable rising wear rate. The sharp wear stage of all

tools has almost the same characteristics. The tool life crite-
ria was as follows: the average tool flank wear VB > 0.3 mm,
depending on ISO standard 3685. The tool life of MT-2-N
and WPT was improved by 17.7% and 69.3%, respectively,
compared with that of PT tool, indicating that the tool life
improvement achieved by WS,-coating the tool may be
more effective than that implemented by surface textur-
ing. The maximum value obtained in the WMT-2-N tool
was ~ 3486 m, which was 2.1 times longer than that of the
PT tool. The significant improvement of tool wear life may
be linked closely to the improvement of the tribological state
at the tool-workpiece contact zone. In general, the combina-
tion of surface texturing and deposited WS,/C coatings is a
suitable method to increase tool life.

3.3.2 Flank wear characteristics

Figure 13 showed the worn flank surface morphologies of
PT, WPT, MT-2-N and WMT-2-N tools with the cutting
distance of 1061 m under the cutting parameters: v =200 m/
min, f=0.1 mm/r and ap=0.5 mm. Some abrasive marks
were formed on the flank face of the PT tool (Fig. 13a), indi-
cating its abrasive wear. The formation of abrasive marks
was mainly due to the increase of friction between tool
surface and workpiece surface, which was caused by the
hard particles from workpiece, built-up layer and chips. In
addition, serious adhesion phenomenon, including built-up
edge and adhering layers, was found. Compared with the
unworn area (point A2), the content of Fe and O elements
were enhanced significantly on point A1l of tool flank face.

Fig. 12 Tool flank wear curves 0.40
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Fig. 13 Flank wear morphologies of different tools: PT (a); WPT (b); MT-2-N (c¢); WMT-2-N (d); (v=200 m/min, f=0.1 mm/r, ap=0.5 mm

and cutting distance =1061 m)

This indicated that the adhering layer was oxidized under the
high cutting temperature (~ 630 °C). So the main flank wear
mechanism in dry cutting AIST1045 steel was abrasive wear
and adhesive wear. After depositing WS, coating (Fig. 13b),
the adhesive wear became slight and no built-up edge was
formed, which was well consistent with the low tool flank
wear value of the corresponding varying curve shown in
Fig. 12. For the MT-2-N tool (Fig. 13c), the flank face was
worn relatively uniformly, while some built-up edge and

@ Springer KE ;]E

adhesion but no notch were formed. The WMT-2-N tool
(Fig. 13d) exhibited the best anti-wear ability in contrast
with other tools.

3.3.3 Rake wear characteristics
The rake wear was mainly caused by the physical and

chemical reaction between the chip material and the cut-
ting tool material. Figure 14 exhibited the worn rake surface
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morphologies of PT tool with the cutting distance of 1061 m
under the cutting parameters: v=200 m/min, f=0.1 mm/r
and a,=0.5 mm. The morphology results suggested that
many wear debris were distributed on the worn face. In the
machining zone near the main cutting edge (Fig. 14c), due to
the elevated temperature and high contact pressure, the wear
debris got stuck onto the tool surface and caused the adher-
ing layer and built-up edge. The further composition analy-
sis of the adhering layer by the Raman spectrum (Fig. 14d)
showed that Fe,O; was detectable. Also, some abrasive
marks were observed on the worn face. Generally, the main
rake wear type of PT tool was adhesive and abrasive wear.
Figure 15 showed the worn rake faces of MT-2-N tool with
biomimetic shark-skin structure, and its wear degree became
milder. In the region near the main cutting edge, an adhering
layer composed of Fe;O, and Fe,0; was formed (Fig. 15a,
d). At the textured area, the well-distributed rhombus cells
would help to reduce the shear stress during the dry cutting
process and the micro-grooves inserted in the rhombus cells
had a significant effect on reducing the contact area, all of

] W’Td—nmu——-—-——
" B Wear debris
;/ Built-up edge

Wear debris

Intensity (a.u.)

