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Abstract—The frictional coefficients at the front and rear surfaces of a VK6 hard-alloy cutter with experimen-
tal nano- and microcrystalline CVD diamond coatings applied in microwave plasma are determined by
extrapolation to zero cut-layer thickness. It is found that, for diamond coatings with a single microcrystalline
layer and those with both a microcrystalline layer and a nanocrystalline layer, the frictional coefficients are
less than for an uncoated hard-alloy cutter and also for a cutter with a Sandvik diamond coating.
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The surface properties of cutters greatly affect tool
deterioration: cutter wear, buildup of workpiece mate-
rial on the cutter, and the heat liberation in friction
between the chip and the cutter’s front surface and
between the workpiece and the cutter’s rear surface.
These processes largely depend on the frictional coef-
ficients at the cutter’s front and rear surfaces.

The application of diamond coatings directly to
hard-alloy cutters is of great interest on account of the
extremely low frictional coefficient and high strength
and wear resistance of thin diamond layers [1]. Today,
diamond coatings are usually applied to cutting tools
by chemical vapor deposition (CVD) [2]. This method
relies on the activation of a hydrocarbon mixture,
most often in microwave plasma (MPCVD) or by
means of a hot filament (HFCVD). Diamond coatings
obtained by CVD on tungsten-carbide (WC—Co) cut-
ters greatly improve the wear resistance and life of
hard-alloy tools, significantly reduce the frictional
coefficient between the chip and coating, prevent tool
erosion and corrosion, reduce heating and buildup,
and result in higher quality of the machined surface
[3]. This is especially important in the high-precision
machining of metal-matrix and carbon composites for
the aerospace, defense, and nuclear industries.

The application of two-layer and multilayer dia-
mond coatings may improve adhesion to the substrate
and also the tool’s cutting properties. For example,
the deposition and properties of two-layer diamond
coatings with a microcrystalline base and a nano-

crystalline upper layer were considered in [1—3]. In
such coatings, the microcrystalline layer provides
hardness and adhesion to the substrate, while the
nanocrystalline layer provides reduced roughness
and greater elasticity. Multilayer diamond coatings
may also be used to prevent cracking and increase the
thermal conductivity [4].

The frictional coefficient of tools with diamond
coatings is also important in the machining of alumi-
num-—silicon alloys, which tend to adhere to the cut-
ter, on the one hand, and are highly abrasive on
account of their silicon content, on the other. Tools
that ensure a lower frictional coefficient are less sub-
ject to adhesion and more resistant to abrasive wear
[5]. By investigating the frictional coefficient at the
surface of tools with such diamond coatings, we may
predict their wear resistance, optimize their applica-
tion, and select the best cutting conditions.

If grown on substrates other than diamond, dia-
mond coatings are polycrystalline and generally have
columnar texture, associated with the competitive
growth of individual crystallites. Depending on their
grain size, diamond coatings may be classified as
microcrystalline (crystallites larger than 500 nm) and
nanocrystalline (crystallites smaller than 100—200 nm).
For nanocrystalline coatings with a smooth surface,
the frictional coefficient is lower than for microcrys-
talline coatings. However, tests show that, with normal
loads, the threshold at which microcrystalline coatings
peel away (160 N) is markedly higher than for nano-
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Table 1. Geometric parameters of experimental cutting

inserts

Insert Y, deg | a, deg | p, um | , mm
Uncoated 5 0 30 0.8
Microcrystalline coating 5 0 45 0.8
Microcrystalline + 5 0 35 0.8
nanocrystalline coating
Sandvik coating 12 7 20 0.8

crystalline coatings (90 N), on account of the differ-
ence in adhesion [6].

The frictional coefficients are measured on a diag-
nostic system developed at Bauman Moscow State
Technical University and installed in the tool-tech-
nology laboratory for assessment of the wear resis-
tance and cutting forces in turning [7]. The tests are
conducted on a 1K62 lathe with a Kistler dynamome-
ter. A390 AI-Si alloy workpieces (diameter 85 mm)
are employed. The measurement results are analyzed
by means of Kistler DynoWare software.

