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Abstract: In this work, the diamond-like carbon and titanium nitride (DLC/TiN) multilayer coatings
were prepared on a cemented tungsten carbide substrate (WC—3 wt.% Co) using the cathodic vacuum
arc physical vapor deposition (Arc-PVD) method and pulsed Arc-PVD method with a graphite
cathode for the deposition of TiN and carbon layers, respectively. The structural and mechanical
properties of the prepared coatings were studied, and different techniques, such as scanning electron
microscope (SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), Raman
spectroscopy, and microindentation techniques investigated their microstructure, composition, and
phases. The prepared coatings had a multilayer structure with distinct phases of DLC, TiN, and
carbide substrate. The potentiodynamic polarization method (PDP) was performed for the DLC/TiN
multilayer coatings in 3% NaCl solution to evaluate the corrosion resistance of the prepared coatings.
It has been shown that the DLC layer provided the coating with a polarization resistance of 564.46 kΩ.
Moreover, it has been demonstrated that the DLC/TiN coatings had a high hardness of 38.7–40.4 GPa,
which can help to extend the wood-cutting tools’ life.

Keywords: diamond-like carbon coating; titanium nitride; corrosion resistance; wood-cutting tool

1. Introduction

Nowadays, cemented carbide cutting tools are widely used in wood processing.
Although they offer a good ratio of hardness to fracture resistance [1], cemented carbide
cutting tools cannot meet the needs of modern wood processing. These tools suffer from
problems of high friction, considerable thermal shock, and high-temperature oxidation in
the cutting area during the working process [2]. The cutting of wood is very complicated,
as the cutting speed is 5 to 20 times higher than that of conventional metal, and the high
density of cemented carbide cutting tools can be dangerous when cutting at high speed [3].
In addition, the wood materials are anisotropic and inhomogeneous. Tannins and adhesives
in wood products easily corrode cemented carbide-cutting tools [4]. All of this reduces the
service life of cutting tools and decreases the efficiency of industrial production.

At this stage, further research is carried out (in addition to the development of new
hard alloys and high-speed steels) to protect the surface layer of the tools from wear and
maintain its geometry under increased processing conditions [5].

In this context, the research is directed towards the development of new concepts
and advanced technologies for the generation of coatings for the cutting tools, which can
provide a significant improvement in the operational properties of the cutting tools.
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Key directions in this field include the active development of coatings based on
nanoscale structure, multilayer composites, gradient coatings, as well as multi-component
coatings [6–11]. Studies in the literature reported results on the cutting properties of
cemented carbide inserts with monolayer coatings (TiAlVN, TiAlTaN, and TiAlBN), mul-
tilayer coatings (TiAlN/TiAlVN, TiAlN/TiAlTaN, and Zr-ZrN-(ZrCrAl)N), as well as
nanostructured and gradient Ti-(TiAl)N-(TiAl)N multilayer coatings applied using cathodic
vacuum physical vapor deposition (Arc-PVD) technology. The coatings have been devel-
oped to guarantee a tool life that is 50% longer on average than that of single-layer coatings
for milling steel. The durability of modified milling tools coated by nitride and carbide of
Ti, Mo, Zr, Cr, etc., using the Arc-PVD method, is significantly increased at the processing
of the wood materials [12,13].

The method based on the simultaneous electrodeposition of metallic coatings and
dispersed particles makes it possible to obtain highly effective electrochemical composite
coatings (ECC) [14,15]. Currently, carbon-based nanomaterials such as detonation nanodia-
monds (DNDs) have unique properties and a wide range of industrial applications. The
use of DNDs in the electrochemical deposition of chromium, nickel, zinc, etc., produces
coatings with high hardness, wear resistance, and chemical stability [16,17]. It has been
reported [18,19] that the promising direction for the use of chromium- and nickel-based
ECC with DND is in the reinforcement of wood-cutting tools.