which would improve the lubricating effect of machining
process [46]. Owing to the high contact pressure, lots of
wear debris were pressed into the micro-grooves (Fig. 15b,
¢), which would effectively alleviate the abrasive wear.
Figure 16 exhibited the rake wear morphologies of the
WPT tool. In the machining zone, the WS,/C coating was
peeled away and the adhering layer and built-up edge were
formed (Fig. 16d, e), which could be confirmed by the
EDS map of Fe and S element (Fig. 16b, c¢). Fe;0,, Fe,0;,
WS, and its oxidized products (WO;), some sulfate and
sulphide (FeSO, and FeS) were detected from the wear
debris by Raman spectrum (Fig. 16f). These results indi-
cated that WS,/C coating deposited on the polished tool
surface could not play a long-time lubricating role. Its
premature failure would make the tool substrate directly
contact with the workpiece, which would lead to severe
tool wear. For the WMT-2-N tool, when the microgrooves
were penetrated by wear debris, the WS,/C particles stored
within the grooves would be squeezed out and then began
its function in reducing the friction between workpiece and

(b)

8 Fe20:3

200 300 400 500 600 700 800 900
Raman shift (cm")

1000

Fig. 14 Rake wear morphologies of the PT tool (a, ¢) and EDS map of Fe element (b). Raman spectrum of the adhering layer (d). (v=200 m/
min, f=0.1 mm/r, a,= 0.5 mm and cutting distance =1061 m; the red arrow shows the direction of chip flow)
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Fig. 15 Rake wear morphologies of the WMT-2-N tool (a, ¢) and EDS map of Fe element (b). Raman spectrum of the adhering layer (d).
(v=200 m/min, f=0.1 mm/r, ap=0.5 mm and cutting distance = 1061 m; the red arrow shows the direction of chip flow)

tool. As seen in Fig. 17a, c, the amount of WS,/C parti-
cles retained on the textured surface was higher compared
with that of the polished tool surfaces. Therefore, a longer
period of lubrication can be obtained. In addition, benefit-
ing from the storage function of grooves (Fig. 17b, e), the
scratching distance of wear debris on the tool surface was
reduced. As a result, the damage of the cutting tool was
reduced and the tool life was increased. Raman spectro-
scopic analysis for the wear debris showed the prominent
peaks of WS, as well as a few Fe;O, (Fig. 17f).

Figure 18 showed the 3D micrographs and surface pro-
files of rake faces for different tools. A large crater with a
depth of ~2.5 pm was found on the worn rake face of the
PT tool, indicating its severe abrasive wear. The shallow
and narrow abrasion craters were observed on the worn
rake face of MT-2-N and WPT tools, and their depth had
no noticeable difference. WMT-2-N tool showed the mini-
mal abrasive wear.

@ Springer KE;E

3.4 Sustainability assessment

Sustainability assessment for the dry cutting process needs
to focus not only on the product, but also on the manufactur-
ing process involved. This assessment needs some metrics
based on both product and manufacturing processes. In this
work, measures for the evaluation were:

Energy consumption;
Manufacturing cost;

Process performance;
Machined surface quality;
Environmental effect;

Waste production and disposal;
Operator health and safety.

Taking influencing factors of energy consumption, man-
ufacturing cost, machined surface roughness, workpiece
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Fig. 16 Rake wear morphologies of the WPT tool (a, d, e). The EDS map of Fe element (b) and S element (c). Raman spectrum of the wear
debris (f). (v=200 m/min, f=0.1 mm/r, ap=0.5 mm and cutting distance = 1061 m; the red arrow shows the direction of chip flow)
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Fig. 17 Rake wear morphologies of the WMT-2-N tool (a, d, e). The EDS map of Fe element (b) and S element (¢). Raman spectrum of the
wear debris (f). (v=200 m/min, f=0.1 mm/r, a,=0.5 mm and cutting distance = 1061 m; the red arrow shows the direction of chip flow)
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cleaning, scrap disposal, environmental effect, and operator
health and safety into account, the calculation of product
sustainability index (PSI) was carried out. The scoring cri-
teria for each influencing factor were represented in Fig. 19.
In the process of sustainability assessment, the scores of
all influencing factors were allotted from poor to excellent,
then the PSI for dry cutting AISI1045 steel was obtained by
adding the scores of all influencing factors, as shown in the
following the equation:
Y IF,
PSI = =—— - 100% “4)
n-10