Triangular turning inserts of VK6 hard alloy are
used, as well as a rhombic insert with a Sandvik dia-
mond coating, The VK6 alloy inserts are tested with
no coating, with a microcrystalline coating of thick-
ness up to 5 um, and with a two-layer coating (micro-
crystalline layer + nanocrystalline layer) of thickness
up to 12 um [8]. Table 1 presents the rounding radii of
the cutting edge and the radii at the cutter tip of those
inserts. We see that all the inserts have similar charac-
teristics and may be used for comparative research.
Note that the rounding radius of the Sandvik insert is
smaller than for the triangular inserts by a factor of 1.5—2.
All the inserts are placed in appropriate holders. The
geometric parameters of the cutting section for the tri-
angular insert are as follows: rear angle oo = 5°, front
angle Y= 0°, and primary plane angle ¢ = 90°. For the
rhombic insert, o = 12°, y=7°, and ¢ = 96°.

Currently, CVD diamond coatings are applied to
most cutting tools [9]. An important coating charac-
teristic is the adhesion to the substrate. In the deposi-
tion of diamond coatings on a hard-alloy substrate
with cobalt binder, the influence of adhesion on the
tool life is a key consideration. Adhesion is disrupted
on account of the catalytic action of cobalt, which
facilitates the formation of sp? carbon in place of dia-
mond. It is important here that cobalt is present both
at the growth surface of the diamond coatings and in
the gas phase and also that the cobalt diffuses out of
the substrate in the course of chemical vapor deposi-
tion. To limit the action of cobalt on this process, we
use a hard-alloy substrate preliminarily subjected to
selective etching of tungsten-carbide subgrains and the
boundaries of the cobalt binder by means of
Murakami reagent (10 g K;[Fe(CN)4] + 10 g KOH +
100 mL H,O0) for 5 min, with subsequent etching by
Caro’s acid (3 mL 96% H,SO, + 88 mL 30% H,0,)
for 15 s.
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To eliminate the mobility of the binder and prevent
clustering of cobalt at the stage of diamond nucle-
ation, tungsten barrier layers are also applied. To pre-
vent cracking during the growth of the diamond layer,
ion-plasma heating of the substrate to 700°C is
replaced by cold magnetron heating with substrate
temperature no higher than 50°C. To reduce the inter-
nal stress, a two-stage technology is developed for the
application of a tungsten film:

(1) application of a thin (10—30 nm) tungsten sub-
layer on a substrate activated by an ion beam, when the
working pressure of the magnetron discharge is less
than 0.25 Pa:

(2) further film growth at optimal pressures of 0.5—
0.7 Pa.

The hardness of the diamond coating after applica-
tion of the tungsten layer is 77.1 HRC, which is
2.5 HRC greater than for the etched surface. The
Vickers microhardness is 1600 HV,, for a maximum
indenter depth of 0.59 um and a loading rate of
13.3 mN/s. The ratio of the inverse elastic deforma-
tion to the total mechanical work of indentation is
decreased to 37%.

Samples of one- and two-layer diamond coatings
on VK6 hard-alloy substrates (cutting inserts) are pro-
duced in a microwave plasma chemical reactor with a
methane—hydrogen (CH,—H,) atmosphere. In the
experiments, diamond is synthesized on VK6 sub-
strates in an ARDIS-100 microwave plasma chemical
reactor developed at the Natural-Science Research
Center, Prokhorov Institute of General Physics, Rus-
sian Academy of Sciences, in collaboration with
00O Optosystemy  (http://www.cvd-diamond.ru).
The conditions of synthesis are as follows: microwave
power 2.5—2.9 kW; substrate temperature 750—800°C,
pressure in chamber 9.3—10.6 kPa; mixture of H,
(purity 99.99999%) and CH, (purity 99.9995%);
methane concentration 4 and 15% in the growth of
microcyrystalline and nanocrystalline coatings,
respectively; gas flow rate 1 dm?/min. To increase the
nucleation density, detonation diamond powder and
high-pressure and high-temperature (HPHT) dia-
mond from suspensions of 5- and 50-nm particles,
respectively. That ensures a nucleation density of
~109 particle/cm?.

