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Abstract: Dry milling of hardened steel is an economical and environmentally friendly machining
process for manufacturing a mold and die. Advances in coating technology makes the dry milling
a feasible approach instead of a traditional grinding process. However, the cutting condition is
particularly severe in a dry machining process. High-performance coating is desired to meet the
requirement of green and highly efficient manufacturing. This study concerned the performance of
AlTiN-based coatings. The effect of Al content, and the AITiN composite coating on the cutting per-
formance of tools are investigated in terms of friction force at the tool-chip interface, specific cutting
energy, cutting temperature on the machined surface, tool wear pattern and mechanism, and surface
integrity. The results show that advanced AlTiN-based coatings reduce the force and cutting energy
and protect the cutters from the high cutting temperature effectively. The main wear mechanisms of
the coated tools are adhesive wear, chipping induced by fatigue fracture and abrasive wear. In gen-
eral, the dry milling of hardened steel with AITiN-based coatings gains a quite satisfactory surface
quality. Furthermore, AITiN-WC/C hard-soft multilayer coating performs well in reducing cutting
force, preventing adhesion wear and isolating the cutting heat, being suitable for dry milling of
hardened SKD11.

Keywords: dry end milling; hard cutting; AITiN coating; AITiN-WC/C multilayer coating

1. Introduction

Hardened steel SKD11with a hardness up to 60-62 HRC is widely utilized in the
producing of dies, precision gauges, spindle, jigs and fixtures due to high toughness and
excellent wear resistance [1,2]. On the other hand, it is considered as one of the difficult-to-
cut materials [3].

The traditional approach to machine this hard steel is a grinding and electronic dis-
charge machining (EDM) process. With the development in machine tools and cutting
tools, to manufacture alloy steels in the fully hardened state becomes a cost-effective
manufacturing process in the finishing machining of dies and molds [4]. Tools always
bear high mechanical and thermal loads, which lead to the deterioration in cutting per-
formance [5]. In the traditional cutting process, cutting fluid plays an essential role of
lubrication and cooling. However, the usage of cutting fluid causes several problems:
the increase of manufacturing costs, the pollution of the environment and the harm to
operators [6]. Extensive studies have been conducted to improve this situation, such as
minimum quantity lubrication (MQL) [7,8], environmentally friendly cutting fluids [9,10],
and dry cutting [5,11].

The benefits for dry milling of hardened steel components are substantial in terms
of reduced machining costs and lead time, protection of the environment and human
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health [12,13]. If no cutting fluid is used in the milling of hardened steel, the cooling,
lubrication and chip removal becomes particularly severe. The friction between the tool
and chip increases, resulting in the increase of cutting force and cutting temperature [14].
To overcome these difficulties, heat-resistant tool materials and advanced coating materials
have been developed [15].

Advances in coating techniques have promoted the spread of the dry machining [16,17].
Coating one or more layers of metal or non-metal compound films with high hardness and
good wear resistance on the relatively soft tool substrate material greatly improves the
mechanical properties of the tool [18]. By adding aluminum to TiN coatings, AITiN coat-
ings acquire higher hardness, advanced wear resistance and oxidation resistance at high
temperatures [19,20]. The mechanical properties and crystal structure of AITiN coatings are
positively correlated to their Al content. With an appropriate aluminum concentration in
the AITiN coating, it is appropriate to form a hard and inert film at the tool-chip interface
during cutting. This film not only prevents further oxidation of the coating, but also
performs heat insulation [21].

AITiN coating can be combined with other coatings to form multilayer coating, for in-
stance AITiN hard coating—soft coating. Each layer of coating has its own advantages,
so that the composite coating has better comprehensive performance [22]. Soft coating is
also named as self-lubricating coating. With excellent lubrication performance, it reduces
the friction between the workpiece and the tool, prevent the generation of chip adhesion so
as to improve the processing surface quality and prolong the tool life [23]. Tungsten carbide
and carbon (WC/C)-based coating is a soft coating. Various studies are available regarding
the anti-frictional behavior of WC/C coating [24,25]. However, little research has been
reported on the application of WC/C coating on carbide tools in dry milling.