However, depositing diamond coatings on a cemented carbide with a cobalt content
(WC-Co) substrate can be complicated due to its poor adhesion. The superior bond strength
between substrate and coating in cemented carbide-coated tools is the decisive point in
their high durability. Although cobalt as a binder provides additional toughness to the
tools made from cemented tungsten carbides, the cobalt contained in cemented carbides
can induce graphitization during deposition and consequently have a negative effect on
the diamond bonds [20]. Poor adhesion between a diamond coating and a cemented
carbide reduces the service life of coated tools. New techniques have been developed
to improve the adhesion of diamond-coated carbide tools. The use of multilayers and
gradient interfacial transition layers are effective approaches to overcoming the problem
of poor adhesion [21]. The TiN coating is often used as a bonding layer to improve the
bond strength between the substrate and the outer coating [22,23]. However, TiN coatings
undergo significant oxidation at operating temperatures above 500 ◦C, leading to coating
failure [24]. In addition, coatings based on TiN, TiC, etc., and prepared by the Arc-PVD
method are known to be porous [20–24]. It has been reported in the literature that diamond
coatings suppress the porosity of titanium carbide [25]. Furthermore, it has been shown
that the high corrosion resistance of Ti-containing high-entropy alloys can be achieved by
the formation of diamond-like films on their surface [26].

Different studies reporting on multilayer coatings synthesized by the combined elec-
troplating and Arc-PVD method have shown that these films have high physical and
mechanical properties and that the insertion of DND into the coatings improves their prop-
erties [27,28]. The combined treatment of cemented carbide milling cutters (WC—4 wt.%
Co) based on electroplating and Arc-PVD methods increased the tool life of ZrC/Ni-DND-
and Cr-DND/Mo-N-coated cutting tools by 1.5 to 1.6 times and 1.8 to 2 times, respectively,
compared with bare tools when milling laminated chipboard.

Currently, DLC-type coatings are one of the most widely used coatings for reducing
wear and friction. In addition, the high chemical resistance of DLC coatings makes them
attractive as protective coatings [29–32]. The vapor deposition (PVD) technique is one of
the most widely used methods for the industrial processing of DLC coatings, particularly
for metal-doped DLC coatings [33–35]. DLC coatings have been used by Grigoriew et al.
to improve the strength of ceramic tools [36,37]. It was shown that the strength of Al2O3
+ TiC-based ceramic plates increased by a factor of 1.4 to 1.6 after the application of DLC
PACVD coatings to the turning of 102Cr6 hardened steel. The (CrAlSi)N/DLC-based
bilayer coatings synthesized for the experimental samples of SiAlON/TiN and commercial
SiAlON ceramic burs reduce the wear rate and increase the durability factor to 1.5 for
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ceramic burs compared to uncoated tools when processing the heat-resistant NiCr20TiAl
alloy. In addition, these coatings help to improve the quality of the surface layer of
the workpiece. Wang N.X. et al. reported that CVD deposition of diamond films on
Mo0.5(TiZrTaW)0.5 highly concentrated alloy strongly improved corrosion resistance in
3.5 wt.% NaCl and 1 M HCl solutions [38]. This result was explained by the formation of
the MC mixed carbide layer [011] (M = Mo, Ti, Ta, and W), which orients the diamond films.
This result was explained by the formation of the MC mixed carbide layer [011] (M = Mo,
Ti, Ta, and W), which orients the diamond films.

However, DLC coatings on WC-Co-cemented tungsten carbide substrate for wood-
cutting applications have not been reported so far. Furthermore, in the real conditions of
a particular tool for plate sawing, the main breakage of the knife is the destruction of the
cutting tool itself. In addition, the difference in hardening between different manufacturers
of coated tools is not very great, in the order of 10 to 15% [29–41].

The aim of the present study is to improve the knives’ performance using low-cost
hardening coats, since it is necessary to make the technology suitable for mass production.
The DLC/TiN coating properties were studied, including phase composition, microstruc-
ture, hardness, and corrosion resistance. In addition, the performance of knives with
DLC/TiN coatings for cutting wood was assessed.

2. Materials and Methods

The substrates used were commercial knives (Figure 1) manufactured in Germany by
the Leitz company. Sample sizes and general view of the sample are shown in Figure 1a,b.
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Figure 1. General view with dimensions of the sample (a); optical microscopy image of knife with
DLC/TiN coating (b); DLC/TiN coating (c).