As a rule, the frictional coefficient is determined in
the simulation of friction in various systems, using an
indenter of the tool material and a counterbody of the
workpiece material [10, 11]. In some studies, the fric-
tional coefficient is determined by computational and
experimental methods. However, it is difficult to use
such methods in determining the frictional coeffi-
cients in cutting, since the friction at the tools’ contact
surfaces is heterogeneous and the characteristics of the
material required for the calculations cannot be
obtained in practice.
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Fig. 1. Forces in the primary secant plane.

To obtain reliable results, the frictional coefficient
must be measured directly in cutting, but that poses
methodological difficulties. In particular, it is difficult
to determine the forces on the cutter’s front and rear
surfaces. To that end, we calculate the frictional coef-
ficients at the cutter’s front and rear surfaces by
extrapolation of the cutting force to zero cut-layer
thickness [12, 13]. According to the extrapolation
method, the force on the rear surface does not depend
on the cutting force at the rear surface, the cut-layer
thickness (the supply), the front angle, and the chip
deformation. Therefore, the forces at the rear surfaces
are equal to the forces with zero cut-layer thickness,
corresponding to .5, = 0.

The normal pressure and the frictional force act on
the cutter during its operation (Fig. 1). Since the plane
angle of the cutters used in the experiments is 90°, we
may write

Pz = Pfr.r + Pfr.f Si]’l’Y + Nf CosY;
P.=N.+ B, ;cosy+ N;sinvy,

where P, and P, are the primary and axial components
of the cutting force; Py and Py, are the frictional
forces at the cutter’s front and rear surfaces; Nyand N,
are the normal forces at the cutter’s front and rear sur-
faces; and v is the rake angle.

In the experiment, we use cutters with y = 0. In
that case

})z Z})fr.r+Nf;
Px :Nr+1)fr.f'

Hence, the frictional coefficients at the cutter’s
front and rear surfaces may be calculated from the
formulas

B
Kfr r— La (1)
N,
P P.—N
Kfr,f — —frf X r (2)
Nf Pz - I)fr.r
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Fig. 2. Dependence of the axial cutting force P, on the sup-
ply S, for VK6 alloy inserts with no coating (7), with a sin-
gle-layer microcrystalline diamond coating (2), with a
two-layer (microcrystalline + nanocrystalline) diamond
coating (3), and with a Sandvik diamond coating (4).

The frictional force Py, and normal force N, are
determined by interpolation of the dependence of the
cutting force on the cut-layer thickness according to
the formula

P, =P, when §=0; N,=P when §=0.

Note that this method permits the calculation of
the frictional coefficient at the cutter’s front and rear
surfaces. By contrast, only the frictional coefficient at
the rear surface may be calculated by the method in
[14, 15].

To determine the frictional coefficients, three
measurements of the projections of the cutting force
are made at each of the values .S, = 0.075, 0.15, 0.1, and
0.2 mm/turn. On that basis, the forces P, and P, are
plotted as a function of the supply (the cut-layer thick-
ness). The curves obtained are approximated by linear
functions (Figs. 2 and 3). Table 2 summarizes the
results.

The equations in Eq. (2) permit the determination
of the forces Py and N, on the insert at zero cut-layer
thickness. The frictional coefficients may then be cal-
culated from Egs. (1) and (2). Table 3 presents the
experimental results and the calculated frictional coef-
ficient at the rear surface in the turning of A390 alloy.