In addition, nanocomposite coatings have been developed and applied in machining
with extreme conditions [26,27]. The AITiN-based nanocomposite coatings have very high
nanohardness and heat resistance, which could significantly improve the high temperature
hardness, heat insulation property, thermal stability, and impact toughness [28]. The cutting
speed and tool life could be improved significantly.

Various studies have conducted on WC/C coating and AITiN based nanocomposite
coatings and show their capacity in extreme machining condition. However, little research
has paid attention to investigate their effects on the cutting performance in dry milling of
hardened steel. In addition, although several studies investigated the effect of Al content
in coating chemical compositions, the performance of AITiN PVD coatings with different
Al/Ti ratios during dry milling of hardened steel is seldom reported. This study aims
to investigate and compare the performance of PVD AITiN coatings with two different
Al/Ti ratios, AITIN-WC/C hard-soft composite coatings and AITiN/Si3N4 nanocomposite
coatings in dry end milling of hardened steel. Four kinds of different coatings are ap-
plied on cemented carbide cutters. The effects of the coatings on cutting performance of
tools are investigated in terms of friction force at the tool—chip interface, specific cutting
energy, cutting temperature on the machined surface, tool wear pattern and mechanism,
and surface integrity.

2. Materials and Methods
2.1. Testing Materials

In the experiment, the workpiece of JIS SKD11 tool steel are used. Table 1 shows the
properties and compositions of this material. SKD11 is a widely used cold-work tool steel,
which has similar contents and properties as AISI D2 steel. The workpiece has been fully
hardened and contains large amounts of carbides, which give an excellent resistance to
wear, and has a fine tempered martensite microstructure with a hardness of 60 to 62 HRC.

Four kinds of coatings are deposited on milling cutter fabricated by cemented carbide
H10F with the properties and compositions as shown in Table 2. The cutters have same
geometrical parameters as shown in Table 3.
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Table 1. Properties and composition of SKD11 steel.

Properties Density Young’s Modulus Poisson’s Ratio Hardness
8400 kg/ mS3 208 GPa 0.3 60-62 HRC
Compositions C Si Mn Cr Mo A% P< S<
wt.% 1.40~1.60 0.40 0.60 11.00~13.00 0.80~1.20 0.20~0.50 0.03 0.03

Table 2. Properties and compositions of the cemented carbide H10F.

Properties Hardness Bending Strength Compressive Strength Grain Size
1600 HV30 4300 N/mm? 6250 N/mm? 0.8 um
" o W C Co Cr
Compositions wt.% 80.99 9.78 8.83 0.4

Table 3. Cutting tool geometry and cutting parameters.

Geometric Parameters Cutting Parameters

Diameter 12 mm Cutting speed 75 m/min
Cutter fluted 4 Feed rate 0.1 mm/tooth
Rake angle 10° Axial depth 6 mm
Clearance angle 5° Radial depth 0.3 mm

Helix angle 45° Cooling fluid Dry

Two types of AITiN coatings with different Al contents are fabricated by a PVD
ARC process. The mole Al/Ti ratios are 50:50 and 67:33, respectively. AITiN/SizNy
nanocomposite coatings are fabricated adopting LARC (lateral rotating ARC-cathodes)
technology. Under the action of strong ions, nano-AlTiN crystals are embedded in the
amorphous Si3Ny, formed a honeycomb structure. AITiN-WC/C multilayer coating are
fabricated by depositing a layer of WC/C film on the AITiN coating. This soft WC/C film
has good lubrication performance, very low friction coefficient, and can prevent adhesion
wear effectively. These coatings have shown their capacity in extreme machining condition.
However, their effects on the cutting performance in dry milling of hardened still need to
be revealed.

2.2. Milling Tests

Milling experiments are carried out on a MAHO MH600C CNC milling center under
dry conditions. The travel range of the machine tool is defined as: longitudinal travel
(X-axis) 600 mm, cross travel (Y-axis) 450 mm and vertical travel (Z-axis) 450 mm. The spin-
dle rotational speed ranges from 20 to 4000 rpm. Cutting conditions are present in Table 3.
The cutting parameters are selected based on industry recommendations and prepara-
tory experiments. Due to high hardness and low thermal conductivity of the material,
a moderate cutting speed is selected, so as to avoid excessive cutting heat and tool wear.