The previous studies showed that these knives were made of cemented carbide (WC
—3 wt.% Co) [27,28]. The coating deposition process was implemented by the special unit of
VP-02 (The State Enterprise "Science and technology park of BNTU “Polytechnic”, Minsk,
Belarus) [40] using the Arc-PVD method to form the TiN coatings following the standard
steps of the method under nitrogen atmosphere [12]. The DLC films were then deposited
onto the TiN coatings from the plasma of a pulsed cathodic-arc discharge with a graphite
cathode under vacuum [41]. The discharge pulse frequency was 3 Hz and the deposition
rate was 15 nm/min. The technological coating process took 45 min. Figure 1c shows a
general view of the sample part with the considered DLC/TiN coating.
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The structure of the prepared films was characterized by X-ray diffraction (XRD)
technique using Ultima IV diffractometer, with Cu-Kα radiation, and at the incidence angle
of 1◦.

The chemical composition of the coatings and substrate was determined along the
cross-section of the coating by the energy-dispersive X-ray spectroscopy (EDS) using Hitachi
S-4800 scanning electron microscope (SEM) (Kyoto, Japan). Hitachi S-4800 microscope was
also used to identify the microstructure and surface morphology of the deposited coatings.

The diamond-like carbon layer was characterized by Raman spectrometry using
Confotec MR-350 confocal laser scanning Raman microscope (Sol Instruments Ltd., Berlin,
Germany). The wavelength of the Raman excitation laser was 532 nm, its power was
0.2 mW, and the spectrum recording time was 60 s. The Raman spectra in the wavelength
of 1000–1800 cm−1 were deconvoluted into D and G Gaussian peaks. The integral area
under the D and G peaks was calculated as a function of wavelength and by curve fitting.

The hardness of the coatings was measured using AFFRI-MVDM8 automatic mechan-
ical microhardness tester equipped with the Vickers diamond pyramid indenter. Measure-
ments were performed under the load of 0.5–3.0 N with an accuracy of ±15 HV.

Corrosion studies of the coatings were performed by potentiodynamic polarization
(PDP) measurements using AUTOLAB PGSTAT302 N (Utrecht, The Netherlands) in a three-
electrode electrochemical cell with a graphite counter electrode and a reference electrode
saturated with silver/silver chloride at 25 ◦C. The surface of the working electrode (1 cm2)
was characterized using a moisture and temperature meter. All potential values measured
against the silver/silver-chloride-saturated reference electrode were converted to hydrogen
scale. The corrosion resistance of the coatings was estimated using potentiodynamic curves
obtained in a 3% NaCl solution (potential sweep rate Vp = 1 mV/s) at an electrode bias
of ±800 mV [42,43]. Corrosion currents were calculated using the mathematical modeling
functions for the corrosion process in the Nova 2.0 software package (Amsterdam, The
Netherlands) and using the polarization resistance method based on the experimental data
at the low polarizations (η = ±40 mV):

η ≈ RT
nF

i
i0

= R0i (1)

where R0 =
RT

i0nF
is the charge transfer resistance, Ohm [43].

The milling method used in the pilot tests was standard milling on a computer nu-
merical control (CNC) processing center RANC-330AE (Klipphausen, Germany) that was
equipped with tail mills. The milling head had a cutting diameter of 21 mm and allowed fix-
ing two knives. Knives with 2 cutting edges were removable parts of the mills. The milling
of laminated chipboard with a thickness of 16 mm was implemented at cutter rotation
frequencies n = 12,000 min–1; feed rate VF = 4 m/min; and cutting depth h = 1–2 mm. The
average billet length was 800 mm, and the appearance of defects in the form of laminate
chipped from the plate processing surface was the criterion for losing the cutting ability of
the mill knife.

3. Results and Discussion
3.1. Microstructural Analysis

Detailed microstructure studies were performed using EDX analysis. As shown
in Figure 2, the DLC/TiN coating exhibits a two-layer structure. The typical fracture
morphologies of the samples are shown in Figure 2a, revealing that the coating is composed
of two distinct phases corresponding to the carbon-based top layer (Figure 2b) and the TiN
layer (Figure 2b–d). The tungsten carbide substrate (WC-Co) is also shown in Figure 2b–d.
The TiN coating is not mixed with the carbon-based top film or the substrate. On the
top surface, a thin carbon-based layer with a thickness of 198 nm covers the TiN layer
and it replicates its relief. Figure 2a shows that the TiN film has a dense and uniform
microstructure with columnar growth characteristics and this film exhibits a well-fixed
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interface on the carbide substrate. This structure is characteristic of coatings prepared by
the Arc-PVD method [44,45]. However, the thickness of the deposited TiN coating is not
uniform (Figure 2a), and its thickness is about 2.39–2.75 µm, and the total thickness of the
prepared coating varies from 2.59 to 2.95 µm.
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elements (b) W, C, and Ti; (c) Co, C, and N; (d) C and Ti.