where 7 is the number of the influencing factors and IF is the
score of the influencing factor. It should be noted that the
sustainability assessment was carried out in our laboratory
environment, unlike the actual industrial condition, some
aspects like electricity cost, workpiece cost, labor cost, etc.
were ignored in order to simplify the process. Due to the
limitation of measuring means, only the surface roughness
Ra was considered when scoring the machined surface qual-
ity. The detailed description of the scoring process for each
influencing factor was presented below.

Energy consumption: to estimate the energy consumption
(E) of dry cutting AISI1045 steel using different cutting

Fig. 19 Scoring criteria for each
influencing factor during the
sustainability evaluation

Operator
health and
safety

Environmental
effect

Scrap
disposal

tools, the lathe power (P,) and energy use of coating (E,)
and texturing (E,) were considered. P, can be calculated by
the following equation [47, 48]:

F.-v

P, =
760w

&)

where F. and v is the tangential force and cutting speed,
respectively. @ is the transmission efficiency of the lathe
(0.75). The values of E_ and E, were calculated as the sum
of energy consumed by each component

Ec/Et=ZPi'ti 6)
i1

where P; is the powder demand of device (heater, X—Y mov-
ing platform, pump, laser, etc.) and ¢; is the operating time.
Then, the energy consumption E was calculated by the fol-
lowing formula:

E=P+t+E _+E, 7

From the Eq. (5), the energy consumption of the lathe
using PT, MT-2, MT-2-N, WPT, WMT-2 and WMT-2-N
was 7.9 MJ, 7.8 MJ, 6.8 MJ, 6.8 MJ, 6.5 MJ and 5.6 MJ,
respectively. The cutting conditions are: v=200 m/min,
f=0.1 mm/r, a,=0.5 mm and cutting time =5 min. The

Energy
consumption

manufacturing

Machined
surface
roughness

Workpiece
cleaning

2 4 6 8 10
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energy consumption of coating was 1.7 MJ, and the energy
consumption of texturing with ns laser and fs laser was 0.6
and 1 MJ, respectively. Depending the Eq. (7), the energy
consumption of dry cutting AISI1045 steel using PT, MT-2,
MT-2-N, WPT, WMT-2 and WMT-2-N was 7.9 MJ, 8.4 MJ,
8.4 MJ, 8.5 MJ, 8.8 MJ and 8.8 MJ, respectively. Thus, a
score of “7” was provided to WMT-2-N and WMT-2, “7.2”
to WPT, “7.4” was assigned to MT-2 and MT-2-N, and “7.9”
in case of PT.

Manufacturing cost: this aspect was scored through tool
cost, tool life and MRR. Then the total score of manufac-
turing cost was obtained by summing up the three scores.
WMT-2-N tool has the highest tool cost, as it needed to add
lubricating coatings and textures. However, the good lubri-
cation of WMT-2-N leads to longer tool life and decreased
its manufacturing cost. The higher MRR would cause higher
productivity and lower manufacturing cost.

Machined surface roughness: the score of machined sur-
face quality was determined according to the Machined sur-
face roughness Ra. A low surface roughness means a good
surface quality and will get a high score.

Workpiece cleaning: there is no need to clean the work-
piece in our case of dry cutting, thus a high score of “10”
was assigned to all experimental conditions.

Scrap disposal: the chips were formed during the cutting
process. Under the dry cutting condition, the chips were free
from the cutting fluid and easy to be handled or stored. So a
high score of “9” was given.