The cutting forces are measured using a four-component piezoelectric dynamometer
Kistler 9272, with a multi-channel charge amplifier Kistler 5017NB, and the data acquisition
system with a sampling frequency of 4 kHz. The measured force directions are set as
follows, Fx is along the feed, Fy is normal to the feed and Fz is along the axial direction.

In addition, semi-artificial thermocouple method is used to measure the temperature
of the cutting zone. A thin constantan wire is implanted between two SKD11 specimens
and kept insulated from them. During milling, the constantan wire and SKD11 are cut off
and form a thermal contact to generate voltage signals. The measurements are performed
three times and the average value is adopted. The experimental setup of the end milling
tests is present in Figure 1.
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Figure 1. Experimental setup of dry end milling of SKD11.

For tool wear analysis, the cutter is taken off and observed every 0.8 m of cutting
length. Tool edge morphology is recorded by a Nikon microscope and digital camera with
1 pm resolution. Scanning electron microscope (SEM) and energy-dispersive spectroscopy
(EDS) analyses are performed on tool wear region to study the wear morphology and
chemical composition by using a JSM-6460 SEM.

After the dry milling, specimens are cut from the workpiece, and cleaned using acetone
alcohol. These specimens are polished metallographically. The changes in the hardness
of the workpiece surface are measured using an Rockwell hardness tester with a load of
150 kg. Residual stresses are measured using an X350A X-ray diffraction system based on
the dp-sin2plotting method. The stresses are calculated by measuring the change of
crystal plane spacing under the action of residual stress by X-ray diffraction, which is a
non-destructive method.

3. Results and Discussion
3.1. The Force Components and Specific Energy

End milling process is a complicated 3-D oblique cutting process. Due to the helical
angle, cutting direction and undeformed chip layer varies along cutting edge [29]. Consid-
ering the shearing force and plowing force components, cutting force in milling could be
expressed in differential equations as follows [30],

dF(¢,z) = [Kch(¢,z) + Keldz (1)

where the F(¢, z) is the cutting force, K is the shearing force coefficient, K, is the plowing
force coefficient. h(¢, z) is uncut chip thickness, ¢ is instant contact angle and z is the height
of the milling cutter.



Metals 2021, 11, 2019 50f12

To investigate the influence of different coatings on the friction and pressure at the
tool—chip interface on the rake face, the cutting force coefficients with reference to tool rake
face need to be identified. The measured force components could be converted from the
force components with reference to tool face as follows,

dFy —cos¢p —sing O cosi 0 sini cosy, siny, 0 dFq
dfy | = sing ~—cos¢ O 0 1 0 —siny, cosy, O dF, 2)
dF, 0 0 1 —sini 0 cosi 0 0 1 dF3

where ¢ is instant contact angle, <, is the normal rake angle measured in the plane
perpendicular to cutting edge, which can be determined with rake angle ¢ and inclined
angle which is equal to the helical angle i.

tan vy, = tan ygcosi 3)

Figure 2 shows the cutting force coefficients on the rake face, where Krc is the friction
force coefficient and Knc is the normal force coefficient. These two force coefficients of
different tools exhibit the similar trend as each other. The order of cutting force coeffi-
cients from large to small is AITiN (50:50) coating, AITiN/Si3N4 coating, AITiN (67:33)
coating and AITiN-WC/C coating. The AITiN-WC/C multilayer coatings significantly
reduced the cutting force by nearly 65%, 55% and 40% than that of AITiN (50:50) coating,
AITiN/Si3Ny coating and AlITiN (67:33) coating, respectively. Figure 3 gives the specific
cutting energy consumed in cutting process by different cutters with the tested cutting
parameters. The highest cutting energy is produced by AITiN (50:50) coating, followed by
AITiN/Si3Ny coating, AITiN (67:33) coating and AITiIN-WC/C coating.