3.2. Surface Morphology

Figure 3a shows the surface morphology of the substrate coated by the prepared
coating based on the TiN and DLC layers. The surfaces of the TiN and DLC layers are
both characterized by a similar structure with the reproduction of a typical knife substrate
surface. All films are found to be dense, although a few microparticles are distributed on the
surface of the TiN coating (Figure 3a). It is known that these particles may originate from
the emission of macroparticles during the deposition of the coating by vacuum cathodic
arc using the Arc-PVD method.

Figure 3c shows the high density of the surface structure of the DLC/TiN film without
the presence of cracks, cavities, etc. Such relatively uniform surface of relief is evidence
that the preparation parameters of the DLC layer of the studied coating were well chosen
from previous studies [39,46].

EDS data on the surface composition of the coatings (Figure 3b,d) reveal a high
percentage of carbon in the surface layer of the DLC/TiN coating (Figure 3b), whereas the
surface composition of the TiN coating contains no carbon (Figure 3d). These experimental
results can be understood by the fact that the prepared DLC layer completely covered the
TiN layer. The EDS spectrum of the top layer of the DLC/TiN coating shows (Figure 3d)
that it contains 32.09 ± 3.9 wt.% carbon (DLC).
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Figure 3. SEM images of coating surfaces (left), EDS spectrum and elemental composition table,
corresponding (right): (a) TiN coating surface; (b) TiN coating surface composition; (c) DLC/TiN
coating surface; (d) DLC/TiN coating surface composition.

3.3. Phase Analysis

Figure 4 shows the XRD spectrum of the DLC/TiN coating. Phase analysis of the
coated samples reveals that the most intense diffraction peaks originate mainly from the
c-TiN phase. On the other hand, the TiN-coated sample contains an insignificant amount of
α-Ti phase, which may belong to traces of Ti microparticles on the coating surface. The WC
phase of the substrate (WC-Co alloy) was also detected.

The XRD pattern also showed peaks corresponding to the (111), (220), and (311)
crystallographic planes of bonded synthetic diamond [47,48]. It should be noted that the
intensity of the peaks is different from that of the natural diamond peaks [49,50], which we
explained by the fact that the crystal lattice of synthetic diamonds could be distorted [50].
The positions of the phase reflections also indicate the presence of the graphite phase.
The structure of synthesized diamonds is well known in the literature [49,50] and it is
characterized by a distorted structure surrounded by disordered (amorphous) graphite
shells of carbon atoms linked by sp3/sp2 hybrid bonds [51].
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3.4. Raman Spectroscopy

The Raman spectrum of the DLC coating shows a broad asymmetric peak in the
range 1100–1800 cm−1 (Figure 5), which was well approximated by the two Gaussian fitting
results (D and G peaks, Figure 5). It is known that the Raman spectra of DLC films generally
match the spectra of graphite when the G peak is above the D peak [29,52–55]. In the present
case, the G line was identified as the most prominent line and was associated with the
central mode of crystalline graphite clusters. The position of the D peak at 1353 cm−1

most likely indicates the presence of crystalline diamond clusters, since the edge modes
of disordered graphite give the D line at 1400 cm−1 [54], whereas the graphite clusters are
small and strongly distorted by the bonds and angles between them [52].
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However, the ID/IG intensity ratio was 0.4 (Figure 5), which was associated with a low
concentration of sp3-hybridized carbon atoms of tetrahedral structure and a concentration
of sp2 C–C bonds greater than 70%. [52]. The large number of sp2-hybridized carbon atoms
is due to the presence of graphite-type structures with aromatic group bonds in the carbon
layers [29,52].

In our opinion, the significant change detected in the ratio of sp3 and sp2 contents in
the carbon phase is related to the formation of the graphite-like structures on the titanium
nitride surface during the first stage of DLC coating deposition, which is in good agreement
with the literature [29,55]. The positions of both the D peak at 1353 cm−1 and of the G
peak at 1543 cm−1 and their half-widths (225 cm−1), as well as the value of their intensity
ratio (ID/IG) of 0.4, confirm the presence of a diamond-like structure in the deposited
carbon layer.