Environmental effect: dry cutting can protect the environ-
ment from being harmed by cutting fluid. The content of
PM2.5 solid particles produced in the machining zone was
not distinct significantly for all tools. However, the noise
level decreased with the improved tribological property of
tool. The process of coating and laser texturing would gener-
ate emissions, polluting the environment. Thus, a score of
“9” was provided to WMT-2-N, “8” to WPT and WMT-2,
“7” to MT-2 and MT-2-N, and “6.5” in case of PT.

machined products and would increase the operational risk
when exposed to the high-temperature component. At the
same time, the noise level of the PT tool was highest among
all tools due to the high cutting force and poor lubrication
condition. Thus, a score of “9” was provided to WMT-2-N,
“8” to WPT and WMT-2, “6” was assigned to MT-2 and
MT-2-N, and “5” in case of PT.

The appropriate scores of all considered aspects were
given (see Table 4) and the total PSI was determined, as
represented in Fig. 20. The condition which got a higher
score of PSI would more easily achieve sustainable manu-
facturing. As was shown in Fig. 20, the highest total PSI of
77.1% was obtained in case of the dry cutting experiment
using WMT-2-N tools. That is, dry cutting AISI1045 steel
using WMT-2-N tools was practically viable in terms of
sustainability, which would provide better economic, social
and environmental benefits.

4 Conclusions

In this paper, dry cutting AIST1045 steel using cutting tools
configured with shark-skin-inspired structures and WS,/C
coatings was investigated. The electrohydrodynamic atomi-
zation method to prepare WS,/C coatings was determined by
the analytical hierarchy process (AHP). The dry cutting per-
formance of cutting tools with different treatments was stud-
ied. The assessment of sustainable manufacturing capability
was carried out. Some conclusions were drawn as follows:

(1) AHP was used to choose an appropriate method of
depositing WS,/C coating for dry cutting tools, taking
into account the criteria of coating property, deposi-
tion process, resource and equipment. WS,/C coatings
deposited by the electrohydrodynamic atomization
method were more suitable in comparison with mag-
netron deposition and cathode-arc deposition methods.

Operator health and safety: in the dry cutting condition, (2) Among all six cutting tools (PT, MT-2, MT-2-N, WPT,
the operator health and safety were free from the harm of WMT-2 and WMT-2-N), dry cutting AISI1045 steel
cutting fluid. While the cutting temperature of the PT tool using WMT-2-N tools have shown excellent cutting
was very high which caused the increased temperature of the performances in terms of (1) reduced cutting forces
Table4 PSI for al.l cutting.tgols Tools Energy Manu- Machined Work- Scrap  Environ-  Operator PSI
under the dry cutting condition consump- facturing surface rough- piece dis- mental health and

tion cost ness cleaning posal effect safety
PT 79 1.8 24 10 9 6.5 5 60.9
MT-2 74 2.1 32 10 9 7 6 63.9
MT-2-N 7.4 22 3.7 10 9 7 6 64.7
WPT 72 35 5.1 10 9 8 8 72.6
WMT-2 7 32 5.7 10 9 8 8 72.7
WMT-2-N 7 4 6 10 9 9 9 77.1
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Fig.20 Total PSI of all cutting
tools for sustainability assess-

ment

3)

and cutting temperatures, (2) increased specific cutting
energy and minimum machined surface roughness, (3)
slight tool wear (rake and flank wear) and longer tool
life.

The sustainability assessment by PSI calculation
showed that dry cutting experiments using WMT-2-N
tools had the highest total PSI of 78.6%, and can be one
of the best practical choices for achieving sustainable
manufacturing. These results can be considered as one
reference for sustainability evaluation when dry-cutting
various workpiece material using cutting tools config-
ured with textured surfaces and lubricating coatings. It
should be noted that more influencing factors for sus-
tainability assessment should be added or modified in
order to suit some specific machining conditions.
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