For the force and cutting energy are obtained by cutting tools with the same geometries
under the same cutting conditions. The main factor that causes variations is the friction
state between tool and chip. As can be seen in Figure 2, the AITiN-WC/C multilayer
coatings get lower friction force than other coatings. The WC/C soft coating can form a
solid lubrication film on the tool surface. Chips are easy to move away against the coating,
reducing the cutting force and total cutting energy. The AITiN (67:33) coating also performs
well, it may be because this coating forms a dense Al,O3 oxide film which of the tool
rake face. This film prevents further oxidation of the coating and protect the tool at high
temperature. The AITiN (50:50) coating holds higher cutting force and cutting energy than
that of other coatings, indicating that with this Al content, the performance of the coating is
undesirable. Coatings fails and are peeled off, then chips stick on the rake face, increasing
the cutting force and accelerating tool wear.

14
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C

Force coefficients on rake face
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ALTIN AITiN  AITIN/Si,N, ALTiN-WC/C
(50:50) (67:33)

Figure 2. Force coefficients on rake face.
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Figure 3. Specific cutting energy.

3.2. Milling Temperature

In this section, semi-artificial thermocouple method is used to measure the temperature
of the cutting zone. A thin constantan wire is implanted between two SKD11 specimens
and kept insulated from them. During milling, the constantan wire and SKD11 are cut
off and form a thermal contact to generate voltage signals. In one turn of temperature
measurement, the milling cutter cuts off constantan wire several times while moving
forward, corresponding to the collection of multiple signal peaks. The number of multiple
signal peaks is calculated theoretically as follows:

N = (Rsin¢; — f2)/ f 4)

where, R is radius of the cutter, ¢. is contact angle, f; is feed per tooth.

Figure 4 shows the obtained signal of milling temperature, in which the ordinate is the
output voltage of thermocouple, and the corresponding milling temperature is calculated
according to the calibration result of the SKD11-constantan wire thermocouple.

amplitude

Tirme

Figure 4. Signal of milling temperature.

Figure 5 shows that the cutting temperature varies when different coatings are applied.
The highest cutting temperature among the tested cutters is 460 °C which is produced by
AITiIN-WC/C coating while the lowest cutting temperature is about 300 °C obtained by
the AITIN (50:50) coating. The cutting temperature of 390 °C by the AITiN (67:33) coating
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and 350 °C by the AITiN/SizNy coating fall in between. The temperature of the machined
surface depends on the heat produced by shearing and friction in deformed regions and
the thermal conductivity of cutters and workpiece materials. Heat generated by cutting
can be approximately equal to the cutting energy consumed which has been discussed in
the previous section. Due to the same substrate material of the milling cutter, the difference
of thermal conductivity of the cutters is mainly caused by the coatings. For lower thermal
conductivity of the coating, less heat is taken away and the temperature of the workpiece
will rise. It can be seen that the cutting temperature of AITIN-WC/C coating is higher
than that of other tools, followed by AITiN (67:33) coating and AITiN/Si3Ny coating,
and the temperature of AITiN (50:50) coated tools is the lowest. Considering the order
of specific cutting energy discussed in the last section, the higher milling temperature of
AITiN-WC/C-coated cutters and AlTiN (67:33)-coated cutters should be attributed to the
lower thermal conductivity of the coating. With a lower thermal conductivity of the coating,
the coating provides good insulation against the large amount of cutting heat generated by
dry milling, resulting in more heat transfer to the workpiece and the chips.

500

400

300 1

200 1

100 1

Cutting temperature T(°C)

AITiN A1TiN AlTiN/SisN4 AITiN-WC/C
(50:50) (67:33)

Figure 5. Milling temperature by different cutters.

During hard milling process with high cutting speed, high cutting temperature usually
being one prominent cause which leads to poor surface quality and rapid tool failure.
Reasonable cutting parameters should be applied to make the cutting temperature under
the service temperature of coatings so that the coatings maintain good hardness and
bonding strength while the hardened steel is softened. The cutting temperature obtained
in this experiment test is between 300 °C to 500 °C, lower than the maximum service
temperature for AITiN coating and AlTiN-based composite coatings. As for the workpiece
material SKD11, this cutting temperature is a medium tempering temperature that helps
to soften the material. In this case, high cutting temperature is a benefit for reducing and
slowing down the tool wear process.