Table 2. Approximate equations for the cutting forces P, and P,

Insert P, P,
Uncoated 141 + 5895, | 106 + 1083,
Microcrystalline coating 178 + 4025, | 103 + 11705,
. e }
Mlcroc.rystallmle nano 174 + 1845, 99 + 11345,
crystalline coating
Sandvik coating 73 + 5165, 69 + 11735,
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Fig. 3. Dependence of the primary cutting force P, on the
supply .S for VK6 alloy inserts with no coating (7), with a
single-layer microcrystalline diamond coating (2), with a
two-layer (microcrystalline + nanocrystalline) diamond
coating (3), and with a Sandvik diamond coating (4).
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Fig. 4. Dependence of the frictional coefficient Ky, ¢ at the
front surface on the supply S, for VK6 alloy inserts with no
coating (/), with a single-layer microcrystalline diamond
coating (2), with a two-layer (microcrystalline + nano-
crystalline) diamond coating (3), and with a Sandvik dia-
mond coating (4).

(c) (d)

Fig. 5. Wear at the rear surface of inserts with no coating (a), with a single-layer diamond coating (b), with a two-layer diamond
coating (c), and with a Sandvik diamond coating (d): (/) wear area; (2) buildup.

We see that single-layer (microcrystalline) and dou-
ble-layer (microcrystalline + nanocrystalline) dia-
mond coatings ensure the lowest frictional coefficient;
it is about the same in both cases. The difference
between the frictional forces and normal forces at the
rear surface for inserts with diamond coatings and the
inserts with a Sandvik coating may be attributed to the
different rounding radii of the cutting edges: a smaller
force acts at the Sandvik insert, with a smaller round-
ing radius, on account of the smaller deformation of
the insert.

Table 3. Frictional force Py, normal force NV, and frictional
coefficient Ky, ; at rear surface

Insert PfrAr’ N Nr? N Kfr.r
Uncoated 106 141 | 0.75
Microcrystalline coating 103 178 0.58
. S )
M1croc.rystalhn.e nano 98 173 0.57
crystalline coating
Sandvik coating 69 73 0.95
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On the basis of Eq. (2), the frictional coefficient
K;. ¢ at the front surface may be calculated when S, =
0.075, 0.15, 0.1, and 0.2 mm/turn (Fig. 4). The differ-
ence in the results is small. Therefore, we calculate
mean values: K ;= 0.55 with no coating; 0.34 with a
single-layer (microcrystalline) diamond coating; 0.11
with double-layer (microcrystalline + nanocrystal-
line) diamond coating; and 0.44 with a Sandvik coat-
ing. We see that, when using the double-layer dia-
mond coating, the frictional coefficient is a third of
that observed with a single-layer coating and a fifth of
that observed for VK6 alloy with no coating. We may
understand why the frictional coefficient at the rear
surface is several times that at the front surface on the
basis of the following reasoning.

In cutting A390 alloy, we note intense buildup of
material from the workpiece on the cutter (Fig. 5). The
material adhering to the rear surface fills the gap
between the cutter and the machined surface (Fig. 6).
Then friction with the machined material is observed
not only at the rear surface but also at the buildup. In
other words, the frictional force consists of two com-
ponents Py, and Py,. Since the buildup consists of the
machined material, the frictional force Py, will con-
siderably exceed Py, and hence the frictional coeffi-
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Fig. 6. Forces on a cutter with wear at the rear surface.

cient at the rear surface will exceed that at the front
surface, where there is no buildup.

CONCLUSIONS

By extrapolation of the cutting force to zero cut-
layer thickness, we may determine the frictional coef-
ficients of nano- and microcrystalline CVD diamond
coatings at the front and rear surfaces of a VK6 hard-
alloy cutter in the turning of A390 aluminum-—silicon
alloy.

The frictional coefficients at the front and rear sur-
faces of the diamond-coated inserts are less than those
for the Sandvik diamond coating.

For the double-layer (microcrystalline + nano-
crystalline) diamond coating, the frictional coefficient
is a third as much as with a single-layer diamond coat-
ing; and a fifth as much as with uncoated VK6 hard
alloy.

The new CVD coatings are promising for use on
hard-alloy tools. They offer the prospect of consider-
ably reducing the cutting force and increasing the
tool life.
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