3.5. Corrosion Resistance

Corrosion of the hard coating based on tungsten carbide and titanium nitride is
observed at high temperatures ranging from 500 to 700◦C in the presence of oxygen [56–58]
and under abrasive wear conditions when cutting chipboard panels. Potentiodynamic
polarization (PDP) measurements were carried out in a 3% NaCl solution to assess the
corrosion resistance of tungsten carbide alloy (WC—3wt.% Co) and TiN and DLC/TiN-
based hard coatings. The corrosion test results for the TiN and DLC/TiN coatings on the
WC-Co-cemented tungsten carbide surface are shown in Figure 6 and Table 1.

1 
 

 
Figure 6. Potentiodynamic curves of the TiN and DLC/TiN coatings on the cemented tungsten
carbide (WC—3 wt.% Co) in the 3% aqueous solution of NaCl at vp = 1 mV/s.

Table 1. Corrosion parameters of the TiN, DLC/TiN coatings on the tungsten carbide alloy (WC-Co)
substrate in a 3% aqueous NaCl solution at 25 ◦C, determined by the polarization resistance method.

Number of
Samples Coating Corrosion

Potential E (V)
Corrosion Current
Density icorr (µA/cm2)

Corrosion Penetration
D, µm/year

Polarization
Resistance R0 (kOhm)

1 uncoated −0.006 3.612 21.10 7.20
2 TiN −0.058 13.375 91.52 1.95
3 TiN/DLC +0.042 0.046 0.31 564.46
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The quasi-equilibrium potential value of the corrosion process of the WC-Co tung-
sten carbide substrate was −0.006 V and the calculated corrosion current density was
3.612 µA/cm2 (Table 1), which corresponds to the charge transfer current limit during the
corrosion process in the 3% NaCl solution [42]. Oxidation of the tungsten carbide phase
was accompanied by the depolarization of the oxygen and the formation of W4+ and W6+

species, which are soluble in aqueous solutions [56,57]. This resulted in a relatively high
corrosion rate of 21.1 µm per year (Table 1). The deposition of the TiN coating on the surface
of the tungsten carbide alloy (WC-Co) promoted an increase in corrosion current density to
13.375 µA/cm2 (Table 1), due to the formation of a titanium dioxide film. This fact showed
a pronounced catalytic activity for the oxygen reduction reaction, as reported by other
authors in the literature [59–62]. The drastic reduction in corrosion was only observed when
the TiN layer was replaced by the DLC/TiN layer (150–200 nm). Under these conditions,
the corrosion current density decreased to 0.046 µA/cm2 and the polarization resistance
increased to 564.46 kΩ (Table 1).

These results in terms of improved anticorrosion properties are the consequence of the
formation of the dense DLC layer without pores (Figure 2a–d) and with low conductivity.
In addition, the increase in the resistance of the DLC layer is due to the formation of C-C
sp3 bonds, which lower the layer conductivity and, in turn, reduce the corrosion process
and increase the protective effect of the layer [63–65].

3.6. Mechanical Properties

Characterization of the mechanical properties using the micro indentation technique
shows that the microhardness of the TiN layer is between 27.1 and 35.6 GPa, while the
microhardness of the DLC/TiN coating is between 38.7 and 40.4 GPa (Table 2). The micro-
hardness values of the TiN layer and the DLC/TiN coating exceed the microhardness of the
tungsten carbide alloy substrate (23.5–25.4 GPa) (Table 2). In addition, the microhardness
value of the DLC/TiN coating is 1.2–1.4 times and 1.6 times higher than that of the TiN layer
and the substrate, respectively. The microhardness values observed for the prepared TiN
layer are in good agreement with those reported in the literature for TiN layers prepared
by the Arc-PVD technique [66,67].

Table 2. Data of microhardness measurement using the Vickers pyramid indenter.

Number of Samples Coating Microhardness at a
Load of 200 g (GPa)

Microhardness at a
Load of 300 g (GPa)

1 uncoated 25.4 23.5
2 TiN 35.6 27.1
3 DLC/TiN 40.4 38.7

The highest microhardness value of 40.4 GPa was obtained for the DLC/TiN coating.
This value is higher than the microhardness of the pure a-C coating (3.66 GPa) deposited
on 316L stainless steel by magnetron sputtering technique [29], DLC films prepared by
pulsed plasma vapor deposition (8.6 GPa) [39], W-C:H coatings (15.20 GPa) prepared by
unbalanced magnetron sputtering in an Ar/C2H2 atmosphere on silicon wafers and 440C
steel parts [54], and pure DLC (15.9 GPa) fabricated from C2H2 gas on silicon wafers using
plasma-based ion implantation technique [65].