3.3. Tool Wear

In a hard-cutting process, tool edges are exposed to very heavy thermal and me-
chanical loads, Besides, due to the intermittent cut of rotating milling edge, the thermal
mechanical load turns to be high-frequency impact, which is easy to cause fatigue failure
of the cutters. The wear performance is closely related to the hardness, the binding force
between the tool substrate material and the coating, and the toughness of the coatings at
high temperature.

Table 4 shows the worn edge morphology in the dry milling process. Serious adhesion
wear of cutting edges has been observed in the experiments. Due to high content of
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chromium of the work SKD11, chips are observed to stick on the cutting edge like a ductile
material, even at the early stage of cutting. This phenomenon is directly influenced by
the distribution of cutting temperature and force on the rake face. Due to the intense
pressure between the tool face and chip, and the influence of high cutting temperature,
the bottom of the chip is easy to weld on the rake face near the cutting edge. Coating and
tool substrate materials would then be peeled off with the sticking material. Adhesion
wear could be relieved by reducing high cutting temperature and heavy mechanical loads,
and improvement of friction conditions between the tool and the chips.

Table 4. Worn edge morphology in the dry milling process.

Cutting Length

AITiN (50:50) AITiN (67:33) AITiN/SizNy AITiN-WC/C

0.8 m

4 mm J
4 mm : P, 4 mm

1.6m

 4mm 4 mm

24m

4 mm - 4 mm

3.2m

4 mm 4 mm

AITiN (67:33) coating performs better than AITiN (50:50) coating. On one hand,
the aluminum-rich AIN phase in the coating has excellent mechanical properties, good bond-
ing strength and good wear resistance in the machining process. On the other hand, with a
high aluminum content in the coating, high temperature generated by the cutting causes
the aluminum element to diffuse outward and combine with the oxygen in the air, and it is
easy to form a dense Al,O3 oxide film, which can effectively prevent the further oxidation
of the coating.

AITiN/SizN4 nanocomposite coating has a fine surface finish, which reduces the
friction between tool and chip, and thus protects the tool from chip adhesions. In addition,
nano-structure improves the toughness of the coating and thus enhances the resistance to
high-frequency impact caused by intermittent cuts of the rotating milling edge.

AITiN-WC/C multilayer coatings performed well in the test. Good lubrication features
of WC/C coatings prevents the chip adhesive on the edges. WC/C coating on the outer
layer can form a solid lubrication film on the tool surface which has a low shear strength,
therefore chips easily take away WC/C film on the surface instead of sticking on the
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coating. At the same time, AITiN-WC/C coating also has good high temperature resistance
as observed in the last section, which protects the tool from the high milling temperature.

Figure 6 shows the SEM micrographs of worn cutting edge with AITiN (67:33) coating.
Table 5 shows the elemental composition at scanning area P1 and P2. P1 is a coating area
near the tip of the edge, where heavy adhesive chips are observed. P1 is the typical die
steel components, showing that the chip materials also covered the coating nearby. There is
no obvious diffusion or oxidation phenomenon. P2 is a coating area at the edge without
much adhesion, where typical coating compositions and oxygen are found, showing the
sign of oxidation. An Al,Oj3 film might be formed in the cutting at high temperature.
Micro-chipping was found to be distributed along the cutting edge, which could be due
to the falling of adhesive chips and the fatigue fracture under the periodic impact of heat
and force.

Worn edge of milling cutter

mw\\c‘*&&

e

. A\
AW [— P
X1 e n 1 48 S . .
280 100xn 0 48 SEI ZQRU g XS98 " S8Mm |

Figure 6. Micrographs of worn AlTiN (67:33) coated tool edge.

Table 5. Element components of P1 and P2 at wear land associated with Figure 6.

P1 Element Wit% At% P2 Element Wit% At%
CK 09.56 35.21 NK 06.35 13.50

CrK 11.60 09.87 OK 13.64 25.38

FeK 65.13 51.61 AIK 24.41 26.93

WL 13.72 03.30 SiK 02.10 02.23

TiK 38.72 24.07

MnK 01.87 01.01

FeK 12.91 06.88

3.4. Surface Integrity

To use hard milling in the finishing machining of dies and molds as an alternative to
the traditional EDM and grinding process, the surface integrity in milling is considered one
of the most important indices. During machining, the surface layer suffers high mechanical
loads and thermal loads and even phase transformation which might lead to changes of
surface quality. In the complex plastic deformation, and the grain is elongated, twisted and
broken. This prevents further plastic deformation and strengthens the metal, increasing its
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hardness and strength, as so called work hardening. On the other hand, high cutting
temperature trends to soften the metal, and even cause phase change, which lead to the
descend of hardness. The hardness of machined surface is the result of strengthening,
weakening and phase transformation. Figure 7 shows the hardness of the machined surface.
It can be seen that the hardness of machined surfaces by the tested coated cutters falls
between 55 HRC and 59 HRC, lower than the original hardness (60-62 HRC). No obvious
difference is observed in the surface hardness by tools with different coatings. This indicates
that a softening effect induced by the high temperature dominates. The high temperature of
hard cutting causes a certain degree of tempering to the surface material and weakens the
hardness. As the tool wear increases, the cutting temperature increases, which intensifies
the weakening trend of machined surface.

607 .

504 o - o =

40+ - - o -

HRC

304 o - o =

20 - - o -

104 o = e -

0 T T T T
AITiN AITIN  ALTiN/SigN, AITIN-WC/C
(50:50)  (67:33)

Figure 7. Hardness of machined surface.

Residual stress is also the result of force, heat and phase transition. The residual
stress on the machined surface of each tool is shown in Figure 8. The residual stress
measurements are carried out in direction X and direction Y, respectively. Direction X is
the direction of tool feed and direction Y is perpendicular to the direction of tool feed.
Hard milling of this hardened steel generates compressive stress in both directions on the
machined surface, and the influence of coatings of cutting tool on the residual stress is not
obvious. It is found in the experiments that the dry milling of hardened steel gains a quite
satisfactory surface quality with proper tool wear condition. With the increase of tool wear,
the surface quality deteriorated. This suggests that it should be avoided to use the tool
with large wear to continue producing.

-200

[ X direction
[ ]Y direction

-150 1

S1004 -

Residual stress (MPa)

0 ; T T

AITiN AITiN  AITiN/SiN, AITiN-WC/C
(50:50) (67:33)

Figure 8. Residual stress of machined surface.
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4. Conclusions

This study investigated the effects of the PVD AITiN coatings and AlTiN-based com-
posite coatings on cutting performance in dry milling of hardened steel SKD11. The friction
force and pressure at the tool—chip interface, specific cutting energy, cutting temperature
on the machined surface, tool wear pattern and mechanism, and surface integrity by Al-
TiN(50:50) coating, AITiN(67:33) coating, AITiN/Si3Ny coating and AITIN-WC/C coating
are studied and compared. The following conclusions are drawn:

1. The highest cutting force and cutting energy is produced by AITiN (50:50) coating,
followed by AITiN/SizNy coating, AITiN (67:33) coating and AITiN-WC/C coating. Cutting
force and cutting energy are effectively reduced by employing the coatings.

2. The highest cutting temperature among the tested cutters is 460 °C for AITIN-WC/C
coating, followed by 390 °C, 350 °C and 300 °C for AITiN (67:33) coating, AITiN/SizNy
coating and AITiN (50:50) coating respectively. High temperature helps to soften the
workpiece while the good heat resistance of coatings protects the tool substrate so as to
facilitate cutting.

3. The main wear mechanisms of the coated tools are adhesive wear, chipping induced
by fatigue fracture and abrasive wear.

4. The hardness of machined surfaces decrease 2% to 12% than the original values.
Compressive residual stress is induced on a machined surface. In general, the dry milling
of hardened steel gains a quite satisfactory surface quality with proper tool wear conditions.
Changes of coatings show no obvious influence on the hardness and the residual stress.

5. Compared with the other coatings, AITiN-WC/C hard-soft multilayer coating
performs better in reducing cutting force, preventing adhesion wear and isolating the
cutting heat, being suitable for dry milling of hardened SKD11.
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