The increased microhardness of the DLC/TiN coating is due to the high density of
the DLC layer (Figure 3c). Studies reported in the literature [34,68] have shown that a high
density of the DLC film can significantly improve its mechanical properties. The deposition
of DLC/TiN coatings on the surface of cemented carbide substrates (WC—3 wt.% Co)
improves the wear resistance of milling tool knife blades, as demonstrated by pilot tests of
milling tools with DLC/TiN-coated knives at CJSC Holding "Pinskdrev" (Pinsk, Belarus); six
knives were used for each test. This result could be explained by the presence of a diamond-
like structure in the deposited carbon layer, as confirmed by the Raman spectroscopy
results. Furthermore, it should be noted that the main breakage of the knife is not due
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to wear of the reinforcement layers but to fracture of the knives themselves, as has been
reported in the literature [34–37,39–41].

Analysis of the durability test results showed differences in the performance of the
coatings. The durability of the DLC/TiN-coated tool was 35% higher than that of the bare
tool used for cutting laminated chipboard. In addition, the durability of the TiN-coated
tool was 18% better than that of the uncoated cutter. The detailed durability procedure was
presented in the authors’ previous paper [27]. The durability of the cutters was assessed by
comparing the values obtained for the total path of contact of the cutter with the machined
material for the uncoated and coated cutter [5]. A reported study in the literature [69]
showed that the cutter durability (FABA firm) with TiN coatings deposited on WC-4.5 wt.%
Co cutters using thermionic arc evaporation was only slightly higher (19%) than that of
TiN-coated cutters for chipboard milling in the present work.

4. Conclusions

The DLC/TiN coatings on the edges of the wooden knives were successfully achieved
using the Arc-PVD method to prepare the TiN layer and using the pulsed vacuum cathodic
discharge plasma method to deposit the DLC layer. The various characterizations showed
that the DLC/TiN coatings consist of two distinct layers of DLC (top) and TiN (bottom).
The top layer of DLC contains 32.09 ± 3.9 wt.% carbon and has not been mixed with the
bottom layer of TiN or the substrate. The thickness of the top DLC layer was measured
to be approximately 198 nm, while that of the TiN layer was measured to be around
2.39–2.75 µm, with a total coating thickness of roughly 2.59–2.95 µm. Furthermore, the TiN
layer showed a dense and uniform microstructure with columnar growth characteristics
and a well-bonded interface to the carbide substrate.

The DLC/TiN coating was characterized by the distinct phases of c-TiN, α-Ti, graphite,
and synthetic diamond. The Raman spectrum of the DLC/TiN coating showed the presence
of a diamond-like structure in the deposited carbon layer.

The formation of the two-layer DLC/TiN coatings on the cemented tungsten car-
bide (WC—3wt.% Co) substrate surface significantly improved anticorrosion properties
with the reduction in the corrosion current density from 13.375 to 0.046 µA/cm2 in 3%
NaCl. In addition, the two-layer DLC/TiN coating showed an improved microhardness of
38.7–40.4 GPa. Furthermore, application pilot tests on DLC/TiN-coated wood-cutting tools
showed that their durability was increased by 35% compared to bare tools when milling
laminated chipboard.

DLC/TiN coatings deposited on the surface of cemented carbide (WC—3 wt.% Co)
increase the wear resistance of milling tool knife cutters, as demonstrated by pilot tests of
milling tools with DLC/TiN-coated cutters at CJSC Holding "Pinskdrev" (Pinsk, Belarus).
It was shown that the durability of the cutter is 35% greater than that of a bare cutter when
cutting laminated chipboard. It should be noted that the main breakage of the knife is not
due to wear of the reinforcement coatings but to fracture of the knives themselves, as has
been reported in the literature [30–35,39]. Nevertheless, knives with hardening coatings
from different manufacturers showed a 35% increase in performance, encouraging the use
of the technology for cost-effective mass production.
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